7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Strain-tunable optoelectronic and photocatalytic
properties of 2D GaN/MoSi,P,4 heterobilayers:
potential optoelectronic/photocatalytic materials+
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Herein, we propose a new GaN/MoSi>P,4 van der Waals (vdWs) heterostructure constructed by vertically
stacking GaN and MoSi,P4 monolayers. Its electronic, optical, and photocatalytic properties are explored
via DFT+GoW+BSE calculations. The calculated binding energy and phonon spectrum demonstrated the
material’s high stabilities. The projected band structure of GaN/MoSi,P,4 suggests that it has a desirable
direct bandgap and displays type-| band alignment. It also exhibits a particularly large absorption coeffi-
cient for visible and near-infrared light while considering electron—hole interactions. Intriguingly, a small
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biaxial tensile strain of +1% can transform the band alignment to type-Il using a direct Z-scheme mecha-
nism for water splitting. The Z-scheme optimizes redox ability, thus perfectly engulfing the redox poten-
tials of water and showing excellent photocatalytic activity in different layers. Our findings indicate that
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1 Introduction

Two-dimensional (2D) materials have attracted tremendous
interest owing to their novel properties and promising appli-
cations in electronics and optoelectronics.'™ For a single 2D
material, there exists a limitation in photocatalytic, photovol-
taic, and optoelectronic devices owing to the swift recombina-
tion of photoexcited charge carriers. The vertical stacking of
diverse 2D materials facilitates the fabrication of van der
Waals (vdWs) heterostructures, which have been achieved
experimentally, such as graphene/MoS,,* MoSe,/MoS,,” and
h-BN/WS,.® At present, vdWs engineering has been regarded
as the most feasible way to integrate the intrinsic properties of
two pristine 2D materials.”® More importantly, semiconduct-
ing vdWs heterostructures can offer a large active junction area
to absorb more photons and induce more exciton states, thus
leading to enhanced light absorption and photocurrent. In
such vdWs heterostructures, type-II band alignment at inter-
faces is especially preferred owing to effective space segre-
gation of photoexcited electrons and holes, consequently sup-
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the GaN/MoSi,P4 vdWs heterostructure is a promising optoelectronic and photocatalytic material.

pressing the recombination of electron-hole (e-h) pairs. In
addition, type-II vdWs heterostructures with the Z-scheme can
optimize redox ability through interface electron-hole recom-
bination and facilitate the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER),'® thereby ensuring the
photocatalytic activity of the vdWs heterostructure. As a result,
the design and exploration of new 2D vdWs heterostructures
are highly necessary for photocatalytic, photovoltaic, and opto-
electronic devices.

Very recently, a novel 2D MoSi,N, monolayer has been suc-
cessfully synthesized by employing chemical vapor deposition,
which displayed excellent environmental stability, a high
strength of ~66 GP, a moderate indirect bandgap of ~1.94 eV,
and a high hole (electron) mobility of ~1200 (270) cm® V*
s P and N atoms belong to the same main group and
possess the same number of valence electrons. A MoSi,P,
monolayer has also been demonstrated to be dynamically and
thermally stable'* and exhibits a direct bandgap of ~1.32 eV at
the HSEO06 level. The predicted hole (electron) mobility can
achieve a large value of ~1429 (258) cm® V™' s, which is sig-
nificantly larger than those (hole: 200 cm® V™' s7%; electron:
72 em® V7' s7Y)' of monolayer MoS,. A MoSi,P; monolayer
with a direct gap also shows a tunable electronic property
under a wide strain range and an outstanding absorption of
visible light."*'®> However, monolayer gallium nitride (GaN)
has also been synthesized by applying graphene-encapsulated
growth technique and sonochemical exfoliation.'®'” The GaN
monolayer is a wide indirect semiconductor with a bandgap of
~4.44 eV (ref. 18) and high carrier mobility of ~10° cm?® V™"
s7,'° leading to the prominent absorption of near-ultraviolet
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light. The electronic and optical properties of 2D GaN can be
broadly modulated under external strain.'® Some theoretical
reports have also pointed out that monolayer GaN can form a
type-II heterostructure with other monolayer MX, (such as
WS,, WSe,, and MoS,).”?**" These suggest that GaN and
MoSi,P, monolayers have potential applications in electronic
and optoelectronic devices.

Because MoSi,P, and GaN monolayers are both semi-
conductors with the same hexagonal structure and similar
lattice parameters (MoSi,P,: 3.46 A;>* GaN: 3.20 A (ref. 18)), a
GaN/MoSi,P, vdWs heterobilayer stacked vertically by GaN and
MoSi,P, monolayers is proposed, and the following questions
arise immediately: (1) Can a GaN monolayer be stacked on a
MoSi,P, monolayer to form structurally stable vdWs hetero-
structures? (2) What are the electronic and optical character-
istics of such vdWs heterostructures? (3) Can such vdWs
heterostructures be used in device design? To answer these
questions, this study employs first-principles calculations to
investigate GaN/MoSi,P, vdWs heterobilayer with six stacking
configurations. The structural, electronic, photocatalytic, and
optical properties of the GaN/MoSi,P, with AA5 stacking mode
are investigated systemically owing to their relatively high
stabilities. AA5 GaN/MoSi,P, displays type-I band alignment,
which is unfavorable for separating photoexcited e-h pairs. Its
optical spectrum shows desirable absorption from the near-
infrared to the visible range. Notably, band alignment can be
modulated by the application of in-plane biaxial strains.
Specifically, the transition from type-I to type-II band align-
ment can be achieved by introducing a small tensile strain.
Our results point out the potential of the AA5 GaN/MoSi,P,
heterobilayer as a novel strain-tunable optoelectronic and
photocatalytic material.

2 Computational details and
methods

All the ground-state calculations were performed using
Quantum ESPRESSO code.?® Avacuum thickness of 23 A in the
direction perpendicular to the surface was adopted to reduce
the coupling between the two adjacent layers. Perdew-Burke-
Ernzerhof (PBE) functional®* was used to optimize the struc-
tures of the observed systems. We used the vdW-DF method to
describe the weak interlayer coupling,”® and an energy cutoff
of 952 eV was utilized for the plane wave expansion. The con-
vergence thresholds for force and energy were established at
1072 eV and 10™° eV A™", respectively. The Brillouin zone was
sampled using a k-point mesh with dimensions of 18 x 18 x 1.
The phonon band structure was computed using the density
functional perturbation theory,*® and the acoustic sum rule
was used for the vibrational frequencies of the I'" point. To
examine the thermal stability, ab initio molecular dynamics
(AIMD) simulations were executed, in which a 4 x 4 x 1 super-
cell was adopted at 400 K and dynamics simulations lasted for
10 ps (a time step of 1 fs). The Nosé algorithm was employed
to control the temperature in the NVT ensemble.
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The free energy change (AG) during the hydrogen reduction
and water oxidation reactions was calculated utilizing the
method developed by Nerskov et al.>’*® The AG of an electro-
chemical reaction can be obtained by applying the following
equation:

AG = AE + AE,pe — TAS + AGp + AGy, (1)

where AE is the total energy difference between the adsorption
and desorption states and T denotes the system temperature at
298.15 K. The zero-point energy differential (AE,p) and
entropy differential (AS) quantify the disparities between the
adsorbed state and gaseous phase, respectively. In each
system, E,,. is determined by calculating the sum of
vibrational frequencies across all normal modes v, expressed
as E,pe = 1/2) hv. The entropies for the free O,, H,, and H,0
molecules are derived from the NIST database.>® The equation
AGpy = 0.059 x pH represents the free-energy contribution at
varying pH values. The influence of a potential bias is
accounted for in all states involving a single electron or hole
within the electrode by applying an energy shift of AGy = —eU,
where U denotes the electrode potential in relation to the stan-
dard hydrogen electrode. Under standard conditions (pH = 0,
U = 0), the free energy of a proton-electron pair (H" + €7) is
equated to 1/2Gy,. The free energy of O, comes from Go =
2Gu,0 — 2Gy, — 4.920 eV. This is because triplet ground state
O, calculated by the density-functional theory (DFT) is poorly
described.

The quasi-particle (QP) energies were obtained by applying
the GoW, method along with plasmon-pole approximation.*®>"
We used 982 unoccupied bands, 70 Ry cutoff energy for the
dielectric matrix, response cutoffs of 12 Ry, and box-shaped
truncation of 30 a.u. to obtain the converged dielectric func-
tion, where the convergence of the QP bandgap was within
50 meV. The excitonic effects have been included with a fine
k-point grid of 36 x 36 x 1 by solving the Bethe-Salpeter
equation (BSE):****

(B = EdOAac+ ) (vek|K

k'v'c’

VEK)A e = LAy, (2)

where EX/ES” is the QP energies for the valence/conduction
band states, 2° is the excitation energy, A5, is the exciton
amplitude, and K°" is the e-h coupling kernel. All occupied
bands and 17 unoccupied bands were used to construct the e-
h coupling kernel. Due to the depolarization effects of the two-
dimensional material,®* only the polarized light parallel to the
surface was used to calculate the optical properties of the
observed system. The GoW,+BSE calculations were performed
using the YAMBO code.>®

3 Results and discussion
3.1 Structure and electronic properties

The isolated GaN and MoSi,P, monolayers are first investi-
gated by their crystals and band structures, as shown in Fig. S1
of ESL} The optimized lattice constants (a/b) for the hexagonal
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GaN and MoSi,P; monolayers are 3.201 A and 3.468 A, respect-
ively. The MoSi,P, monolayer is predicted to have a direct
bandgap of about 0.685 eV by applying the PBE method,
which is further increased to 1.335 eV using the G,W, method
(as shown in Fig. S2}). These calculation results align well with
previously reported theoretical predictions.**° The calculated
phonon dispersions of GaN and MoSi,P, monolayers can be
found in Fig. S3 of the ESI,} in which they are suggested to be
dynamically stable owing to no negative phonon frequency.
Previously, their thermal stabilities were verified at a high
temperature of 1000 K for GaN monolayer*® (700 K for MoSi,P,
monolayer*").

Next, six possible high-symmetry stacking patterns are con-
sidered AA1-AA6 configurations, and their optimized struc-
tures are depicted in Fig. 1. These stacking configurations have
been estimated by their binding energies (E},), which can judge
their energetic stabilities, thus pointing out the feasibility of
experimental preparation. The binding energy can be calcu-
lated using the following equation: Ey, = (Egan/mosi,p, — Ecan —

View Article Online
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Enosi,p,)/S, where Eganmosi,p,» Ecan, and Enesi p, are total ener-
gies of GaN/MoSi,P, heterobilayer, GaN monolayer, and
MosSi,P, monolayer, respectively. S is the interface area of the
GaN/MosSi,P, heterobilayer. The obtained Ej values are pre-
sented in Fig. 2a, in which the E;, values are all negative and
limited in the energy range of —12 to —18 meV A™2. The esti-
mated binding energies of GaN/MoSi,P, heterobilayers are
comparable to those (=15 to —20 meV A™2) of typical vdWs
layered materials,*” indicating that the interlayer interaction
between GaN and MoSi,P, layers belongs to the vdWs force. In
particular, the AA5 configuration with a lattice constant of
3.407 A and an interlayer distance of 3.429 A provides the
lowest binding energy of approximately —17 mevV A2
suggesting that it is the most favorable energetically and can
be fabricated experimentally. Fig. 2b shows the phonon
spectra of the AA5 configuration, in which no imaginary fre-
quency is found, suggesting its dynamical stability. In
addition, the thermal stability of AA5 GaN/MoSi,P, is con-
firmed by the AIMD simulations, as depicted in Fig. 3. It can
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Fig. 1 Top and side views of optimized configurations for GaN/MoSi,P, heterobilayers with six stacking patterns.
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Fig. 2 (a) Computed binding energies of GaN/MoSi,P4 heterosbilayers with six stacking patterns. The interlayer distances of the heterobilayer are
marked by orange. (b) Phonon spectrum of the AA5 GaN/MoSi,P, heterosbilayer.
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Fig. 3 Variable total energy and temperature of the AA5 GaN/MoSi,P, heterosbilayer during ab initio molecular dynamics heating 10 000 fs at

400 K.

be found that the structure is intact at a temperature of 400 K.
Therefore, the subsequent discussions are mainly focused on
GaN/MoSi,P, heterobilayer with AA5 configuration.

For GaN/MoSi,P, heterobilayer with AA5 configuration, the
projected band structure obtained by the PBE method is
shown in Fig. 4a. It can be found that the band structure of
every monolayer is retained perfectly, further implying that the
interface of the heterostructure is supported by the weak vdWs
interaction. Additionally, AA5 exhibits a direct bandgap of
about 0.825 eV at the PBE level, which shows that the bandgap
(0.685 eV) of the isolated MoSi,P, monolayer can be improved
by forming the vdWs heterobilayer. The valence band
maximum (VBM) and conduction band minimum (CBM) of
the AA5 GaN/MoSi,P, heterobilayer are at the K point, identical
to the isolated MoSi,P, monolayer. Fig. 4a shows that both the
VBM and CBM originate from the MoSi,P, layer, which is
further verified by the calculated partial charge distributions
for the VBM and CBM (see the insets in Fig. 4b). This suggests

that the AA5 configuration is a typical type-I vdWs hetero-
structure, which makes it suitable for light-emitting appli-
cations. Additionally, the differential charge density along the
¢ direction is calculated, as shown in Fig. S4,7 where the accu-
mulated and depleted electrons are suggested via yellow and
cyan, respectively. It can be found that the electron is gathered
near the MoSi,P, layer, while the GaN layer loses the electron.
In addition, the spin-orbit coupling effects on the band
structure of the AA5 configuration are checked owing to the
heavier Mo atom, as shown in Fig. S5.1 The bandgap decreases
to 0.741 eV at the PBE level, which is attributed to the spin
splitting of the VBM at the K point. The spin splitting A, of
the VBM is approximately 87 meV, while that of the CBM is
only 4 meV. Previously, the MoS, monolayer has illustrated
that the A, of the VBM is 146 meV.** The spin splitting of the
VBM from the Mo atom can induce the splitting of the lowest-
energy peak in the optical absorption spectrum; however, they
do not influence the whole optical absorption of the MoS,
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Fig. 4 (a) Projected and (b) quasi-particle band structures of the AA5 GaN/MoSi,P, heterobilayer at the PBE and GoWy methods, respectively.
Isosurface values for the VBM and CBM are set to 5 x 10> e A3, and the color pink shows the distribution.
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monolayer.**** Therefore, the spin-orbit coupling effects are
not included in the following calculations. We also calculated
the quasi-particle (QP) band structure of the AA5 configuration
by applying the G,W, method (Fig. 4b), in which the band
structure is acceptable considering only electron-electron
interactions. Under the G,W, approximation, the PBE bandgap
of 0.825 eV is corrected to 1.479 eV. The more accurate quasi-
particle bandgap of 1.479 eV together with its direct nature
indicates that the AA5 GaN/MoSi,P, heterobilayer has potential
in optoelectronic applications.

In addition, it is noteworthy that the two highest valence
bands at the K point are very close and the second valence
band originates from the GaN layer (Fig. 4a). There is only an
energy difference of 63 meV between the two valence bands,
suggesting that the two valence bands compete under an exter-
nal factor, such as in-plane strain. In the experiment, the in-
plane tensile strain on the 2D materials can be achieved easily
compared to the in-plane compressive strain.*>*® Thus, we
explore only the effects of biaxial tensile strain on the valence
band edge of the AA5 configuration. The calculated quasi-par-
ticle band structures of the AA5 configuration under different
biaxial tensile strains (§) are provided in Fig. 5a-c. As the
applied tensile strain increases, the valence band edge
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changes. When the 6 is increased to +1%, the GaN and
MoSi,P, layers contribute to the VBM and CBM, respectively,
as shown in the inset of Fig. 5a. This illustrates that the band
alignment in the AA5 GaN/MoSi,P, heterobilayer is trans-
formed from type-I to type-II at § = +1%. Additionally, the type-
II band alignment and direct nature of the bandgap can be
retained within the examined strain range from +1% to +5%
for AA5 GaN/MoSi,P,. The predicted quasi-particle bandgap
decreases linearly from 1.325 eV (§ = +1%) to 0.751 eV (6 =
+5%) with the increased tensile strains. Although the PBE
method underestimates the bandgap of the AA5 GaN/MoSi,P,,
the changing trend in the bandgap seems to be the same as
the GoW, method in the observed strain range of 0-+5%
(Fig. 5d). In addition, the phonon dispersions of AA5 GaN/
MoSi,P, at +5% tensile strain are calculated, and the calcu-
lated results are shown in Fig. S6.f No negative frequency is
found, suggesting that the strained structure is still stable
dynamically.

The formed type-II heterostructure usually conforms to the
double-transfer mode or the Z-scheme mode under illumina-
tion, as illustrated in Fig. S7 of the ESI.{ To confirm the mode
in the strained GaN/MoSi,P,, we perform a Bader’s charge cal-
culation in AA5 GaN/MoSi,P,. The calculation result shows
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Fig. 5 (a)-(c) Quasi-particle band structures and (d) variable bandgaps of the AA5 GaN/MoSi,P, heterostructure under biaxial tensile strains (5).

Isosurface values for the VBM and CBM are setto 5 x 105 e A=3.
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that the electron of about 9.07 x 10 ¢ near the interface is
transferred from the GaN layer to the MoSi,P, layer at a biaxial
tensile strain of +1%, which is less than 1.12 x 10™2%e of the
pristine structure. The direction of charge transfer is
unchanged in the observed strain range of 0-+5%, and the
transferred charge is reduced to 8.53 x 10 e (+5%). In fact, the
electron transfer at the interface leaves some holes at the GaN
layer, causing an electric polarized field (). The direction of
the E; is pointed from the GaN layer to the MoSi,P, layer.
Once the light illuminates the AA5 heterobilayer, the electric
polarized field induced by the charge transfer can hold back
the transfers of the photogenerated electrons of the GaN layer
and the hole of the MoSi,P, layer by the reverse electric field
force. However, this can increase the interface e-h recombina-
tion between the photogenerated electron from the MoSi,P,
layer and the photogenerated hole from the GaN layer, which
should be attributed to the short electron-migration distance
between the GaN and MosSi,P, layers, thus forming a direct
Z-scheme in the strained AA5 GaN/MoSi,P, heterobilayer.
Here, we show only the Z-scheme GaN/MoSi,P, at the biaxial
tensile strain of +1% due to the similar case at other observed
strains, as shown in Fig. 6, in which the transfer processes of
photogenerated electrons and holes can be understood clearly
under the illumination.

It is also found that the interlayer bandgaps of the
Z-scheme AA5 GaN/MoSi,P, under different tensile strains are
all smaller than the intralayer bandgaps in the GaN and
MoSi,P, layers, as illustrated in Fig. S8 of the ESI{ With
increased tensile strains, the interlayer bandgap is greatly
reduced from 1.325 eV (5 = 0) to 0.751 (6 = +5%). This indicates
that the interlayer e-h recombination is much faster than that
of the intralayer with the increased strains. When interlayer e-
h recombination occurs, the excess electrons and holes can
gather on the CBM of the GaN layer and VBM of the MoSi,P,
layer, respectively. This direct Z-scheme in AA5 GaN/MoSi,P, is
formed by a more positive potential of the VBM and a more
negative potential of the CBM, achieving a strong oxidation
and reduction ability. Taking the vacuum level as a reference,
the predicted CBM of the GaN layer and the VBM of the

X 2H'+20 5 H,

S3r H*
~
e 9} -
£-4F Q \
5 -4.024 eV el 2
2 I | £, e “i592 v : :
> 5f e
2 v -
& CMCEGE | CHOINC) ( )
E o \ X/ -5.977 eV( 0,
=T H,0 + 2h* — 1/20,+ 2H*

Ak H,0

MoSi,P,

Fig. 6 Transfer processes of photogenerated electrons and holes in a
direct Z-scheme AA5 GaN/MoSi P, heterobilayer at a biaxial tensile
strain of +1%.
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MoSi,P, layer in the strained systems are located at about
—4.024/-3.856/—3.824 eV and —5.977/—5.949/—5.920 eV for the
+1%/+3%/+5% tensile strain, respectively. In particular, the
case of +1% is depicted in Fig. 6. Two band edges under the
observed tensile strains can well straddle the redox potentials
of water at pH = 0 (reduction/oxidation potential:
—4.440/-5.670 eV), satisfying the thermodynamic conditions
for overall water splitting. The pH-dependent water redox
potentials (—4.440 + 0.059 x pH; —5.670 + 0.059 x pH)*”*® yield
a reduction/oxidation potential of —4.027/—-5.257 eV at pH = 7,
indicating that the AA5 GaN/MoSi,P, heterobilayer in the
strain range of +1%-+5% can also act as a water-splitting
photocatalyst in a neutral environment.

In photocatalytic water splitting, the magnitude of the
external potentials generated by photoexcited carriers directly
dictates whether the half-reactions for water splitting can
proceed spontaneously. The external potential (U.) for the
hydrogen reduction reaction via photoexcited electrons is
identified as 0.416/0.584/0.616 V for the +1%/+3%/+5% biaxial
tensile strain at pH = 0. The energy disparity between the CBM
of GaN and the hydrogen reduction potential serves to define
U.. Conversely, Uy, which represents the external potential of
photoexcited holes in water oxidation, is characterized by the
energy differential between the VBM of the MoSi,P, layer and
the hydrogen reduction potential.*’ It is found to be 1.537/
1.509/1.480 V for the +1%/+3%/+5% biaxial tensile strain at pH
= 0. The calculated values of U, and U, may generate adequate
driving forces to facilitate both the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER). Furthermore,
this suggests that the photoexcited electrons on the GaN and
photoexcited holes on the MoSi,P, would preferentially
migrate to react with water rather than with themselves, thus
generating significant resistance to incident light-induced
corrosion.*>”® These results indicate that the hydrogen and
oxygen evolution reaction can happen readily and be separated
naturally from different layers. Thus, the strained GaN/
MosSi,P, heterobilayer can act as a direct Z-scheme high-
efficiency photocatalyst for water splitting to H, and O,.

3.2 Overall water splitting

For observed AA5 GaN/MoSi,P, heterobilayer under biaxial
tensile strains of +1%-+5%, the first requisite for overall water
splitting is acquired by their suitable band edge positions.
Nevertheless, it remains unclear whether the photoexcited
electrons and holes in the strained AA5 GaN/MoSi,P, possess
sufficient driving force to facilitate the overall water splitting
process, specifically the OER and HER. To make it clear, we
take AA5 GaN/MoSi,P, under a biaxial tensile strain of +1%,
for example, and explore the OER and HER mechanisms to
confirm the photocatalytic activity.

The OER on the surface of the MoSi,P, layer is first investi-
gated by following the four-electron (4e™) reaction pathway:

*+H,0 - OH*+H' +e, (3)

OH* — O*+H' +e, (4)
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O* + H,0 — O*OH* + H' + €™, (5)
O*OH* — O*O* + H™ + e, (6)
0*0* — 0,, (7)

where “*” shows the active sites of the intermediates on the
AA5 GaN/MoSi,P, heterobilayer. The atomic configurations of
intermediates along the water oxidation reaction pathway on
the MoSi,P, layer under conditions of pH = 0 and absence of
light irradiation (U, = 0) are illustrated in Fig. 7a.
Correspondingly, Fig. 7b illustrates the associated free energy
profile for this process. In the initial stage of water oxidation,
the water molecule undergoes conversion to an OH* species
(H,O0 + * - OH* + H' + €7), which adsorbs onto the surface of
the P site with a Gibbs free energy change AG of 1.422 eV.
Second, the OH* undergoes oxidation to form an oxygen
radical (O*), releasing a proton and an electron in the process
(OH* — O* + H' + e7), which is an exothermic process that
releases 0.671 eV in the free-energy profile, suggesting a spon-
taneous process. During the third phase, the O* species under-
goes a reaction with an additional water molecule, forming an
O*OH* species. This process has a AG of 1.250 eV (O* + H,0 —
O*OH* + H' + €7), which is less than the AG of the first step. In
the final step, the O*OH* species undergoes a process in which
it releases an electron and a proton, resulting in the formation
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of an O, molecule (O*OH* — H" + ¢~ + 0,), being endothermic
for the step by 2.885 eV. In fact, the water oxidation half reaction
proves energetically unfavorable on the MoSi,P, layer surface
when no light irradiation is present. Converting O*O* to O, rep-
resents the rate-limiting step, exhibiting a limiting potential
(Uhim) of —3.104 V. Therefore, to facilitate the entire reaction at
pH = 0, the MoSi,P, layer necessitates an external voltage of
3.104 V. Upon light irradiation, photogenerated holes in the 1%
strained GaN/MoSi,P, can only provide an external potential Uy
of 1.537 V for water oxidation, which cannot proceed spon-
taneously with the reaction. Nevertheless, the external potential
can cause all four fundamental steps to become energetically
favorable in the free-energy landscape after adjusting the energy
of these charge-related processes by —eUy,. This suggests that
the MoSi,P, layer can advance water oxidation at pH = 0 under
light irradiation.

Unlike water oxidation, the active site for the HER is the N
site of the GaN layer. The distinct active sites for the two half
reactions can markedly enhance the efficiency of photocatalytic
processes. In the absence of light stimulation (U = 0), the GaN
layer shows a thermodynamically favorable AG of —0.679 eV for
the production of H* species, following the reaction pathway:
* + H" + e- — H*, suggesting an exothermic process that can
proceed spontaneously under dark conditions. The process of
creating H, from H* species is endothermic at pH = 0 (H* + H'
+e~ - H, + *), as shown in Fig. 6d. Under an external potential

U=0v
44 —vu=1s37v

1 1 1 1 1
H,0 OH" 0O O'OH" 0'0" 0,
Reaction Coordinate

(d)

0.0 ) U=0V
: —U=0416V

-0.3 1

-0.6

AG (eV)

-0.9 1

-1.2 L L L
. H* 1/2H,
Reaction Coordinate

Fig. 7 (a and c) Schematics for the overall water-splitting reactions (OER and HER) on a +1% strained AA5 GaN/MoSi,P4 heterobilayer. O and H
atoms are marked by red and light pink balls, respectively. (b and d) Energy diagrams depicting the free energy profiles for the 4e™ OER and 2e™ HER
pathways in the +1% strained AA5 GaN/MoSi,P,4 heterobilayer at pH = 0 without and with light irradiation.
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U. of 0.416 V provided by the photogenerated electrons of the
heterobilayer, the free-energy profile for the hydrogen reduction
reaction exhibits a downhill trajectory for both elementary steps.
Consequently, the +1% strained GaN/MoSi,P, heterobilayer can
efficiently split pure water when exposed to light, as both OER
and HER can proceed.

3.3 Optical properties

An efficient photocatalyst should possess a strong light-har-
vesting performance for the incident sunlight, especially the
infrared and visible lights (accounting for ~93% of the sun-
light). The optical properties of 2D materials are significantly
influenced by electron-hole couplings primarily due to the
substantial effects of excitons. To elucidate the light-harvesting
efficacy, an analysis of the optical characteristics of the AA5
GaN/MoSi,P, heterobilayer is conducted under different
biaxial tensile strains (0, +1%, +3%, and +5%) by applying the
state-of-the-art Go,W,+BSE method. Fig. 8a depicts the imagin-
ary component &,(w) of frequency-dependent dielectric func-
tion e&(w) of the pristine AA5 GaN/MoSiP,, where the
GoWytBSE (GoW,+RPA) curve corresponds to an optical absorp-
tion spectrum, including (excluding) the photogenerated e-h
couplings. Compared with the GoW,+RPA profile, the
GoW,tBSE profile is largely red-shifted due to the outstanding
e-h couplings, in which a large number of exciton states with
large oscillator strengths are observed in the energy region of
0.5-3.16 eV. In particular, two bright bound exciton states
below the QP bandgap (1.479 eV) are located at 0.951 and
1.282 eV (as shown in the orange arrows in Fig. 8a). For a
direct semiconductor, the first bright exciton state is very
important and can be captured by experimental observation.
By analysing the oscillator strength, the first bright bound
exciton state is from the VBM — CBM vertical transition at the
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bound exciton is estimated to be 0.528 eV by the difference
between the QP bandgap (E,.qp) and excitation energy (Ee), i.e.
Eyexciton = Eq.qp — Ee, which can resist thermal fluctuation at
room temperature. The calculated exciton binding energy of
pristine AA5 GaN/MoSi,P, is compared to those of other 2D
materials.***!

Fig. 8b shows the strain-dependent optical absorptions of
AA5 GaN/MoSi,P,, in which the &,(w) is observed at the strains
of § = +1%, +3%, +5%. The focused first absorption peak is sig-
nificantly red-shifted by about 0.463 eV from 0.951 eV (5 = 0) to
0.492 eV (6 = +5%). The first absorption peaks of the strained
systems are also examined and verified to be from the VBM —
CBM vertical transitions at the K-point. The estimated Ep-exciton
corresponding to the first absorption peaks is changed from
528 meV from § = 0 to 259 meV for § = +5%, as listed in
Table 1, indicating that the binding energy of exciton in the
AA5 GaN/MoSi,P, can be tuned significantly by the applied
biaxial strains. Smaller Ep exiton €an result in the photogene-
rated electron around the hole delocalized in a larger space,
thus making the photogenerated e-h pair recombination
difficult. In addition, compared with that at § = 0, the optical
absorption of AA5 GaN/MoSi,P, under the biaxial tensile
strain of +5% reveals a significant enhancement in the near-
infrared and visible range. Consequently, the biaxial tensile
strain in the AA5 GaN/MoSi,P, heterobialyer can induce
smaller exciton binding energy and enhance light absorption.

Table 1 Bandgaps of AA5 GaN/MoSi,P, at biaxial strains of § = 0, +1%,
+3%, +5% from the PBE (Eg.pge) and GoWy (Eg-qp) levels. The obtained
excitation and exciton binding energies (E. and Ep_exciton) COrrespond to
the first absorption peak. The energy unit is adopted to be “eV”

. . . . . o Eg’PBE Eg>QP Ee Eb-excit(m
K-point (Fig. 4b). Thus, the excitation energy of 0.951 eV is
regarded as the optical gap of pristine AA5 GaN/MoSi,P,, ° 0.825 1.479 0.951 0.528
‘ ! ) +1% 0.688 1.325 0.810 0.515
which can be compared with the experimentally measured 39, 0.350 1.024 0.644 0.380
gap. Further, the binding energy (Ep-exciton) Of the first bright +5% 0.101 0.751 0.492 0.259
() 36 1.0 (b) 36 :
— Gy W,+BSE E
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Fig. 8 (a) Imaginary part (e,) of the dielectric function of the pristine AA5 GaN/MoSi,P, heterobilayer is calculated with (black solid line) and
without (black short dash line) electron—hole coupling included, i.e., GoWo+BSE and GoWyo+RPA, respectively. (b) e, of the GaN/MoSi,P, heterobi-
layer at biaxial tensile strains of +1%, +3%, and +5% using the GoW;,+BSE method. The incident polarized light is along the x direction. A Lorentzian

broadening of 100 meV is applied in these calculations.
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Fig. 9 Light absorption coefficients of the AA5 GaN/MoSi,P, heterobi-
layer at different biaxial strains, which are from the GoW;,+BSE level.
Solar irradiance at an air mass of 1.5G is utilized for comparison.

Finally, to further measure the light harvesting ability of
the AA5 GaN/MosSi,P, heterobilayer for the sunlight, we calcu-
lated its light absorption coefficient a(w) by applying the fol-
lowing equation:**>?

Vo
T

alw) = 2o ) T et 0) — @l ()
where &;() is the real part of the ¢(w). As shown in Fig. 9, the
absorption intensity can achieve 10° cm™ in the observed
wide energy range, indicating that AA5 GaN/MoSi,P, is very
active in the visible and near-infrared parts of the sunlight. In
particular, the absorption intensities can achieve a maximum
value of about 5.0 x 10’ cm ™" at a phonon energy of 3.160 €eV.
In addition, with the increased tensile strain, the light absorp-
tion coefficient is improved significantly. Consequently, the
strained AA5 GaN/MoSi,P, heterobilayer demonstrates efficient
harvesting of incident sunlight, which may enhance its poten-
tial application as a water splitting photocatalyst.

4 Conclusions

In summary, by employing DFT+G,W,+BSE calculations, this
study systematically investigates the structural, electronic,
photocatalytic, and optical properties of a new GaN/MoSi,P,
van der Waals heterobilayer. The dynamical, energetic, and
thermodynamic stabilities are verified by the phonon spec-
trum, binding energy, and AIMD. The GaN/MoSi,P, with type-I
band alignment is predicted to have a direct quasi-particle
bandgap of 1.479 eV at the G,W, level. It also exhibits a strong
absorption coefficient of more than 10° cm™" for visible and
near-infrared lights. The calculated binding energy of exciton
in the GaN/MoSi,P, is 528 meV, which can withstand thermal
fluctuation at room temperature. More interestingly, a +1%
biaxial tensile strain can transform the GaN/MoSi,P, from
type-I to type-II. The type-II nature in the strained GaN/
MoSi,P, can facilitate the effective separation of photogene-
rated electron-hole pairs. The observed built-in electric field
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oriented from the GaN layer to the MoSi,P, layer further indi-
cates that it constitutes a direct Z-scheme heterostructure. The
formed Z-scheme can greatly optimize the redox ability.
Additionally, the distinct layers of GaN/MoSi,P, facilitate both
water oxidation and hydrogen reduction half-reactions, which
are driven by the potentials generated from photoexcited elec-
trons and holes. With the increase in applied biaxial tensile
strain, the quasi-particle bandgap is significantly reduced to
0.751 eV (+5%) and significantly enhanced absorptions for the
visible and near-infrared lights are observed. These tunable
properties in the GaN/MoSi,P, vdWs heterobilayer can endow
it as a potential material for optoelectronic and photocatalytic
water splitting devices.
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