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ABSTRACT: Two-dimensional (2D) layered structures have recently
drawn worldwide attention in material science and device physics
because of their intriguing electrical and optical properties. In this paper,
the structural, electronic, and magnetic properties of fully and partially
hydrogenated AsSi nanosheets (NSs) are investigated by first-principles
calculations based on density functional theory. Moreover, the potential
as photocatalysts for water splitting is also studied. The results
demonstrate that hydrogenated H atoms have a great influence on the
electronic properties of the AsSi NS. By decorating their surface, fully
and semihydrogenated AsSi NSs still exhibit ferromagnetism states and
are predicated to be metallic or semiconductive depending on the
surface coverage. Calculation results show that a more stable
configuration of the semihydrogenated AsSi NS (AsSiH) is the one
wherein all H atoms are adsorbed onto Si atoms, which is a
semiconductor as the applied biaxial strains are from −6 to 9% and the band gap reaches its maximum with 4% tensile
strain. More remarkably, AsSiH NSs with tensile strains up to 9% exhibit proper band gaps, valence, and conduction band
positions of the reduction and oxidation levels in visible-light-driven water splitting. The diverse electronic and optical
properties highlight hydrogenated AsSi NSs’ potential applications in efficient electronic and optoelectronic devices.

1. INTRODUCTION

This decade, stimulated by the preparation of graphene, two-
dimensional (2D) crystals have attracted more attention
because of their extraordinary properties and potential
applications in the field of nanoelectronics.1−4 To expand the
application of 2D materials, many scientists are beginning to
explore more similar materials, including BN,5,6 GaN,7,8

germanane,9 MoS2,
10 antimonene,11 and black phosphorus

with a puckered honeycomb structure.12,13 Theoretical
predictions and experimental results show that these 2D
layered materials have a variety of electronic properties,
including metallic, semiconducting, superconducting, and even
a very high mobility of topological insulators,13 which is
different from or even better than their volume counterparts.
With many promising applications in nanoelectronics and
optoelectronics applications,14,15 both the fundamental scien-
tific importance and the promise of practical applications make
the exploration of new layered materials with novel properties
a vigorous field of research in condensed matter physics and
materials research.
At present, the 2D materials synthesized mainly have the

group IV elements, such as graphene,1 silicene,16 germanium,17

and SnX2 films,18 and group V elements, such as arsenic,

antimony, and bismuth.19,20 The energetically favorable
configuration of silicene has been confirmed to be a buckled
structure, which has been recently predicted theoretically and
synthesized experimentally.21−26 Especially, Zhao et al. have
reported that because of the related low-buckled geometry
with partial sp3 hybridization, the intrinsic properties of silicene
differ from that of graphene with pure sp2 hybridization in
some aspects, for example, a larger SOC gap of 1.55 meV, and
a tunable band gap, an easier valley polarization, and much
smaller thermal conductivity of 3−65 W/mK.27 Among the
heavier group V elements, monolayer antimonene has been
successfully prepared by micromechanical exfoliation, oxida-
tion−reduction,28 and CVD techniques.29−31 The monolayer
covers a band gap and has superior carrier mobility and thus is
promising candidates for nanoelectronics and optoelectronics.
Water-splitting photocatalysis is an effective method to solve

the energy shortage at this stage. Considering the response
characteristics of their light, with recognition, is extremely an
important application of 2D semiconductor with different band

Received: February 19, 2019
Revised: May 5, 2019
Published: May 23, 2019

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2019, 123, 14999−15008

© 2019 American Chemical Society 14999 DOI: 10.1021/acs.jpcc.9b01630
J. Phys. Chem. C 2019, 123, 14999−15008

D
ow

nl
oa

de
d 

by
 X

I'A
N

 J
IA

O
T

O
N

G
 U

N
IV

 a
t 1

9:
10

:4
7:

46
5 

on
 J

un
e 

20
, 2

01
9

fr
om

 h
ttp

s:
//p

ub
s.

ac
s.

or
g/

do
i/1

0.
10

21
/a

cs
.jp

cc
.9

b0
16

30
.

pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b01630
http://dx.doi.org/10.1021/acs.jpcc.9b01630


gap energies in optoelectronic devices. Photocatalytic water-
splitting reaction to produce hydrogen is an important key to
solve the problem of energy crisis and environment
pollution.32−35 However, the development of 2D semi-
conductor optoelectronic devices is limited to the band gap
of the most existing 2D materials.36 More interestingly, a low-
dimensional semiconductor material exhibiting metallic
behavior for electron spins with one orientation and insulating
behavior for the spins with the opposite orientation is highly
desirable in spintronic nanodevices.4,37 Because 2D nanosheets
(NSs) have a higher surface-to-volume ratio compared to bulk
materials, chemical functionalization plays an important role in
determining their properties, paving a way to tune the band
gaps and magnetic properties of the semiconductor NSs.4

Hydrogenation and halogenation are known to serve as local
doping sites that significantly change the properties of 2D
nanomaterials and are reported to have potential applications
in spintronic devices.38−43

Correspondingly, many efforts were devoted to the
functionalization of silicone44,45 and arsenene,46,47 and lots of
interesting results have been reported. Half-hydrogenated
silicene without substrates turns out to be a ferromagnetic
semiconductor,44 whereas fully hydrogenated silicene gener-
ates about 2 eV indirect band gap.45 Zhang et al. have reported
the electronic properties of arsenene and fully hydrogenated
arsenene.47 Very recently, Scheer et al. have successfully
synthesized the pnictogen−silicon analogue of benzene,
[(PhC(NtBu)2)3Si3As3] molecules.48 The enhanced stability
and quasi-planar geometric properties of Si3As3 provide a new
direction for our future research and inspire us to use it as a
building block to design 2D planar materials combined with
silicon and arsenic atoms. The above research provides an
interesting opportunity for realizing tunable electronic and
photoelectric properties of NSs by controlling different surface
modification and strain engineering.

Yet, a systematically theoretical understanding of electronic,
photocatalytic, and magnetic properties of the hydrogenated
functionalized 2D hybrid arsenene and silicene hybrid
nanosheet (AsSi NS), from mixing As and Si atoms in an
alternating arrangement in a chair conformer, remains unclear.
These studies have a great significance for the application of
arsenic and silicon atoms in the field of electronic and
optoelectronic devices.
Therefore, the structural characteristics and the possibilities

of tuning electronic properties of surface-hydrogenated AsSi
NSs are extensively carried out by first-principles calculations
based on density functional theory calculations with vdW
corrections (DFT-D). We verified their stabilities by
calculating binding energies and phonon dispersions. Under
equilibrium conditions, the electronic properties of the AsSi
NS can be tuned by decorating H atoms. After decorating, fully
and semihydrogenated AsSi NSs still exhibit ferromagnetism
states and are predicated to be metallic or semiconducting
depending on the percentage of surface coverage. A more
stable configuration of semihydrogenated AsSi NS (AsSiH) is
the one wherein all H atoms are adsorbed onto Si atoms with a
band gap of 2.040 eV (2.327 eV from hybrid functional
calculations). More remarkably, a tensile strain-engineered
AsSiH monolayer exhibits proper band gap, and the band
edges straddling water redox potentials in the visible-light-
driven water splitting reaction. These studies provide us
guidance to future experiments and a deep understanding of
the novel properties, which has a potential application
foreground in the fields of nanoelectronics, water splitting,
and so on.

2. COMPUTATIONAL METHODS
The simulations in this paper were based on DFT, which was
supported by a CASTEP package with a norm-conserving
pseudo-potential.49 The generalized gradient approximation

Figure 1. Optimized geometric structure (a) and the calculated phonon dispersion curves (b) of the AsSi nanosheet. The pink and yellow balls
denote As and Si atoms, respectively. Phonon-dispersion curves of three hydrogenated AsSi NS systems: (c) HAsSiH NS; (d) HAsSi NS; and (e)
AsSiH NS.
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(GGA) and Perdew−Burke−Ernzerhof (PBE)50 were adopted
for the exchange-correlation potential to optimize structures.
Norm-conserving pseudo-potential51 was chosen for both spin-
polarized and spin-unpolarized computations. The Brillouin
zone was sampled by 6 × 6 × 1 (10 × 10 × 1) k-points,52 and
the energy cutoff of 650 eV was chosen in the calculations.
Increasing the k-points mesh to 8 × 8 × 1 for all structures in
the geometry optimization did not increase the convergence of
the total energy. These setups were proven to be accurate
enough for describing the results after careful test calculations.
The nearest distance between NSs in neighboring cells was
greater than 20 Å to ensure no interactions between different
layers.8 For geometry optimization, both the cell and atomic
positions were allowed to fully relax to find the equilibrium
states until the convergence tolerances of energy, maximum
force, and displacement of 1 × 10−5 eV, 0.03 eV/Å, and 0.001
Å were reached, respectively.8 Because the GGA−PBE
exchange correlation functional tended to underestimate the
band gap of semiconductors, the HSE06 in CASTEP was also
used to check the electronic band structure of semiconductors.
Binding energy (Eb) could be used to prove the stability of

the hydrogenated AsSi systems. The formula for Eb is
10,46

E
n

E E nE
1

( )b total AsSi H= − −
(1)

where Etotal, EAsSi, and EH are the energy of hydrogenated AsSi
systems, AsSi NS with the same supercell, and an isolated
hydrogen atom, respectively. n is the number of primitive cell.
The CASTEP code was used to perform the ab initio

molecular dynamics (MD) simulations in order to study the
thermal stability of fully and partially hydrogenated AsSi NSs
in the canonical (NVT) ensemble. Volume V and temperature
T are constants, and N is the atom number. T is imposed by
the Nose algorithm. The simulation temperature was set at 300

K. The total simulation time was set to be 2.0 ps with a time
step of 1.0 fs. The GGA−PBE functional was adopted.53−55

The electronic distributions of AsSi NSs were carried out by
Mulliken charge analysis, which was performed using a
projection of a linear combination of atomic orbital basis
and to specify quantities such as atomic charge, bond
population, charge transfer, and so forth.51 The obtained
relative values of the charge e, but not the absolute magnitude,
display a high degree of sensitivity to the atomic basis set and a
relative distribution of charge.7,56

3. RESULTS AND DISCUSSION

The stable low-buckled geometry of minimum energy with
relaxed lattice constant of the monolayer AsSi NS is a = 3.60 Å
through structural optimization. A 2 × 2 × 1 supercell of
monolayer AsSi NS containing 8 atoms is constructed. From
the structural relaxing calculations, the total-energy optimiza-
tion of the AsSi NS yields a layered buckled honeycomb-like
structure with threefoldcoordinated As and Si atoms in the
hexagonal unit cell in Figure 1a, similar to the cases of arsenene
and silicene, whose original stable configurations are also
buckled hexagonal.
Table 1 lists the calculated bond lengths, buckling

parameters, and electronic properties for the AsSi NS. The
bond length of dAs−Si is 2.356 Å, which is intermediate between
the Si−Si bond length in silicene of 2.252 Å57 and As−As bond
length in arsenene of 2.51 Å,58 and is in agreement with the
previous theoretical result of silicene-like SiAs.59 Compared
with graphene, the larger As−Si interatomic distance weakens
the π−π overlaps, which leads to wrinkle in the c direction of
the AsSi NS. This results in a low-buckled structure with sp3-
like hybrid orbitals. The buckling height (Δ) along the z
direction is defined as 0.556 Å after the structural relaxation.

Table 1. Calculated Structural Parameters of the Fully and Partially Hydrogenated AsSi Nanosheeta

structure a Eb dH−As dAs−Si dSi−H Δ θ Eg

AsSi 3.60 2.356 0.556 99.588 half-metallic
HAsSiH 4.32 −3.248 1.529 2.498 1.500 0.169 118.532 metallic
HAsSi 3.97 −2.090 1.561 2.454 0.475 108.261 0.544 (0.596)
AsSiH 3.66 −3.317 2.355 1.501 0.860 102.039 2.040 (2.327)

aThe lattice constants a (in Å), buckling parameter Δ (in Å), dH−As, dSi−As, and dSi−H are the bond lengths of H−As, As−Si, and Si−H, respectively
(in Å). The bond angle (θ) in (deg), binding energy (Eb) in (eV per supercell), and band gap Eg in (eV) obtained by using the PBE (outside the
parentheses) and HSE06 hybrid (in the parentheses) functionals are given for semiconductors structures.

Figure 2. Band structure, total DOS, and PDOS of AsSi nanosheet (a). Black and red solid lines denote spin up and spin down band, respectively.
The Fermi level is set to zero and indicated by black dashed line. PDOS results are also shown for selected orbitals. Blue and red denote positive
and negative wave function contours in charge density difference (b), respectively, and the isosurface values are ±0.05 e/Å3. The blue surface
corresponds to the isosurfaces of spin density distribution (Δρ = ρup − ρdown) (c) with the isosurfaces of 0.03 e/Å3.
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In order to confirm the dynamical stability of the monolayer
AsSi NS, the phonon dispersion is calculated and displayed in
Figure 1b. The acoustic vibration frequencies and optic
vibration frequencies of the monolayer AsSi NS are in the
regions of 0−5.10 and 7.46−8.07 THz, respectively. The
phonon mode is completely positive along the high symmetric
points in the Brillouin zone, suggesting that the single-layered
pristine AsSi NS is dynamically stable.
With the optimized structures of monolayer AsSi NS and

confirmed structural stability, we now turn our attention to the
electronic properties. The spin-polarized and the non-spin-
polarized states are both considered for the AsSi NS system.
The calculated results show that the total energy of the former
is 434 meV per supercell lower than that of the latter, which
indicates that the AsSi NS prefers the ferromagnetic ground
state. In order to avoid finite-size effects, we performed some
test calculation using a 3 × 3 supercell containing 18 atoms
and a 4 × 4 supercell containing 32 atoms to check the

convergence of our calculated results, which indicate that the
magnetic moment and total energy difference between the
spin-polarized and non-spin-polarized states are in good
agreement with the calculated results based on the 2 × 2
supercell. These confirm that a 2 × 2 supercell of AsSi NS is
sufficient for studying ferromagnetism. For the k-point
sampling, test calculations using up to 27 × 27 × 1
Monkhorst−Pack k-points verified that the former k-mesh
provides good convergence with respect to total energy
differences and magnetic moment formation. The spin-
polarized band structure in the hexagonal BZ for the AsSi
NS is depicted in Figure 2a, and the Fermi level is set to zero.
In order to deeply understand the contribution of different
orbitals to the electronic states, total density of states (DOS)
and partial DOS (PDOS) are also carried out and the results
are summarized in Figure 2a. Compared with the band
character of arsenene and silicene, the newly constructed AsSi
NS exhibits a magnetic half-metallic character, where the spin-

Figure 3. Optimized geometric structure (a,d,g), band structure, DOS (b,e,h), and charge density difference (c,f,i) of HAsSiH NS, HAsSi NS and
AsSiH NS, respectively. The white balls denote H atoms. The parameters of lines and isosurfaces are the same as before.
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up and spin-down states show the semiconducting and metallic
behaviors, respectively. The spin-up state of the AsSi NS is an
indirect band gap of 1.579 eV, where both the conduction
band minimum (CBM) and valence band maximum (VBM)
are located between Gamma (Γ) and M points. In the spin-
down state, only one spin channel located slightly across the
Fermi level.
The electronic distributions’ charge transfer in the AsSi NS

is analyzed by the Mulliken charge analysis.55 The results
indicate that the same atoms are equivalent and eAs = −0.19
and eSi = 0.19 in charge transfer. In order to gain more insights
into the bonding of As−Si, we have calculated the electron
density difference to visualize the electron distribution of AsSi
NS shown in Figure 2b. Clearly, electrons are depleted on the
Si and As atoms (red area), whereas they are piled up on the
bond of As and Si atoms (blue area), which exhibits the
covalent nature and are corresponding to the Mulliken charge
analysis. The origin of the magnetic behavior is further
investigated by plotting the spin density distribution (Δρ = ρup
− ρdown), as shown in Figure 2c. The total magnetic moment is
2 μB per 2 × 2 supercell. The magnetic moment mainly comes
from As atom of 1.16 μB, whereas the Si atom carries a
comparatively small net magnetic moment of about 0.84 μB.
To further assess the stability of monolayer AsSi NS, the

formation energy Eform is defined as59

E E n E n E n n( )/( )form total 1 1 2 2 1 2= − × − × + (2)

where Etotal is the total energy of monolayer AsSi NS, E1 and E2
are the energies of a Si and As atoms in their solid phases,
respectively, and n1 and n2 are the number of each element in
the supercell, respectively. According to eq 2, Eform of AsSi NS
is −0.358 eV/atom, which is smaller than the monolayer AsSi
of −0.145 eV/atom.59

Following the idea of hydrogenated graphene, ZnO60 and h-
BN61 NSs, we first study the fully hydrogenated AsSi NS. In
order to search the most stable structures of hydrogenated AsSi
NS systems, the energy with different lattice parameters is
calculated. According to the minimum energy principle, the
system with the lowest ground state energy is the most stable.
Therefore, when the lattice parameter (a) increases to 4.32 Å,
the fully hydrogenated AsSi NS (labeled as HAsSiH NS) has
the lowest energy and exhibits the most stable structure. The
relaxed atomic configuration of HAsSiH NS from the top and
side views is shown in Figure 3a. The geometric optimization
shows that the AsSi surface becomes even planar and all H
atoms are adsorbed onto As and Si with H−As and Si−H
bonds arranged perpendicularly to the AsSi plane. As also
shown in Table 1, the optimized As−Si bond length is 2.498 Å;
the hydrogen atoms are adsorbed on the top site of As and Si
atoms with H−As and Si−H bond lengths of 1.529 and 1.500
Å, respectively, which are comparable to the bond lengths of
1.511 and 1.502 Å for the corresponding fully hydrogenated
arsenenes47 and silicone59 and indicate the formation of strong
chemical bonds between hydrogen, As, and Si atoms. The
distance between As and Si planes, which is the buckling height
(Δ) of fully hydrogenated HAsSiH, is found to be 0.169 Å,
which is smoother and almost decreased to zero. The
corresponding bond angle ∠AsSiAs increases to 118.532° on
average. The atomic charge transfers in the HAsSiH nanosheet
are analyzed by the Mulliken charge analysis, where H atoms
adsorbed on As and Si atoms are carrying charges of −0.03 and
−0.14 electrons, respectively. The buckling parameter
decreases from 0.556 to 0.169 Å, which means a notable

structure transformation from buckling to planar. To study the
energetics of hydrogenation, we have calculated binding energy
of HAsSiH, which is defined as the energy difference between
the hydrogenated AsSi sheet, pristine AsSi sheet, and H atom.
The hydrogenation of AsSi sheet is endothermic with an
energy of −3.248 eV per supercell according to eq 1, which
means that the system is rather stable in defending the thermal
fluctuation in room temperature and can be experimentally
fabricated. Meanwhile, the stability of the HAsSiH NS has
been approved by the phonon dispersion calculation and is
shown in Figure 1c. All branches of the phonon spectrum are
positive, and no imaginary phonon mode exists, indicating that
the HAsSiH NS exhibits well thermodynamic stability. The
spin-polarized band structures and DOS of HAsSiH NS are
shown in Figure 3b. The two bands cross the Fermi level, and
there is no band gap opening for both spin-up and spin-down
states, which displays a distinguished metallic behavior and is
totally different from fully hydrogenated graphene. Hydro-
genation opens a band gap in graphene, whereas it reduces the
band gap in the AsSi NS and exhibits a transformation from
semimetallic to metallic. This conspicuous difference indicates
that the structural and electronic properties of AsSi NSs are
also very sensitive to hydrogen decoration. Our calculation
result shows that the total magnetic moment μtotal of the
HAsSiH NS equals to 2 μB per 2 × 2 supercell, which shows
that the HAsSiH NS is still a significant magnetic material. To
reveal the origin of magnetism of HAsSiH, its PDOS and spin
density distribution are investigated. It is also obvious to see
the magnetism of HAsSiH through the spin PDOS in Figure
3b, where the PDOS strengths of p orbitals are unsymmetrical.
Especially in the energy region near the Fermi level, the p
orbital of As and Si atoms mainly contributes to the magnetic
moment and the spin-down states are at a relatively higher
energy level than those of spin-up states, which is consistent
with the results obtained from PDOS. In addition, as shown in
the spin density distribution of Figure S1a (Supporting
Information), the spin-polarized magnetization still mainly
comes from As atoms of 0.84 μB and Si atoms of 1.12 μB,
whereas the H atoms bonded with Si atom only present 0.04
μB per supercell. Similarly, we have calculated the electron
density difference to visualize the electron redistribution of
HAsSiH, as shown in Figure 3c. The electron density
difference can be used to quantify the bond overlap as well
as the charge transfer from Si to H atoms, where the electrons
are depleted on the Si atoms (red area).
As stated in previous discussions, the fully hydrogenation of

the AsSi NS is an endothermic process. Once fully hydro-
genated, H can strongly bind on As and Si sites. Starting from
the fully hydrogenated AsSi NS, when removing the surface
modification atoms of 2D material from one side, the structure
transforms from fully HAsSiH NS to semihydrogenated AsSi
NS and how will the structural and electronic properties
change?
In a graphene sheet, all of the C sites are equivalent. Thus,

when removing half of H atoms from a fully hydrogenated
graphene sheet (graphane), there is only one option for the
semihydrogenated graphene sheet.62 However, in the AsSi NS,
As and Si sites in the AsSi NS are chemically nonequivalent
and then semihydrogenation can be accomplished by removing
H from either Si sites (labeled as HAsSi) or all of the As sites
(labeled as AsSiH), which is similar to Zn and O sites in ZnO
NSs.
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The structural parameters, electronic, and magnetic results
of the two semi-hydrogenation structures are summarized in
Tables 1 and 2. Correspondingly, we have plotted the spin-
polarized band structure, PDOS, and charge density difference
of HAsSi and AsSiH systems, as shown in Figure 3 e,f,h,i,
respectively.

According to eq 2, Eform of HAsSi, AsSiH, and HAsSiH NSs
is −0.183, −0.058, and −0.333 eV/atom, respectively, which
means that our fully and partially hydrogenated AsSi NSs are
stable. Meanwhile, we have calculated the phonon dispersion
curves of HAsSi and AsSiH NSs with primitive structures to
assess the structural stability and discuss the possibility in the
experimental preparation, which are shown in Figure 1d,e,
where all branches of the phonon dispersion curves have
positive frequencies and no imaginary phonon modes are
found, confirming the stability of semihydrogenated AsSi NS
systems. To better examine the thermal stability of these
systems, the total potential energy fluctuations with respect to
time of fully and partially hydrogenated AsSi NSs at 300 K are
calculated and shown in Figure S2 (Supporting Information).
A 3 × 3 × 1 supercell is built to simulate the 2D sheet for
minimizing the constraint caused by periodicity. The insets in
Figure S2 show the atomic configuration of fully and partially
hydrogenated AsSi NSs at the end of MD simulation. It is
found that for fully and partially hydrogenated AsSi NSs, the
total potential energy curves tend to stable values during the
last 1 ps of simulation times and the atomic structures are
almost invariant after heating for 2 ps at 300 K. Therefore, it is
concluded that fully and partially hydrogenated AsSi NSs are
thermally stable at 300 K.
The binding energy Eb is used to assess the structural

stability of semihydrogenated AsSi NS systems. Eb of HAsSi
and AsSiH NSs is −2.090 and −3.317 eV per supercell,
respectively. Both of them have the negative values, which
mean their outstanding dynamic stability. In addition, Eb of the
H atoms absorb onto Si is more energetically favorable, which
is comparatively lower than that onto As atoms. Thus, a more
stable configuration of semihydrogenated AsSi NS is the one
wherein all H atoms are adsorbed onto Si atoms, as shown in
Figure 3d and more attention is paid on the AsSiH NS in the
following discussion.
Compared with the buckling heights of pristine AsSi NS and

fully hydrogenated HAsSiH NS, we can easily find that the
buckling heights and corresponding bond angles ∠AsSiAs of
semihydrogenated AsSi NS systems are both smaller than that
of the HAsSiH NS and larger than that of the pristine AsSi NS.

At the same time, both of the semihydrogenated AsSi NS
systems have magnetic properties and ferromagnetic coupling,
indicating that controlling the coverage of hydrogen cannot
change the magnetic properties of AsSi NSs. The total
magnetic moments of HAsSi and AsSiH systems are also
shown in Table 2.
More careful examination of the spin-polarized band

structure of the semi-hydrogenated AsSi NS system reveals
appealing properties. By analyzing the magnetic source of
HAsSi and AsSiH systems, the spin polarization is evident in
the band structure and PDOS in Figure 3e,h. By the GGA−
PBE method, HAsSi and AsSiH systems are both magnetic
semiconductors with the band gaps of 0.544 and 2.040 eV,
respectively. In addition, the band structures of decorated
HAsSi and AsSiH systems have been corrected as 0.596 and
2.327 eV by the HSE06 hybrid functional in Figure 4,
respectively, and the values of the band gap are also shown in
the parentheses of Table 1.

As described in Figure 3e, the semihydrogenated HAsSi
system behaves as a magnetic semiconductor with band gaps of
1.583 and 1.192 eV in the spin-up and spin-down states. It is
also obvious to see the magnetism of HAsSi system through
the spin PDOS, where the PDOS strengths of Si p orbitals are
unsymmetrical, especially in the energy region near the Fermi
level. It is found from Figure 3e that the spin-up state is at a
relatively higher energy level than those of the spin-down state.
The contribution to DOS mainly comes from the p orbital of
the spin-down state, which contributes the CBM. The VBM
locates at F point of the spin-up state, whereas the CBM is at Γ
point of spin-down state. Although for the AsSiH system in
Figure 3h, it behaves as an indirect magnetic semiconductor
with band gaps of 2.394 and 3.236 eV in the spin-up and spin-
down states, respectively. The magnetism of the AsSiH system
is originated from the unsymetricity of p orbitals of unpaired
As atoms. However, the VBM locates at Γ point of the spin-
down state, whereas the CBM is between Γ and M points of
the spin-up state. Thus, controlling the coverage of hydrogen
and the geometry is the key to observing the predicted
electronic properties.
In fact, semihydrogenation on As atoms (Si atoms) forms

strong As−H (Si−H) bonds and leaves the dangling bonds of
surface As (Si) atoms spin unpaired in the HAsSi (AsSiH)
system. The origin of the magnetic behavior is further

Table 2. Atom Mulliken Charges and Magnetic Moments
(in μB) of Different Structures

a

structure AsSi NS HAsSiH HAsSi AsSiH

eSi 0.19 0.15 0.07 0.21
eAs −0.19 0.02 −0.03 −0.11
eH −0.14 (H1) −0.04 −0.10

−0.03 (H2)
μSi 1.16 1.12 1.24 0.72
μAs 0.84 0.84 0.60 1.16
μH 0.04 (H1) 0.16 0.12

0.00 (H2)
μtotal 2 2 2 2

aThe unit of the atom charge is one electron charge |e|. H1 and H2
mean that the H atom bonds with Si and As atom, respectively.

Figure 4. Band structures of decorated HAsSi (a) and AsSiH (b)
systems by HSE06 hybrid functional. Black and red solid lines denote
spin up and spin down band, respectively. The Fermi level is set to
zero and indicated by black dashed line.
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investigated by plotting the spin density distribution, as shown
in Figure S1b,c. In the two cases, the spin-polarized
magnetization distinctly distributed (the blue region) on the
undecorated Si (1.24 μB) or As (1.16 μB) atoms, when the spin
value is set to be 0.03 e/Å3. Obviously, the emergent spin
polarization is not restricted to the surface As atoms (Si atoms)
but instead is delocalized uniformly in the entire system,
leading to a net magnetic moment of approximately 2 μB per
supercell. The contributions from H and corresponding
saturated Si atom (As atom) are 0.12 μB (0.16 μB) and 0.72
μB (0.60 μB) for the AsSiH (HAsSi) system, which is
consistent with the results obtained from PDOS, as shown in
Figure 3.
In order to achieve deeper insights into the bonding of H−

Si, we have further calculated the electron density difference to
visualize the electron redistribution of semihydrogenated
AsSiH NSs in Figure 3i. Clearly, electrons are depleted on
the Si atoms (red area), whereas they are piled up on H and As
atoms (blue area). Moreover, electron orbital overlap of the
AsSiH NS is observed. In addition, the Mulliken charges and
charge transfers have also analyzed. The variation of the
number of electrons on As, Si, and H atoms is shown in Figure
3g. Clearly, the Si atom is positively charged with the charge of
0.210e, whereas electrons will accumulate on As and H atoms,
making them negatively charged with the charges of −0.110e
and −0.100e, respectively. Because the electronegativity of Si
atom is weaker than that of H atoms, each Si transfers −0.100e
to H atoms and they interact covalently with each other via σ
bonding. Such charge distribution is consistent with its
distribution of magnetic moment, which is an important factor
to induce the magnetism in the AsSiH NS.
We also simulated the optical absorption spectra of these

systems to further examine whether they meet the criteria for
efficient visible-light absorption. The optical properties such as
the real part ε1 and imaginary part ε2 of complex dielectric
function and absorption coefficient α(ω) can be determined by
following formulas11
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where ω denotes the frequency of the electromagnetic
radiation in energy unit. Ω represents the cell volume, and
ε0 is the dielectric constant in free space. c and v represent the
conduction and valence band states, respectively. P is the
principal value of the integral. In addition, u and r denote the
vector defining the polarization of the incident electric field
and th e po s i t i on v e c t o r , r e s p e c t i v e l y . He r e ,

( ) ( ) ( )1
2

2
2α ω ε ω ε ω= + is the relative dielectric constant.

The electric field vectors are both perpendicular (E⊥) and
parallel (E∥) to the structure. Because of the symmetry of the
lattice structure, the optical absorption intensity is significantly
weaker under E⊥ than that under E∥ in the visible region.
Therefore, in the following, we mainly discuss the optical
results from the latter. Figure 5a clearly shows that the
absorption intensity of the AsSiH NS is very strong with values
more than 104 cm−1, which is able to harvest visible light.63

Applying external strain ε has been known as the effective
method to control electronic, transport, and optical properties
of materials for semiconductors for decades.64,65 In order to
ensure the stability of AsSiH NS in the range of external strain,
we have carefully observed the changes of the structure and
energy difference ΔE. As shown in Figure S3, ΔE = Eε − E0,
where E0 is the lowest energy of the corresponding AsSiH NS
without the biaxial strains. It is found that even applying the
strain from −10 to +10%, the deformation of structure is
comparatively small and the structural integrity is well
maintained withstand the biaxial strain.
Meanwhile, the optical absorption spectra of the AsSiH NS

without and with strains calculated are plotted in Figure 5b.
The changing trend of the light absorption intensity that we
obtained before and after applying stress is obtained. The
compressive strain can reduce the light absorption, whereas the
suitable tensile strains in AsSiH NS are efficient ways for
extending the light absorption region. Figure 6 displays the
calculated VBM and CBM positions for AsSiH NSs under

Figure 5. Optical absorption coefficients of the four systems (a) and
the optical absorption spectra of AsSiH NS without and with strains
(b).

Figure 6. Band edge positions of strained AsSiH nanosheet relative to
the vacuum potential level. The orange and olive dashed lines
represent the standard reduction potential of H+/H2 and the
oxidation potential of O2/H2O at pH = 0 and pH = 7, respectively.
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various biaxial strains from −6 to 9% relative to the vacuum
level. To effectively photocatalyze the splitting of water,
suitable alignment of the band edge to straddle the redox
potentials of water splitting reaction is an essential requirement
and the band gap should be larger than 1.23 eV and smaller
than 3 eV in order to enhance the solar light absorption.66−69

As shown in Figure 6, for the initial AsSiH structure, the
value of CBM is at −3.44 eV, which is about 1.0 eV higher
than the water reduction potential of H+/H2 (−4.44 eV with
respect to the vacuum level) and the value of VBM is at −5.76
eV, which is about 0.09 eV lower than the oxidation potential
of O2/H2O (−5.67 eV with respect to the vacuum level). As
compressive strain is applied and above −2%, the VBM level
shifts upward and the reduction reaction becomes energetically
impossible. However, with increasing the tensile strain, the
VBM level shifts downward, even for the AsSiH NS under the
tensile strain up to 9%, the CBM energy level is still located
about 0.07 eV higher than the water reduction potential of H+/
H2 and the VBM energy level is still located about 0.31 eV
lower than the oxidation potential of O2/H2O. Despite the
ubiquity and easy introduction of tensile strains in monolayers,
it is found that the spatial distributions of the VBM and CBM
of AsSiH NS are not notably affected by the uniaxial tensile
strains. Such a desirable band edge alignment renders AsSiH
NS a possible effective visible-light-driven photocatalyst for the
water-splitting reaction.
It should be noted that the water redox potential depends on

the pH value.70 The standard oxidation potential of O2/H2O
i n a s o l u t i o n c a n b e c a l c u l a t e d b y
E 5.67 eV pH 0.059 eVO /H O

OX
2 2

= − + × , and the reduction

p o t e n t i a l f o r H + / H 2 i s d e t e r m i n e d b y

E 4.44 eV pH 0.059 eVH /H
red

2
= − + ×+ . Thus, the redox

potential in a neutral environment (pH = 7) is also studied.
From Figure 6, surprisingly, the band edges of the AsSiH NS
under the tensile strain below 4% can still straddle the water
redox potential even at pH = 7. These results provide eloquent
evidence that the AsSiH NS might have promising applications
for hydrogen generation in both neutral and acidic environ-
ments by water splitting.

4. CONCLUSIONS

In summary, we have systematically investigated the
modulation of structural, electronic, and magnetic properties
of hydrogenated AsSi NSs using first-principles calculations,
which provides an attractive landscape for both fundamental
research and practical applications with 2D magnetic materials.
We have demonstrated that fully and semihydrogenated AsSi
NSs exhibit ferromagnetism states and AsSi NSs undergo
transitions from half-metallic to metallic and then into
semiconductive states. Therefore, surface passivation by H
atoms serves as an important approach in tailoring the
electronic properties of AsSi NSs. In addition, AsSiH NSs
with tensile strains up to 9% exhibit proper band gaps, valence,
and conduction band positions of the reduction and oxidation
levels in visible-light-driven water splitting. These diverse
properties are of fundamental significance and may be a
promising candidate for future 2D magnetic material used in
spintronic and optoelectronic devices.
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