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ABSTRACT: Silicene consists of a monolayer of Si atoms in a buckled honeycomb structure and is expected to be well
compatible with the current Si-based technology. However, the band gap is strongly influenced by the substrate. In this context,
the structural and electronic properties of silicene on MgBr,(0001) modified by Li and Na are investigated by first-principles
calculations. Charge transfer from silicene (substrate) to substrate (silicene) is found for substitutional doping (intercalation). As
compared to a band gap of 0.01 eV on the pristine substrate, strongly enhanced band gaps of 0.65 eV (substitutional doping) and
0.24 €V (intercalation) are achieved. The band gap increases with the dopant concentration.
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1. INTRODUCTION

After the graphene hype, nowadays other two-dimensional
group-IV elements such as Si and Ge receive much attention.'
The monolayer honeycomb structure of Si atoms, silicene, is
predicted to have massless carriers at the K point of the Brillouin
zone (linearly dispersing 7 and 7* bands)** and to be subject to
buckling, unlike graphene, because of sp>—sp’ hybriclization.é'7
As an example of its unusual electronic properties, strong spin—
orbit coupling enables silicene to host quantum spin Hall
physics.® Clearly, the compatibility with the current Si-based
technology is much better for silicene than for other group-IV
materials.

Although silicene could not yet be achieved as a freestanding
sheet, it has been successfully deposited on several metallic
substrates, such as ZrB,(0001),” Ir(111),'® and Ag(111)."'7"
However, the 7 bands strongly hybridize with the substrate,
destroying the Dirac cone."*'® Semiconducting substrates
including GaS nanosheets, SiC(0001), CaF,(111), and
MgBr,(0001) have been explored theoretically to overcome
these strong interaction characteristics. Although GaS nano-
sheets are predicted to preserve the linearly dispersing 7 bands,
the large lattice mismatch of 7.5% is a major drawback.'® A Dirac
cone with a band gap of a few meV has been achieved by H
passivation of the dangling bonds on top of the Si- and C-
terminated SiC(0001) surfaces.'”'® F-terminated CaF,(111)
preserves the Dirac cone with a gap of 52 meV, but control of the
synthesis process is problematic.'” In previous work, we have
predicted for silicene on MgBr,(0001) a Dirac cone with a 13
meV gap due to weak van der Waals interaction.”® The in-plane
lattice constant of the substrate in this case is close to that of
silicene, and preparation will not be hampered by dangling

bonds.
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For a semiconductor used at room temperature, usually a band
gap of about 0.1 eV is desirable, whereas the band gap of silicene
on MgBr,(0001) is even lower than the thermal energy (25.8
meV). Although sandwich structures could slightly increase the
band gap,zo the complexity of such an arrangement limits
applications. An external electric field can enhance the band gap,
but hardly more than 30 meV is achievable by experimentally
accessible fields.>"** Stacking of silicene sheets would completely
destroy the Dirac cone due to the strong interlayer interaction,
whereas, for graphene (weak interaction), this is an effective
strategy.”>~?° In this context, we will demonstrate in the present
work a band gap opening for silicene on MgBr,(0001) by
substitutional doping at the Mg site with the non-isoelectronic
cations Li and Na, as a consequence of the fact that the
interaction with the substrate is enhanced by the extra hole. Since
adsorption of alkali metals has been demonstrated to open a band
gap in silicene,*>* we will also address the effects of
intercalation, using first-principles calculations.

2. COMPUTATIONAL METHOD

Electronic structure calculations are carried out based on density
functional theory and 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 employed for the exchange-correlation potential, and the van der
Waals interaction is taken into account by the DFT-D2 method.*
Brillouin zone integrations for the 2 X 2 supercell are performed with 6
X 6 X 1 k-meshes in the structure optimizations and 18 X 18 X 1 k-
meshes in the band structure calculations. The corresponding k-meshes
for the 4 X 4 supercell are 3 X 3 X 1 and 9 X 9 X 1, respectively. In
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Figure 1. (a)—(d) Side views and (e)—(h) top views of MgBr,(0001) doped and decorated with Li/Na. The Mg, Br, and Li/Na atoms are brown, green,

and gray.

Table 1. Structural Properties of MgBr,(0001) Decorated with Li and Na: Distance between Adatoms and Substrate (d;/n,_qub)

and Binding Energy per Dopant Atom (E)“

Li Na
top Mg top Br top hollow top Mg top Br top hollow
dii/Nacsub (B) 1.51 2.70 1.31 2.24 3.16 2.18
E (eV) 0.54 0.15 0.79 025 0.11 029

“The adatoms are located on top of the Mg, Br, and hollow sites.

(a) (b)

Figure 2. (a)—(d) Side views and (e)—(h) top views of silicene on MgBr,(0001) doped with Li and Na at the Mg site and intercalated on top of the
hollow site. The Mg, Br, Li, Na, and Si atoms are brown, green, gray, purple, and blue.

addition, the cutoff energy for the plane-wave basis is set to 300 eV and
the energy tolerance in the iterative solution of the Kohn—Sham
equations to 107° eV. All structures are relaxed until the residual forces
on the atoms have declined to less than 0.01 eV/A. The calculated in-
plane lattice constant of pristine MgBr,(0001) is 3.830 A, which is in
good agreement with the experimental value (3.815 A) and close to that
of freestanding silicene (3.848 A).>' We use 2 X 2 monolayer
MgBr,(0001) as substrate and a vacuum layer of 15 A thickness to
avoid unphysical interaction between periodic images in the stacking
direction. Dipole correction leads to an energy variation of less than 2
meV per atom. The dopant concentration dependence of the band gap is
investigated using a 4 X 4 MgBr,(0001) supercell.

3. RESULTS AND DISCUSSION

Figure 1 shows the structure of MgBr,(0001) doped and
intercalated with Li/Na at different locations, namely, at the Mg
site and on top of the Mg, Br, and hollow sites. The formation
energies of substitutional Li and Na doping are 1.63 and 1.92 eV
in the Mg-rich limit, respectively, and —0.61 and —0.32 eV in the
Br-rich limit.*> The lower value for Li doping in the whole
chemical potential range results from the smaller ionic radius
(0.9, 1.16, and 0.86 A for Li*, Na*, and Mg*", respectively). The
bond distance to neighboring Br atoms amounts to 2.69 and 2.84
A for Liand Na, respectively, which is a bit larger than the Mg—Br
bond length (2.61 A). The lower valence charges of Li (+0.87)

and Na (+0.78) as compared to Mg (+1.61), calculated by the
Bader approach, lead to weaker Coulomb interactions with the
surrounding Br atoms. The structural properties obtained for Li
and Na decoration are summarized in Table 1. The top of the
hollow site turns out to be the most stable location because of the
shortest distance to the substrate. Li sits closer to the substrate
than Na due to the smaller ionic radius, since the substrate has no
dangling bond.

Figure 2 illustrates the structure of silicene on MgBr,(0001)
doped with Li and Na at the Mg site and intercalated on top of
the hollow site. It turns out that the Si atoms prefer to be located
on top of Br and the hollow site for substitutional doping and on
top of Mg and Br for intercalation. Yet, both configurations are
different from the case of silicene on the pristine substrate, where
the Si atoms are located on top of Mg and the hollow site.** For
substitutional doping, the interaction between the topmost Br
atom and the Si atom in the lower sublattice of silicene stabilizes
the system due to the Br dangling bond induced by the dopant.
This results in a much larger binding energy (0.26 eV per Si
atom) as compared to the pristine case (0.06 eV per Si atom).
The intercalated atoms are located under the hollow site of the
silicene sheet, which is the location of the topmost Br atom in the
pristine case. Our results thus are in good agreement with
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Table 2. Structural Properties of Silicene on MgBr,(0001)
Doped with Li and Na at the Mg Site and Intercalated on Top
of the Hollow Site: Si Buckling Height (bs;), Distance between
the Silicene Sheet and Adatom (d,;_,4), Distance between the
Silicene Sheet and Substrate (d;;_,;,), In-Plane Lattice
Constant (a), and Binding Energy per Si Atom (E)

Liat Mg NaatMg Lion top hollow Na on top hollow

b (A) 0.68 0.67 0.72 0.74

dg_.q (A) 1.35 1.61

dy_ep (A) 2.86 2.86 3.31 3.62

a (A) 3.833 3.861 3.829 3.844

E (eV) 0.26 0.25 0.35 0.29
27,33,34

findings for Li and Na adsorption on freestanding silicene.
The unsaturated bonds again stabilize the silicene sheet, leading
to alarge binding energy (0.35 and 0.29 €V per Si atom for Li and
Na intercalation, respectively).

The structural properties of silicene on MgBr,(0001) modified
by Li and Na are listed in Table 2, showing that the lattice
constants are slightly different (0.5%) from the pristine case. The
Si buckling height amounts to 0.68 and 0.74 A for substitutional
doping and intercalation, respectively, which is much larger than
that in freestanding silicene (0.49 A) but still smaller than that in
silicene on Ag(111) (0.75 A)."> Moreover, the distance between
silicene and the substrate for substitutional doping (2.86 A) is
larger than that in the case of the Ag(111) substrate (2.44 A), and
the distance from the intercalated Li (1.35 A) and Na (1.61 A)
atoms to the silicene sheet is much smaller than that in the case of
freestanding silicene (1.67 and 2.19 A, respectively).”” The 0.65
A upward and 0.17 A downward shift obtained for Li and Na
intercalation, respectively, leads to a larger binding energy in the
former case.

Figure 3 shows charge density differences Ap = p, — pyy, — Py
for different systems, where p, pyy, and py are the charge
densities of the joint system, the substrate, and the silicene sheet,
respectively. The latter two values are calculated with the same
lattice paramaters and atomic positions as the joint system. We
find redistribution of charge near the interface due to the
interaction of the two components. For substitutional doping, a
charge transfer of 0.07 electrons per Si atom from the silicene

Figure 3. Charge density difference for silicene on MgBr,(0001) doped
with (a) Liand (b) Na at the Mg site and intercalated with (c) Liand (d)
Na on top of the hollow site. Yellow (red) color represents charge
accumulation (depletion), where the isosurfaces refer to isovalues of 1.2
X 1073 electrons/bohr®. The Mg, Br, Li, Na, and Si atoms are brown,
green, gray, purple, and blue.

sheet to Br is found because of the Br dangling bond (which is
not there in the pristine substrate). Charge redistribution also
occurs within the silicene sheet from the lower sublattice to the
upper sublattice. For intercalation, charge mainly transfers
between the adatoms and the silicene sheet (0.09 electrons per
Si atom).

The density of states of MgBr,(0001) doped with Li and Na at
the Mg site and intercalated on top of the hollow site, without
and with silicene, is addressed in Figure 4. Without silicene, the
valence band maximum is composed of Br 4p states for both
substitution and intercalation, whereas the conduction band
minimum consists of Mg 3s states for substitution and Li/Na s
and Mg 3s states for intercalation. On the other hand, when
silicene is attached, it is dominated by Si 3p and Br 4p states for
substitution and by Si 3p states only for intercalation. The
conduction band minimum mainly consists of Si 3p states for
substitution and Si 3p and Li/Na s states for intercalation. Larger
hybridization between the Si 3p and Br 4p states for substitution
than between the Si 3p and Li/Na s states for intercalation
reflects stronger interaction.

According to the band structures shown in Figure S, the band
gap for substitutional doping turns out to be 0.65 eV at the K and
K’ points of the Brillouin zone, which is much larger than that for
the pristine substrate (0.01 €V). The electric field at the interface
that is induced by the charge transfer breaks the symmetry of the
two silicene sublattices and opens the band gap. The enhanced
value is important to overcome the thermal fluctuations at room
temperature, improving the applicability of the material. In
addition, the Dirac point is located 0.78 eV above the Fermi level
due to charge transfer to the substrate, reflecting p-type doping
(Table 3). On the other hand, band gaps of only 0.24 and 0.17 eV
are found for Li and Na intercalation, respectively, due to the
weaker interaction. A larger gap for Li than for Na decoration due
to the shorter distance to the silicene sheet also has been
predicted in the case of freestanding silicene.** The Dirac point is
located 0.58 eV (Li) and 0.56 eV (Na) below the Fermi level,
which reflects charge accumulation on the silicene sheet and thus
n-type doping.

We next study the dopant concentration dependence of the
band gap. Different locations of the dopant atoms ranging from
clusters to a homogeneous distribution are compared for each
concentration, and the location of the Si atoms is tested for each
case. The locations are energetically almost degenerate.
According to Figure 6, the band gap increases with the dopant
concentration up to 0.6 eV at 25% for substitutional doping. The
abrupt change at 18.75% is due to a shift of the Si location from
on top of Mg to on top of Br. The stronger Si—Br interaction
stabilizes the system and opens the band gap.”® On the other
hand, the band gap increases almost linearly for intercalation,
while the Silocation shifts from top of the hollow site to top of Br
at 25% and 18.75% for Li and Na intercalation, repectively,
because of the different distances to the silicene sheet (Table 2).
The band gap for Li intercalation is larger than that for Na
intercalation due to the stronger interaction with the silicene
sheet.

4. CONCLUSIONS

The structural and electronic properties of silicene on
MgBr,(0001) modified by Li and Na have been investigated
using first-principles calculations. Silicene is found to be much
more stable on the modified substrate than on pristine
MgBr,(0001) due to strong Si—Br interaction for substitutional
doping and strong Si—Li/Na interaction for intercalation.
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Figure 4. Density of states of MgBr,(0001) doped with Li and Na at the Mg site and intercalated on top of the hollow site, without (upper row) and with
(lower row) silicene. The Fermi level is set to zero for the systems including silicene. The Mg 3s, Br 4p, Si 3s, Si 3p, and Li/Na s states are shown in red,

blue, green, black, and cyan.
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Figure S. Band structure of silicene on MgBr,(0001) doped with (a) Li
and (b) Na at the Mg site and intercalated with (c) Li and (d) Na on top
of the hollow site. The Fermi level is set to zero.

Table 3. Position of the Dirac Point with Respect to the Fermi
level (Ep) and Band Gap at the Dirac Point (E,) for Different
Modifications

Liat Mg NaatMg Lion top hollow Na on top hollow

Ep (eV) 0.78 0.77 —0.58 —0.56
E, (eV) 0.65 0.64 0.24 0.17
0.6 + -
Liat Mg —e—
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Figure 6. Concentration dependence of the band gap of silicene on
MgBr,(0001) for different modifications.

Importantly, the band gap amounts to 0.65 eV, with a strong p-
type character, for substitutional doping (0.01 eV on the pristine
substrate) due to charge transfer to the substrate. On the other
hand, a band gap of 0.24 eV (0.17 eV), with a strong n-type
character, is achieved for Li (Na) intercalation due to charge
transfer to the silicene sheet. Furthermore, we have demon-
strated that the band gap can be flexibly tuned by means of the
concentration of the dopant atoms. The enlarged band gaps
induced by Li and Na are strongly desirable from the application
point of view.
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