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ABSTRACT: Silicene is a monolayer of Si atoms in a two-
dimensional honeycomb lattice, being expected to be
compatible with current Si-based nanoelectronics. The
behavior of silicene is strongly influenced by the substrate.
In this context, its structural and electronic properties on
MgX, (X = Cl, Br, and I) have been investigated using first-
principles calculations. Different locations of the Si atoms are
found to be energetically degenerate because of the weak van
der Waals interaction with the substrates. The Si buckling
height is below 0.55 A, which is close to the value of free-
standing silicene (0.49 A). Importantly, the Dirac cone of
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silicene is well preserved on MgX, (located slightly above the Fermi level), and the band gaps induced by the substrate are less
than 0.1 eV. Application of an external electric field and stacking can be used to increase the band gap.
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1. INTRODUCTION

Graphene is probably the most famous two-dimensional
material because of its unusual electronic properties, resulting
from the planar honeycomb structure and an extensive range of
possible applications in nanoelectronics.' > Because of the
novel applications opened by graphene, increasing efforts have
been dedicated to the search for other two-dimensional group
IV materials, especially to Si. Silicene, a monolayer of Si atoms
in a honeycomb structure, was first addressed theoretically by
Takeda and Shiraishi in 1994.* Free-standing silicene, unlike
graphene, is predicted to be subject to a slight buckling due to
sp”—sp° hybridization. The linearly dispersing 7 and 7* bands
crossing the Fermi level at the K point of the Brillouin zone
resemble the massless Dirac Fermions of graphene.” Strong
spin—orbit coupling makes silicene to a promising candidate for
hosting quantum-spin Hall physics.® Furthermore, silicene is
expected to be better compatible with the current Si-based
technology than graphene.

Although free-standing silicene probably cannot exist in
nature, the material has been successfully deposited on metallic
substrates such as ZrB,(0001), Ir(111), and Ag(111).”"" The
latter has attracted much attention because of the low lattice
mismatch of 0.3%. However, the 7 bands of silicene are subject
to strong hybridization with Ag, destroying the Dirac cone.'>'
On the other hand, several semiconductors have been explored
theoretically to overcome the strong interaction characteristic
for metallic substrates. For example, Ding and Wang have
reported that GaS nanosheets could preserve the linearly
dispersing bands with a gap of 0.17 eV, but the lattice mismatch
would amount to 7.5%.'* Although the lattice mismatch is
smaller (2.3%) for ZnS(0001), this substrate also perturbs the
band structure.'® Bhattacharya and co-workers have inves-
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tigated II—VII and III-VI semiconductor substrates such as
AlAs(111) and ZnSe(111).' They report that the stability and
electronic properties of these systems depend largely on the
topmost atoms of the substrate.

Perturbations of the band structure of silicene are related to
dangling bonds of the substrate."”'® Accordingly, preservation
of the Dirac cone has been achieved by H passivation of these
bonds both for Si- and C-terminated SiC(0001)."” E-
terminated CaF,(111) is also predicted to preserve the Dirac
cone with a gap of 52 meV.” However, there are two F layers
and one Ca layer along the [111] direction, and only one of the
F-terminated (111) planes has no dangling bond, which
requires accurate control during preparation of the material.
In addition, the multilayer technique may be helpful to screen
the interaction between silicene and the substrate, as has been
demonstrated for graphene.””*” However, strong interlayer
interaction can perturb the 7 bands.?® Intercalation of F and/or
H could possibly help to solve this problem.** Not only will the
electronic properties of silicene be less affected by a substrate
without dangling bonds, but also the preparation procedure will
be simplified. The compounds MgX, (X = Cl, Br, and I) are
insulators with hexagonal structures and form layers along the
[0001] direction without dangling bonds. MgCl, has been
synthesized on different substrates.”®*® Being therefore
interesting candidates for substrates and having not received
attention so far, the structural and electronic properties of
silicene on MgX,(0001) will be investigated in this paper using
first-principles calculations.
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Figure 1. Phonon dispersion (left), density of states (middle), and band structure (right) of monolayer MgX,(0001) (X = Cl, Br, and I)). The Mg 3s,

X s, and X p states are shown in red, yellow, and blue.

Figure 2. (a, ¢, and e) Top and (b, d, and f) side views of silicene on MgBr,(0001) for configurations A—C, respectively. Mg, Br, and Si atoms are

shown in brown, green, and blue.

2. COMPUTATIONAL METHOD

Calculations are performed within the framework of density functional
theory (DFT) using the projector-augmented plane-wave method, as
implemented in the Vienna Ab-initio Simulation Package.””*® The
generalized gradient approximation of Perdew, Burke, and Ernzerhof is
selected for the exchange-correlation potential,” and the DFT-D2
method is employed to consider long-range van der Waals
interactions.*® Brillouin zone integrations are carried out with 15 X
15 X 1 k meshes for the structure optimizations and 36 X 36 X 1 k
meshes for the band structure calculations. The cutoff energy for the
plane-wave basis is set to 500 eV in order to achieve an energy
accuracy of 1 meV. Moreover, we use an energy tolerance of 107% eV
in the iterative solution of the Kohn—Sham equations, and the
structures are relaxed until the residual forces on the atoms have
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declined to less than 0.01 eV/A. The phonon calculations are based on
the Parlinski—Li—Kawazoe method, as implemented in Phonopy.>"**

The substrate is modeled by a 1 X 1 MgX, monolayer with a
vacuum slab of 15 A thickness on top to avoid unphysical interactions
between periodic images. We also consider sandwich structures in
which MgBr, is attached to both sides of the silicene sheet. The
electronic bands of MgCl, and Mgl, are found to be only slightly
distorted in spite of large lattice mismatches. A trilayer slab is studied
for MgBr, to compare with the monolayer results.

3. RESULTS AND DISCUSSION

The calculated in-plane lattice constants of monolayer
MgX,(0001) (X = Cl, Br, and I) are 3.621, 3.830, and 4.150
A for X = Cl, Br, and I, respectively, and the correspondin,
experimental values are 3.641, 3.815, and 4.154 A3

dx.doi.org/10.1021/am502469m | ACS Appl. Mater. Interfaces 2014, 6, 11675—11681
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Table 1. Structural Properties of Silicene on MgX,(0001) (X
= Cl, Br, and I) for Configurations A—C, Including the Si
Buckling Height (bg;), Bond Length between Si Atoms (dy;),
Distance between Silicene and the Substrate (dg;_g,,), In-
Plane Lattice Constant (a), and Binding Energy per Si Atom

(E)

configuration

A B C
MgCl,
bg (A) 0.55 0.55 0.55
dg; (A) 225 225 225
dgi_gur (A) 3.56 3.64 328
a (A) 3.770 3.772 3.773
E (meV/Si) 34 33 46
MgBr,
bg (A) 0.49 0.49 0.49
dg; (A) 227 227 227
di_guy (A) 3.58 3.58 323
a (A) 3.836 3.835 3.837
E (meV/Si) 45 44 63
Mgl,
bg (A) 0.39 0.40 0.39
dg; (A) 232 232 232
dsi_s (A) 3.73 3.75 3.28
a (A) 3.962 3.960 3.960
E (meV/Si) 56 53 88

Moreover, the lattice constant of free-standing silicene is 3.848
A. The Mg—X bond length amounts to 2.52, 2.69, and 2.95 A
for X = Cl, Br, and I because of the increasing atomic radius of
X. The phonon dispersion relation, density of states, and band
structure of monolayer MgX,(0001) are addressed in Figure 1.
The phonon spectra show no imaginary frequencies, predicting
the stability of the substrates. Decreasing frequencies from
MgCl, to Mgl, are due to the increasing mass of the halide
atoms. The top of the valence band is dominated by the X p
states, while the bottom of the conduction band mainly consists
of the Mg 3s states. The band gap is 6.0, 4.8, and 3.6 eV for
MgCl,, MgBr,, and Mgl,, respectively, because of the
decreasing electronegativity of the halide atoms.

Figure 2 shows silicene on MgBr,(0001) for different
locations of the Si atoms, namely, on top of Mg, Br, and the
hollow site. In configuration A, the Si atoms are located on top
of Br and the hollow site, in configuration B, on top of Mg and
Br, and in configuration C, on top of Mg and the hollow site.

The same configurations are considered for MgCl, and Mgl,.
Configuration C turns out to be the most stable for all of the
substrates. However, the configurations are energetically almost
degenerate with maximal differences of S, 8, and 14 meV per
atom for MgCl,, MgBr,, and Mgl,, respectively, because of a
lack of unsaturated bonds on the substrate.

The structural properties of silicene on the different
substrates are listed in Table 1. On MgBr,, the lattice constant
is found to be about 3.837 A, thus slightly shorter than the
corresponding value of free-standing silicene (3.848 A).
Although the lattice constant is the same as that for silicene
on Ag(111), the buckling height of the Si atoms is much
smaller (0.49 A instead of 0.75 A) and therefore close to the
value of free-standing silicene (0.47 A).” The distance between
silicene and the MgBr, substrate in configuration C amounts to
3.23 A, which is substantially larger than that in the case of an
Ag(111) substrate (2.44 A)."> Furthermore, a small binding
energy below 63 meV per Si atom reflects weak van der Waals
interactions between silicene and the substrate. Note that the
total energy per Si atom in diamond is about 0.5 eV lower than
that in two-dimensional silicene. Two Si layers on top of the
substrate thus will form clusters instead of a silicene bilayer,
suggesting the importance of avoiding multilayers in the
preparation of silicene. A trilayer slab of MgBr, yields little
variation for the structural properties of silicene in config-
uration C. The in-plane lattice constant is 3.834 A, which is
0.1% smaller than the monolayer result. The Si buckling height
(0.49 A) and distance between silicene and the substrate (3.26
A) are also close to the corresponding monolayer values.
Moreover, the binding energy of 63 meV per Si atom equals
that of the monolayer. Therefore, the monolayer model is
appropriate to describe the structural properties.

Variation of the lattice constant of silicene on MgCl, and
Mgl, amounts to —1.9% and +2.9%, respectively, compared to
the free-standing case. This leads to changes in the Si bond
length and buckling height. Enforcing the lattice constant of
free-standing silicene for configuration C results in a 0.18 A
increase and a 0.04 A decrease of the distance between silicene
and the substrate for MgCl, and Mgl,, respectively, and a
corresponding 3 meV decrease and 7 meV increase in the
binding energy. Configurations A and B show lower binding
energies and larger distances to the different substrates due to
modifications in the charge distribution.

Figure 3 illustrates the charge density difference
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Figure 3. Charge density difference for silicene on MgBr,(0001) for configurations (a) A, (b) B, and (c) C. Yellow/red represents charge
accumulation/depletion, where the isosurfaces refer to isovalues of 1.6 X 10~ electrons/bohr’. Mg, Br, and Si atoms are shown in brown, green, and

blue.
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Figure 4. Density of states of silicene on MgX,(0001) (X = Cl, Br, and I for configurations A—C. The Fermi level is set to zero. The Mg 3s, X s, X
p, Si 3s, and Si 3p states are shown in red, yellow, blue, green, and black.

Br 1
A
S
2 1A
RN
B ar
N4
b
3
H ¢
N A\

r K M T K M T

K M

Figure S. Band structure of silicene on MgX,(0001) (X = Cl, Br, and

I) for configurations A—C. The Fermi level is set to zero.
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Table 2. Position of the Dirac Point above the Fermi Energy
(Ep) and Gap at the Dirac Point (E,)“

configuration
A B C
MgBr,

Ep (meV) 13 19 2 (4)
E, (meV) 41 40 16 (9)
MgBr,

Ep (meV) 18 24 2

E, (meV) S3 64 13
Mgl,

Ep, (meV) 36 39 0(2)

E, (meV) 73 90 1 (10)

“The values in parentheses are calculated using the lattice constant of
free-standing silicene.

of silicene on MgBr,(0001) for the different configurations,
where py, P, and pg; are the charge densities of the full system,
substrate, and silicene sheet, respectively. The latter two values
are calculated with the atoms at the same positions as those in
the full system. The charge density difference highlights the
redistribution of charge due to interaction at the interface.
Charge transfer in configurations A and B mainly occurs within
the silicene sheet from the upper Si atom to the lower Si atom.
In the case of configuration C, a strong charge transfer is found
in the interstitial region between these two subsystems because
of the different locations of the Si atoms. Note that the Si atoms
on top of the hollow sites of the Br layer here have higher
symmetry than those in configurations A and B. The charge
transfer from the silicene sheet to the substrate calculated by
the Bader approach is below 0.015 electrons because of the
weak van der Waals interaction between the two subsystems.
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Figure 6. Band structure of silicene on MgX,(0001) (X = Cl, Br, and I) in configuration C for an external perpendicular electric field of 0 (black)
and 0.5 V/A (red) with the Fermi level at zero as well as field dependence of the band gap.
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Figure 7. Strain dependence of the buckling and band gap for the MgBr,(0001)—silicene—MgBr,(0001) sandwich (configuration CC).

The density of states of silicene on MgX,(0001) (X = Cl, Br,
and I) is shown in Figure 4 for different configurations. The top
of the valence band and bottom of the conduction band are
dominated by Si 3p states. The gap between the X p and Mg 3s
states decreases from MgCl, to Mgl,, which is similar to the
pure substrates, and the distance from the X p states to the top
of the valence band decreases. Furthermore, the increasing
hybridizaion between the X p and Si 3p states reflects a growing
interaction between silicene and the substrate.

Figure S shows the band structure of silicene on MgX,(0001)
(X = Cl, Br, and I) for the different configurations. The linearly
dispersing 7 band of free-standing silicene is well preserved in
each case. The Dirac point is located slightly above the Fermi
level, reflecting very weak p doping, where the K and K’ points
of the Brillouin zone are equilvalent. The Fermi velocity of free-
standing silicene is found to be $.56 X 10° m/s, in good
agreement with previous theoretical values.*® The correspond-
ing values are 5.35 X 10°, 5.29 X 10°, and 5.09 X 10° m/s for

silicene on MgCl,, MgBr,, and Mgl, in configuration C,
respectively, because of the increasing interaction.

The band gap of free-standing silicene is 0.1 meV, with the
Dirac point located at the Fermi level. For the hybrid systems,
Table 2 lists the location of the Dirac point with respect to the
Fermi level and respective band gap. The latter is much larger
for configurations A and B than for configuration C because of
the larger charge transfer within the two sublattices of silicene;
see Figure 3. Moreover, the band gap increases from MgCl, to
Mgl, with an upward shift of the Dirac point for configurations
A and B (increasing interaction). Because the band gap is also
influenced by variation of the buckling induced by the lattice
mismatch (as reported for free-standing silicene), we have
calculated the band structure of silicene on MgCl, and Mgl, in
configuration C using the lattice constant of free-standing
silicene.** We find band gaps of 9 and 10 meV, as listed in
parentheses in Table 2. The band gap in configurations A and B
is dominated by interaction with the substrate, whereas in

dx.doi.org/10.1021/am502469m | ACS Appl. Mater. Interfaces 2014, 6, 11675—11681
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Figure 8. Charge density difference for the MgBr,(0001)—silicene—MgBr,(0001) sandwich (configuration CC) under (a) —2%, (b) zero, and (c)
2% strain. Yellow/red represents charge accumulation/depletion, where the isosurfaces refer to isovalues of 1.6 X 10™* electrons/bohr>. Mg, Br, and

Si atoms are shown in brown, green, and blue.

configuration C, this effect is much weaker (thus comparable
with that of the lattice mismatch) because of the higher
symmetry.

The band gaps obtained for configuration C are lower than
the thermal energy at room temperature (25.8 meV), which
limits applications. A perpendicular external electric field has
been demonstrated to open a band gap in free-standing
silicene.’’ ~*” Figure 6 shows the band structure of silicene on
MgX, (X = Cl, Br, and I) in configuration C under such an
electric field applied parallel to the intrinsic field between
silicene and the substrate. The electric field leads to a slight
distortion of the 7 bands, and the band gap increases with the
field strength. A value of 50 meV is obtained for a field of 0.5
V/A in the case of MgBr,, which is larger than the thermal
energy at room temperature. The electric field breaks the
symmetry of the two silicene sublattices and induces charge
transfer between them, resulting in band gap opening.** The
effect decreases from MgCl, to Mgl, because of the growing
interaction between silicene and the substrate.

On the other hand, stacking has been demonstrated to be an
effective tool for band gap opening in the case of graphene.*’
We therefore investigate three MgBr,(0001)—silicene—
MgBr,(0001) sandwiches, namely, configurations AC, BC,
and CC, where the two letters refer to the configurations of the
two interfaces. The three configurations are energetically almost
degenerate with a maximal difference of S meV per atom.
Configuration CC is favorable with a binding energy of 127
meV per Si atom. The band gap turns out to be 31 meV, which
is larger than that in configuration C (13 meV), and the Dirac
point is located 9 meV above the Fermi level. Because
compressive strain increases the band gap of silicene, as shown
for MgCl,, we study biaxial strain ranging from —2%
(compressive) to 2% (tensile) for MgBr,(0001)—silicene—
MgBr,(0001) sandwiches, as illustrated in Figure 7. The band
gap decreases with compressive strain because of the reduced
buckling.** The calculated values of 33 and 28 meV for —2%
and 2% strain are about 6% larger and 8% smaller than those in
the unstrained case. The lower branch of the Dirac cone is
located 0—8 meV below the Fermi level and the upper branch
22—28 meV above it (Dirac point 7—14 meV above the Fermi
level). Figure 8 shows charge density differences for
configuration CC under strain. The charge redistribution in
the interstitial regions of the sandwiches decreases from

compression to tension because of the reduced interaction
between silicene and the substrate.

4. CONCLUSIONS

The structural and electronic properties of silicene on
MgX,(0001) (X = Cl, Br, and I) substrates have been
investigated by first-principles calculations. Lateral shifts
between silicene and the substrate modify the total energy
only slightly, reflecting weak van der Waals interactions. Still,
the charge redistribution at the interface depends critically on
such shifts. All of the substrates are predicted to well preserve
the Dirac cone of silicene with minor p doping. Application of
an external electric field and stacking have been suggested to
increase the band gap of silicene beyond the thermal energy at
room temperature. The proposed substrates hardly perturb the
silicene states because of a lack of dangling bonds.
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