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The vertical integration of two-dimensional (2D) materials through weak van der Waals (vdW) interactions is
gaining tremendous attention for application in nanotechnology and photovoltaics. Here, we performed
first-principles study of the electronic band structure, optical and photocatalytic properties of vertically
stacked heterostructures based on boron pnictides BX (X = As, P) and SiS monolayers. Both
heterobilayers possess a stable geometry and reveal type | band alignment with a direct band gap,
indicating substantial transfer of charge across the junction of the same layer. Interestingly, a redshift is
found in the visible light region of the optical absorption spectra of BX-SiS heterobilayers. The
comparatively larger hole mobility (14 000 cm? V=t s™%) of BP-SiS preferably allows hole conduction in
the zigzag-direction. More importantly, the excellent band edge values of the standard redox potential

and smaller Gibbs free energy for the adsorption of hydrogen (AGy+) make them ideal for performing the
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Accepted 1st August 2023 hydrogen evolution reaction (HER) mechanism under solar irradiation. These findings offer exciting

opportunities for developing next-generation devices based on BX-SiS heterobilayers for promising

DOI: 10.1039/d3n200167a applications in nanoelectronics, optoelectronic devices and photocatalysts for water dissociation into
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Introduction

A technique that continues to improve for storing unlimited
solar energy as chemical energy is solar energy conversion to
hydrogen. Specifically, a complete conversion from solar energy
to chemical energy, including light harvesting, energy transfer,
and energy storage, is implemented via photocatalytic splitting
of water into hydrogen.”® The majority of the photocatalysts,
required for the water splitting, are semiconductors with the
ability to separate charges and absorb light affecting the cata-
lytic efficiency. Both the redox potential of the photogenerated
carriers and the capacity to absorb light are controlled by the
band structure of photocatalysts. Because of their narrow
bandgaps, significant research has been conducted to create
photocatalysts that have an extended light absorption zone, for
instance, g-C;N, (ref. 4) and Black P.*
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hydrogen to produce renewable clean energy.

After graphene was successfully exfoliated,®*® research on the
exploration of other 2D materials, including transition metal
dichalcogenides (TMDs)'*** and phosphorene,’*™*® is largely
under consideration. However, the disadvantages of these 2D
materials are also becoming more evident and limit their
application in electronic and optoelectronic devices."** Among
2D materials, the SiS monolayer has gained tremendous
attention owing to its strong anisotropic behavior for optical
sensors, superior chemical and mechanical stability, high
electron mobility, and promise as a candidate for solar cell
applications.*** More recently, a novel class of two-
dimensional materials, boron pnictides (BX, X = As, P) with
a graphene-like planar honeycomb structure, were reported as
promising candidates for innovative, multifunctional nano-
devices in the field of nanotechnology.*-**

The formation of a van der Waals heterostructure enables
tunable band alignment and offers a rational approach for
enhanced optical absorption.***® For instance, a type-I hetero-
structure is constructed with the valence band maximum (VBM)
and conduction band minimum (CBM) localized in a single
constituent, which is crucial for usage in light-emitting or laser
devices.** When both the CBM and VBM are localized in
different constituents it leads to type-II heterojunctions which
are highly desirable for improving the photogenerated charge
carriers’ separation in photovoltaics.>*** So far, hetero-
structures based on BAs/BP, such as MoSe,/BAs, have been
analyzed and it has been reported that they possess a tunable

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bandgap and remarkable absorption of light with a conversion
efficiency of 20%.%® According to Do et al. BP-ZnO and BAs-ZnO
heterostructures show type I band alignment and good optical
absorption, and promising as photocatalysts.*® It has been re-
ported that type-II band alignment in GaN-SiS makes it suitable
for photogenerated charge carrier separation and promising
photocatalyst for water splitting.*” The BY-MX, (BAs-WSe, and
BP-WS,) heterostructure exhibit a direct type-II (type-I) band
alignment.*® Similar trends were observed in other vdW heter-
ostructures including SiS/P (SiS/SiC),**™** P-BSe and P/X,,* and
group III-VI and group IV-VI  monolayer-based
heterostructures.**** Despite these distinctive physical proper-
ties, the integration of BX and SiS-based vdW heterostructures
remains unexplored for the practical design of new nano-based
devices with exceptional functionalities.

Inspired by the excellent electronic properties and small
lattice mismatch, the present work is devoted to studying the
effect of vertically stacked BX and SiS monolayers by exploring
the wunprecedented optoelectronic and photodetection
behavior. Herein, first principles calculations based on density
functional theory are performed to confirm the structural
stability, electronic band structure, transfer of charge, optical
absorption, photocatalytic performance, and carrier mobility of
BX-SiS vdW heterostructures. These structures have type II
alignment of bands, doping of p-type in the BX-layer, good
carrier mobility, redshift in the absorption spectrum, and
improved photocatalytic properties. The findings may serve as
a foundation for the practical application of BX-SiS in the
design of next-generation photocatalysts, as well as photovoltaic
and optoelectronic devices.

Computational details

Electronic calculations were carried out by using a DFT-based
simulation, the Vienna Ab initio Simulation Package (VASP).*®
The projector augmented wave (PAW) method and generalized
gradient approximation (GGA) were employed for the electron—
ion interaction and exchange-correlation potential.*”** The
Brillouin zone® was integrated with a 24 x 24 x 1 k-point grid
for PBE* and 12 x 12 x 1 k-mesh for HSE06 (ref. 50 and 51)
calculation. The geometric relaxation of all systems were per-
formed until the total energy and the residual forces on each
atom reached 10~ eV and 0.001 eV A™", respectively. A vacuum
layer of 25 A was introduced to prevent interaction with the
nearby layer for making the vdW heterostructures. In addition,
the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional®®®* was
employed to find the correct electronic band gap. To accurately
describe the long-range weak vdW interaction we used
Grimme's DFT-D3 method for the vdW interaction correction in
the vdW heterostructure.®»** The DFT-D3 method is widely
accepted and incorporates corrections to the total energy,
energy gradient, and frequencies of a molecule based solely on
its molecular geometry. These corrections are added to the
results obtained from conventional density-functional theory
approximations and other mean-field approaches. One of the
key advantages of DFT-D3 is its computational efficiency and
applicability across the periodic table. To calculate the binding

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Top and side views of (a) BAs, (b) BP, and (c) SiS monolayers, and
(d) BAs—SiS and (e) BP-SiS heterobilayers.

energy (Ep) of the heterostructures we used the relation E}, =
Epx—sis — Esis — Epx, where Epx_s;is, Esis, and Epy represent the
total energy of BX-SiS van der Waals heterostructures, SiS, and
BX monolayer, respectively. The dynamical stability of the BX-
SiS vdW heterostructure was investigated by employing density
functional perturbation theory based Phonopy code to obtain
the phonon vibration modes,*** wherein the atomic-
displacement is regarded as a perturbed potential.>®* A 4 x 4 X
1 supercell was used for calculating the correct force constant
and phonon spectrum. Further, an ab initio molecular dynamics
(AIMD) simulation approach is employed to check thermal
stability.”*® The Nose algorithm simulates every aspect of
volume, lattice constant, and temperature. For the test sample,
we chose a 4 x 4 x 1 supercell, and the total time was set to 10
000 fs with a time-step of 1 x 10~ ** seconds (Fig. 1).

Results and discussion

Electronic structures of boron pnictides BAs and BP, and SiS
monolayers have been studied and revealed in the aforemen-
tioned work.**-** Yuan S. et al. summarized a number of heter-
ostructures made of 2D monolayers of group III-V and group
IV-VI elements.”>* The thermodynamic stability and small
lattice-mismatch of BAs, BP, and SiS monolayers permit the
computational designing of BX-SiS (X = As, P) van der Waals
(vdW) heterostructures. The lattice mismatch is 2.6% and 2.4%
for BAs-SiS and BP-SiS, respectively. Consequently, the struc-
tural configuration of boron pnictide BX (X = As, P) and SiS
monolayers allows the design of six possible stacking patterns
of the BX-SiS (X = As, P) vdW heterostructure (see details in
Fig. S3(a)-(f) in the ESIt). Following the structural optimization
of different possible configurations, the lattice constant,
binding energy, and the interlayer separation (dspacing) between
layers of BX, SiS monolayers and both BX-SiS heterobilayers are
calculated. To ensure energetic stability, the binding energy (Ey,)
of all six configurations of BX-SiS systems is calculated and
presented in Table S1.1 The stacking pattern a/b of the BAs-SiS/
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Table1 Lattice constant (a in A), bond length (in A), interlayer distance
(dspacing iN A), band gap (Epge and Enseos in €V), work-function (¢ in eV),
charge transfer (CT in eV), potential-drop (AV), and valence and
conduction band edges (Eyg and Ecg in eV) of the pristine monolayers
and corresponding heterostructures

Parameters BAs BP SisS BAs-SiS BP-SiS
a=h(A) 3.33 3.25 333 3.33 3.25
Bond length (A)  1.92 1.859  2.38  1.92-2.33  1.87-2.35
dspacing (A) — — — 3.5 3.3
PBE-E, (eV) 0.71 0.93 2.2 0.8 0.79
HSE06-E, (eV) 1.39 1.62 3.01 1.4 1.42

¢ (eV) — — — 4.72 5.01
CT — — — 0.017 0.007
AV (eV) — — — 0.1 3.68
Eyg (€V) 0.965  1.216 244 1.3 1.37
Ecg (eV) —0.425 —0.174 —0.54 —0.11 —0.05

BP-SiS heterobilayer is energetically more feasible with reduced
interlayer separation and greater binding energy, as shown in
Tables 1 and S1.} These results are in good agreement with the
available literature.?*-**%>% Both monolayers and corresponding
heterostructures have identical trends for dynamical stability,
therefore, the phonon band spectrum is calculated for the
systems under study, as displayed in Fig. S2f and 2. A careful
inspection of the figure demonstrates a quadratic flexural
phonon mode at the lowest acoustic branch at I'-point (z-
direction acoustic mode, ZA), which is known to be a common
feature of 2D materials like silicene, germanene, and
phosphorene.®* This can be attributed to structure-related
reasons such as hybridization between the polarization of the
TA/LA modes with the ZA mode, which usually occurs in
nonplanar 2D materials. All of these can lead to a breakdown of
the rotation symmetry and lead to a nonquadratic ZA branch.
However, the presence of the U-shaped region with an imagi-
nary frequency in the phonon spectra does not correspond to
the instability of 2D materials. Furthermore, some low-
frequency modes are located at the I'-point responsible for
van der Waals (vdW) coupling between the stacked monolayers
and indicate the construction of a heterostructure. Additionally,
ab initio molecular dynamics simulations (AIMDS) are
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essentially important to ensure the thermal stability of the most
feasible stacking structure at room temperature. The energy
fluctuation versus time of the BX, SiS monolayers, and BX-SiS
vdW heterostructures under study is calculated, as displayed in
Fig. S1(a)-(c)t and 3(a) and (b). The final structures have no
broken bond at 10 000 fs, indicating the feasible fabrication of
BX-SiS vdW heterostructures at 300 K.

To analyze electronic and optoelectronic applications,
exploration of the electronic characteristics of vdW hetero-
structures is needed. Using  Generalized-Gradient-
Approximation-PBE and HSE06 functionals, the electronic
band structures of BAs, BP, SiS, and corresponding BX-SiS
heterobilayers are calculated, as shown in Fig. S3(a)-(c)} and
4(a) and (b). As shown in Fig. 4(a) and (b), it is obvious that all
heterostructures have a direct bandgap with VBM/CBM located
at the K point in a Brillouin zone. Table 1 clearly shows that
using the HSEO06 functional, bandgap values at K points are
greater than those obtained using the PBE-functional. A similar
trend has been demonstrated in group III-V and group IV-VI 2D
materials,”* BX-ZnO,** GaN-SiS,*” and BY-MX, (BAs-WSe,
and BP-WS,)*® have all shown similar trends. Additionally, the
partial density of states (PDOS) of the pristine monolayers and
vdW heterostructures under study, as shown in Fig. S4(d)-(f)+
and 4(c) and (d), is used to calculate the contribution of each
state near the Fermi level (Eg). The VBM is predominantly
contributed by the As/P-p, orbital and CBM is largely attributed
to the B-p, orbital of the BX monolayer in BAs-SiS and BP-SiS
hetero-bilayers. It is obvious that both the VBM and CBM are
contributed by the same monolayers demonstrating straddling
alignment of the band. This behavior is essential for application
in light-emitting and laser devices as found theoretically in BAs/
BP®” and SiS/P/SiC van der Waals hetero-bilayers.*®

Furthermore, the charge density difference (Ap = ppx-sis —
pex — psis) and planar averaged charge density difference
(Apavg(2)) in the z-direction are calculated to obtain a detailed
understanding of the charge transfer and binding mechanism
between the layers of (a) BAs-SiS and (b) BP-SiS vdW hetero-
structure, shown in Fig. 5(c) and (d), respectively, where pgx_sis,
PBx, and psis represent the charge densities of the BX-SiS hetero-
bilayer, BX, and SiS monolayer, respectively. Fig. 5(c) and (d)
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(@) Phonon band structures of (a) BAs—SiS and (b) BP-SiS vdW heterostructures.
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SiS vdW heterostructure systems.

show the accumulation and depletion of charge as represented
by the positive Ap,,(z) yellow and negative Ap,.e(z) cyan
regions, respectively. Reallocation of charge is mostly detected
between P/As atoms and S because of the difference in elec-
tronegativity. Additionally, it is evident that electrons migrate
from the BX to the SiS layer. This causes p-type doping in the BX
layer and n-type doping in the SiS layer, causing an intrinsic
electric field and serving as a driving push for the separation of
photogenerated electron-hole pairs in different component
monolayers. Additionally, the quantitative charge transfer is
confirmed by the Bader charge analysis, which also reveals that
the SiS layer acquires electrons while the BX layer loses elec-
trons, as shown in Table 1. This negligible transfer in charge
shows how little the BX and SiS monolayers interact. Other
materials have demonstrated a similar tendency of weak
interaction.’**®

Further, we explored the underlying mechanism of charge
redistribution at the interface by computing the junction's
planar averaged electrostatic potential (EP) along the z-axis for
both vdW heterostructures, as displayed in Fig. 5(a) and (b). In
Table 1, one can see the computed potential drop and work
function across the interfaces of the BAs-SiS and BP-SiS vdW
heterostructures. We found that the Fermi energy of the BX
monolayer is lower than that of the SiS monolayer when the
work functions of monolayers are compared. Typically, elec-
trons display a tendency of being driven out of the BX and SiS
monolayers in BX-SiS as long as the two Fermi energies are not

4602 | Nanoscale Adv, 2023, 5, 4598-4608

equal. The electron transport from the BX layer to the SiS layer is
clearly shown in Fig. 5(a) and (b) by the deeper potential in the
BX layer than in SiS. Furthermore, in BX-SiS hetero-bilayers, the
higher potential drop (AV) substantially reduces the rate of
recombination of photogenerated carriers (holes and electrons)
by creating a powerful electrostatic field at the interface. This
increases driving and separates charge carriers, improving the
efficiency of the power conversion process.®”> The electron
localization functions (ELF) were carried out in order to better
understand the binding characteristics between two mono-
layers and gain a deeper understanding of the heterostructure
behavior. ELF maps projected on (110) planes for the stoichi-
ometry of BAs-SiS and BP-SiS are shown in Fig. 6. More
specifically, the ELF value ranges from 0 to 1 and represents the
likelihood of discovering an electron with the same spin as the
reference electron. The enhanced localization of the electrons is
correlated with the higher value of ELF. The electrons are totally
localized when ELF = 1. Values close to zero indicate regions
with low electron densities, and ELF = 0.5 is attributed to
a homogeneous electron gas with metallic bond characteristics.

The optical characteristics of a material are important for
understanding the light absorption in the material to promote
effective photocurrent conversion. The absorption spectra of
BX-SiS heterostructures are provided in Fig. 7. Because of the
smaller bandgap in comparison to the corresponding BX and
SiS monolayers, the redshift in the absorption spectra for BX-
SiS vdW heterostructures increases systematically in the visible

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electron localization function of (a) BAs—SiS and (b) BP-SiS vdW heterostructure systems.

region of the electromagnetic spectrum. This redshift results in
the splitting of excitons by an internal electric field across the
region of the interface. The widening of absorption spectra in
visible regions or lower energy indicates that BAs-SiS and BP-
SiS vdW heterobilayers are suitable candidates for applications
in photovoltaics and photocatalysis.

The photocatalytic characteristics of recently developed
semiconductors that are capable of photocatalytic water split-
ting are then investigated. Preferably, for efficiently absorbing
solar light, the value of the band gap for a semiconductor
should be equal to or greater than 1.23 eV.**"**"* Analysis of the
proper positioning of the valence and conduction band (Eyg and
Ecg) edges in relation to the photo-excited charge carriers leads
to the determination of BX-SiS heterostructures' capability for
photocatalytic activity. Using the HSE06 functional, the posi-
tions of band edges for BX-SiS vdW heterostructures are

determined, as shown in Fig. 8 and listed in Table 1. Using the
following empirical equations,”®’* one can compute the stan-
dard reduction and oxidation potentials for water splitting:

Ereqg = —4.44 eV + pH x 0.059 eV
And

Eoxq = —5.67 eV + pH x 0.059 eV

A perfect photocatalyst for splitting water needs Eqg higher
than —4.44 eV and Eyg lower than —5.67 eV at pH = 0, where
—4.44 and —5.67 eV are the redox potentials. The relative
positions of the Eyg and Ecp for understudied hetero-bilayers
are found to be higher than the standard reduction potentials

50 (a) (b) (¢

BAs-SiS : BP-SiS : SiS :

| 1 BAs )

| ) BP '

40 ! 1 1

o 1 1 I I ]
% 1 |

5 I | . . :

2 30 I I I I I

g : : I :
E= 1 !
£ 20 : ;
2 1 |
<« | |
10 ' \

>

0 1 2 3
Photon Energy (eV)

40 1

Photon Energy (eV)

40 1 2 4
Photon Energy (eV)

2 3

Fig. 7 Optical-absorption spectrum of (a) BAs—SiS, (b) BP-SiS vdW heterostructures, and (c) SiS, BP, and BAs monolayers.
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heterostructures for photocatalytic splitting of water.

for H'/H, and lower than the standard oxidation potential for
0,/H,0, respectively (see Fig. 8). To be more precise, both BAs—
SiS and BP-SiS vdW heterostructures have the ability to split
water using solar energy without the use of external voltage.
Similar trends have also been predicted theoretically in the
published studies.***>**-¢%7%7¢ These findings revealed that BAs—
SiS and BP-SiS vdW heterostructures are promising candidates
for applications in photovoltaics and photocatalytic water
splitting.

Finally, the HER performance of photocatalytic water split-
ting of BAs-SiS and BP-SiS vdW heterostructures was investi-
gated. The hydrogen evolution reaction (HER) is a chemical
reaction useful to produce H,.”” According to the Volmer-
Heyrovsky-Tafel reaction mechanism, initially, the hydrogen
proton and an electron are combined, the H atom is adsorbed
on the electrode in the intermediate state, and in the final stage,
a hydrogen molecule is produced. These stages are explained by
the reactions given below:

H +e — H* @)
H*+H" +e — H, (i)
H* + H* — H, (iii)

where H* represents adsorbed hydrogen on an adsorption site.
The Gibbs free energy, AGy+, between the intermediate and
final stages, has been shown to be a helpful descriptor for the
HER. The activity of the HER is inversely related to the absolute
value of the Gibbs free energy for the adsorption of hydrogen
(AGgys+). A catalyst is considered to be suitable for the HER if
AGy+ = 0, that is AGy+ is nearly equal to the thermoneutral
value. Here, we calculated AGy+ for one distinct adsorption site
referred to as the B site on both SiS-BP and SiS-BAs vdW het-
erostructures as shown in Fig. 9(a) and (b). It is evident from
Fig. 9 that AGy-+ is closer to zero on the As site for BAs-SiS
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compared to the BP-SiS heterostructure, suggesting that the
BAs-SiS heterostructure exhibits better HER performance. The
HER performance of BP-SiS and BAs-SiS heterostructures has
been found to be comparable to that of the most active catalyst
for HER activity,”® as described by our calculated Gibbs free
energy of adsorption. Furthermore, the oxygen evolution reac-
tion (OER) is a four-electron water oxidation process, and the
probable reaction mechanism steps are as follows:”**°

H,0 — O, + (4H" + 4e") (iv)
H,O +* > OH* + (H" +¢") V)
OH* — O*+ (H* +¢") (vi)

O* + H,0 — OOH* + (H" +¢7) (vii)
OOH* — 0, + (H" +¢) (viii)

where the asterisk (*) sign represents the BX-SiS surface and
OH*, O*, and OOH* denote an adsorbed oxygenated species,
respectively. Finally, oxygen is released. The change in Gibbs
free energy (AG; = AGon+, AG, = AGox — AGop+, AG; = AGoon+
— AGo«, and AG, = 4.92 — AGoon+) for the OER process (from
reaction steps v-viii) is separately calculated (see Fig. 9(c) and
(d)). without irradiation (at U = 0 eV), the reaction steps cor-
responding to the formation of OH*, O* and OOH* are
exothermic while the last step for the formation of O, is endo-
thermic for BAs-SiS systems. In contrast, the reaction steps for
the formation of OH*, OOH*, and O, are exothermic (except for
O*) for the BP-SiS system. However, the photogenerated holes
provide a driving force under solar irradiation (U = 1.23 eV),
decreasing the AG value for OH* and O* reaction steps. The
third step to form OOH* goes uphill with a higher value of AG
(see Fig. 9(c) and (d)). This step is unstable and OOH* donates
a proton to form an O, molecule. The maximum uphill free
energy at U = 1.23 eV corresponds to the thermodynamic rate-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Free-energy diagrams for the HER and OER of (a and c) BAs—SiS and (b and d) BP-SiS vdW heterobilayers. Insets show the top view of the

adsorbed models.

determining step (RDS). Obviously, the RDS of BP-SiS exhibits
a larger free energy (3.4 eV) than BAs-SiS (2.82 eV), suggesting
that the OER catalytic activity of BAs-SiS is better than that of
BP-SiS.

The electronic performance of 2D BX-SiS vdW hetero-
structures is significantly influenced by carrier mobility,
including electron mobility and hole mobility. So next, we
estimated the carrier mobility (1) using Bardeen and Shockley's
deformation theory.** The carrier mobility in 2D materials can
be described as:

w = 2eh> Copl3kp T(m*)E,? (ix)

Here, C,p is the 2D elastic modulus, T is the temperature, m* is
the effective mass, and E; is the deformation potential constant,
which increases in direct proportion to the strain-induced band
edge shift. The E, is determined through the linear fitting of the
VBM (CBM)-strain relation. Similarly, C,p is computed by
quadratically fitting the total energy vs. strain. The carrier
mobility is calculated by using eqn (ix) for the available C,p, E;,
and m* values. The corresponding data for each monolayer
(BAs, BP, and SiS) and their two vdW heterostructures along the
zigzag (Z) and armchair (arm) directions for electrons and holes
are given in Table 2.

The 2D modulus for BAs-SiS (BP-SiS) along the zigzag (zig)
direction is about seven (four) times greater than that along the

© 2023 The Author(s). Published by the Royal Society of Chemistry

armchair (arm) direction. The effective mass exhibits an
anisotropic behavior: for BAs-SiS (BP-SiS) in a zigzag direction,
the hole-effective mass is smaller than (equal to) that for an
electron, while, for the armchair direction, the effective mass of
the electron is equal to (smaller than) that of the hole. Highly
anisotropic carrier mobilities are predicted for the BX, SiS, and
corresponding vdW heterostructures. The computed electron
mobility value for BAs-SiS (BP-SiS) in the zigzag direction is
0.231 x 10> em®* V"' s7' (0.21 x 10® em® V' s71), which is 33
(21) times greater when compared with the mobility in the
armchair direction, 0.007 x 10° ecm®* V™" s7* (0.01 x 10° cm®* V™"
s~1). In contrast, the mobility of holes in the zigzag direction is
0.389 x 10> cm®* V™' 57! (14.609 x 10°> cm®> V™' s 1), nearly 4 (35)
times greater in comparison to that in the armchair direction,
0.01 x 10° ecm? V' 57" (0.417 x 10° em® V™' s71). Notably, the
carrier mobilities, calculated for the vdW heterostructures
under study, are higher than those of the monolayer of MoS,
(60-200 cm® V' s71).8* particularly, BP-SiS heterobilayers show
that the mobility of holes in the zigzag direction is nearly 70
times larger than electron mobility, enhancing the potential for
hole conduction in the zigzag direction. Higher carrier mobility
and a smaller effective mass®* result in greater transport of
charge carriers, which is desirable for functional electronic and
optoelectronic devices. Consequently, the calculated carrier
mobility and effective mass of electrons and holes show that the

Nanoscale Adv., 2023, 5, 4598-4608 | 4605
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Table 2 Calculated two-dimensional elastic modulus (C,p), effective
mass (m* along the x and y directions), deformation potential constant
(E4), and mobility of charge carriers (u) in the zigzag (z) and armchair
(arm) directions of the (a) BAs, (b) BP, and (c) SiS monolayers and (d)
BAs-SiS and (e) BP-SiS vdW heterostructures at 300 K

w
(10 em®> v s

Materials Charge C,p my, m;’ E,

SiS e, 39.39 0.45 1.514 1.714 2.837
€arm 7.14 0.46 2.514 2.5 0.0328
h, 39.39 4.82 3.514 1.92 0.0177
R 714 2.84 4514 098  0.0150

BAs e, 168.08 0.16 5.514 2.73 0.6360
€arm 2711 0.23 6.514 5.53 0.0143
h, 168.08 0.16 7.514 1.46 1.5576
Parm 2711 021 8514 2.92  0.0416

BP e, 140.50 0.20 9.514 2.30 0.3232
€arm 26.66 0.31 10.514 4.67 0.0086
h, 140.50 0.19 11.514 0.928 1.700
Rarm 26.66 0.27 12.514 1.88 0.0506

BAs-SiS e, 215.49 0.21 13.514 2.72 0.2315
€arm 32.98 0.26 14.514 5.17 0.0073
h, 215.49 0.19 15.514 2.05 0.3892
Rarm 32.98 0.26 16.514 4.05 0.0104

BP-SiS e, 201.94 0.20 17.514 2.47 0.2102
€arm 52.2 0.25 18.514 4.90 0.0104
h, 201.94 0.20 19.514 0.28 14.6097
Rarm 52.2 0.26 20.514 0.72 0.41709

monolayers of BX, SiS, and their BAs-SiS and BP-SiS hetero-
structures are promising for applications in high-performance
electronic devices. A significant difference in the mobility of
charge carriers is exploited for the separation of electrons and
holes.

Conclusion

In summary, we employed density functional theory-based first
principles calculations to explore the structural, electronic,
optical, and photocatalytic characteristics of BX (X = As, P) and
SiS monolayers and their vdW heterostructures BAs-SiS and
BP-SiS. Both vdW heterostructures exhibited energetic,
dynamic, and thermal stability. Our findings show that owing to
the weak vdW interactions occurring in the heterostructures,
the electronic properties of BX-SiS vdW heterostructures seem
to be the combinations of constituent layers. Interestingly, BX-
SiS heterostructures are direct band gap semiconductors with
type I band alignment. A built-in electric field across the junc-
tion leads to charge transfer from the BX to the SiS layer,
responsible for p-type doping in the BX layer. This reduces the
rate of photogenerated charge recombination. Red-shift and
widening of the absorption spectra in the range of visible light
suggest that BX-SiS heterostructures are suitable candidates for
application in solar light conversion. Both heterostructures are
capable of the reduction of water into H'/H, and oxidation into
0,/H,0. The in-plane carrier mobilities of the two-dimensional
BX-SiS heterostructures are vastly anisotropic. Particularly, in
the BP-SiS vdW heterostructure in the zigzag direction, the hole
mobility (14 000 cm® V' s7") is nearly 70 times larger than the
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mobility of electrons, enhancing the potential for hole
conduction in the z-direction. These promising hetero-
structures offer exciting opportunities for developing next-
generation optoelectronic devices and photocatalysts for water
dissociation into hydrogen to produce renewable clean energy.

Conflicts of interest

There are no conflicts to declare.

References

1 T. Hisatomi, J. Kubota and K. Domen, Chem. Soc. Rev., 2014,
43, 7520-7535.

2 A. Kudo and Y. Miseki, Chem. Soc. Rev., 2009, 38, 253-278.

3 S. J. A. Moniz, S. A. Shevlin, D. J. Martin, Z. X. Guo and
J. Tang, Energy Environ. Sci., 2015, 8, 731-759.

4 S. Cao, J. Low, J. Yu and M. Jaroniec, Adv. Mater., 2015, 27,
2150-2176.

5 X. Zhu, T. Zhang, Z. Sun, H. Chen, J. Guan, X. Chen, H. Ji,
P. Du and S. Yang, Adv. Mater., 2017, 29, 1605776.

6 A. K. Geim and K. S. Novoselov, Nat. Mater., 2007, 6,183-191.

7 K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang,
M. I Katsnelson, I. V. Grigorieva, S. V. Dubonos and
A. A. Firsov, Nature, 2005, 438, 197-200.

8 K. S. Novoselov, E. McCann, S. V. Morozov, V. 1. Fal'ko,
M. I. Katsnelson, U. Zeitler, D. Jiang, F. Schedin and
A. KGeim, Nat. Phys., 2006, 2, 177-180.

9 Y. Zhang, Y. W. Tan, H. L. Stormer and P. Kim, Nature, 2005,
438, 201-204.

10 A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C. Y. Chim,
G. Gall and F. Wang, Nano Lett., 2010, 10, 1271-1275.

11 S. Banerjee, W. Richardson, J. Coleman and A. Chatterjee,
Electron Device Lett., 1987, 8, 347-349.

12 B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti and
A. Kis, Nat. Nanotechnol., 2011, 6, 147-150.

13 B. Radisavljevic and A. Kis, Nat. Mater., 2013, 12, 815-820.

14 L.Li, Y. Yu, G.]. Ye, Q. Ge, X. Ou, H. Wu, D. Feng, X. H. Chen
and Y. Zhang, Nat. Nanotechnol., 2014, 9, 372-377.

15 H. Liu, Y. Du, Y. Deng and P. D. Ye, Chem. Soc. Rev., 2015, 44,
2732-2743.

16 H. Liu, A. T. Neal, Z. Zhu, Z. Luo, X. Xu and
D. P. D. Tomanek, ACS Nano, 2014, 8, 4033-4041.

17 Z. Zhu and D. Tomanek, Phys. Rev. Lett., 2014, 112, 176802.

18 S. D. Sarma, S. Adam, E. H. Hwang and E. Rossi, Rev. Mod.
Phys., 2001, 83, 407.

19 K. I. Bolotin, K. J. Sikes, Z. Jiang, M. Klima, G. Fudenberg,
J. Hone, P. Kim and H. L. Stormer, Solid State Commun.,
2008, 146, 351-355.

20 Y. Yoon, K. Ganapathi and S. Salahuddin, Nano Lett., 2011,
11, 3768-3773.

21 J. Qiao, X. Kong, Z. X. Hu, F. Yang and W. Ji, Nat. Commun.,
2014, 5, 4475.

22 S. P. Koenig, R. A. Doganov, H. Schmidt, A. H. Castro Neto
and B. Ozyilmaz, Appl. Phys.Lett., 2014, 104, 103106.

23 J. Yang, Y. Zhang, W. Yin, et al., Nano Lett., 2016, 16, 1110-
1117.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00167a

Open Access Article. Published on 02 August 2023. Downloaded on 1/21/2026 10:21:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

24 C. Kamal, A. Chakrabarti and M. Ezawa, Phys. Rev. B:
Condens. Matter Mater. Phys., 1993, 12, 125428.

25 M. Xie, S. Zhang, B. Cai, Z. Zhu, Y. Zou and H. Zeng,
Nanoscale, 2016, 8, 13407-13413.

26 M. T. Ong, K. A. N. Duerloo and E. J. Reed, J. Phys. Chem. C,
2013, 117, 3615-3620.

27 H. Zhu, Y. Wang, J. Xiao, M. Liu, S. Xiong, Z. ]. Wong, Z. Ye,
Y. Ye, X. Yin and X. Zhang, Nat. Nanotechnol., 2015, 10, 151.

28 J. Qi, X. Qian, L. Qi, J. Feng, D. Shi and J. Li, Nano Lett., 2012,
12, 1224-1228.

29 B. Amin, N. Singh and U. Schwingenschlogl, Phys. Rev. B:
Condens. Matter Mater. Phys., 2015, 92, 075439.

30 B. Amin, T. P. Kaloni, G. Schreckenbach and M. S. Freund,
Appl. Phys. Lett., 2016, 108, 063105.

31 S.]J. Liang, B. Cheng, X. Cui and F. Miao, Adv. Mater., 2020,
32, 1903800.

32 M. Z. Bellus, M. Lj, S. D. Lane, F. Ceballos, Q. Cui, X. C. Zeng
and H. Zhao, Nanoscale Horiz., 2017, 2, 31-36.

33 W. Zhang, Q. Wang, Y. Chen, Z. Wang and A. T. S. Wee, 2D
Mater., 2016, 3, 022001.

34 Z. Guo, N. Miao, J. Zhou, B. Sa and Z. Sun, J. Mater. Chem. C,
2017, 4, 978-984.

35 L. Xu, W. Q. Huang, W. Hu, K. Yang, B. X. Zhou, A. Pan and
G. F. Huang, Chem. Mater., 2017, 13, 5504-5512.

36 T. N. Do, M. Idrees, N. T. Binh, H. V. Phuc, N. N. Hieu,
L. T. Hoa, B. Amin and H. Van, RSC Adv., 2020, 72, 44545-
44550.

37 S.S. Ullah, M. Farooq, H. U. Din, Q. Alam, M. Idrees, M. Bilal
and B. Amin, RSC Adv., 2021, 52, 32996-33003.

38 H. U. Din, M. Idrees, Q. Alam and B. Amin, Appl. Surf. Sci.,
2021, 568, 150846.

39 K. Ren, X. Liu, S. Chen, Y. Cheng, W. Tang and G. Zhang,
Adv. Funct. Mater., 2020, 42, 2004003.

40 H. U. Din, M. Idrees, A. Albar, M. Shafiq, A. Iftikhar,
C. V. Nguyen and B. Amin, Phys. Rev. B, 2019, 100, 165425.

41 S. S. Ullah, H. U. Din, Q. Alam, M. Idrees, B. Amin, W. Khan,
M. Farooq, C. Q. Nguyen and C. V. Nguyen, New J. Chem.,
2023, 47, 4537-4542.

42 A. Sheraz, 1. Shahid, S. Nasir, W. Khan, H. U. Din, M. Idrees,
B. Amin and A. Larif, RSC Adv., 2022, 18, 11202-11206.

43 H. U. Din, M. Idrees, T. A. Alrebdi, C. V. Nguyen and B. Amin,
Comput. Mater. Sci., 2019, 164, 166-170.

44 Y. Si, H. Y. Wu, K. Yang, J.-C. Lian, T. Huang, W. Q. Huang,
W. Y. Hu and G. F. Huang, Appl. Phys. Lett., 2021, 119,
043102.

45 M. Idrees, H. U. Din, S. A. Khan, A. Iftikhar, L. Y. Gan,
C. V. Nguyen and B. Amin, J. Appl. Phys., 2019, 125, 094301.

46 G. Kresse and J. Furthmiiller, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 11169.

47 P. E. Blochl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,
50, 17953.

48 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,
1996, 77, 3865.

49 H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Solid State, 1976,
13, 5188.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

50 J. Heyd, G. E. Scuseria and M. Ernzerhof, . Chem. Phys.,
2003, 118, 8207.

51 J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.,
2006, 124, 219906.

52 S. Grimme, J. Comput. Chem., 2006, 27, 1787.

53 L. Shi, T. S. Zhao, A. Xua and J. B. Xu, J. Mater. Chem., 2016, 4,
16377.

54 X.Gonze,]. C. Charlier, D. C. Allan and M. P. Teter, Phys. Rev.
B: Condens. Matter Mater. Phys., 1994, 50, 13035.

55 P. Giannozzi, S. de Gironcoli, P. Pavone and S. Baroni, Phys.
Rev. B: Condens. Matter Mater. Phys., 1991, 43, 7231.

56 Y. Ding and Y. L. Wang, Appl. Phys. Lett., 2013, 103, 043114.

57 J. D. Gale, J. Chem. Soc., Faraday trans., 1997, 93, 629.

58 J. D. Gale and A. L. Rohl, Mol Simul., 2003, 29, 291.

59 S. Yuan, H.Y. Wu, K. Yang, ]J-C. Lian, T. Huang,
W.-Q. Huang, W.-Y. Hu and G.-F. Huang, Appl. Phys. Lett.,
2021, 119, 043102.

60 L. Li, T. Huang, K. Liang, S. Yuan, J.-C. Lian, W.-Q. Huang,
W. Hu and G.-F. Huang, Phys. Rev. Appl., 2022, 18, 014013.

61 S. Yuan, J.-C. Lian, K. Yang, T. Huang, W.-Q. Huang,
W.-Y. Hu and G.-F. Huang, Phys. Status Solidi RRL, 2022,
16, 2200044,

62 P. Zhao, Y. Wan, S. Zhang, A. Gao, P. Guo, Z. Jiang and
J. Zheng, Phys. Status Solidi - Rapid Res. Lett., 2020, 14,
2000012.

63 Z. G. Yu, Y. W. Zhang and B. I. Yakobson, J. Phys. Chem. C,
2016, 39, 22702.

64 A. Taheri, S. Pisana and C. V. Singh, Phys. Rev. B, 2021,
103(23), 235426.

65 G. Qin, Q. B. Yan, Z. Qin, S. Y. Yue, M. Hu and G. Su, Phys.
Chem. Chem. Phys., 2015, 17(7), 4854-4858.

66 A. Shafique and Y. H. Shin, Sci. Rep., 2017, 7(1), 506.

67 D. P. Khang, C. V. Nguyen, T. T. Binh, C. Q. Nguyen,
M. Idrees, B. Amin, S. T. Nguyen and N. V. Hieu, RSC Adv.,
2021, 21, 13025-13029.

68 H. U. Din, M. Idrees, G. Rehman, C. V. Nguyen, L. Y. Gan,
I. Ahmad, M. Magbool and B. Amin, Phys. Chem. Chem.
Phys., 2018, 20, 24168-24175.

69 P. Rivera, J. R. Schaibley, A. M. Jones, ]. S. Ross, S. F. Wu,
G. Aivazian, P. Klement, K. Seyler, G. Clark, N. J. Ghimire,
J. Q. Yan, D. G. Mandrus, W. Yao and X. Xu, Nat.
Commun., 2015, 6, 6242.

70 Q. Peng, Z. Wang, B. Sa, B. Wu and Z. Sun, Sci. Rep., 2016, 6,
31994.

71 V. D. Ganesan, J. Linghu, C. Zhang, Y. P. Feng and L. Shen,
Appl. Phys. Lett., 2016, 108, 122105.

72 Z.Huang, C. He, X. Qi, H. Yang, W. Liu, X. Wei, X. Peng and
J. Zhong, J. Phys. D: Appl. Phys., 2014, 47, 075301.

73 J. Liu, X. L. Fu, S. F. Chen and Y. F. Zhu, Appl. Phys. Lett.,
2011, 99, 191903.

74 H.L.Zhuang and R. G. Hennig, Phys. Rev. B: Condens. Matter
Mater. Phys., 2013, 88, 115314.

75 ]. Ge, Y. Zhang, Y. J. Heo and S. J. Park, Catalysts, 2019, 9,
122.

Nanoscale Adv., 2023, 5, 4598-4608 | 4607


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00167a

Open Access Article. Published on 02 August 2023. Downloaded on 1/21/2026 10:21:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

76 S. Ahmad, I. Shahid, N. Shehzad, W. Khan, H. U. Din,
M. Idrees, B. Amin and A. Laref, RSC Adv., 2022, 18, 11206.

77 J. K. Norskov, T. Bligaard, A. Logadottir, J. R. Kitchin,
J. G. Chen, S. Pandelov and U. Stimming, J. Electrochem.
Soc., 2005, 152, 23.

78 B. Hammer and J. Norskov, Surf. Sci., 1995, 343, 211-220.

4608 | Nanoscale Adv, 2023, 5, 4598-4608

View Article Online

Paper

79 J. Rossmeisl, A. Logadottir and J. K. Nerskov, Chem. Phys.,
2005, 319(40), 178-184.

80 T. Tang, S. Li, J. Sun, Z. Wang and J. Guan, Nano Res., 2022,
15(10), 8714-8750.

81 J. Bardeen and W. Shockley, Phys. Rev., 1950, 80, 72.

82 Y. Cai, G. Zhang and Y.-W. Zhang, J. Am. Chem. Soc., 2014,
136, 6269.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00167a

	First-principles study of BXtnqh_x2013SiS (X tnqh_x003D As, P) van der Waals heterostructures for enhanced photocatalytic performanceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00167a
	First-principles study of BXtnqh_x2013SiS (X tnqh_x003D As, P) van der Waals heterostructures for enhanced photocatalytic performanceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00167a
	First-principles study of BXtnqh_x2013SiS (X tnqh_x003D As, P) van der Waals heterostructures for enhanced photocatalytic performanceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00167a
	First-principles study of BXtnqh_x2013SiS (X tnqh_x003D As, P) van der Waals heterostructures for enhanced photocatalytic performanceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00167a
	First-principles study of BXtnqh_x2013SiS (X tnqh_x003D As, P) van der Waals heterostructures for enhanced photocatalytic performanceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00167a
	First-principles study of BXtnqh_x2013SiS (X tnqh_x003D As, P) van der Waals heterostructures for enhanced photocatalytic performanceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00167a
	First-principles study of BXtnqh_x2013SiS (X tnqh_x003D As, P) van der Waals heterostructures for enhanced photocatalytic performanceElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00167a


