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SUMMARY

Van der Waals heterostructures (vdWHs) showcase robust and tunable light-matter interactions, estab-
lishing an intriguing realm for investigating atomic-scale photocatalytic properties. Here, we employ ab
initio methods to study the photocatalytic and optical properties of semiconducting SiPGaS/arsenene-
based vdWHs with a type-ll band alignment. Across the heterointerfaces, there exists significant built-
in electric fields and large potential drop, in turn facilitating the spatial separation of photo-generated
electron-hole pairs. These vdWHs further possess high carrier mobility in the order of 102 cm?V-'S-", which
combining with appropriate band edge positions, endow the vdWHs an absorption coefficient of ~10°
cm™’ to harvest a maximal portion of the solar spectrum for visible-light-driven photocatalytic applica-
tions. Our findings also reveal transition of the type-ll band alignment in a type-lll configuration via
compressive strain for tunneling field-effect transistor application. Furthermore, both types of vdWHs
exhibit enhanced suitability for photocatalysis under conditions with a pH of 2.

INTRODUCTION

Advancing renewable and clean energy sources stand as a foundational approach to fulfill the escalating energy needs and confront the envi-
ronmental challenges arising from the excessive utilization of fossil fuels." Among the most promising alternatives is the conversion of solar
energy into hydrogen (Hy) and oxygen (O5) through a process of water splitting. This process gains momentum with the use of semiconductor-
based photocatalysts.”> To create a comprehensive water-splitting photocatalyst, two crucial criteria must be fulfilled: (1) the electronic band
gap must exceed 1.23 eV and (2) the positions of the band edges should align with the oxidation potential of O,/H,O (—5.67 eV) and the
reduction potential of H*/H; (—4.44 eV) within the water molecule.’ Additionally, to bolster water splitting efficiency, a high absorption co-
efficient (preferably within the visible range), high charge carrier mobility, and effective conversion of solar energy are crucial parameters to be
met.” Two-dimensional (2D) layered materials have garnered extensive research attention due to their wide-ranging applications, including

10-1 - . 14-17 . . L
013 and spintronics. 17 However, these materials encounter inherent limitations, such as pronounced

photocatalysis,&q optoelectronics,
excitonic effects and large effective mass, which contribute to the rapid recombination of photoexcited charge carriers.'® The performance
of devices is notably hindered by the short lifetime of these charge carriers, leading to a considerable reduction in quantum efficiency.'®'” To
surmount these inherent challenges, various strategies have been explored, including strain engineering,” electric fields,”' and van der Waals
heterostructures (vdWHs),”*® among others. Among these approaches, the construction of vdWHs stands out as one of the most promising
techniques for enhancing optoelectronic and photocatalytic efficiency, owing to its practicality and effectiveness in spatially separating elec-
tron-hole pairs.”® Typically, vdWHs exhibit superior photocatalytic and optical properties when compared to individual constituent layers.”**
For instance, heterostructures such as WS,/MoSe,,”® MoTe,/BAs,”’ g-CsN4/SiPGaS,”® and boron phosphide-blue phosphorene”” have
demonstrated improved optoelectronic and photocatalytic performances theoretically, surpassing their respective single-layer counterparts.

Based on their band alignment, vdWHs can be categorized into three primary types: type-| (straddling gap), type-Il (staggered gap), and
type-lll (oroken gap).*>*" Each of these categories possesses distinct attributes that render them advantageous for various electronic devices.
The type-I band alignment proves favorable for light-emitting diodes and semiconductor lasers, as it spatially confines electrons and holes,
thereby facilitating efficient recombination.*” Conversely, the type-Il band alignment, characterized by a substantial band offset, enables
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Figure 1. Atomic and electronic band structures

(A) Top and side views of atomic structure of GaSSiP/arsenene vdWH.

(B) Top and side views of atomic structure of SiPGaS/arsenene vdWH.

(C) Electronic band structure of GaSSiP/arsenene vdWH (violet/red solid energy band line present the PBE/HSEOQ6 functional result).
(D) Electronic band structure of SiPGaS/arsenene vdWH (violet/red solid energy band line present the PBE/HSEO06 functional result).

efficient carrier separation, making it well-suited for photovoltaic and photocatalytic devices.>*** The band offset of the type-Ill alignment
contributes to engineering the transition energy from the conduction to the valence band, rendering it suitable for designing tunneling
field-effect transistors (t-FETs) and wavelength photodetectors.®

Recentresearch has spotlighted the exceptional electronic and photocatalytic characteristics of single-layer SiPGa and arsenene.
Among the group V-IV-lII-VI (IV = Si, Ge, Sn; V=N, P; lll = Al, Ga, In; VI = O, 9),* single-layer SiPGa$ has been chosen as a representative due
to the successful exfoliation of the single-layer Ga$S from bulk crystals® and its substantial responsiveness to visible light. This characteristic

828,35 36,37

enhancement in optical properties serves to improve the overall performance of vdWHs.”® On the other hand, arsenene exhibits puckered
and buckled structures with indirect band gaps. The latter structure, being slightly more stable than the former,*” maintains a reasonable band
gap of 1.6 eV and demonstrates excellent absorption of visible and UV light.***’ This renders arsenene a suitable candidate for constructing
vdWHs with efficient optical and photocatalytic capabilities.”” Moreover, the calculated lattice mismatch between single-layer arsenene and
SiPGaS is less than 5%, which proves conducive to heterostructuring. Building upon these earlier findings, the objective of this study is to
ascertain whether SiPGaS and arsenene can form stable vdWHs while retaining their exceptional electronic and photocatalytic characteristics.

In this study, we have conducted a comprehensive analysis of the electronic structure, charge transfer phenomena, optical properties, and
photocatalytic efficiency of SiPGaS/arsenene-based vdWHs. We have furthermore explored how these properties can be modulated by strain
and interlayer spacing. The SiPGaS/arsenene-based vdWHs exhibit a staggered band gap and generate robust built-in electric fields across
the heterointerface, thereby effectively separating photogenerated electron-hole pairs. Notably, through the expansion of the interlayer
spacing, both types of vdWHSs become suitable for photocatalytic processes at a pH of 2. Moreover, the application of an 8% compressive
strain induces a transition from a type-Il to a type-lll band alignment, rendering these vdWHs potential candidates for tunneling field-effect
transistor application.

RESULTS AND DISCUSSION

Atomic structures and stabilities

The atomic configurations of single-layer SiPGaS and arsenene are presented in Figures STA and S1B (supplemental information). The calcu-
lated in-plane lattice parameter for single-layer SiPGaS is 3.53 A, while that of single-layer arsenene is 3.57 A. These values are consistent with
prior studies.”®*%*? To achieve an atomic registry, a matching ratio of 1:1 is considered for the unit cells of single-layer arsenene and SiPGaS.
We estimated the lattice mismatch (6) between the single-layers as ~1%, using the formula § = |@arsenene — asiPGas|/3arsenene, Where asipcas
and agrsenene are the relaxed lattice parameters of single-layer SiPGaS and arsenene respectively. To construct vdWHS, single-layer SiPGaS is
placed vertically over arsenene, as depicted in Figures 1A and 1B. Employing the relaxed geometries, three possible stacking configurations
were established, as shown in Figures S2A and S2B. Notably, both S- and P-terminated surfaces of single-layer SiPGa$ can create vdWHs with
arsenene. This has led us to define two distinct models in our calculations, as illustrated in Figures 1A and 1B. In the subsequent context, the
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Table 1. Binding energy E; (eV) for different stacking (i = 1, 2, 3), interlayer distance d, (;\), in-plane lattice constants a (i\), work functions @ (eV) band
gaps E, (eV) using PBE and HSE06 methods for GaSSiP/arsenene SiPGaS/arsenene vdWHSs

Heterostructures GaSSiP/arsenene SiPGaS/arsenene
= —1.58 —-1.54
do 3.64 3.75
E; —1.49 —1.48
do 3.71 3.72
Es ~1.57 ~1.53
do 3.61 3.76
5.54 5.68
a 3.55 3.55
CBM —4.35 —4.27
VBM -5.72 -5.93
Eg (PBE) 0.79 1.00
Eg4 (HSE) 1.37 1.65

Conduction band minimum (CBM) and valence band maximum (VBM) band edges of the vdWHs.

SiPGaS/arsenene model corresponds to the S-termination facing the arsenene surface, whereas the GaSSiP/arsenene model features the
P-terminated surface of single-layer SiPGaS$ facing that of arsenene.

To quantitatively assess the stability in terms of energy for the different stacking configurations, the binding energies of the vdWHs are
defined as B, = Esipgas/arsenene — EsipGas — Earsenene- Here, EsipGas/arsenene IS the total energy of the vdWHSs, while Ejrsenene and Esipgas repre-
sent the energies of the individual single-layer arsenene and SiPGaS, respectively. The optimized lattice parameters (a), binding energies (Ey),
and interlayer distances (dp) of the various stacking arrangements for both GaSSiP/arsenene and SiPGaS/arsenene vdWHs are summarized in
Table 1. It is important to note that a negative E,, indicates an energetically stable system, and a lower value of E, suggests a more stable
configuration. Among all possible stackings, stacking-1 for both vdWHSs has the smallest Ey,, suggesting higher stability. As a result, further
calculations were conducted using the most stable stacking-1 configuration. To evaluate dynamical stability, we computed their phonon
dispersion spectra as well as their corresponding single-layers. As depicted in Figures 2A-2D, neither the single-layers nor their vdWHs exhibit
imaginary frequencies in their phonon dispersion spectra, affirming their dynamical stability. To verify their thermal stability, the results of ab
initio molecular dynamics (AIMD) simulations for the vdWHs were displayed in Figures 2E and 2F. These figures illustrate that the free energy
fluctuations are minimal and no significant geometric distortions occur even after heating at 500 K for 5 ps, indicating their robust thermal
stability.

Electronic properties

To gain insights into the electronic properties of GaSSiP/arsenene and SiPGaS/arsenene vdWHSs, we begin by examining the electronic band
gaps of the individual single-layers, as shown in Figures S1C and S1D. Both single-layers emerge as indirect band gap semiconductors, with
band gap values of 1.85 eV and 2.60 eV by the PBE functional, and 1.62 eV and 2.26 eV within the HSE06 functional, respectively. These values
are in line with previous findings.?**°*> Moving to Figures 1C and 1D, the band structures of the vdWHs are depicted. Notably, the GaSSiP/
arsenene vdWH exhibits an indirect band gap character, with the valence band maximum (VBM) positioned at the I'-M points and the con-
duction band minimum (CBM) at the M point. On the other hand, the SiPGaS/arsenene vdWH has its VBM at I" and CBM at the M point. Ac-
cording to the PBE functional, the GaSSiP/arsenene and SiPGaS/arsenene vdWHs exhibit predicted band gap values of 0.79 eV and 1.00 eV,
respectively. More accurate HSEO6 computations result in band gap values of 1.37 eV for GaSSiP/arsenene and 1.65 eV for SiPGaS/arsenene.
Projected band structures (Figures 3A and 3B) reveal that the CBM and VBM stem from the individual single-layers SiPGaS and arsenene,
respectively, for both types of vdWHs. This arrangement gives rise to a type-Il band alignment, which is further corroborated by the partial
density of states (PDOS) in Figures 3C and 3D, where the CBM and VBM of the vdWHs are seen to predominantly originate from the P-p and
As-p orbitals of single-layers SiPGaS and arsenene, respectively. To elucidate the type-Il band alignment, schematic maps of the three types
of semiconductor vdWHs and the contact mechanism before and after constructing the vdWHs are provided in Figures 3E and 3F. This band
alignment causes photoexcited holes on the SiPGaS side to migrate toward the VBM of arsenene due to the valence band offset. Similarly, the
conduction band offset at the heterointerface propels photoexcited electrons on the arsenene side to move toward the CBM of the SiPGa$S
layer. This type-Il band alignment suggests the SiPGaS/arsenene-based vdWHs as an efficient photocatalyst.**

Interfacial properties

To investigate the interlayer charge transfer and subsequent built-in electric field at the interfacial region, we plotted the charge density dif-
ference (Ap) for GaSSiP/arsenene and SiPGaS/arsenene vdWHs, as depicted in Figure 4. The difference in charge density difference is
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Figure 2. Phonon band structures and AIMD plots
(A) Phonon band structure of single-layer SiPGaS.

(B) Phonon band structure of single-layer arsenene.

(C) Phonon band structure of GaSSiP/arsenene vdWH.

(D) Phonon band structure of SiPGaS/arsenene vdWH.

(E) AIMD plot of GaSSiP/arsenene vdWH.

(F) AIMD plot of SiPGaS/arsenene vdWH.

calculated using the equation Ap = PSiPGaS/arsenene — PSiPGaS — Parsenene: where PSiPGaS/arsenene Parsenene and PsipGas are the electron densities of
the vdWHs, the parent single-layers arsenene and SiPGaS, respectively. The yellow and cyan regions in Figures 4A and 4B represent regions of
charge depletion and accumulation, respectively. Due to electron transfer from arsenene to SiPGaS, a hole-rich region is formed. On the other
hand, the transferred electrons accumulate on the SiPGaS surface, giving rise to an electron-rich zone. This combination establishes a built-in
electric field that reduces the recombination rate of photoexcited electron-hole pairs, extending their lifetime. The sizes of the built-in electric
fields for GaSSiP/arsenene and SiPGaS/arsenene vdWHs are 1.37 and 1.14 eVA'W, respectively. Here, we compare the calculated work function
(WF) of single-layers SiPGaS and arsenene, in order to verify the charge transfer mechanism. The WF of the system can be expressed as: ® =
Evac — Er, where ® denotes WF, Er is the Fermi level and E, 4 is the vacuum level. We find that the WF of single-layer SiPGaS is 6.59 eV, larger
than that of arsenene (5.64 eV). Accordingly, this causes electron transfer from arsenene to SiPGaS through their interface until a dynamic
equilibrium is established.** The electrostatic potentials of both vdWHs are displayed in Figures 4C and 4D. We observe a large potential
drop (AV) of 4.82 and 4.63 eV across the interface of GaSSiP/arsenene and SiPGaS/arsenene vdWHSs, respectively. Notably, these potential
drops values exceed those of other photocatalysts, such as blue phosphorene/BSe (AV = 1.40 eV),* blue phosphorene/C,N (AV = 1.04 eV),*®
ZnO/CdS (AV = 3.73 eV),* GaAs/SiH (AV = 0.844 eV)*® and C,N/ZnSe (AV = 0.844 eV).* The large potential drop between the arsenene and
SiPGaS layers indicates a robust built-in electric field at the interface, which boost the photogenerated carrier separation in type-Il
heterostructures.'”

Carrier mobility

Carrier mobility (1) stands as an important figure of merit for a photocatalyst. For example, a high carrier mobility would cause photogener-
ated electrons and holes to move quickly to the catalyst's surface and promote photocatalytic activity. The mobility of carriers in 2D materials
can be expressed using the deformation potential theory.”

26h3 C2D

o = e TIm PEZ,

(Equation 1)
Where T is temperature (equal to 300 K here), e is the electronic charge, h is the reduced Planck’s constant and Kg denote the Boltzmann
constant. The effective mass m* is defined as m* = h%(dE2(k)/0k?)™", where k and E(k) are the wave vector and its associated energy.
Cyp is the elastic modulus of the material determined by Cop = 1/50(62Emta| /3€?), where Sy denotes area of the unstrained system, Eiotal
is the total energy, and ¢ is the uniaxial strain. The deformation potential constant Epp is obtained by Epp = 0Ecqge/0e, which indicates a shift
in the band edges due to strain. The obtained values of Epp, Cop, m* and pyp of the single-layers and their heterostructures are summarized in
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Figure 3. Calculated projected band structures, density of states and band alignments using the HSE06 method

(A) Projected band structure of GaSSiP/arsenene vdWH.

(B) Projected band structure of SiPGaS/arsenene vdWH.

(C) Density of states of GaSSiP/arsenene vdWH.

(D) Density of states of SiPGaS/arsenene vdWH.

(E) Schematic diagram of three kinds of semiconductor vdWH.

(F) Schematic diagram of type-Il band alignment before and after constructing the vdWH.

Table 2. The mobility of the electron is a slightly higher compared to that of the hole. Remarkably, high carrier mobilities of 3.20 x 10% and
4.44 x 10? cm?V~'S™" are achieved for GaSSiP/arsenene and SiPGaS/arsenene vdWHs, respectively.

Photocatalytic and optical properties

Photocatalytic hydrogen generation has emerged as a highly promising way for solar energy conversion. To achieve efficient water splitting, it
is crucial that the positions of the conduction band edge (CBE) and valence band edge (VBE) of a photocatalyst straddle the redox potentials
of water. These potentials exhibit significant pH-dependent variations. At pH = 0, the standard redox potential for water reduction (H*/H,) is
—4.44 eV, while it is —5.67 eV for water oxidation (O5/H,0).” In both GaSSiP/arsenene and SiPGaS/arsenene vdWHS, the oxidation reaction
occurs on the arsenene layer due to the photoinduced holes present on this layer, while the reduction reaction takes place on the SiPGaS layer
due to the photogenerated electrons present on this layer. Figure 5 illustrates the CBE and VBE positions of both GaSSiP/arsenene and SiP-
GaS/arsenene vdWHs, as well as their individual single-layers, with respect to the redox potentials of water at pH = 0. The calculated band
edge positions of SiPGaS/arsenene-based vdWHs with respect to the redox potentials of water are found to be more favorable for water
splitting compared to other photocatalysts reported in the literature, such as GeC/Al,SO,”" Blue Phosphorus/Mg(OH),,*” and ZnO/BSe.””
The single-layers arsenene and SiPGaS are active photocatalysts. However, the CBE of arsenene and VBE of SiPGaS are located far from
the reduction and oxidation potentials, making both single-layers weak photocatalytic materials. Compared to individual layers, the GaS-
SiP/arsenene and SiPGaS/arsenene vdWHSs can effectively separate photoinduced charge carriers, and their band edges are located at
more favorable positions, enhancing their photocatalytic performance.

Water splitting photocatalysts generally exhibit an ability to effectively capture a substantial portion of solar energy radiation, owing to
their suitable band alignment and band gap characteristics. Categorizing the potential applications of materials in optical devices necessi-
tates a thorough understanding of their optical properties.” Here, we have examined the imaginary &, (w) part of the dielectric function and
absorption coefficients a(w) of individual layers and their GaSSiP/arsenene and SiPGaS/arsenene vdWHs. Figure 6A reveals several peaks in
the energy range from 0 to 6 eV, due to electron transitions from the occupied states to the unoccupied states of the parent single-layers and
their vdWHs. The single-layer arsenene shows multiple peaks in the range of 2.2-6 eV, while the single-layer SiPGaS only displays peaks in the
ultraviolet energy range. This suggests the ability of these single-layers to absorb solar energy in their specific energy ranges, considering the
energy distribution of the solar spectrum to be approximately 52% infrared (IR), 43% visible and 5% ultraviolet (UV).>> Compared to
their parent single-layers, the calculations indicate that the vdWHs have significant absorption peaks that effectively capture both
visible and ultraviolet regions of solar spectrum. These findings suggest that these vdWHSs have the potential to capture a significant portion
of solar energy, possibly up to 50%. Furthermore, the absorption coefficients a(w) of both single-layers and their GaSSiP/arsenene and
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Figure 4. Calculated charge density difference and electrostatic potential using the HSE06 method
(A) Charge density difference plot of GaSSiP/arsenene vdWH.

(B) Charge density difference plot of SiPGaS/arsenene vdWH.

(C) Electrostatic potential of GaSSiP/arsenene vdWH.

(D) Electrostatic potential of SiPGaS/arsenene vdWH.

SiPGaS/arsenene vdWHs are graphically presented in Figure 6B. The optical absorption coefficient a(w) is influenced by the dispersion of
light intensity that decreases over a specific distance in the medium. Remarkably, both the GaSSiP/arsenene and SiPGaS/arsenene vdWHSs
have demonstrated impressive absorption coefficients up to 10° cm™" in the visible and ultraviolet energy ranges. Based on these findings, we
predict the vdWHs to have potential applications in photovoltaic and photocatalytic devices.

To investigate the water-splitting efficiency of SiPGaS/arsenene-based vdWHs, we have computed the solar-to-hydrogen efficiency ().

Here, the 54, can be determined by gy, = Mups X Ne,,”” Where the parameters 1, and 7, represent the efficiency of light absorption and
carrier utilization, respectively. Moreover, the n,,, is calculated by:

~ f; P(hw)d(hw)
Tabs = TP (heo) dl(hw)

where the parameters P(hw) and Eg signify the AM1.5G solar flux at photon energy hw and the electronic bandgap of the SiPGaS/arsenene-
based vdWHs, respectively. The n, is expressed as:

(Equation 2)

AG 7 pg‘)") d(hw)
nCU =

fE: P(hw)d(hw)

(Equation 3)

where the water splitting potential difference AG is 1.23 eV, and the photon energy E can be evaluated by the following formula:

E,, (x(Hz) > 0.2,x(0;) > 0.6)

Eg+0.2 — x(H2), (x(H2) <0.2,x(02) 2 0.6) 4
Eq+0.6 — i(ozz), ();((sz) > o,2?cx(52) <0.6) (Equation 4)
Eg+0.8 — x(H2) — x(O2), (x(Hz2) <0.2,x(0,) <0.6)

E =

The x(Hz2) and x(O) indicate the overpotentials of the hydrogen and oxygen evolution reactions. The ng, of the GaSSiP/arsenene and
SiPGaS/arsenene vdWHs is calculated to be 30.10% and 30.57%, respectively. These values are better than those of other photocatalysts re-
ported previously, such as arsenene/GaSe (24.91%),* 9-CeNe/InP (27.32%)°° and WSe,/SnSe, (9.3%).

Strain engineering

Strain engineering is widely acknowledged as an effective technique for tailoring the characteristics of 2D materials.'’*® The control of band
gaps via strain is firmly established in theory and experiments, driven by modified interactions and hybridizations among electronic orbitals
due to structural changes in bond lengths and/or angles within a 2D lattice.””®' The magnitude of strain can be defined as e, = (a — ao)/ o,

6 iScience 26, 108025, October 20, 2023



iScience ¢? CellPress
OPEN ACCESS

Table 2. Deformation potential constants Epp (eV), in-plane stiffness Cop (Nm™"), effective masses m* (m,) and carrier mobility pop (em?V~1S7") for the
electrons and holes at 300 K in the GaSSiP/arsenene and SiPGaS/arsenene vdWHs

System Carrier Epp Cop m* U2p
Arsenene e 3.80 49.64 0.60 1.36 x 10?
h -3.52 49.64 0.71 1.13 x 102
SiPGaS e -2.51 113.45 0.42 14.55 x 102
h 272 113.45 4.45 0.11x 102
GaSSiP/arsenene e —3.86 159.43 0.69 3.20x 102
h ~5.60 159.43 0.70 1.47 x 102
SiPGaS/arsenene e -3.19 159.93 0.71 4.44 x 102
h -1.51 159.93 0.63 2.51x 102

where ag and a are the in-plane lattice constants of the unstrained and strained vdWHs, respectively. Prior research has demonstrated that
many 2D materials, such as graphene and transition-metal dichalcogenides, can endure strains exceeding 25%.°%* For instance, with a tensile
strain of more than 5%, the band alignment of MoSe,/SnS, heterostructure can be shifted from a type-I to a type-IIl.>* These findings under-
score the practical and effective nature of strain as a method for manipulating the electronic structures of 2D materials. In this study, we
applied biaxial strain ranging from —6% to 6% to SiPGaS/arsenene-based vdWHSs. From Figure S3, it is evident that biaxial strain can signif-
icantly reduce the band gap of both vdWHs, with the exception of SiPGaS/arsenene vdWH under 2% tensile strain, where the band gap
initially increases and subsequently decreases moderately. Figures S4 and S5 provide additional evidence to clarify our results. Notably,
the type-Il band alignment remains robust over the range of applied biaxial strains depicted in Figures S6 and S7. At 6% compressive strain,
the band edges of SiPGaS shift downward while those of arsenene shift upward in both GaSSiP/arsenene and SiPGaS/arsenene vdWHs, as
depicted in Figures 7A and 7B. This strain-induced effect can lead to the closure of the band gap, inducing a transition from the semicon-
ductor state to the metallic state (type-lll). A prototype of a t-FET has been suggested as a promising option for digital data storage. The
t-FET allows for the application of square wave pulse input voltage using pulsed alternating current field technology.®’ The flow of tunneling
current between the source and drain can result in a significant or negligible electrical resistance in the semiconducting or metallic phase,
respectively. This characteristic can be utilized to represent the states of "OFF (0)" or "ON (1)." For instance, Yan et al.®> experimentally
proved that a polarity switchable half-wave rectifier/bridge rectifier can be employed with a near-broken band alignment
(AEcy = E2gy — Elgy is in the range of Ecy = 0-0.2 eV; 1, 2 indicate single-layer 1 and 2 in vdWHs) utilizing a sinusoidal input voltage.
Some innovative applications of SiPGaS/arsenene-based vdWHs near broken band alignment are shown in Figure 7C.

The influence of biaxial strain on the photocatalytic and optical characteristics of GaSSiP/arsenene and SiPGaS/arsenene vdWHs are in-
spected, as shown in Figures S8-510. The CBE and VBE of GaSSiP/arsenene and SiPGaS/arsenene sharply shrink by applying compressive
strain, while a gradual contraction is observed for tensile strain. Thus, it is clear from the results that the band edges of unstrained system
have a superior photocatalytic water splitting capability over strained system. Furthermore, the change in the band gap energy leads to

> > >
% £ £ £
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~ - - ~

Energy alignment vs. vacuum (eV)
Eg

Arsenene GaSSiP/arsenene SiPGaS/arsenene SiPGaS

Figure 5. Calculated band edge positions with respect to the redox potentials of water using the HSE06 method
Demonstration of the band edge alignments of single-layers SiPGaS$ and arsenene, GaSSiP/arsenene and SiPGaS/arsenene vdWHs, as well as the reduction (H*/
H,) and oxidation (O,/H,0) potentials at pH = 0.
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Figure 6. Calculated imaginary part of the dielectric function and absorption coefficient using the HSE06 method
(A) Imaginary part of GaSSiP/arsenene and SiPGaS/arsenene vdWHSs and their corresponding single-layers.
(B) Absorption coefficient of GaSSiP/arsenene and SiPGaS/arsenene vdWHs and their corresponding single-layers.

change in the optical absorption edges of the material. On the other hand, these edges are red-shifted toward a lower energy region for the
vdWHs, due to reduced band gap, as shown in Figures S92 and S10. Overall, the consequence of strain on the optical properties of materials is
a pivotal factor to consider in the design and fabrication of optoelectronic devices.

Interlayer distance

Figures S11-S13 depict the influence of the interlayer distance on the electronic characteristics of GaSSiP/arsenene and SiPGaS/arsenene
vdWHs. It should be noted that the interlayer couplings in vdWHSs can be adjusted in experiments using scanning tunneling microscopy.**
Figure S11 indicates that the band gap of GaSSiP/arsenene vdWH increases steadily as the interlayer distance increases, while the interlayer
distance has a negligible impact on the electronic properties of SiPGaS/arsenene vdWHs. Interestingly, interlayer distance can modify the
photocatalytic activity as represented in Figure S14. Increasing the interlayer distance from 3.75 A to 4.05 A in GaSSiP/arsenene leads the
CBM and VBM favorable for straddling the redox potential of water for full water splitting at pH = 2. Similarly, in SiPGaS/arsenene vdWH,
the CBM and VBM straddle the redox potential of water when the interlayer distance increases from 3.43 A to 4.13 A. Furthermore, variations
in the interlayer distance can induce changes in the optical properties of the vdWHs, leading to reduced absorption strength and a shift of the
absorption spectrum toward lower wavelengths, as shown in Figures S15 and S16. Thus, our results demonstrate that GaSSiP/arsenene and

A 3 r— c Polarity switchable half-wave rectifier
2 Voltage
amplifier

o

V,

out

-, A fL _/iv_i l

Gate-controlled heterojunction bridge rectifier

Figure 7. Calculated projected band structures and schematic illustration of field effect transistor using the HSE06 method

(A) Projected band structure of GaSSiP/arsenene vdWH at 6% compression strain (show type-lIl broken band alignment).

(B) Projected band structure of SiPGaS/arsenene vdWH at 6% compression strain (show type-Ill broken band alignment).

(C) Schematic illustration of field effect transistor. Some innovative applications of GaSSiP/arsenene and SiPGaS/arsenene vdWHs near broken band alignment
(more details are explained in recent experimental work by Yan et al.®® on 2D InSe/GeSe heterostructure).
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SiPGaS/arsenene are potential candidates for harvesting maximum portion of the solar spectrum and for use as photocatalysts for full water
splitting.

Outlook

We have studied photocatalytic and optical properties of the SiPGaS/arsenene-based vdWHs. Notably, the SiPGaS/arsenene-based vdWHSs
exhibit a type-Il band alignment, effectively facilitating the spatial separation of photo-induced charge carriers, which is crucial for the design
of photovoltaic devices. For this, we expect a focused investigation into the excitonic properties of the vdWHs will also be required, due to
their reduced dielectric screening and quantum confinement effects. As 2D layered materials are self-passivated, individual single-layers
interact only weakly via vdW forces. In case of semiconducting 2D materials, such as single-layers of transition-metal dichalcogenides and
those involved in this work, due to such weak interlayer coupling, the single-particle electronic states close to the bandgap can be considered
to be largely localized within the individual layers. One can thus directly examine the relative energy difference, or band alignment of elec-
tronic band extrema (i.e., CBM and VBM), without having to take into account the lattice matching or epitaxy of a vdWH. However, since the
electrons of the individual layers still extend out of the plane, different electronic states can couple to one another in ways that are not possible
in other systems. As a result, the properties of a vdWH is defined not only by the constituent monolayers, but also by the stacking sequence
and relative crystallographic alignment of the layers. In particular, the latter, which concerns the atomic registry between constituent layers,
has now been identified as a powerful approach to tune the interlayer coupling.®”“® Essentially, this approach exploits the periodic potential
modulation in moiré lattice of twisted homo-bilayer or lattice-mismatched crystals to control band structure and even induce unconventional
correlated or topological phenomena. As such, we anticipate this to serve as a strong motivation for extending the present study.

Conclusion

By means of ab initio computation schemes, we have undertaken a comprehensive investigation into the electronic, photocatalytic, and op-
tical characteristics of SiPGaS/arsenene-based vdWHs. Using PBE/HSEO06 functional, we found that GaSSiP/arsenene- and SiPGaS/arsenene
vdWHs possess indirect band gaps of 0.79/1.37 eV and 1.00/1.65 eV, respectively. The projected band structure and PDOS reveal the CBM
and VBM of both vdWHs to originate from different layers, effectively mitigating the recombination of photoexcited charge carriers. Notably,
the vdWHSs exhibit prominent absorption peaks across the whole visible region of the solar spectrum, while their band edge positions render
them suitable for full water splitting at pH = 0. We further demonstrated that applying 6% compressive strain can induce a transition in the
band alignment of these vdWHs from type-Il to type-Ill, thereby rendering them applicable in the context of t-FET applications. Increasing the
interlayer distance of the SiPGaS/arsenene-based vdWHs can enhance the water redox potentials at pH = 2, which is crucial for water splitting
reactions in acidic environments. The findings of this study can serve as practical guidelines for leveraging these materials in a wide range of
optoelectronic and photocatalytic applications.

Limitations of the study
The optical properties are calculated based on the HSE06 method. However, this method may not capture excitonic effects and higher-en-
ergy excited states accurately. GW-BSE method can be used for accurate optical calculations.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software

VASP 5.4.4 Kresse and Furthmiiller https://www.vasp.at
PHONOPY Togo and Tanaka phonopy.github.io/phonopy/
VESTA Momma and lzumi http://jp-minerals.org/vesta/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the lead contact, Ping Kwan Johnny Wong (pingkwanj.wong@nwpu.
edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e The published article includes all datasets generated or analyzed during this studly.

e This study did not generate new code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS
Calculation method

We performed first-principles computations on SiPGaS/arsenene-based vdWHs and their parent single-layers, using the Vienna ab initio
simulation package.®” The exchange-correlation function was treated through the generalized gradient approximation within the scheme
of the Perdew—Burke—Ernzerhof (GGA-PBE).”° The projector-augmented wave (PAW) potentials were used to describe the ion-electron inter-
action.”' The cutoff value was set to 520 eV for the plane wave expansion of the wave functions. To avoid any possible interactions between
adjacent layers, a vacuum length of 25 A was introduced in the z-axis. During structural optimization, the force and energy converged to 10°°
eV and 0.01 eVA™, respectively. In addition, we have also set an energy convergence criterion of 10 eV/A and performed calculations on
SiPGaS/arsenene-based vdWHs. Our findings indicated that there is negligible disparity in the total energies among these systems. A conver-
gence criterion of 10° eV/A is enough for accurately estimating the ground state properties of the systems.”?”The hybrid functional Heyd-
Scuseria-Ernzerhof-06 (HSE06)’* was included to accurately calculate the electronic band gap of the semiconductor. The DFT-D3 approach’”
with the Grimme-vdW correction was used to treat the vdW interaction between the adjacent layers. A Monkhorst-Pack k-points mesh with a
size of 14x14x 1 was employed for both the geometry optimization and HSEQé calculations. To evaluate the dynamical stability, we calculated
their phonon dispersion by using the PHONOPY code.”® To establish thermal stability on the vdWHs, ab-initio molecular dynamic (AIMD)
simulations’” were performed at 500 K, with a time step of 2.0 fs for 5 ps. For the phonon and AIMD calculations, we employed supercells
of vdWHSs with sizes of 4x4x1 and 3x3x1, respectively.
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