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r Waal’s interaction in the hybrid
bilayer of silicene/SiC†

Sandeep Nigam,*a Chiranjib Majumdera and Ravindra Pandeyb

Electronic structure calculations based on density functional theory find a presence of noticeable interlayer

van der Waal interaction in a hybrid bilayer consisting of a silicene and SiC monolayer sheet with the binding

energy of 45 meV per atom. This interlayer interaction also leads to significant changes in the nature of

chemical bonding, thereby inducing a curvature in the erstwhile planar SiC sheet. Subsequently,

modifications in charge distribution at the interface produce a dissimilar chemical environment for two

sub lattices of silicene which opens the band gap in the heterogeneous bilayer system. Application of an

external electric field is found to linearly modulate the band gap of the silicene/SiC bilayer indicating its

potential use in nanoscale devices.
1. Introduction

Atomic layers of group-IV elements with reduced dimension-
ality have been of great importance due to their remarkable
electronic and magnetic properties for advanced technology
applications.1–8 Although C and Si are group-IV elements, two
dimensional (2D) monolayer sheets exhibit different properties
as graphene has a planar honeycomb structure, and silicene is
stable only if a small buckling (z0.44 Å) is present.9–29 The
buckled nature of silicene has led to novel properties such as
the spin Hall effect,18,19 adsorption of dopant atoms,20,21 and
modulation of its band gap under an external electric-eld.13,14,22

Graphene and silicene show close similarity in their electronic
structures in terms of linear dispersion in the band structure
around the Fermi level marking the presence of massless rela-
tivistic electrons and an extremely high charge carrier
mobility.10,11 The structural diversity present in carbon-based
materials is driven by the degree of hybridization of the
valence 2s and 2p orbitals. The hybridization varies from pure
sp2 to sp3 (including quasi-sp2 or sp3 hybridization), which
makes these systems adopt a planar, nonplanar or coiled sheet
structure.30,31 Similar to carbon, silicon also has four valence
electrons, but Si prefers to be in a sp3 hybridized state rather
than a sp2 hybridized state.16,17,31,32 Interestingly, when Si and C
are merged to form a SiC monolayer sheet, there exists a pref-
erence for a planar honeycomb structure with both Si and C in
a sp2 hybridized state, along with strong p-bonding through
perpendicular pz orbitals.33–37
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Modulation of the band gap with the help of geometrical
strain or an external electric eld makes 2D monolayer sheets
particularly interesting materials for device applications at the
nanoscale.38–50 For example structurally functionalized silicene
has been reported to show ferromagnetic ordering.42,43 A bilayer
system thus provides an additional variable in terms of the
degree of interlayer interaction which can be helpful in tailoring
the properties for desired applications. For example, a graphene
monolayer remains a zero-gap material under an external
electric eld but a nite band gap appears for bilayer and
multilayer graphene.44,45 Recently Zhang et al. showed stacking
of silicene on a Sc2CF2 monolayer leads to band gap opening of
silicene in the range of 36–48 meV.46 Our research group has
recently investigated the electronic properties of hybrid bilayers
consisting of silicene/graphene and silicene/BN monolayers
suggesting an asymmetrical modulation of the band gap by the
external electric eld.50 In this paper, we now consider
a monolayer sheet of SiC knowing that SiC is reported to be an
excellent insulating substrate for the epitaxial growth of gra-
phene51–54 together with the fact that electrons in a graphene/
SiC system are Dirac fermions.55,56 In the scientic literature,
there are a few reports available on silicene interacting with
SiC.15,57 It has been found that the Dirac cone of silicene is
nearly retained on the Si-terminated SiC (0001) surface but sil-
icene becomes metallic when it is placed on a C-terminated
surface due to a decline of the Fermi level.15 Since a 2D mono-
layer sheet of SiC is quite different from a surface of SiC in terms
of the nature of its chemical bonds, it is worth investigating the
interaction of silicene with a SiC monolayer sheet in a hybrid
silicene/SiC bilayer system. Section 2 describes the computa-
tional method. The results are discussed in Section 3 and
a summary of the work is provided in Section 4.
This journal is © The Royal Society of Chemistry 2016
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2. Computational method

Electronic structure calculations were performed using the
plane-wave based pseudopotential approach in the framework
of density functional theory as implemented in the Vienna ab
initio Simulation Package (VASP).58,59 The electron–ion interac-
tion was described by the projector augmented wave (PAW)
method60 and the Perdew–Burke–Ernzerhof (PBE) generalized
gradient approximation was used.61 The van der Waals correc-
tions (DFT-D2) within the PBE functional proposed by Grimme
were also employed.62 The vacuum distance of 15 Å was used to
reduce the interactions between the periodic images in the
supercell model. The cut-off energy for the plane wave basis set
was xed at 520 eV. The positions of atoms were optimized
without any constraint until the convergence of the force on
each atom was less than 0.01 eV Å�1. The total energy conver-
gence was tested with respect to the plane-wave basis set size
and the cell size, leading its accuracy to be within 1 meV. The
Monkhorst–Pack scheme is used to sample the Brillouin zone
with a (15 � 15 � 1) k-mesh. A co-periodic lattice is used to
simulate the bilayer system which minimizes the lattice
mismatch between silicene with the SiC monolayer. The co-
periodic lattice consisted of (4 � 4) silicene (32 Si atoms) with
(5 � 5) SiC (25 C atoms and 25 Si atoms) yielding the lattice
mismatch to be about �0.53%. Note that the modeling
parameters employed have reproduced the results of previous
studies on pristine silicene14,15 and a SiC monolayer63 demon-
strating their accuracy and reliability. For example, the calcu-
lated lattice constants of a pristine SiC monolayer and silicene
are 3.09 and 3.85 Å, respectively (Fig. S1 of ESI†). Buckling of
pristine silicene (measured from the vertical distance between
the two sub-lattices) is calculated to be 0.47 Å in agreement with
previous14,15 results based on density functional theory. In the
case of the pristine SiC sheet, a signicant electronic charge
(�4e) is transferred from Si to C in the lattice (Fig. S2 of ESI†) in
excellent agreement with previous results.63
3. Results and discussion

In the equilibrium conguration of a silicene/SiC bilayer, the
calculated results nd the pristine planar SiC sheet to be rippled
Fig. 1 A ball and stick diagram of the silicene/SiC bilayer (Si of SiC
sheet: purple, C: yellow, Si of silicene sheet: orange).

This journal is © The Royal Society of Chemistry 2016
with a few Si and C atoms moving out of the plane by 0.25–0.5 Å
from original molecular plane of the pristine sheet (Fig. 1, Table
1). The intra-planar Si–Si bond (i.e. RSi–Si z 2.27 Å) nearly
remains the same, but the buckled height of the supported
silicene (z0.5–0.6 Å) slightly changes with regard to the pristine
silicene (z0.47 Å). The interlayer distance (Rinterlayer) for the
bilayer is 3.47 Å. The interlayer distance has been obtained from
the average vertical distance between the silicene and the SiC
sheet. The calculated binding energy/atom with respect to the
constituent monolayers [i.e. Ebinding ¼ (EA + EB – EAB)/total no. of
atoms present in both the sheets] is 45 meV per atom‡ which is
much higher than the silicene/graphene and silicene/BN bila-
yers, respectively.50 In order to make sure that the observed
rippling is not simply an artifact of the van der Waals correc-
tions (DFT-D2) term, additional calculations were carried out in
absence of D2 correction. The calculated DFT results also show
rippling with signicantly smaller (average) binding energy.
Note that the binding energy for the AB-stacked graphene
bilayer is 25 meV per atom whereas that of the AB-stacked
graphene/BN bilayer is 26 meV per atom.50 Thus, it appears
that van der Waal interactions between the SiC sheet and sili-
cene are much stronger than other 2D bilayers and perhaps this
has led to the calculated curvature in the SiC sheet. It is worth
mentioning that the equilibrium conguration of a co-periodic
silicene/SiC lattice was obtained by carrying out the geometry
optimization without any constraint, hence the possibility of
curvature in the SiC sheet due to geometrical strains can easily
be ruled out. The charge iso-density surface shows a nite
overlap of charge density contours at the interface (Fig. S3 of
ESI†), further conrming the presence of a strong interaction at
the interface of the two sheets and hence understandably, the
induced curvature in the SiC sheet is driven by these van der
Waal forces exerted only by the silicene sheet in the hybrid
bilayer. Further it is important to note that during the binding
of two sheets in terms of per unit surface area, the binding
energy is 16 meV Å�2.

Next, we investigate the electronic structure of the silicene/
SiC bilayer knowing that the electronic properties of the 2D
bilayers can be modulated depending upon the nature of
bonding at the interface. Fig. 2 shows the projected density of
states (PDOS) of the SiC monolayer, silicene and silicene/SiC
bilayer systems. In the pristine SiC sheet (Fig. 2a and c) s, px,
and py orbitals are merged with each other due to sp2 hybrid-
ization, and pz orbitals do not participate in the orbital
hybridization. The valance band states near the Fermi level are
dominated by C pz orbitals, while the conduction band states
near the Fermi level have a major contribution from Si pz
orbitals. Previously, it has been reported that even though Si
and C in bulk SiC favor sp3 hybridization, SiC sheets prefer sp2-
hybridized features resembling graphene and strong p-bonding
through perpendicular pz orbitals has been attributed to its 2D
planar honeycomb structure.35,63 The results obtained in the
present work are in line with previous reports.35,63 Contrary to
pristine SiC, when an SiC sheet interacts with silicene (Fig. 2b
‡ The binding energy calculated with a vacuum layer of 20 Å in the supercell is
44.8 meV per atom.

RSC Adv., 2016, 6, 21948–21953 | 21949
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Table 1 The structural and electronic properties of the equilibrium configurations of silicene, the SiC monolayer sheet and silicene/SiC bilayer

System
Intra-planar distance
Rintraplaner (Å)

Interlayer separation
(average) Rinterlayer (Å)

Binding energy (meV
per atom) Band gap (meV)

Silicene/SiC-bilayer RSi–Si ¼ 2.28–2.29, RSi–C ¼
1.77–1.78

3.45 45 180

Silicene-monolayer RSi–Si ¼ 2.27 — — �0
SiC-monolayer RSi–C ¼ 1.79 — — 2560
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and d), the electronic structure is signicantly inuenced as all
valance orbitals (i.e. s, px, py and pz) participate in a supposed
sp3 kind of hybridization in the bilayer. In particular, the pz
orbitals of the SiC sheet are greatly affected by the silicene sheet
inducing ripples/curvature in the planar honeycomb sheet.

In comparison to a pristine SiC sheet, pristine silicene
(Fig. 2e) shows sp3 bonding, and hence has a buckled structure.
Importantly, the electronic structure of silicene shows semi-
Fig. 2 The orbital decomposed projected density of states for the silice

21950 | RSC Adv., 2016, 6, 21948–21953
metallic behavior having a Dirac cone similar to that of gra-
phene. In line with a previous report, we also nd silicene to
have a zero band gap. But this is not the case with the silicene/
SiC bilayer where an opening of the band gap (z0.18 eV) is
predicted (Table 1, Fig. S4 of ESI†). Note that the band gaps of
the silicene/BN and silicene/graphene bilayers with an inter-
layer separation around 3.3 Å are reported to be to 47 and 51
meV, respectively.50
ne/SiC bilayer. The vertical dotted line corresponds to Fermi level.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) Band structure of a silicene/SiC bilayer near the Fermi level
(only two conduction and two valence bands are presented for clarity)
(b) projected density of states for the silicene/SiC bilayer. The Fermi
level is aligned to zero.
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Fig. 3 displays the charge density difference (Dr) which is
dened as r (silicene/SiC) � r (SiC) � r (silicene) with r (SiC/
silicene) being the charge density of the bilayer. It clearly
shows that charge density is redistributed by forming electron-
rich and electron decient regions at the interface. It is
important to note here that two sub lattices of silicene have
different chemical environments as an upper Si atom has an
electron-rich blue region around it while a lower Si atom has an
electron-decient grey region in the vicinity (viz. Fig. 3).
Therefore, the dissimilar chemical environments of the two
sub-lattices of silicene lead to an opening of the band gap in the
hybrid bilayer. This is also the case with graphene where the
broken sublattice symmetry leads to an opening of its band
gap.47,48,64–66

Modications in the band structure of silicene in the bilayer
are shown in Fig. 4(a) where the valence band appears to shi to
a higher energy without changing its shape. In contrast, the
shape of the conduction band as well as its location is signi-
cantly affected in the bilayer. The inuence of the SiC sheet on
the Si pz states of silicene near the Fermi level is shown in
Fig. 4(b) suggesting it to be more pronounced in the conduction
region. Thus, the calculated results rmly establish the opening
of the band gap in silicene due to the appearance of the van der
Waals interactions in the silicene/SiC hybrid bilayer.

Since application of an external electric eld (Eeld) can
further modulate the charge density, and hence can tune the
band gap, we now perform band structure calculations under
the application of the perpendicular electric eld for the bilayer.
The calculated results show that the silicene/SiC bilayer exhibits
approximately linear modulation of the band gap with EField in
the range from �0.4 to 0.4 V Å�1 as shown in Fig. 5. Note that
the positive value of EField refers to application of the electric
eld from bottom to top of the bilayer system. In the presence
of +0.4 V Å�1, the difference between the chemical environ-
ments (i.e. charge distribution around the upper and lower Si
atoms of silicene) further increases yielding the band gap of
0.22 eV (Fig. S5 of ESI†). Modulation of the band gap of the
Fig. 3 The charge density difference (Dr) of silicene/SiC bilayer for
EField ¼ 0, +0.4 V Å�1, and �0.4 V Å�1 using the contours of 6 � 10�3

electron per bohr3. Blue: increase in the charge density, gray: decrease
in the charge density.

This journal is © The Royal Society of Chemistry 2016
bilayer is indeed governed bymovement of the conduction band
states of silicene (Fig. 6(a)) duemainly to modications in the pz
states as shown in the PDOS given in (Fig. 6(b)).

4. Summary

In summary, the calculated results based on density functional
theory show that a pristine planar SiC sheet gets rippled aer
interaction with silicene in the silicene/SiC hybrid bilayer. This
is primarily due to deviation of the hybridization state of the Si
atom of the SiC sheet from sp2 due to fusion with the pz states.
Interactions between silicene and the SiC monolayer sheet lead
to redistribution of the charge density at the interface especially
associated with the Si-pz states, which subsequently induce
a nite band gap in the silicene. This is further conrmed by the
linear modulation of the band gap under an electric eld
applied perpendicular to the silicene/SiC bilayer. We believe
Fig. 5 Silicene/SiC bilayer: variation of the band gap with the
perpendicular electric field. The positive value of EField refers to the
direction of the electric field from bottom to top of the bilayer system.

RSC Adv., 2016, 6, 21948–21953 | 21951
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Fig. 6 Silicene/SiC bilayer: influence of electric field on (a) the band
structure of near Fermi level (only one conduction and valence band
are presented for clarity). (b) pz orbital of silicene. The Fermi level is
aligned to zero.
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that the results of our study will help in advancing the funda-
mental understanding of silicene-based two dimensional
materials towards their incorporation in the next-generation
microelectronic industry.
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