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Nowadays, the fabrication of van der Waals heterostructures (vdWHs) from a variety of novel and existing two-
dimensional materials has been regarded as an effective approach since it unravels excellent photocatalytic
properties. Especially, transforming type-I to type-II vdWHs has gained significant attention due to efficient
charge separation in photocatalytic, and photovoltaic devices. Here, we suggest two-dimensional MoSe;/GaN
vdW heterostructures along with their mechanical, electronic, photocatalytic, and optical properties using hybrid
density functional. The stability of vertically stacked MoSe,/GaN vdWHs is endorsed via binding energy, elastic
constants, phonon dispersion, and ab-initio molecular dynamics simulation (AIMD). The HSE band structure and
band alignment exhibit that MoSe;/GaN vdWH has a direct bandgap and suitable band edges for the hydrogen
evolution reaction (HER) (AE, > 0.36 eV) and oxygen evolution reaction (OER) (AE, > 0.33 eV). The empirical
and DFT schemes reveal that the MoSep/GaN vdWHs have an intrinsic type-I band alignment with a direct
bandgap and have adequately high kinetic over potentials to easily start the redox reaction. Furthermore, it’s also
anticipated that type-I MoSey/GaN vdWHs could be transformed to type-II vdWHs under mild strains and
external electric fields, which would be favorable for effective charge separation and transportation. Notably,
MoSe,/GaN vdWH shows a significantly high optical absorption of nearly 10° cm ™ in the visible and ultraviolet
regions which could be more easily tuned with applied strain. Current work demonstrates that the design and
modulation of MoSez/GaN vdW heterostructures under strain and an electric field could open new directions for
identifying promising photocatalysts in a wide solar spectrum.

1. Introduction

Energy and environmental concerns are two big barriers to human
society’s long-term growth. After the groundbreaking work of Fujishima
and Honda in 1972 [1] on photo-electrochemical overall water splitting
on a TiOs electrode, photocatalysis has been viewed as a suitable tech-
nique for converting solar power into ideal hydrogen (Hy) energy.
Despite the fact that photocatalytic technology has gained international
recognition for its safe, clean, economic and renewable characteristics.
However, the photocatalytic efficiency of publicly known photocatalysts
is still very far from industrial applications, particularly in solar-to-fuel
conversion [2-5].

Vertical van der Waals heterostructures (vdWHs) of nanocomposites
stacked by different (or sometimes the same) 2D structures, have earned
growing attention due to the probability of interesting characteristics of
their constituent layers [6-9]. Recently, epitaxial growth and chemical
vapor deposition (CVD) approaches have been used to make a variety of
vertical vdW heterostructures of nanocomposites, including MoS,/h-BN
[10], SnSe/MoSe, [11], and WSy/MoS, [12]. Two-dimensional vdW
heterostructure nanocomposites are currently being viewed as a viable
method for developing novel optoelectronic devices with unique prop-
erties not seen in their constituent layers. Particularly, 2D vdWHs of
novel nanocomposites displaying type-II band alignment with remark-
able results in photocatalysis [13-16] and photovoltaic [17-19] devices
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Fig. 1. Illustrated the top views and side views of three different stacked MoSe,/GaN vdWHs (a) AA stacking, (b) AB stacking and (c¢) BB stacking types.

due to their intriguing optoelectronic properties.

Many graphene-like 2D compounds, such as 2D molybdenum dis-
elenide (MoSey) [20] and gallium nitride (GaN) [21] monolayers, have
been discovered and explored after Novoselov and Geim efficiently
separated graphene from graphite [22]. Transition metal dichalcoge-
nides (TMDs) monolayers, a type of 2D material, have drawn extensive
attention in recent decades because of their rich physics and exciting
applications in photonics and nanoelectronics [23-26]. Molybdenum
diselenide (MoSey), an ultrathin monolayer of TMDs, has emerged as a
potential substitute to graphene for optoelectronic and nanoelectronics
applications [20,24,27-29]. It has distinct optoelectronic properties,
including an intrinsic bandgap [30,31], efficient photovoltaic (PV)
response [32,33] and photoluminescence (PL) [34]. Monolayer of
MoSe; display a direct bandgap (~1.55 eV) compared to their bulk
counterparts, which show an indirect bandgap (~1.1 eV) [31]. It is a
promising candidate for flexible nanoelectronic devices such as ultrathin
PV systems [33], photodetectors [32], switchable transistors [34,35],
and thermoelectric applications [27] due to its unusual optoelectronic
properties and atomic-thickness. Moreover, an ultrathin nanosheet of
MoSe; has a mobility of ~ 50 cm? Vls! at ambient temperature [35],
which nearly quadruples when the temperature is reduced to 78 K.
Hence, MoSe; monolayer has appeared as a potential two-dimensional
material for next generation ultrathin nanoelectronic applications.

Unlike the MoSe; monolayer (direct bandgap), the gallium nitride
(GaN) monolayer is an indirect bandgap 2D material [21,36]. The me-
chanical and dynamic stabilities of GaN single layer have been revealed
through elastic constants and phonon dispersion respectively [37]. The
GaN monolayer indicates a high Poisson’s ratio of 0.49 and a smaller in-
plane stiffness of 103.60 N/m as compared to MoSe; monolayer me-
chanical response [38]. It is worth mentioning that the synthesis of GaN
monolayer is achieved experimentally [39-41]. Monolayer of GaN has
shown excellent lithium-ion storage capacity, according to recent
experimental study. After 100,/1000 cycles at 0.1/1.0 A g™}, electrode
based on GaN monolayer have a discharge capacity up to 702/600 mA h
g~ ! [42]. Since MoSe, and GaN monolayers are both 2D semiconductor
materials, they have an almost identical structure and equivalent lattice
parameters (agan = 3.20 A and aAMose2 = 3.22 A). Therefore, a 2D van der
Waals heterostructure (MoSey/GaN) stacked by MoSe; and GaN mono-
layers is supposed to be a promising photocatalyst for solar energy
conversion and overall water splitting. The current work demonstrates
that the MoSep/GaN vdW heterostructure, based on first principles
calculations, has high mechanical and dynamical stability. Additionally,

it has larger kinetic over-potentials, suitable band edge positions and
complete hole-electron separation along with higher coefficients of ab-
sorption in the visible spectrum, suggesting that it is an excellent
applicant for solar energy conversion by photocatalytic overall water
splitting.

2. Computational method

The ultrasoft pseudopotential (USPP) approach, used in the CASTEP,
is adopted for all density functional theory (DFT) calculations [43]. The
exchange-correlation (XC) function is controlled by using the Perdew
Burke Ernzerhof (PBE) under the generalized gradient approximation
(GGA) [44]. The vdW density functional corrections are considered to
characterize the long-range van der Waals interactions by using the DFT-
D2 approach of Grimme [45]. The vacuum space is set along the z di-
rection to prevent the interaction between adjacent layers. The thickness
of vacuum layer ~ 10 A is normally considered enough to simulate the
2D limit. Here, in this calculation to obtain more accurate results the
vacuum region is set to 20 A. The Brillouin zone was sampled by
adopting the Monkhorst pack mesh of 10 x 10 x 1 with the cutoff energy
of 500 eV for monolayers and heterojunctions structural relaxation and
electronic properties. The total energy criterion convergence is set to 10
5 eV, and all of the structures are relaxed till each atom experience a
force less than 0.01 eV/A. The valence states for Mo, Se, Ga and N atoms
were selected 4d° 5 s!, 3d!° 4 s? 4p* and 3d'° 4 52 4p! and 2 s? 2p°
respectively. Moreover, it is a familiar fact that bandgap (Eg) of semi-
conductors is usually underestimated by GGA calculations and inaccu-
rately interprets the conduction band characteristics. Thus, the correct
values of energy bandgap are often calculated by Heyd-Scuseria-Ernzerh
(HSE) and GW methods. Here, in present work, the electronic (band
structure and DOS) and optical properties of isolated monolayers
(MoSey, GaN) and heterojunctions (MoSey/GaN) are calculated using
the hybrid functional (HSE06) method [46]. The electronic properties of
heterostructures (MoSey/GaN) under various applied biaxial strain and
external electric field are also studied using the HSE06 to acquire ac-
curate trend.

The optical absorption coefficient a(w) can be calculated by imple-
1

2

menting expressiona(w) = 2 %[\/e’(w)z + &) —€(w) |, here

€ (0) represents real and ¢” (o) represents imaginary components of the
dielectric function e(w), whereas ¢ represents the speed of light. The
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Geometry optimized lattice parameters (a), bonds length (d), interlayer distance between adjacent monolayers (h), formation energy (Eg), electronic bandgaps (EgBE
and Efsmé ), the kinetic over-potentials of OER (AE,) and HER (AE,) and the (AV) differences of vacuum levels at the two adjacent surfaces for three stacked (vertically)

MoSe,/GaN vdWHs.
Patterns a dgan duo-se1 dwvo-se2 H E¢ E:BE(eV) EfSEO"(eV) AEy AEc AV
A& A& A @A) @& (eV)
MoSe, 3.269 2.513 2.513 —0.59 1.56 2.13 0.77 1.29
GaN 3.215 1.856 -0.07 2.14 3.30 0.54 0.36
AA 3.243 1.870 2.504 2.505 3.75 -0.27 1.37 2.16 0.39 0.51 6.21
AB 3.240 1.871 2.502 2.505 3.72 —-0.21 1.62 2.15 0.40 0.51 6.34
BB 3.245 1.873 2.498 2.506 3.00 -0.31 1.61 1.97 0.33 0.44 7.19
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Fig. 2. Depicted the phonon spectrums of (a) MoSe, single layer, (b) GaN single layer, and three stacked MoSe,/GaN vdWHs with stacking types of (c) AA, (d) AB
and (e) BB. (f) molecular dynamics (MD) simulation at temperature of 300 K. Insets display MoSe,/GaN vdWH crystal structure heat treatment (before and after).

absorption spectrum of MoSey/GaN vdW heterostructure (MoSe; and
GaN monolayers) is measured on a dense k-point mesh of 24 x 24 x 1 to
obtain the accurate optical spectra. The interatomic-force-constant
matrix was used to calculate the phonon dispersion, which was

collected at phonon wave vectors of k-point grid 9 x 9 x 1 from
dynamical matrices by employing density functional perturbation the-
ory (DFPT) performed with the Cambridge Serial Total Energy Package
code along-with 2D open-boundary conditions [47].
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(a) Elastic constants Cj;, layer modulus y, and Young’s modulus Y
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Fig. 3. Illustrated the (a) Elastic constants (C;), Young’s modulus (Y), layer modulus (y) (b) Poisson’s ratios (v) and (c) Binding energy (Ep).

3. Results and discussion
3.1. Geometric structure

There are three stacking configurations of MoSes/GaN vdW hetero-
structure are constructed, as seen in Fig. 1, denoted by the letters AA
(any Ga atom is the center of rotational symmetry), AB (upper and lower
layers are superimposed on each other), and BB (any Ga atom on top of
Se atom). Among them, AA is the original model, and other models are
obtained from the horizontal movement of the GaN monolayer in the
original model. The geometry optimized lattice constants for the hex-
agonal MoSe, and GaN monolayers are 3.27 and 3.22 A, which are well
consistent with existing literature (3.30/ MoSes and 3.25/GaN)
[48-50]. The range of optional counterparts is limited by lattice
matching criterion for constructing a heterostructure. The MoSe, and
GaN monolayers have a lattice mismatch of less than 1.67 %, calculated

b, W, suggesting that they can be easily stacked and build a

preferred vdW heterojunctions. All the constructed heterostructures
(AA, AB, BB) have almost the same lattice parameters, as the MoSe, and
GaN monolayers, as seen in Table 1.

3.2. Stability analysis

The phonon dispersion of MoSea/GaN vdW heterostructures was
calculated to assess their dynamical stability. The phonon spectrum of
MoSe; and GaN monolayers were also studied for comparison. Fig. 2 is
depicting the phonon dispersion of monolayers of MoSe;, GaN and
heterostructures of MoSey/GaN. Through the entire Brillouin zone, no
imaginary frequencies exist, which indicate the dynamic stability of the
monolayers and heterostructures. The findings of phonon dispersions of
MoSe; and GaN monolayers are consistent with existing literature and
previous calculations, which often comprise merely positive frequencies
[371].

In contrast, as seen in Fig. 2(a, b), comparable to graphene [21],
MoSe; and GaN monolayers have 9 and 6 phonon branches, containing
transverse acoustic (TA) and in-plane transverse optical (TO) and

longitudinal acoustic (LA); optical (ZO) and out-of-plane acoustic (ZA)
phonons. It’s worth noting that the acoustic modes (LA and TA) have
linear dispersion, whereas ZA has perfectly quadratic dispersion, this is a
common aspect of two dimensional (2D) materials. When MoSe;
monolayer and GaN monolayer are stacked to build MoSe,/GaN vdWHs,
as presented in Fig. 2(c-e), the intralayer and interlayer modes of lattice
vibrations in MoSe,/GaN vdWHs could be seen. The lower branches of
GaN monolayer and upper branches of MoSe; monolayer vibration
modes are superimposed via intralayer modes, which are usually trig-
gered by intralayer chemical bonds. However, in MoSes/GaN vdWHs,
MoSe; monolayer display the quadratic dispersion for ZA and GaN
monolayer displays a linear dispersion, suggesting that the MoSe,/GaN
vdWHs seems to be more stable than the MoSe; single layer and GaN
single layer. Interlayer modes that primarily driven by interlayer var dan
Waals (vdW) forces, the layer breathing (LB) and shear (S) modes, as a
result of relative moment of MoSe; and GaN monolayers, can be
observed below 100 cm™! [51], they can be either parallel or perpen-
dicular to their normal. Moreover, the interlayer interaction could be
altering the ZA of MoSez/GaN vdW heterostructures and minimizing the
vibration frequency of ZA of stacking AA, AB, BB. Since the interlayer
distance in BB stacking is the lowest (Table 1) as a result, there would be
a lot of interaction between the adjacent layers. The BB stacking has
improved substantially as compared to the ZA of the MoSe; and GaN
monolayers, as seen in Fig. 2e. On the other hand, the interlayer distance
in AA stacking is the highest and the interlayer interaction would be
weak. Additionally, Ab initio molecular dynamics (AIMD) simulations
were also used to confirm the stability of the BB-MoSey/GaN vdWH
(Fig. 2f). For 3 ps, AIMD simulations are performed employing the
standard ensemble NVT at ambient temperature. It can be seen in Fig. 1s,
BB stacking is more stable as compared to other stackings (AA and BB). It
is found that the heterostructure atoms are marginally vibrated near its
equilibrium positions in the snapshot of the heterostructure (see insets of
Fig. 2f) after heat treatment, and no broken bonds and geometric
reconstruction happened throughout the whole simulation phase, which
confirms the thermal stability of the constructed MoSey/GaN vdW het-
erostructure, see the insets of Fig. 2f. We have also calculated Gibbs free
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Fig. 4. Depicted the (a) The binding energies and (b) the curves of the bandgaps of AA(blue), AB(green) and BB(orange) stacking layers as a function of interlayer
distance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

energy of all MoSeo/GaN vdW heterostructures (Fig. 2s). It can be seen
that BB stacking has more negative Gibbs free energy as compared to
other stackings which show high stability.

The elastic constants of the MoSe;/GaN vdW heterostructures were
calculated to examine their mechanical stability. Elastic isotropy is
exhibited by MoSe;/GaN vdWHs due to the hexagonal symmetry, with
independent Ci;, Cip, and Cgg elastic constants, and C;; = Cga. As
depicted in Fig. 3a, criteria of mechanical stability (C1; > Cj2, Cge > 0) is
fulfilled by the elastic constants [52], indicating that all three vdWHs are
stable mechanically. Whereas C;3, Cy2, and Cgg have following values
254.07, 86.39, 83.84 N/m respectively for BB stacking. MoSe; and GaN
monolayers elastic constants along with graphene were also calculated
for comparison, which are well consistent with previous findings

[21,37,53]. The MoSe, monolayer Young’s modulus (Y = 107.40 N/m)
and poisson’s ratio (v = 0.23) are comparable with existing density
functional theory (DFT) based calculated findings (Y = 109.52 N/m and
v = 0.23) [53]. Similarly, GaN single layer Poisson’s ratio and Young’s
modulus (v = 0.49 and Y = 103.60 N/m) are well consisted with earlier
outcomes (v = 0.41 and Y = 108.37 N/m) [37]. The Young’s modulus (Y
= 103.60 N/m) and poisson’s ratio (v = 0.49) of graphene are also in
good agreement with existing theoretical findings (Y = 335 N/m and v
=0.16) [21]. Furthermore, the larger C;; of MoSez/GaN vdWHs suggests
that they have superior in-plane bonding than the pristine monolayers of
MoSe; and GaN. The current work reveals that the MoSe,/GaN vdWHs
are mechanically more stable than the pristine monolayers of MoSe, and
GaN.
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Fig. 5. HSE06 band structures for (a) MoSe, single layer, (b) GaN single layer, and three stacked MoSe,/GaN vdWHs with (c) AB, (d) AB, and (e) BB stackings.
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Empirical Method DFT Scheme Fig. 6. Illustrated the estimated band-edges of MoSe,
. single layer, GaN single layer, and MoSe,/GaN vdWH
(@) (b) MoSe, (c) GaN (d) BB Stacking with BB stacking via (a) empirical scheme by setting
duction B 4 L " the vacuum-level to zero and (b-d) DFT scheme where
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The binding energies of MoSe,/GaN vdWHs were measured using E},
= (Er — Emo — Ese — Ega — Ex)/N, to evaluate the structural stability,
where Er and Eyjo, Ese, Ega, En are the energies of the corresponding
MoSey/GaN vdWHs and Mo, Se, Ga, N atoms respectively in their
isolation states, whereas the total number of atoms in the MoSe,/GaN
vdWHs are represented by N = 4. Fig. 3c depicts the calculated binding
energies. The BB heterostructure stacking has a sufficiently large bind-
ing energy of —6.712 eV/atom to stabilize the structure. Furthermore,
all MoSez/GaN vdWHs have negative binding energy (Ep) values, indi-
cating that their formations are all exothermic. It is worth to mention
that the heterostructures’ binding energies differed only slightly,
showing that they may occur side by side.

To see whether the MoSey/GaN vdWHs can be facilely synthesized
from MoSe; monolayer and GaN monolayer, further research is
required. For that purpose, formation energies of all three stacking were
determined by E¢ = (Er — Epose2 — Egan), Where Et, Eyose2 and Egay are
the energies of MoSey/GaN van der Waal heterostructures, MoSey
monolayer, and GaN monolayer. The computed results are described in
Table 1. Due to their exothermicities, the formation energy values of all
three stacking (AA, AB, BB) are negative, implying that they may be
readily synthesized from MoSe; single layer and GaN single layer. It’s
important to note that the formation energies difference among all three
stacked MoSez/GaN vdWHs are very minimal, suggesting that they can
form simultaneously.

The variation of the interlayer-distance (d) is a well-established
technique for tuning the electronic properties of vdW heterostructures.
As per prior reports [54], the ultrathin MoSe; is an exceptionally strain
sensitive 2D semiconductor material. Therefore, the orientation of
MoSe; nanosheet is set to fix and the interlayer distance is controlled
through changing the relative position of GaN monolayer, to prevent the
interference from many other external factors. Fig. 4a shows the optimal
outcome, in which the lowest Ef of —0.312 eV is obtained at d = 3.00 10\,
which corresponds to BB stacking, the most robust vdW heterostructure
with a bandgap of 1.37 eV (GGA). It should be noted that, the bandgap of
MoSey/GaN heterostructure (BB) somehow increases linearly with the
interlayer distance increment, which stems from the direct relationship
between interlayer-distance and interlayer interaction. On the other
hand, the trend of bandgaps in both AA and AB stackings shows an in-
verse correlation between the interlayer-distance and interlayer inter-
action (Fig. 4b).

3.3. Electronic properties

The hybrid functional (HSE06) electronic band structures of MoSey/
GaN vdWHs are presented in Fig. 5. The HSEO6 electronic band structure

of MoSe; and GaN monolayers were also analyzed for comparison. The
MoSe; monolayer is a 2D semiconductor with a direct bandgap at K-
point, as seen in Fig. 5a. It shows a bandgap of 2.13 eV, in accordance
with earlier findings (2.10 eV) [55]. On the other hand, the Gallium
Nitride monolayer is a two-dimensional material with an indirect
bandgap between K-point and I'-point (Fig. 5b). The bandgap is esti-
mated to be ~ 3.30 eV, which is well consisted with existing literature
(~3.40eV) [56]. The BB Stacking of MoSey/GaN vdWH exhibits a direct
bandgap along the high symmetry K-point lines (Fig. S5e), While the AA
and AB stackings demonstrated the indirect bandgap along K-point
(VBM) and between K and I points (CBM) (Fig. 5(c, d)). It is important to
note that direct-bandgap semiconductor materials are more significant
for solar energy conversion applications because they absorb light more
efficiently. The bandgaps of MoSe;/GaN vdWHs are found to be con-
nected to their stacked structural pattern. For instance, the PBE/HSE06
bandgaps are 1.62/2.13 eV, 1.61/2.15 eV, and 1.37/1.97 eV of the AA,
AB, and BB stackings as seen in Table 1. Additionally, the density of sates
(DoS) is also investigated to understand the participation of Mo, Se, Ga
and N atoms in individual monolayers and participation of MoSex(GaN)
monolayers in MoSe,/GaN vdW heterostructures (Fig. 3s).

The band alignments of MoSe; monolayer, GaN monolayer and
MoSey/GaN vdWH were determined by both an empirical formula and a
DFT scheme to investigate the photochemical catalysis. In order to
simplify the explanation, the most stable MoSey/GaN heterostructure
among all three vdWHs, named as BB stacking, is considered in the
discussion. Because the formation and binding energies of BB stacking
are low as compared to other stackings (AA and AB). Moreover, the
interlayer distance in BB stacking is lowest. Therefore, there would be a
lot of interaction between the adjacent layers. The conduction band
minimum and valence band maximum, through empirical formula, are
calculated by using Ecpyjvam =~ + O.SE?SEOE’ equations [57]. In this
equation y and Ej*® denote the Mulliken electronegativity and

bandgap. Where geometric mean is denoted by y for the constituent
atoms’ Mulliken electronegativities. The calculated values of the y are
5.14, 4.80 and 5.01 eV for MoSe; single layer, GaN single layer, and
MoSey/GaN vdWH based on the Mulliken electronegativity values of
Mo, Se, Ga and N atoms of 3.92, 5.89 eV, 7.30 and 3.20 respectively. The
energy levels of MoSey/GaN vdWH with BB stacking, MoSez, GaN
monolayers are presented in Fig. 6a, while AA and AB stackings are
illustrated in Fig. 4s. The VBM(CBM) of MoSe, monolayer is higher than
that of GaN monolayer, implying that the MoSey/GaN vdWH has a
standard type-I band alignment. The energy difference between the
water reduction potential and CBM is known as AE¢ and between water
oxidation potential and VBM is known as AEy, as seen in Fig. 6a, are
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(b)

Fig. 7. Presented the plane-averaged (a) charge density difference (CDD) and (b) 3D plot of MoSe,/GaN vdW heterostructure. The positive values (blue region) and
negative values (yellow region) correspond to the charge accumulation and depletion. The heterojunction is constructed at isosurface value of 0.005 eA~3. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

referred to as kinetic over-potentials and are necessary to drive the redox
reactions. It is observed that redox reactions are derived for all MoSes/
GaN vdW heterostructures by adequately large-kinetic over-potentials.
Hence, the position of band edges for all MoSez/GaN heterostructures
(AA, AB, and BB stackings) fulfills the photocatalytic overall water-
splitting requirement (Fig. 4s).

The density functional theory (DFT) is formally accurate to deter-
mine the bandgap center Epgc() energy, according to a well-known
theorem [58], while there are flaws in the exchange-correlation (XC)
energy of the Kohn Sham DFT. Furthermore, since Eggc is independent of
the selection of XC functionals [59], Perdew-Burke-Ernzerhof (PBE) can
be used to estimate the Egg¢ at a smaller computational cost. The posi-
tions of band-edges (Eygy and Ecpy) are calculated by the expressions:
Ecguyvem = Epee £ O.5E§’SE°6, whereas band-edges of MoSe,/GaN vdWH
with BB (AA and AB) are presented in Fig. 6d (Fig. 5s) by violet colors.
The DFT scheme findings are well consisted with the empirical results
when it comes to the positions of band edges. Additional details can also
be obtained by using DFT scheme. It can be seen that there is only one
vacuum level for an isolated MoSe; (GaN) monolayer in the absence of
vertical electric-field. The reduction potential of H"/H, and vacuum
level of isolated MoSe; single layer are illustrated by a red and blue
dotted line (Fig. 6b), respectively. While the oxidation potential and
vacuum energy level of isolated GaN single layer are illustrated by blue
and orange dotted line (Fig. 6¢), respectively.

Electronegativity difference between MoSe; and GaN monolayers
causes flow of electrons from GaN layer towards MoSe; layer when these
layers are stacked together to form MoSey/GaN vdW heterostructures.
The flow of the electron transfer will persist untill the Fermi levels (FL)
of both MoSe; and GaN monolayers are perfectly aligned. A built-in
electric field (Ej,y) is formed due the dipole moment. Consequently, as
shown in Fig. 6d, vacuum energy level of MoSey/GaN vdW hetero-
structure is not site dependent. Comparison of the vacuum levels of
MoS; and GaN monolayers determined the contribution of these layers
to CBM and VBM. Blue bands display CBM and VBM for the GaN layer,
orange bands show CBM and VBM of the MoSe; layer whereas vacuum
energy level, HER and OER are represented by green, red and blue
dotted lines (Fig. 6d). The MoSe;/GaN vdW heterostructure possess a
conventional type-I band alignment as MoSe; has VBM(CBM) higher
than that of GaN VBM(CBM). In fact, layer resolved atom projected band
structures (see Fig. 6s (a)) show that the MoSe, layer form the CBM,

while both MoSe; and GaN layer form the VBM of the MoSey/GaN
vdWH. Therefore, photogenerated holes and electrons accumulate on
the surfaces of the MoSe; monolayer and GaN monolayer, respectively.
Furthermore, intrinsic electric field Ej,¢, which is directed from the GaN
monolayer to MoSep monolayer (Fig. 6d, black arrow), permits flow of
extra holes to the GaN monolayer, while transfer of electrons to the
MoSe; monolayer, inhibiting the photogenerated holes and electron
recombination. Similarly, OER occurs on a GaN monolayer surface, and
the hydrogen evolution reaction (HER) takes place on a MoSe; layer
surface.

Alternatively, the electrochemical potentials relative to the vacuum
level are used to estimate the redox potentials of hydrogen and oxygen.
The redox potentials of O,/ H,0 and H'/H, between the MoSe,
monolayer and GaN monolayer surfaces change as a result of the dif-
ference in their vacuum levels. The value of AE. is 0.44 eV to generate
H; on MoSe; monolayer surface, and value of AE; is 0.33 eV to yield O,
on GaN monolayer surface for BB stacking against the H"/H, and Oy/
H,0 redox potentials. MoSey/GaN with BB stacking effectively separate
the holes and electrons and also attains reasonable AE, and AE. due to
large value of AV (Fig. 5s). The kinetic over-potentials (AE, and AE,) are
generally proportional to the photocatalytic efficiency. The values of
AE. for the MoSey/GaN vdW heterostructures range between 0.44 and
0.51 eV, whereas the values of AE, range between 0.33 and 0.40 eV
(Table.1). These large values of kinetic over-potentials (AE; and AE.)
imply that the MoSep/GaN vdWHs possess higher water oxidation
ability than the renowned two-dimensional g-C3N4 photocatalyst [60].
Hence, it can be concluded that within the broad range of light spectrum
(visible to UV), MoSe,/GaN vdWHs could be a potential photocatalysts.

The planar-average charge-density differential (z) along the z-di-
rection normal to the surface is investigated to obtain a clearer under-
standing of the electrical characteristics of MoSey/GaN vdWH. The
following formula is used to determine Ap(z).

Ap(2) = Prawn(2) — PMose, (2) = Pgan (2) (€8]

where p,qwr(2)s Puose, (2) @and pg,y(2) are the plane averaged charge
densities of the MoSes/GaN vdWH, pristine MoSe, and GaN monolayers,
respectively. Apparently, charge redistribution occurs in MoSey/GaN
heterojunction by the generation of hole-rich and electron-rich regions
(Fig. 7). Charge redistribution features like charge accumulation (blue
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Fig. 8. Illustrated the biaxial strain effect on (a) strain energy (Es) and bandgap (Eg), (b) position of VBM and CBM for water splitting and (c, d) electronic

band structures.

isosurface) and charge depletion (yellow isosurface) are well recognized
for causing electron polarization and the development of an interface
dipole. In other words, negative values denote charge depletion whereas
positive values indicate charge accumulation. Furthermore, the repul-
sion effect of surface charge is demonstrated by charge depletion, which
readily induces surface orbital rehybridization. Current study suggests
that the GaN layer provides electrons to the MoSe; layer in the inter-
facial region (Fig. 7). Consequently, electrons accumulate near the
MoSe,; monolayer whereas depletion of electrons occur in the GaN re-
gion. It could induce an intrinsic electric field (built-in) to appear with a
path pointing from GaN to MoSe; layer, causing holes and electrons to
drift in opposing directions and eventually achieving a balance with the
diffusion force. Existing literature shows that vdW heterostructures have
comparable charge redistribution characteristics [61].

3.4. Effect of strain on electronic properties

Previous studies have shown that under the influence of compressive
or tensile strains, the electronic properties and band-edge positions can
be tuned relative to water redox levels in vdW heterostructures [7,8].
Strain engineering is a facile and practical approach in the process of
manufacturing 2D heterojunctions. In current work, different biaxial
strains are employed to MoSey/GaN vdW heterostructure in form of
compression and tensile. The hybrid functional (HSE06) is employed to

achieve the correct results. The negative values (e <0) signify
compressive strain, while the positive values (¢ > 0) indicate tensile
strain. The strain is described as ¢ = (a — ap)/ap [62], where ao and a
represent the unstrained and strained lattice parameters of hetero-
structure, respectively. Whereas strain energy is estimated by E; =
(Estrained—Eunstrained) /1, Where the total number of atoms in the unit-cell is
denoted by n. Variation in bandgaps and strain energy under biaxial
strain (from —10 % to + 10 %) is presented in Fig. 8a. The bandgap
increases from + 10 % to —2% and decreases from —4% to —10 % under
the effect of biaxial strain. It is found that the MoSey;/GaN hetero-
structure has a direct bandgap for tensile strain and an indirect bandgap
for compressive strain respectively. Therefore, it is interesting to utilize
it in optoelectronic and photocatalysis systems as a direct and indirect
semiconductor by applying strain. The obtained outcomes suggested
that the shape of biaxial strain energy is an ideal-quadratic function
(Fig. 8a), implying that MoSey/GaN with BB stacking is flexible [63].
Furthermore, within the elastic limit, all strains are reversible. As the
lattice deformation is greatly affects the bandgap energy consequently it
changes the position of VBM and CBM for water splitting under external
strain (Fig. 8b). Considering that water splitting requires a hole potential
above —4.44 eV and an electron potential under —5.67 eV, MoSey/GaN
is appropriate for the water’s decomposition in a broad range of strain
from —4% to + 10 %. It is also observed that the tensile strain is more
suitable for overall water splitting as compared to compressive strain.
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Moreover, it can be observed in Fig. 8b that MoSe,/GaN heterostructure
is type-I and it can be used as type-II with little strain in semiconductor
devices. It is obvious that direct bandgap type-II has an advantage over
type-I vdW heterostructures [64]. The tensile strain is more beneficial as
compared to compression strain due to direct bandgap. Additionally, by
applying a slight strain it could act as a type-II heterostructure satisfying
the overall water splitting conditions.

The band structures of MoSe,/GaN heterostructure under compres-
sive and tensile biaxial strains are displayed in Fig. 8(c, d). The increase
of compressive strain shifted VBM from K to I', whereas the CBM
dropped and moved in between K and I'" from K point leading to an in-
direct bandgap. It is also observed that the bands at K point are dropping
and the bands at M point are getting higher until the strain reaches to
—10 %. Firstly, compressive strain shows increasing behavior up to —2%
and then shows the decreasing trend till —10 %. Contrary, tensile strain
completely shows the decreasing trend. The increase of tensile strain has
no effect on VBM, and it remains at K point, whereas the CBM dropped at
K point which leads to a direct bandgap. When the compression and
tensile strains finally reached to —10 % and + 10 %, the bandgaps were
1.42 and 0.97 eV respectively at HSE06 approximation. Moreover, the
detailed projected band structure is also investigated under compres-
sional (Fig. 6s) and tensile (Fig. 7s) strain of MoSe;/GaN vdW hetero-
structure (BB stacking).
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3.5. Electric field effect on electronic properties

Significant activities in materials science have been triggered with
the application of an external electric field (E.,), since it has the ability
to modulate the electronic properties effectively, particularly in two
dimensional (2D) materials [65-67]. Newly synthesized vdW hetero-
structures are expected to play significant roles by introducing an
electric field in the diverse applications like energy storage and con-
version systems, optoelectronics and photocatalytic water splitting.
Thus, applying a parallel vertical electric-field to the direction of
stacking is another approach to modulating the band-alignments of the
MoSey/GaN heterojunction. This not only effects the band alignment,
but also the vdW heterostructures characteristics which depend on the
magnitude of the external electric-field. We analyzed the minor effect of
electric-field (-0.9 to 0.9 eV/fX) on MoSe,/GaN vdWH in current work.
How the electronic properties (band structure) of MoSey/GaN are
influenced by an electric field are illustrated in Fig. 9a. It is observed that
the effect of positive electric field on bandgap shows decreasing trend up
to 0.9 eV/A. While the effect of negative electric field on bandgap first
shows increasing then decreasing trend and approached zero at —0.9
eV/A. It is found that MoSe,/GaN heterostructure has direct bandgap
from —0.40 to 0.60 eV/A under influence of external electric field.
Therefore, it could be a potential candidate for use in photocatalysis and
optoelectronic devices as a direct and indirect semiconductor. As the
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Fig. 10. Illustrated the optical absorption spectrum of monolayers of MoSe,, GaN and MoSe,/GaN vdW heterojunction (a) without strain and electric field (b) under

compressional strain, (c¢) under tensile strain and (d, e) external electric field.

external electric field significantly affects the bandgap, it changes the
position of CBM and VBM for water splitting under an electric field
(Fig. 9b). Overall water splitting demands a hole potential less than
—4.44 eV and an electron potential greater than —5.67 eV. Thus, MoSes/
GaN is appropriate for the decomposition of water in broad electric field
ranging from —0.7 to + 0.7 eV/A. It is also noted that both negative and
positive electric fields are appropriate for overall water splitting. It is
worth mentioning that the MoSe,/GaN interface can be used as a direct
and an indirect bandgap type-II heterostructure by applying a minor
external electric field.

The band structures of MoSe,/GaN vdWH under negative and posi-
tive external electric field are presented in Fig. 9(c, d). The position of
VBM is stable at K point in both positive and negative electric field.
While the position of CBM is also located at K point within —0.40 to 0.60
eV/A which leads to direct bandgap. On the contrary, under the effect of
electric field beyond the —0.40 and 0.60 eV/A, CBM shifted from K to I’
which leads to an indirect bandgap. The use of vertical electric fields is a
great concept to control band alignments in vdWHs and improvement of
orbital overlapping is intriguing. It opens the opportunity for carrier
injection control between subsystems. This offers new opportunities for
making field-effect transistors. It is essential to mention that the
controlled type-II characteristics with hole-electron separation across
the heterostructure interface make MoSe;/GaN vdWH suitable for
photovoltaic applications. Moreover, the detailed projected band
structure of the MoSey/GaN vdW heterostructure (BB stacking) is also
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investigated under an external electric field (Fig. 8s).
3.6. Optical properties

The absorbing potential of a material in the visible spectrum of light
plays a vital role in overall water splitting in photocatalysis. The MoSe;
monolayer, GaN monolayer, and MoSes/GaN vdW heterostructure op-
tical absorption responses are investigated and illustrated in Fig. 10.
Both monolayers (MoSe; and GaN) and MoSey/GaN vdWH display
excellent absorption intensities from the visible (10* em™) to ultraviolet
(10° cm™1) region. The absorption of light by the vdW heterostructure
begins in the visible area and rapidly rises with photon-energy, reaching
a maximum absorption of 1.5 x 10° cm~! at 6.9 eV (Fig. 10a). When
compared to individual monolayers, the optical absorption intensity of
the MoSey/GaN vdWH shows a significant improvement, indicating
improved solar energy utilization. It could be interpreted by the fact that
charge transfer and interlayer coupling encourage the overlapping of the
orbital states in the heterobilayers.

Moreover, in this work, the effect of biaxial strain and external
electric field on response of optical absorption of the MoSey/GaN vdWH
has also been explored (Fig. 10(b-e)). It can be observed that the ab-
sorption of MoSey/GaN interface starts in the infrared region and shows
intermediate peaks in the visible spectrum and achieves intense peaks in
UV region. The mild absorption peaks are shifted towards a lower energy
region (visible region) under the effect of tensile strains due to reduction
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in the bandgap values (redshift). Similar trend can also be seen for
intense peaks of absorption in the visible region (Fig. 10b). This obser-
vation is in excellent agreement with the existing literature of many two-
dimensional heterostructure materials [62,68]. Surprisingly, under the
impact of the applied compressional strain, the intensity of optical ab-
sorption for MoSey/GaN vdWH is considerably decreased, implying
lower visible and greater UV light capture (Fig. 10c). The results of
optical absorption reveal that MoSe,/GaN heterostructure under tensile
strain could be more suitable for visible region. As a result, under the
influence of the applied biaxial strain, red or blue shifts in the optical-
absorption spectrum are found. Additionally, we have also investi-
gated optical absorption under the influence of external electric-field, as
seen in Fig. 10(d, e). It can be seen clearly after applying a positive
electric field that the absorption intensity slightly rises with photon
energy in visible region (inset of Fig. 10d). On the contrary, a decreasing
trend is noted under the negative electric in the visible region (inset of
Fig. 10e). While the mix trend can be observed in UV region for both
positive and negative electric field. Variations in the bandgap may alter
the photon absorption energy threshold that causes electrons to transfer
between heterobilayers under applied biaxial strain and electric field.
This modification in bandgap energy allows the threshold of optical
absorption edges to be changed [62].

4. Conclusion

Stacking of various two-dimensional (2D) layered materials to
develop van der Waals heterostructures (vdWHs) has lately been
considered an efficient approach for achieving the desired photo-
catalytic and optoelectronic properties. Here, we theoretically explored
the MoSey/GaN vdW heterojunctions, which have three achievable
stacking formations, stacked by MoSe; and GaN monolayers. The elastic
constants, phonon dispersions, binding energies, bandgaps, band-edge
positions, kinetic over potentials and coefficients of absorption (opti-
cal) for MoSe,/GaN vdWHs were thoroughly inspected by using the first
principles calculations using hybrid functional (HSE06). The MoSey/
GaN vdW heterojunctions are mechanically and dynamically stable,
according to the calculation of elastic constants, phonon dispersions,
binding energy, and ab-initio molecular dynamics simulation. Further-
more, the MoSe,/GaN vdWHs are more mechanically stable than either
MoSe; or GaN monolayers by themselves. On the other hand, to
accomplish the effective charge separation in photocatalytic, optoelec-
tronic, photovoltaic devices, converting the vdWHs from type-I to type-
II has special importance and interest. An intrinsic type-I band align-
ment with a direct bandgap is demonstrated, and the MoSe,/GaN vdW
heterostructures have adequately high kinetic over potentials which
could easily drive the redox process based on empirical equations and
DFT scheme prediction. Moreover, we anticipated that under moderate
strains and external electric fields, type-I MoSey/GaN vdW hetero-
structures can be converted to type-II vdWHs, which are advantageous
for effective charge separation. Photogenerated electrons and holes
advance on the MoSe; and GaN layer surface respectively, because of
electrostatic potential difference between them and the band alignment
characteristics. Consequently, OER occurs on the GaN monolayer sur-
face, while the HER takes place on the surface of MoSe, monolayer. The
absorption of MoSey/GaN interface begins in IR region and shows in-
termediate peaks in the visible region and attains intense peaks in UV
region along with high optical absorption coefficients, up to 10° cm™!.
Additionally, the mild absorption peaks are shifted towards lower and
higher energy regions under tensile and compressive strains, respec-
tively. No notable change is observed in optical absorption under
external electric field. Recent work shows that the novel MoSe;/GaN
vdW heterostructures are potential applicants for photocatalytic overall
water splitting when strain and external electric field is applied.
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