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Tunable electronic properties of arsenene/GaS$ van
der Waals heterostructurest
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Finding novel atomically thin heterostructures and understanding their electronic properties is critical for
developing better nanoscale electronic and optoelectronic devices. In this work, we investigate the
structural and electronic properties of arsenene/GaS van der Waals (vdW) heterostructures using first-
principles calculations. Our results suggest that this heterostructure has an intrinsic type-Il band
alignment and an indirect band gap. Comparing the calculated band edge positions to the redox
potentials of water, we identify that the arsenene/GaS vdW heterostructure is a promising photocatalyst
for water splitting. Moreover, we also find that intriguing indirect—direct and semiconductor—-metal
transitions can be induced by strain. In particular, under certain strain, degenerate valleys of conduction

rsc.li/rsc-advances

1 Introduction

Since the successful isolation of graphene, great attention have
been paid to the research into new two-dimensional (2D)
materials. To date, many new graphene-like 2D materials, such
as boron nitride,* transition metal dichalcogenides (TMDCs),?
phosphorene,>* and others®” have been widely studied due to
their interesting physical properties and promising applica-
tions.*” Among these, GaS monolayer recently received exten-
sive attention because it has successfully been fabricated by
mechanical exfoliation from the bulk or vapor transport tech-
niques.>*° Theoretical calculations based on density functional
theory (DFT) have shown that a GaS monolayer is an indirect-
band-gap semiconductor and is suitable for photocatalytic
water splitting.**** Besides, monolayer gray arsenic (arsenene) -
a new elemental 2D semiconducting material with buckled
honeycomb lattice, has been proposed and predicted to be
kinetically very stable based on the theoretical calculations.'>**
It is also found that arsenene is an indirect-band-gap semi-
conductor and undergoes an indirect-direct and semi-
conducting-metallic transitions under external electric fields or
strains.'>*?

As is well known, heterostructures and interfaces of semi-
conducting materials often play a more crucial role in electronic
and photonic nanodevices than the bulks." 2D materials just
offer a platform that allows creation of van der Waals (vdW)
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band bottoms will be created, which suggests potential applications in valleytronics.

heterostructures with a variety of properties, where one layered
2D structure is stacked on another by vdW forces."® Recently,
various vertically-stacked vdW heterostructures have been
realized experimentally and utilized to make electronic and
optoelectronic devices with novel physical properties and
distinctive capabilities.’*® At the same time, many theoretical
researchers have also shifted their focus from monocomponent
systems to vdW heterostructures. For instance, a theoretical
study demonstrated that the electronic properties of GaS/GaSe
heterostructures with an indirect band gap can be continu-
ously tuned by external strain.’ In the case of silicene/GaS
heterostructures, it was found that the interlayer charge redis-
tribution can open a sizable gap at the Dirac point, which can be
further modulated by bias voltages and strains.”* Work by Su
et al. showed that the indirect band gap of arsenene/MoS,
heterostructure is tunable by changing the interlayer distance.**
A first-principles study of the electronic properties of arsenene/
graphene heterostructures showed that varying the interlayer
distance can not only control Schottky barriers but also control
Schottky contacts of the vdW heterostructures.”” All these
findings suggest that stacking two 2D materials into vdW het-
erostructures provides an effective way to design novel artificial
materials with special characteristics. This motivates us to
consider the two newly found 2D materials — arsenene and GaS
monolayer which have very close lattice constants, and to see
whether they can form a stable arsenene/GasS (A/G) vdW heter-
ostructure and what interesting electronic properties it can
provide. In this work, by performing first-principles calcula-
tions, we first identify the equilibrium geometry of the stable A/
G vdW heterostructure. Then we investigate its electronic
properties, including the projected band structures, band
alignments, as well as the charge transfer. In addition, the
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strain modulation of the electronic properties is also studied.
The present work is beneficial to the future realization of A/G
devices used in nanoelectronics and/or optoelectronics.

2 Computational methods

All the calculations performed in this work are based on DFT as
implemented in the Vienna ab initio simulation package
(VASP).>® The projector augmented wave method (PAW) is used
to describe the ion-electron interactions.” The electron
exchange and correlation are treated by the generalized
gradient approximation (GGA) in the version of Perdew-Burke-
Ernzerhof (PBE),* and by the hybrid functional method in the
version of Heyd-Scuseria-Ernzerhof (HSE06) which has been
proven to be able to obtain band gaps closer to experimental
values for semiconductors.” The DFT-D2 correction of Grimme
is adopted to describe the interlayer vdW interaction,> which
has been evidenced to give reliable descriptions for various vdW
heterostructures™>>** and layered compounds such as
arsenic.” Plane waves with a kinetic energy cutoff of 500 eV are
used to expand the wave functions. The reciprocal space is
sampled with a fine k-point mesh of 11 x 11 x 1 in the irre-
ducible Brillouin zone. A vacuum spacing of 15 A is adopted to
eliminate the artificial interactions between the periodic
imagines. Test calculations show that the above parameters
converge the results very well. The atomic structures (including
the lattice constants) of the systems considered are fully relaxed
by minimizing the stresses and the atomic forces acting on each
atoms to be less than 0.01 eV A~* within the conjugate gradient
algorithm. Atomic charge transfers are determined by Bader's
charge analysis.*

3 Results and discussions

We first check the lattice constants of pristine arsenene and GaS
monolayers using DFT/PBE. The results are 3.61 and 3.63 A for
arsenene and Gas, respectively, which are in good agreement
with previous results.'**>'*?* The very small lattice mismatch
(~0.55%) makes it easy to form heterostructures. Here, we
choose the lattice constant of GaS to be the lattice constant of
the heterostructure, which corresponds to the epitaxial growth
of arsenene on a GaS substrate in experiment. The monolayer
arsenene and GasS can form three different heterostructures in
terms of their stacking conformation: AA, ABs, and ABg,
stacking, as shown in Fig. 1(a)-(c), respectively. In the AA
stacking, the As atoms of the two sublattices are located on the
top of Ga or S atoms. While in the ABg (ABg,) stacking, one As
sublattice is on the top of the S(Ga) sublattice and the other one
is on the top of the hexagonal center. To compare the relative
stability of these heterostructures, we calculate their interface
binding energies, E, = Ey — Wy — Eg, where Ey, Ea, and Eg
represent the total energy of the A/G heterostructure, arsenene,
and GaS monolayer, respectively. By this definition, a lower Ej,
value means better stability of the heterostructure. The results
in Fig. 1(d) show that the ABg stacking with an equilibrium
interlayer distance of 3.05 A is the most stable one whose
binding energy is —0.17 eV per unit, being comparable to other
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Fig. 1 Top and side views of (a) AA-, (b) ABs-, (c) ABg,-stacking A/G
heterostructures. The blue dashed rhombus indicates the unit cell. As,
Ga, and S atoms are represented by pink, seagreen, and yellow balls,
respectively. The arrows indicate the interlayer distance d between the
arsenene and GaS layers. (d) Binding energy per unit cell of the A/G
heterostructures as a function of d. (e) Phonon spectra of the ABs-
stacking A/G heterostructure.

vdW systems.'**"*? To further check the dynamic stability of this
structure, we perform phonon spectra calculation and show the
result in Fig. 1(e). One can see that all phonon modes have
positive frequencies except for the transverse acoustic mode
near the I' point. This mode gets negative frequencies due to the
phonon softening.** Our result confirms overall the dynamic
stability of the system. In the following, we only consider the
heterostructure in the ABg stacking.

We perform more accurate DFT/HSE06 calculations to
investigate the electronic properties of the A/G vdW hetero-
structure. As a reference, the band structures of arsenene and
GaS monolayers are also calculated and plotted in Fig. 2(a) and
(b), respectively. It shows that the two monolayers are both
indirect-band gap semiconductors, and the band gaps are 2.21
and 3.24 eV for arsenene and GaS monolayers, respectively,
which agree well with previous theoretical results.'®**** The
projected band structure of the heterostructure is given in
Fig. 2(c), in which the red and green circles indicate the
contributions from the arsenene and Gas layers, respectively. As
one can see, the A/G heterostructure is a semiconductor with an
indirect band gap of 2.09 eV. Its valence band maximum (VBM)
is mainly contributed from arsenene while its conduction band
minimum (CBM) is predominately ascribed to Gas, indicating
that a type-II heterostructure is formed. This is consistent with
a type-II band alignment between arsenene and Gas, as shown
schematically in Fig. 2(f) (see later discussion). The total and
partial density of states (PDOSs) plotted in Fig. 2(d) show that
the VBM is mainly dominated by the 4p states of As atoms,
while the CBM mainly originates from the 3p states of S atoms
and 4s, 4p, and 3d states of Ga atoms. This is consistent with the

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Band structures given by DFT/HSE06 of (a) arsenene, (b) GaS
monolayer, and (c) A/G heterostructure. The Fermi level is set as zero.
The solid arrows indicate the indirect band gaps. (d) Total and partial
density of states of the A/G heterostructure, given by DFT/HSE06
calculations. (e) Band decomposed charge densities of the VBM and
CBM of the A/G heterostructure. (f) Band alignment of the A/G het-
erostructure. The vacuum level is taken as a reference.

decomposed charge densities of the VBM and CBM in Fig. 2(e),
which show that the VBM is from As atoms while the CBM is
from Ga and S atoms. We note that the VBM largely consists of
the lone-pair p, orbitals of arsenene, which induce the forma-
tion of m-bond-like states in the interlayer region and are
beneficial to make the two monolayers stay closer.*"**

The band alignments of the A/G heterostructure are deter-
mined by using the vacuum level as an energy reference. As
shown in Fig. 2(f), the band edges of monolayer arsenene and
GaS are (—5.76, —3.63) and (—6.96, —3.67) eV, respectively.
Arsenene and GaS layers form a type-II heterostructure with
a work function of 5.51 eV, which will spontaneously separate
the free electrons and holes, enabling high efficiency optoelec-
tronics and solar energy conversion. Interestingly, our calcula-
tions demonstrate that the energies of the CBM and VBM
relative to the vacuum level are —3.67 eV and —5.76 €V,
respectively, perfectly straddling the redox potential energies
(—4.44 to —5.67 eV) of water.”® This implies that the A/G het-
erostructure is a potential photocatalyst for splitting water.
From Fig. 2(e), one can see that when incoming solar photons
are absorbed by the A/G heterostructure, the photogenerated
electrons will transfer from VBM to CBM, and hence hydrogen
and oxygen will be separately produced at the As monolayer and
the GaS monolayer during the photocatalytic water splitting.**
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To show the water-heterostructure interaction, we further
investigate possible adsorption configurations of water mole-
cules on the heterostructures by calculating their adsorption
energies at the DFT level (see ESI: Fig. S1 and Table S17).*” The
results show that of all the examined adsorption sites, water
molecules favor sitting above the bottom As and S atoms in the
one-leg configuration (Fig. S1(c)t). A metastable state, in which
the water molecules sit above the hexagonal ring center of
arsenene or GaS in the one-leg manner (see Fig. S1(d)f), is
available. It should be noted, however, that a direct investiga-
tion of the detailed water-splitting process is considerably
beyond the scope of this work, which will require much more
expensive quantum molecular dynamics (MD) simulations or
QMMM MD simulations. We would like to leave this to a future
work of quantum MD simulations.

To have a more detailed understanding of the electronic
properties of the A/G heterostructure, we plot in Fig. 3(a) the
plane-averaged charge density difference along z-direction
normal to the heterostructure as Ap(z) = pu(2) — pa(2) — pc(2),
where py(z), pa(z), and pg(z) are the plane-averaged charge
densities of the heterostructure, the pristine arsenene, and the
pristine monolayer GaS, respectively. It can be seen that the
charge densities around As atoms are no longer equivalent and
remarkable charge rearrangement occurs around the interface.
Bader charge analyses show that 0.02 electrons per unit are
transferred from arsenene to GaS monolayer, indicating an
additional electrostatic interlayer coupling besides the vdW
interaction. Fig. 3(b) shows the plane-averaged electrostatic
potential along z-direction normal to the surface. One can see
that the Gas layer has a deeper potential than that of arsenene.
This can be understood by considering the different atomic
electronegativities (As 2.18, Ga 1.81, S 2.58), making electrons
transferred from the arsenene to the GaS layer, as observed. The
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Fig. 3 (a) Plane-averaged charge density difference and (b) electro-
static potentials of the A/G heterostructure along z-direction normal
to the heterostructure. The inset in (a) is the 3D isosurface of the
charge density difference. The magenta and cyan areas represent
electron accumulation and depletion, respectively. The vertical dashed
lines indicate the positions of the Ga, S, and As atoms in the hetero-
structure, respectively.
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potential drop (AVag/cas) across the bilayer is found to be 4.13 eV
(see Fig. 3(b)) which implies a strong electrostatic field across
the interface. This electric field may significantly influence the
carrier dynamics and make the excitonic behavior of A/G het-
erostructure quite different from that of the isolated GasS layer
as it may facilitate the separation of electrons and holes.*®
Tunability of electronic properties of a material by external
control, such as strain, is very beneficial for its applications in
nanoelectronics or optoelectronics.*® Here, we first consider in-
layer biaxial strains where the hexagonal unit cell is enlarged or
shrunk symmetrically with specific ratios (see the inset of
Fig. 4(a)), ¢ = (L — Lo)/Lo, where L and L, are the lattice constants
of the strained and unstrained structures, respectively. The
band-gap evolution given by the vdW-DFT/PBE under various
biaxial strains is shown in Fig. 4(a) together with the strain
energy. One can see that the band gap decreases with the
increase in either compressive or tensile strain, and the system
will become metallic for strains beyond +£10%. We note that
DFT/PBE usually underestimates band gaps of semiconductors
because of the lacking of derivative discontinuity in the energy
functional. However, our purpose here is to see the trend in

a T T T T T T T T T T T
( )1.6— —e— Band gap 0.25
14} —®— Strain energy ! s
' g
12 ®40.20 %
3 S
L1.0F >
o 10.15—
$0.8F 8
(&}
2061 10.10 §
04l g
' 10.05 2
02}
O.O F T T T T T T T T T T T ] 0.00
-10 -8 -6 4 -2 0 2 4 6 8 10
Biaxial strain (%)
(b) 4 &= 0% &= 6% © &= 0% o= 6%
&=2% e=8% | ——e=-2% e=-8% |
3r e=4% e=10%"] = s:ﬂ;(t% e=-10%]

Energy (eV)
S

K r M K K r

Fig. 4 (a) Calculated strain energy and band gap by DFT/PBE + vdW as
functions of the in-layer biaxial strain for the A/G heterostructure. The
inset shows the schematic representation of the biaxial strain applied.
The evolutions of the highest valence band and the lowest conduction
band of the A/G heterostructure under various tensile (b) and
compressive (c) biaxial strains.
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band gap variation under different strains instead of the abso-
lute values of band gap, therefore the results can still be ex-
pected to be meaningful. This justification is also supported by
previous calculations using the PBE functional and the hybrid
functional HSE06, showing consistent strain-induced effects on
band structures.*’

The dependence of the highest valence and lowest conduc-
tion bands on the biaxial strains is respectively shown in
Fig. 4(b) and (c), which clearly demonstrate that the size and
characteristic of the band-gap is determined by the strain-
induced band-energy shifts at different k& points. Similar to
the HSEO6 result, the free-standing heterostructure possesses
an indirect band gap between VBM at k; (0.13, 0.07, 0) and CBM
at k, (0.38, 0, 0), denoted by A and B in Fig. 4(b) or (c), respec-
tively. Under an increasing tensile strain, the VBM is always
located at A. However, the energy of the conduction band
bottom at I'-point shifts downwards more rapidly than the
original CBM, and they become equal under a tension of 0.3%.
For tensile strains larger than 0.3%, the conduction band
bottom at I'-point has a lower energy than B and becomes the
new CBM. On the other hand, when an increasing compressive
strain is applied, both the conduction and valence bands tend
to shift downwards while the valence band top at I'-point shifts
slightly upwards and becomes the new VBM under large
compressive strains. The conduction band bottom at K point
drops faster than B, and becomes equal in energy to B at ¢ =
—4.5%, and eventually becomes the new CBM when ¢ > —4.5%.
It is interesting to note that there are two critical strains, 0.3%
and —4.5%, under which degenerate conduction band valleys
are created. This behavior would have potential applications for
valleytronic devices: quasiparticles with the same energy at
different positions in momentum space are less susceptible to
phonon scattering.*"*?

To check if all the strains considered are within the elastic
limit, we calculate the strain energy per atom, E; = (Egrained —
Eunstrained)/n, wWith n being the number of atoms in the unit cell.
The results in Fig. 4(a) (right y-axis) show that E, varies smoothly
as a quadratic function of the strain, indicating that the system
is flexible and all the strains considered are within the elastic
limit and, therefore, are fully reversible.

Besides the in-plane strain modulation of band gap, out-of-
plane vertical strains may also provide a means for tuning
continuously the band gap.'>*** Fig. 5(a) shows the variation of
the band gap as a function of the interlayer distance. One can
see that the band gap decreases linearly with the interlayer
distance decreasing (vertical compressive strains), and its
indirect nature is remained even under very large compression,
as shown in Fig. 5(b). On the other hand, when the interlayer
distance is increased (tensile strains), the band gap first
increases slightly and then stays unchanged, indicating
a convergence reached, as shown in Fig. 5(c). Similar behavior
was also found in GaS/GaSe and As/MoS, heterostructures.****
Here, an interesting indirect-direct transition of band gap
occurs under certain vertical tension: when the interlayer
distance is larger than 3.5 A the system has now a direct band
gap of ~1.59 eV at I point, which is due to the up-shift of B state
and the up-shift of the valence band top at I" point. In this case,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Calculated band gap of the A/G heterostructure as a func-

tion of the interlayer distance. The equilibrium structure is indicated
with a black arrow. The evolutions of the highest valence band and the
lowest conduction band of the A/G heterostructure with different
compressed (b) and extended (c) interlayer distances. The Fermi level is
set as zero.

the difference between the I'-I" direct and I'-B indirect gaps is
so small that new degenerate valleys occur regardless of the
(increased) interlayer distance.

Finally, we would like to point out that the DFT-D2 method,
a vdW correction scheme adopting a pairwise semi-empirical
approach, completely neglects many-body effects, which may
have some effect on the present results.*** To examine this effect
and the reliability of our results, we further perform test calcula-
tions adopting the many-body dispersion energy method
(MBD@rsSCS). From the results shown in Fig. S2T one can see
that the equilibrium interlayer distances (~3.05 A vs. ~3.10 A) and
the band structures given by DFT-D2 and MBD@rsSCS are almost
identical though there is a small difference in the binding energy.
This indicates that the present results are reliable and will not be
changed qualitatively by the use of different vdW corrections.

4 Conclusions

In summary, by performing first-principles calculations with
vdW corrections, we have investigated systematically the

This journal is © The Royal Society of Chemistry 2017
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structural stability and electronic properties of A/G vdW heter-
ostructures. The dynamic stability of the ABs-stacking A/G het-
erostructure is demonstrated by its binding energy and phonon
spectra. This heterostructure is found to be an indirect-band-
gap semiconductor with intrinsic type-II band alignment and
is a potential photocatalyst for splitting water. Moreover, the
band gap of the A/G heterostructure can be effectively modu-
lated by external strains. An increasing in-layer strain will
decrease near linearly the band gap. On the other hand, an
increasing vertical compressive strain will reduce the band gap,
while an increasing vertical tensile strain will enlarge slightly
the band gap. When the interlayer distance is increased to be
larger than 3.5 A the band gap becomes direct (~1.59 eV) at I’
point. In this case, degenerate valleys of CBM will be created,
which suggests potential applications in valleytronics. Our
findings show potential applications of the A/G vdW hetero-
structure in future flexible electronics and optoelectronics.
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