
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

1/
10

/2
02

5 
5:

47
:1

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Electronic and o
Department of Physics, School of Science, Be

People's Republic of China. E-mail: ywlu@b

Cite this: RSC Adv., 2021, 11, 16040

Received 12th March 2021
Accepted 26th April 2021

DOI: 10.1039/d1ra01959g

rsc.li/rsc-advances

16040 | RSC Adv., 2021, 11, 16040–16
ptical properties of silicene on
GaAs(111) with hydrogen intercalation: a first-
principles study

Ting Yu, He Zhang, Dan Li and Yanwu Lu *

In this paper, we investigated the electronic and optical properties of silicene on GaAs(111) substrates

(silicene/HGaAs) on the basis of first-principles density functional theory. The hydrogen intercalation

introduced substantially weakened the interaction between silicene and the GaAs(111) substrate and

induced considerable bandgaps in silicene/HGaAs heterostructures. The effects of the interlayer spacing

(L) between silicene and the substrate, silicene buckling height (h), biaxial strain (3), and external electric

field (F) on the electronic properties were also considered. Our results showed that the electronic

properties of silicene/HGaAs heterostructures could be controlled by adjusting L and h and applying 3

and an external F. Silicene/HGaAs heterostructures possessed the typical optical absorption properties of

freestanding silicene and had high absorption coefficients. Besides, some strong peaks of absorption

spectra and energy loss spectra existed in the ultraviolet light region, which showed that silicene/HGaAs

heterostructures had evident enhancement in the ultraviolet light region. Results laid a theoretical

foundation for the study of the electronic and optical properties and applications of silicene on

semiconductor substrate devices.
1. Introduction

Low-dimensional materials are important for the development
of modern industry nowadays due to the demand for miniature
electronic devices.1–3 Two-dimensional layered materials have
high mechanical toughness, adjustable bandgap energy (Eg)
and optical transparency, and a high surface area ratio.4 These
materials are ideal candidates for new nanoelectronic devices
and high-sensitivity sensors. Silicene is a potential two-
dimensional material among the low-dimensional materials
that are currently popular in research. Silicene is a single-silicon
monolayer with buckled honeycomb structure. The unique
buckling structure of silicene brings several special physical
properties, such as the quantum spin Hall effect,5 giant
magnetoresistance,6 and strain-dependent heat conduction,7

which are difficult to achieve in pure graphene. The free-
standing silicene layer exhibits a gapless semi-metallic charac-
teristic with Dirac points, and its tunable Eg can be opened by
an electric eld, single-side surface adsorption of alkali, and
interface interactions. In addition, given its high carrier
mobility and easy integration into the modern Si-based device
technologies, silicene is a promising material for high-speed
electronic devices and has important application prospects in
the eld of microelectronic devices.
ijing Jiaotong University, Beijing, 100044,
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The buckled two-dimensional silicon is foreseen two
decades ago (prior to graphene),8 and silicene was successfully
grown on Ag(111) single crystals in 20129–11 and the properties
on this substrate were fully studied.12–14 The freestanding sili-
cene layer is extremely unstable under normal temperature and
pressure and is easily oxidized, thereby losing its structural
characteristics when exposed to air.15 This surface sensitivity
comes from its mixed sp2–sp3 characteristics.16 Its instability in
the air has severely limited investigations of its experimental
properties. A new encapsulated delamination transfer process
conceived by Tao et al. in 2015 is expected to break the slow
progress of the silicene device in the experiment.17 Tao et al.
have encapsulated the silicene synthesized on the deposited
Ag(111) sheet on a mica substrate with Al2O3 thin lms and
carried out the delamination transfer. The Ag substrate lm
must be preserved throughout the whole process. Otherwise,
silicene degrades readily because of the exposed bottom
surface. However, the Dirac cone of silicene is destroyed
severely by the strong band hybridization between silicene and
metallic substrates. This problem is expected to be solved using
semiconductors as substrates for silicene. Semiconductor
substrates can provide support for the silicene layer to ensure
its stability and can weaken the interaction between interfaces.
Therefore, identifying non-metallic substrates suitable to sili-
cene is an important issue for realizing the devices based on
silicene.18 In recent years, some studies about silicene and its
analog germanene have turned from metal substrates into
semiconductor substrates. Zhou et al. have reported growing
© 2021 The Author(s). Published by the Royal Society of Chemistry
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graphene on SiC and induced Eg of 0.26 eV.19 Song et al. have
grown graphene on a sapphire substrate and made a eld-effect
transistor.20 Chiappe et al. have recently successfully synthe-
sized high exural silicene on the surface of MoS2.21 These
reports indicate that non-metal substrates have the potential for
the experimental growth of silicene. Therefore, an in-depth
study of the electronic and optical properties of silicene on
semiconductor substrates is an important topic in the current
eld.

In this paper, GaAs(111) surfaces are selected as substrates
for growing silicene, and hydrogen intercalation is used to
weaken the interaction between silicene and GaAs(111)
substrate. From the perspective of fundamentals and applica-
tions, this paper systematically investigates the stability and
electronic and optical properties of silicene on the GaAs(111)
substrate based on the rst-principles density functional theory
(DFT). The effects of interlayer spacing (L) between silicene and
the substrate, buckling height (h), biaxial strain (3), and external
electric eld (F) on its electronic properties are also considered.
It provides theoretical supports for the growth of silicene on
semiconductor substrates and the application of silicene
devices in experiments.
Fig. 1 Top and side views of silicene/HAs–GaAs heterostructure (a)
and silicene/HGa–GaAs heterostructure (b).
2. Computational details and
structural properties

All calculations were performed using the rst-principles DFT
as implemented in the Vienna Ab initio Simulation Package
(VASP).22 Projector augmented waves23 were used in our calcu-
lations to describe the interaction between ion core and valence
electrons, and the generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerh (PBE) formula24 was used to
approximate the energy related to electron exchange. In order to
accurately describe the interface interaction of the hetero-
structures, the exchange–correlation function was performed
using the van der Waals density functional (optB86b exchange–
correlation form)25 to describe the interface interaction of the
heterostructures accurately. A plane wave cutoff energy of
400 eV and Monkhorst–Pack (M–P) k-point meshes, i.e., 11 � 11
� 1 for the structure optimization and 33 � 33 � 1 for the
calculations of optical properties, are used. All geometric opti-
mizations are performed, and the energy and the force
convergence are 10�5 eV and 0.01 eV �A�1, respectively.
Considering that the GGA under the DFT framework tends to
underestimate bandgap Eg, the hybrid functional HSE06
scheme26 is used to correct some calculations. A 1 � 1 unit cell
slab with silicene placed on GaAs layers along the (111) direc-
tion is established, and the coverage rate of 50% hydrogen
atoms is inserted to weaken the interaction between the silicene
layer and the GaAs(111) surface. Five layers of GaAs atoms along
the (111) direction are used to simulate the GaAs(111) surface,
and the three bottom layers of GaAs atoms are xed. The
dangling bonds on the bottom of the GaAs(111) slab are satu-
rated by pseudo-H atoms to recover bulk-like behaviors. A
vacuum space of 15 �A is used to avoid the artifacts of the peri-
odic boundary conditions.
© 2021 The Author(s). Published by the Royal Society of Chemistry
GaAs with a direct Eg of 1.43 eV is a highly stable substrate for
thin lm growth and has a broad application potential. The
choice of GaAs(111) substrate for silicene is motivated by many
factors. (i) The lattice type of GaAs(111) is a hexagonal honey-
comb structure matched with silicene. (ii) The lattice mismatch
between silicene and GaAs(111) surface is only 3.5%. (iii) The
silicene analog germanene can be epitaxially grown on the GaAs
substrate.27 However, the silicene directly grown on the
GaAs(111) substrate undergoes p- or n-type doping because of
the charge transfer effect between the silicene and substrates.28

These states affect the electronic properties of silicene and
cause the loss of the Dirac cone characteristic. Therefore, the
hydrogen intercalation is introduced to weaken the interaction
between silicene and the GaAs(111) substrate in this work. The
mechanism of hydrogen insertion is similar to hydrogen
corrosion and passivation. In experiments, Starke et al. have
utilized hydrogen intercalation to separate graphene from the
SiC(0001) surface successfully for the restoration of Dirac elec-
tronic properties.29 In 2013, Guo et al. have discovered that
hydrogen intercalation can be used to separate the top Si atomic
layer from Si(111) surface to form a freestanding silicene
layer.30,31 In 2018, Prudkovskiy et al. have used the method of
hydrogen intercalation to realize the processing technology
successfully for nanostructure materials on a at substrate in
experiments.32 At present, this method is extensively studied
and applicable to silicene/semiconductor systems.33 The
hydrogen intercalationmechanism is expected to be an effective
way to peel the silicene layer from substrates.

GaAs(111) has two different terminated surfaces, i.e., Ga- and
As-terminated surfaces.34 Given the different electronegativities
of Ga and As atoms, their inuences on the properties of sili-
cene are also different. The congurations of silicene on
HGaAs(111) have been discussed in our previous work
including in ref. 28. The structures of silicene on As- and Ga-
terminated GaAs(111) surfaces are shown in Fig. 1(a) and (b),
respectively. In the initial structure, hydrogen atoms in the
RSC Adv., 2021, 11, 16040–16050 | 16041
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Table 1 Optimized structural parameters and binding-energy of sili-
cene/HAs–GaAs and silicene/HGa–GaAs heterostructures. L is the
distance between silicene and GaAs(111) surface, LH is the distance
between silicene and hydrogen intercalation, h is the buckling height
of silicene, a is the lattice parameter and Eb is the binding energy

L (�A) LH (�A) h (�A) a (�A) Eb (eV/Si)

Silicene/HAs–GaAs 3.76 2.15 0.469 4.01 0.192
Silicene/HGa–GaAs 3.49 1.79 0.611 4.01 0.211

Fig. 2 Charge density of silicene/HAs–GaAs heterostructure (a) and
silicene/HGa–GaAs heterostructure (b).
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hydrogen intercalation are located directly below the
downward-buckled Si atoms. Aer structural relaxation, H
atoms remain on the surface of GaAs(111) and bonded with its
surface atom (forming H–As– or H–Ga– intermediate surface),
whereas silicene moves up perpendicular to the surface. The
optimized structural parameters are listed in Table 1.

The stability of the silicene/HGaAs heterostructures is
assessed by dening the interface binding energy as:

Eb ¼ (EHGaAs + Esilicene � Etot)/N, (1)

where EHGaAs, Esilicene, and Etot are the energies of the GaAs(111)
substrate with hydrogen intercalation, isolated silicene, and
silicene/HGaAs heterostructure, respectively, and N is the
number of Si atoms in the silicene layer. The binding energy
describes the energy obtained by placing an isolated silicene
layer on the GaAs(111) substrate. The binding energies are 0.192
and 0.211 eV per Si atom (marked as eV/Si) for silicene on As-
(silicene/HAs–GaAs) and Ga-terminated (silicene/HGa–GaAs)
GaAs(111) surfaces, respectively (Table 1). By contrast, the sili-
cene/HGa–GaAs heterostructure is more stable than the sili-
cene/HAs–GaAs heterostructure. The binding energies of the
two heterostructures are 3–4 times over the Eb (about 10�2 eV)
under the action of van der Waals interactions. Fig. 2 shows the
charge density of the two heterostructures. Fig. 2(a) presents
that the Si atom in the silicene layer on the As-terminated
surface does not form a covalent bond with the substrate
surface (HAs–), which indicates that the strength of the inter-
action between the silicene layer and the substrate is between
the van derWaals force and covalent bond. As for the silicene on
the Ga-terminated surface, Fig. 2(b) shows the formation of
a covalent bond between the Si atom and the substrate surface
(HGa–). This difference is caused by the different electronega-
tivities of As and Ga atoms (i.e., 2.0 and 1.5, respectively). Given
its high electronegativity, the As atom is strongly hybridized
with the H atom orbital. Thus, the orbital hybridization effect of
silicene and hydrogen intercalation is remarkably suppressed,
thus forming an interaction between van der Waals forces and
covalent bonds. By contrast, the H atom on the Ga-terminated
surface is strongly hybridized with the Si atom orbital in the
silicene layer, thus forming a covalent bond.

The h values of the silicene layer affect the interaction
between silicene and the substrate (0.469 �A on As-terminated
GaAs(111) surface, 0.611 �A on Ga-terminated GaAs(111)
surface). The h of silicene on the As-terminated surface is close
to that of the freestanding silicene layer (0.44�A). In general, the
16042 | RSC Adv., 2021, 11, 16040–16050
large h indicates a strong interaction between silicene and the
substrate, which increases the possibility of losing the Dirac
cone and does not conduce to the silicene epitaxial growth in
experiments.18
3. Results and discussion
3.1 Electronic properties

The energy band structures of silicene on GaAs(111) surfaces
along the Brillouin zone are shown in Fig. 3(a) and (b). The
calculation results of the GGA exchange�correlation and the
HSE hybrid functional are indicated by blue solid lines and red
dashed lines, respectively. In Fig. 3(a), the silicene/HAs–GaAs
heterostructure exhibits a direct bandgap at the high symmetry
K point in the Brillouin zone. The Eg values for GGA calculation
and HSE correction are 0.20 and 0.24 eV, respectively. The
existence of the direct bandgap indicates that the interaction
between the silicene layer and the As-terminated GaAs(111)
surface is largely weakened by the hydrogen intercalation,
resulting in no electronic orbital hybridization between Si
atoms in the silicene layer and the substrate surface. The weak
interaction maintains the Dirac characteristic of silicene and
induces a considerable bandgap. For the silicene/HGa–GaAs
heterostructure, indirect Eg values with valence band maximum
(VBM) at the K point and the conduction bandminimum (CBM)
at the G point are observed (Fig. 3(b)). The Eg values for the GGA
calculation and HSE correction are 0.41 and 0.82 eV, respec-
tively. The hydrogen intercalation also induces the Eg of silicene
on the Ga-terminated surface, but the dispersion characteristic
of the Dirac cone is lost because of the covalent bond between Si
and H atoms on the Ga-terminated surface. The downward
buckling Si atoms form sp3 hybridization causing silicene to
lose the Dirac electronic characteristics of sp2 hybridization.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The band structures of silicene/HAs–GaAs heterostructure (a) and silicene/HGa–GaAs heterostructure (b). Blue solid lines are the results
of GGA calculations, and red dashed lines are the results of HSE06 calculations.
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This result also indicates that the hydrogen intercalation has
different effects on the electronic properties of silicene on
different GaAs(111) terminated surfaces. Moreover, the Fermi
energy level of silicene/HAs–GaAs heterostructure shis upward
into the conduction band, showing n-type semiconductor
properties, whereas that of silicene/HGa–GaAs heterostructure
shis down into the valence band, showing p-type
Fig. 4 The band structures near Fermi level of silicene/HAs–GaAs hetero
Eg of silicene/HAs–GaAs heterostructure (b) and silicene/HGa–GaAs het

© 2021 The Author(s). Published by the Royal Society of Chemistry
semiconductor properties. Evidently, this difference is also
caused by the different electronegativities of Ga and As atoms.

The results of the HSE hybrid functional are compared with
those of GGA calculations. HSE results correct the Eg by 0.04 and
0.41 eV for silicene/HAs–GaAs and silicene/HGa–GaAs hetero-
structures, respectively. Thus, GGA calculations are basically
correct for the energy bands of silicene/HGaAs systems, espe-
cially for the silicene/HAs–GaAs heterostructure. The GGA
structure (a) and silicene/HGa–GaAs heterostructure (c), the bandgap
erostructure (d) with different buckling height h of silicene.

RSC Adv., 2021, 11, 16040–16050 | 16043
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calculations always underestimate the value of Eg but do not
affect the qualitative analysis of the results. The calculations of
GGA with PBE formula are adopted in the following discussion
on the inuence of the buckling height h, the interlayer spacing
L between silicene and the substrate, biaxial strain 3, and
external electric eld F on electronic characteristics.

3.1.1 Effects of buckling height and interlayer spacing. The
band structures of the two heterostructures at different buck-
ling height h and interlayer spacing L values are calculated and
discussed to understand the effects of h of silicene and L
between silicene and substrate on the band characteristics.
Fig. 4 shows the band structures and Eg values of two hetero-
structures at different h values. The variations in valence and
conduction band edges of silicene/HAs–GaAs heterostructure
are shown in Fig. 4 (a). Here, L between silicene and the As-
terminated GaAs(111) surface is considered as the optimal
relaxation value of 3.76�A. The VBM is located at the K point and
changes slightly with increasing h. The CBM is initially located
at the K point and gradually moves upward with increasing h.
When h increases to 0.70�A, the CBM appears at the G point. In
Fig. 4(b), the Eg of the silicene/HAs–GaAs heterostructure is
initially a direct Eg. As h increases, the Eg reaches the maximum
of 0.23 eV at h of 0.7�A, and transits from direct Eg to indirect Eg.
Eg decreases when h exceeds 0.7 �A. The VBM and CBM of the
silicene/HGa–GaAs heterostructure varies with the h of silicene
(Fig. 4(c)), and the L between silicene and Ga-terminated
Fig. 5 The band structures near Fermi level of silicene/HAs–GaAs hetero
Eg of silicene/HAs–GaAs heterostructure (b) and silicene/HGa–GaAs hete
GaAs(111) substrates.

16044 | RSC Adv., 2021, 11, 16040–16050
GaAs(111) surface is considered as the optimal relaxation
value of 3.49 �A. The VBM of the heterostructure is located at K
point and moves upward with increasing silicene h. The CBM is
located at G point and gradually moves up with increasing h.
When h is over 0.5�A, the CBM begins to move down. Therefore,
the Eg of silicene/HGa–GaAs heterostructure increases rst and
decreases with increasing h, as shown in Fig. 4(d). When sili-
cene h approaches 0.5 �A, a maximum Eg of 0.42 eV, which is
always an indirect Eg, is observed.

The band structures and Eg of the silicene/HGaAs hetero-
structures as a function of L between silicene and the substrate
are shown in Fig. 5. The variation in the valence and conduction
band edges of the silicene/HAs–GaAs heterostructure with L is
shown in Fig. 5(a). The silicene h is considered as the optimal
relaxation value of 0.47 �A. The valence and conduction band
edges move downward with increasing L at K and G points,
respectively. A large L results in the evident upward shi of
Fermi level. Eg presents an interesting variation with increasing
L as shown in Fig. 5(b). Eg rst decreases and then increases and
reaches a maximum of 0.21 eV when L is 3.9 �A. When L is over
3.9�A, Eg begins to decrease again and transits from direct Eg to
indirect Eg. The variation in the valence and conduction band
edges of the silicene/HGa–GaAs heterostructure with L between
silicene and the substrate are shown in Fig. 5(c), where the
silicene h is considered as the optimal relaxation value of 0.61�A.
The VBM is located at K point and gradually moves up with
structure (a) and silicene/HGa–GaAs heterostructure (c), the bandgap
rostructure (d) with different interlayer spacing L between silicene and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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increasing L. The CBM is located at G point, moves downward
rst, and then moves upward with increasing L. When L
increases to 3.7�A, the CBM moves to the K point. The variation
in Eg is similar to that of the silicene/HAs–GaAs heterostructure.
With increasing L, Eg decreases rst and increases. The
maximum Eg is 0.65 eV at L of 3.7 �A, and Eg is changed from
indirect Eg into direct Eg.

3.1.2 Effect of biaxial strain. The effect of strain is crucial
for the growth of silicene on any kind of substrate. The strain
has become a powerful means to adjust the electronic struc-
tures and affect the carrier mobility in silicon-based mate-
rials35,36 and two-dimensional graphene materials.37–39

Considering the satisfactory match between silicene and
GaAs(111) surfaces, a small biaxial strain 3 ranging from�5% to
5% is applied, and band structures are obtained to evaluate the
dependence of the electronic properties on 3. In this work,
uniform stress is applied by changing the lattice parameters of
the heterostructures. The biaxial strain is dened as:

3 ¼ (a1 � a)/a, (2)

where a and a1 are the lattice parameters of silicene/HGaAs
heterostructures under the conditions of equilibrium status
and external strain, respectively. Positive and negative values of
3 represent tensile and compressive strains, respectively.40 The
band structures around the Fermi level and Eg as a function of 3
of the silicene/HGaAs heterostructures are shown in Fig. 6. It
Fig. 6 The band structures near Fermi level of silicene/HAs–GaAs hetero
Eg of silicene/HAs–GaAs heterostructure (b) and silicene/HGa–GaAs het

© 2021 The Author(s). Published by the Royal Society of Chemistry
can be seen that under 3, the band dispersion of silicene/HAs–
GaAs heterostructure around the K point almost remains intact,
whereas the band dispersion around G point is remarkably
affected in Fig. 6(a). The Eg under 3 presents interesting char-
acteristics. Under compressive 3, Eg rst increases and then
decreases with increasing 3. The maximum Eg is 0.25 eV at the 3
of �4%, which is 25% larger than Eg without 3. When the
compressive 3 reaches �5%, the maximum Eg changes from
a direct Eg to an indirect Eg. Under tensile 3, the transition from
direct to indirect Eg can also be observed at 3 of 1%. When the
tensile 3 is over 1%, the CBM at G point moves down deeply,
leading to the disappearance of the Eg, and the silicene/HAs–
GaAs heterostructure begins to exhibit the nature of metal.
Fig. 6(c) shows that the VBM of the silicene/HGa–GaAs hetero-
structure is located at K point and that the CBM is located at G
or M point. Compared with the band structure at K point, the
band structure around G point is more sensitive to the 3 change.
Eg rst increases and then decreases with increasing compres-
sive 3 (Fig. 6(d)). At 3 of �2%, the maximum Eg is 0.58 eV, which
is 41% larger than that without 3. Under tensile 3, Eg decreases
with increasing 3. When the 3 increases to 4%, Eg disappears,
and the heterostructure transforms into a metal.

The inherent spin–orbit coupling in freestanding silicene
induces a low Eg of 1.55 meV,41 and a little strain decreases Eg.42

By contrast, the silicene on GaAs(111) surfaces can open large Eg
values (0.25 eV for silicene/HAs–GaAs and 0.58 eV for silicene/
HGa–GaAs) under 3. However, the two heterostructures can only
structure (a) and silicene/HGa–GaAs heterostructure (c), the bandgap
erostructure (d) under different biaxial strain 3.
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Fig. 7 The band structures near Fermi level of silicene/HAs–GaAs heterostructure (a) and silicene/HGa–GaAs heterostructure (c), the bandgap
Eg of silicene/HAs–GaAs heterostructure (b) and silicene/HGa–GaAs heterostructure (d) under different external electric fields F.

Fig. 8 The real part (a) and imaginary part (b) of the dielectric function, the optical absorption spectra (c), and the energy loss spectra (d) with the
photon energy for silicene/HAs–GaAs heterostructure.
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withstand a little 3, and a large 3 leads to loss of Eg and trans-
formation into metals.

3.1.3 Effect of external electric eld. When hetero-
structures are used in nanodevice applications, they are oen
subjected to external electric elds F. Thus, the situation under
the vertical F is discussed. The variation in the dispersion
characteristics and Eg values of the two heterostructures under
the F are shown in Fig. 7. Positive and negative vertical F are
applied with an intensity of less than 0.6 V �A�1. As shown in
Fig. 7(a) and (b), the VBM of the silicene/Has–GaAs hetero-
structure is located at the K point, and the CBM is located at K
or G point, and the conduction band edges around G point are
remarkably affected by F. When a negative F is applied, an
indirect Eg exists in the silicene/HAs–GaAs heterostructure and
decreases sharply with increasing F. When the F is �0.4 V�A�1,
Eg disappears, resulting in metallic properties. When a positive
F is applied, Eg rst decreases, increases, and tends to saturate
with increasing F. In addition, the transition between direct and
indirect Eg is observed under the vertical F. Fig. 7(c) and (d)
show that under vertical F, the VBM of silicene/HGa–GaAs het-
erostructure is located at the K point, and the CBM is located at
the G point, which is remarkably affected by F. When a negative
F is applied, the Eg of the silicene/HGa–GaAs heterostructure
disappears. Under a positive F, Eg begins to open at 0.3 V �A�1

and increases with increasing F.
For the freestanding silicene, an electric eld F of 0.5 V �A�1

can only induce low Eg of about 20 meV,43,44 which limits the
Fig. 9 The real part (a) and imaginary part (b) of the dielectric function, th
photon energy for silicene/HGa–GaAs heterostructure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
practical application of silicene. By contrast, the Eg values of
silicene on GaAs(111) surfaces are 0.2 and 0.41 eV. The appli-
cations with external F cannot induce a large Eg but can realize
the adjustment of Eg. In addition, silicene/HGaAs hetero-
structures are sensitive to the negative F, easily lose Eg, and
show metallic properties.
3.2 Optical properties

The optical properties of silicene on semiconductors should be
studied to design various optoelectronic devices on the basis of
silicene applications. Having discussed the results on geometric
and electronic structures of silicene on GaAs(111) surfaces, we
now focus on discussing the results obtained for the optical
response properties of silicene. Optical response characteristics
are calculated using 33 � 33 � 1 M–P k-point meshes.

3.2.1 Dielectric function. In optical property calculations,
the real and imaginary parts of the dielectric function for the
light polarized parallel and perpendicular to the silicene/HGaAs
heterostructure surface are evaluated. The dielectric function is
dened as the relationship between frequency and light prop-
agation in thematerial. The real part of the dielectric function is
closely related to the dispersion effect, and the imaginary part
can reect the absorption loss.45,46 The dielectric function plays
a certain role in reecting the microscopic physical process of
electronic transition and optical spectral information.

Figs. 8(a) and 9(a) depict the real parts of the dielectric
function of silicene/HAs–GaAs and silicene/HGa–GaAs
e optical absorption spectra (c), and the energy loss spectra (d) with the
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heterostructures, respectively, as a function of the incident
photon energy. The parallel components (3xx and 3yy) are rep-
resented by 3k, and the perpendicular component (3zz) is rep-
resented by 3t. The static values of the real part of the dielectric
function are 3k(0)¼ 8.92 and 3t(0)¼ 8.51 for silicene/HAs–GaAs
and 3k(0) ¼ 8.99 and 3t(0) ¼ 8.29 for silicene/HGa–GaAs.
Multiple dielectric peaks are observed within 0–7 eV photon
energy range. When the photon energy is over about 4 eV, the
real part of the dielectric function decreases sharply due to the
enhanced light absorption of the interband transition. Figs. 8(b)
and 9(b) depict the imaginary parts of the dielectric function of
silicene/HAs–GaAs and silicene/HGa–GaAs heterostructures,
respectively, as a function of the incident photon energy. The
imaginary part of the dielectric function has multiple peaks
related to the interband transition in the photon energy of 0–
6 eV. For the silicene/Has–GaAs heterostructure, the strongest
dielectric peak appears at 4.2 and 4.7 eV for parallel and
perpendicular polarizations, respectively. For the silicene/HGa–
GaAs heterostructure, the strongest dielectric peak appears at
4.1 and 4.6 eV for parallel and perpendicular polarizations,
respectively. Comparing the two heterostructures, the number
of peaks in the imaginary part of the silicene/HAs–GaAs heter-
ostructure is signicantly more than that of the silicene/HGa–
GaAs heterostructure, indicating that the silicene/HAs–GaAs
heterostructure has more interband transition processes than
the silicene/HGa–GaAs heterostructure.

3.2.2 Absorption spectra. The calculated optical absorption
spectra are shown in Figs. 8(c) and 9(c). The absorption edges of
the two heterostructures are consistent with the Eg in band
structures. The silicene/HAs–GaAs heterostructure is a direct Eg
semiconductor. Thus, strong absorption is observed at the
beginning when the photon energy is over Eg, and the absorp-
tion coefficient rises steeply, reecting direct transition
processes. By contrast, for the indirect Eg semiconductor, the
intrinsic absorption begins when the photon energy is over Eg,
and the absorption coefficient rst rises to a at region that
corresponds to the indirect transition. Then, increasing photon
energy results in sharply increased absorption coefficient. The
strong absorption occurs, indicating the beginning of the direct
transition. Notably, for the indirect Eg of the silicene/HGa–GaAs
heterostructure, no evident at region from indirect transition
to direct transition is observed in the absorption spectrum
because the energy of the subminimum energy valley (K valley)
near CBM is only 0.16 eV over the minimum energy valley. Thus,
the at region representing indirect transition to direct transi-
tion is an extremely small interval.

The light response range of the heterostructure is relatively
large and has multiple absorption peaks in 1–12 eV. Strong
absorption peaks are distributed in the ultraviolet light region
(>3.9 eV). For the silicene/Has–GaAs heterostructure, the typical
absorption peaks of freestanding silicene are preserved in the
absorption spectrum because the interaction between silicene
and substrate is the van der Waals force. Chen et al. have given
the absorption spectrum of the freestanding silicene layer
through the rst-principles calculations.47,48 Two typical
absorption peaks are observed in the freestanding silicene layer.
The rst peak is a weak absorption peak caused by p–p*
16048 | RSC Adv., 2021, 11, 16040–16050
transition at 1.9 eV, and the second peak is the strongest
absorption peak caused by s–s* transition at 4.4 eV. In our
work, typical absorption peaks corresponding to freestanding
silicene appear at 2.5 and 5 eV, respectively, which have
remarkably blue-shied compared with those of the free-
standing silicene layer. It is because that the interaction
between silicene and GaAs(111) substrate makes the CBM
upward. The silicene/HGa–GaAs heterostructure only preserves
one typical absorption peak of the freestanding silicene, and
this peak is narrow and blue shis. The maximum peak appears
at about 7 eV, which corresponds to the maximum absorption
peak of bulk GaAs.49 The above analysis shows that silicene/
HGaAs heterostructures have typical optical properties of sili-
cene and exhibit some unique optical properties (such as
unique dielectric function and absorption spectrum) in the
visible light irradiation range, indicating potential applications
in optical transmission and optoelectronic devices.

3.2.3 Electron energy loss spectra. The energy loss of elec-
trons passing through a uniform dielectric is oen described by
the energy loss spectrum. The energy loss spectra of silicene/
HGaAs heterostructures are given in Figs. 8(d) and 9(d). The
energy loss spectra below 10 eV are caused by the interband
transition around K and G points. The energy loss spectra in
this range (below 10 eV) are relatively small, and no main loss
peak is observed. The loss functions of the two heterostructures
reach the maximum of around 14 eV, which are caused by the
plasmon excitation. The frequency of photons for the loss
function that reaches the maximum is called the plasma
frequency (up). The energy loss spectra in the range of photon
energy over up, corresponds to the absorption coefficient
dropping rapidly in the absorption spectra. When the incident
photon energy is below 1 eV or over 20 eV, the energy loss tends
to zero, showing the characteristics of transparency and corre-
sponding to the region of the absorption coefficient reaching
zero in the absorption spectrum. It can be seen from Fig. 8 and 9
that the spectra anisotropy of parallel and perpendicular
directions in silicene/HGaAs heterostructures exists. The
absorption peaks of the two heterostructures are concentrated
in the ultraviolet region, and the energy loss peaks reect the
coupling processes between the plasmon in silicene and
GaAs(111) surface.

4. Conclusion

In summary, we have investigated the structural, electronic, and
optical properties of silicene/HGaAs heterostructures by using
the rst-principles method. Results show that the hydrogen
intercalation successfully weakens the interaction between the
silicene layer and the GaAs(111) surface and causes to open
a considerable Eg. The silicene/HGa–GaAs heterostructure has
indirect Eg, while the silicene/HAs–GaAs heterostructure has
direct Eg. Compared on Ga-terminated GaAs(111) surface, the
silicene layer on As-terminated GaAs(111) surface has lower
buckling height which is conducive to experimental growth.
The electronic properties of silicene/HGaAs heterostructures
can be controlled by adjusting the layer spacing L and the
buckling height h, and applying biaxial strain 3 and external
© 2021 The Author(s). Published by the Royal Society of Chemistry
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electric eld F. Adjusting L, h and applying 3 can induce a large
Eg and realize the transition between direct and indirect
bandgap Eg. However, the two heterostructures can only with-
stand a small 3, and a large 3 causes the loss in Eg and trans-
formation into metallic properties. Applying an external F can
adjust Eg but cannot induce a large Eg. In addition, silicene/
HGaAs heterostructures are sensitive and easily lose Eg to
become metallic under the negative perpendicular F. The
optical properties of the two heterostructures are analyzed, and
results show multiple absorption peaks in the energy range of
1–12 eV, and the typical optical properties of freestanding sili-
cene are retained in the spectra of silicene/HGaAs hetero-
structures. The anisotropy of parallel and perpendicular
directions in the two heterostructures exists, and the absorption
and energy loss peaks are concentrated in the ultraviolet region.
Our prediction results may provide guidance on the expected
results of silicene/semiconductor heterostructures under
experimental conditions. Theoretical observations are expected
to promote the application of silicene in optoelectronic devices.
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