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Electronic properties of the hetero-structures consisting of silicene, graphene and BN monolayers under
the influence of an electric field were investigated using density functional theory. With no electric field,
both silicene/graphene and silicene/BN were shown to have a finite gap of about ~50 meV, though
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silicene is a zero-gap two-dimensional material. Application of the field perpendicular to the bilayer
system was found to facilitate modulation of the band gap, exhibiting an approximately linear
relationship with the gap energy, in contrast to what was seen for the constituent monolayers. Also, the

degree of the modulation was mainly determined by the Si-p, electronic states at the interface of the

www.rsc.org/pccp

1. Introduction

Atomic layers with reduced dimensionality have been of great
interest due to their unique and novel properties, which can be
exploited for the next-generation electronic devices.'® Modulation
of band gap with the help of geometrical strain or external electric
field makes the two-dimensional layers particularly interesting
materials for device applications on the nanoscale.”** For example,
monolayer graphene remains a zero-gap material under an external
electric field but a finite band gap appears for bilayer and multi-
layer graphene.'""?

Besides graphene, other group IV elements, such as silicon
has stable honeycomb monolayers referred to as silicene.'®™
However, unlike graphene, silicene is stable only if a small
buckling (~0.44 A) is present,'”™*° though the electronic pro-
perties of silicene in both sheet and nanoribbon forms have
been found to be similar to those of graphene.>* The buckled
nature of silicene has led to novel properties such as a spin Hall
effect,>** adsorption of dopant atoms,”®?” and modulation of
its band gap under an external electric-field.'”"***® Addition-
ally, it may also be used to influence the dispersion of electrons
in graphene in a bilayer system.>® This phenomenon is similar
to what has been demonstrated for the boron nitride (BN)
monolayer, which induces a finite gap in graphene.”*** In this
paper we will examine the extent of variation in the electronic
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silicene/graphene and silicene/BN bilayers.

properties of silicene induced by the BN monolayer in a hetero
bilayer system. We will also investigate the possible modulation
of band gap of silicene in the hetero bilayer system under the
application of external electric field. Considering that graphene is
structurally similar to a BN monolayer, we planned to investigate
the silicene/graphene bilayer system under the influence of the
electric field. Calculations will also be performed on the graphene
bilayer and the graphene/BN bilayer systems with an aim to
rationalize the physics and chemistry of a heterogeneous bilayer
in comparison to a homogenous bilayer system.

2. Computational method

Electronic structure calculations were performed using the plane-
wave-based pseudopotential approach as implemented in the
Vienna Ab initio Simulation Package (VASP).>**' The electron-
ion interaction was described by the projector augmented wave
(PAW) method,** and the Perdew-Burke-Ernzerhof (PBE) genera-
lized gradient approximation was used.*> The vdW correction
(DFT-D2) within the PBE functional proposed by Grimme was
also employed.>* A vacuum distance of 15 A was used in the
supercell model. The cut-off energy for the plane wave basis set
was fixed at 520 eV. The positions of atoms were optimized until the
convergence of the force on each atom was less than 0.01 eV A",
The total energy convergence 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 was used to
sample the Brillouin zone with 15 x 15 x 1 k-mesh.

The modeling parameters employed have reproduced the
results of the previous studies on graphene,"*?® silicene'®'*"
and the BN monolayer,>®*” demonstrating their accuracy and
reliability to model 2D systems. For example, the lattice constants
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of graphene, BN monolayer and silicene were calculated to be
2.47, 2.51 and 3.85 A, respectively. Furthermore, the buckling
of silicene (measured from the vertical distance between the
two sub-lattices) was calculated to be 0.47 A, in agreement with
the previous'®'® results based on density functional theory. A
comparison of the values obtained by the present method with
the previously reported values using the different method is
presented in Table S1 of ESL

3. Results and discussion
3.1 Stability, structural and electronic properties

Fig. 1 shows the equilibrium configurations of the hetero-
geneous bilayers with six Si atoms located over the middle of
C-C or B-N bonds and the other two Si atoms remaining over
the hollow site of the hexagon of graphene or BN monolayer.
Considering that the lattice mismatch of silicene with the
graphene or BN monolayer is substantially large, we consider
a co-periodic lattice to simulate the hetero-structure system.
Application of a co-periodic lattice consisting of a (2 x 2)
supercell of silicene with a (3 x 3) supercell of graphene or
BN yielded a lattice mismatch of about 3%.

The structural parameters of the equilibrium configurations
of the silicene/graphene and silicene/BN bilayers are given in
Table 1. The intra-planar Si-Si bond was determined to be
2.27 A in silicene, and nearly the same in the bilayers. On the
other hand, the buckled height of the supported silicene
slightly changed with regards to the pristine silicene; the
average buckling values for silicene, silicene/graphene and
silicene/BN bilayers were calculated to be 0.47, 0.60 and 0.54 A,
respectively. The interlayer distances (Ringeriayer) fOr silicene/
graphene and silicene/BN were calculated to be 3.36 and 3.32 A,
respectively. These values are similar to the 3.25 A Rinterlayer
calculated for the AB-stacked graphene bilayer and a bit larger
than the 3.13 A Rinteriayer calculated for the AB-stacked graphene/BN

Si/graphene

Fig. 1 Top view of the hetero bilayers: silicene/graphene and silicene/BN.
(Si: purple, C: yellow, B: black, N: orange).
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Table 1 Stability and structural properties of the monolayer and bilayers
studied

Intra-planar Interlayer  Binding Band
distance ~  separation energy gap
SyStem Rintraplaner (A) Rinterlayer (A) (mev per atom) (meV)
Silicene/graphene Rg;_gi = 2.23  3.36 13 51
Roc = 1.44
Silicene/BN Rgisi =2.24 3.32 24 47
Rp.n = 1.46
Silicene Rgi g =227 — — ~0
Graphene Rcc=1.43 — — ~0
BN monolayer Rgn=146 — — ~4500

bilayer. Previously, Cai et al. reported an interlayer separation of
3.3 A with a band gap of about 57 meV for silicene/graphene at
the LDA-DFT level of theory.>

The binding energy per atom with respect to the constituent
monolayers (i.e., Epinding = Ea + Ep — Eap) Was calculated to be 13
and 24 meV per atom for the silicene/graphene and silicene/BN
bilayers, respectively, suggesting a stronger interlayer bonding
between the silicene and BN than between the silicene and
graphene. This small, but noticeable difference can be attri-
buted to the degree of buckling in the hetero-bilayers; the strain
energy was estimated to be 13 and 4 meV for silicene/graphene
and silicene/BN, respectively [see ESIL,t Table S2]. Note that the
calculated binding energy for the AB-stacked graphene bilayer
is 25 meV per atom whereas that of AB-stacked graphene/BN
bilayer is 26 meV per atom. The h-BN monolayer has a finite
band gap, and silicene and graphene are zero-gap materials.
We found an opening of the band gap to 51 meV in the silicene/
graphene bilayer, as was also previously reported,*® and a finite
band gap for the silicene/BN bilayer of 47 meV (Table 1).

Interatomic interactions plays crucial role in modulating the
physical properties of nanostructures.*® In order to gain further
insight about the interlayer interactions, we examined the
charge density of the bilayers at the interface (Fig. 2). Here,
we observed a finite overlap of charge density contours for the
three Si atoms located atop the substrate sites (graphene or
BN), but a nearly zero charge density at the interface for the
fourth Si atom, located at the hollow site of the substrate. On
the other hand, the graphene bilayer system does not show
such overlap, thus revealing the importance of the buckled
nature of silicene with sp®-like characteristics in inducing the
gap for the heterogeneous bilayer system.

3.2 Application of external electric field

Fig. 3 shows, for each of two heterogeneous bilayers, the
dependence of its band gap energy on the strength of an
applied external perpendicular electric field (Egieq) in the range
of —0.4 to 0.4 VA™". The positive value refers to the application
of the electric field from the bottom to the top of the multilayer
system. For our case, application of the field, which causes a
redistribution of charges, is not likely to lead to structural
changes. We note that Ni et al."” reported that an electric field
of 0.5 V A™" changed the buckling of silicene by only 0.005 A.
Furthermore, Drummond and co-workers'® showed that the
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Fig. 2 The charge density contour of silicene/BN, silicene/graphene and
graphene/graphene bilayers. The contour value is 0.001 electron per bohr®.
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Fig. 3 Variation of the band gap energy with the strength of the perpendi-
cular electric field.

silicene remains stable without any imaginary frequency in the
phonon spectrum for the electric field of ~0.5 V A™™,

The silicene/graphene and silicene/BN bilayers exhibited
roughly linear relationships between band gap energy and Egjejq
for Epielq values between —0.4 and 0.4 V A~. This relationship
is significantly different from that seen for the constituent
monolayers; specifically for zero-gap silicene and graphene
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[see ESLT Fig. S1]. Furthermore, silicene/graphene and silicene/BN
bilayers showed an asymmetric response to the electric field due to
the presence of structural asymmetry in the heterogeneous bilayers
(Fig. 3). It is well known that a symmetric response of a graphene
bilayer to Egeq occurs when the constituent monolayers are struc-
turally similar [see ESLi Fig. S2]. Even though both silicene/
graphene and silicene/BN bilayers showed an asymmetric response
to the electric field, the amount of modulation of the bandgap was
found to be greater in the case of the silicene/BN bilayers. Graphene
is structurally similar to a BN monolayer, but it is a symmetrical
layered structure, whereas the symmetry is broken for BN (one sub-
lattice consists of boron atoms, the other of nitrogen). Pandey and
co-workers'*"® have shown that the broken symmetry of BN is the
cause of a larger opening of the band gap of graphene/BN bilayer
under an electric field. Likewise, a higher band gap opening was
predicted for silicene/BN bilayers in the present study.

Analysis of density of states (DOS) together with the charge
density was also performed to gain insight into the response
of the hetero-bilayers to the electric field. Fig. 4 shows the
projected DOS of the p, orbitals (perpendicular to the plane) for
silicene/BN. Here, the Si-p, states contributed near the Fermi
level, and the band gap was estimated to be 47 meV. Under the
influence of the electric field, a noticeable shift in the p, bands
associated with BN was seen to induce a significant variation in
the band gap of the hetero-bilayers (Fig. 3). This was also shown
to be the case with the graphene/BN bilayer where the p, states
associated with BN shifts under the influence of the electric
field [see ESL{ Fig. S3].

Si/BN
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Fig. 4 The p, orbital projected density of states for silicene/BN for Egelq = O,
+0.4V A7 and —0.4 V A~ Zero of the energy scale is aligned to the Fermi
level. The dotted line corresponds to the top of the valance band and bottom
of the conduction band of the BN monolayer layer at Efieq = O.
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Graphene/BN

Fig. 5 The charge density difference (Ap) of silicene/BN and graphene/BN bilayers for Egieig = 0, +0.4 V A%, and —0.4 V A= using 6 x 10~ electron per
bohr® contours. Blue shows an increase in the charge density, and gray shows a decrease in the charge density.

Fig. 5 displays the charge density difference (Ap) for silicene/
BN, which is defined as Ap =p(silicene/BN) — p(silicene) —
p(BN). Here, p(silicene/BN) is the charge density of the hetero
bilayer system. p(silicene) and p(BN) are the charge densities of
the silicene and BN monolayers, respectively. Fig. 5 also
includes Ap for the graphene/BN bilayer system to bring out
the subtleties in the physics and chemistry of silicene/BN with
reference to graphene/BN. The charge density difference con-
tours for silicene/graphene and graphene bilayers are given
elsewhere [see ESI,T Fig. S4].

The significant difference in the charge density at the inter-
face of silicene/BN with that of graphene/BN can be attributed
to the fact that (i) Si atom is relatively more polarizable than
carbon and (ii) buckled nature of the silicene monolayer. Note
that the values of static dipole polarizability of C, B, N and Si
were reported®**° to be 11.6, 20.43, 7.26 and 37.4 a.u., respec-
tively. Application of an electric field induces redistribution of
the charge density over Si and N atoms of the silicene/BN
bilayer, which is much more localized in nature than that seen
for graphene/BN or graphene bilayer systems.

Since the electronic properties of the silicene/BN bilayer
are governed by the electronic properties of silicene, we inves-
tigated a system in which a silicene monolayer is deposited
on the h-BN substrate. Electronic structure calculations for
silicene deposited on the AA’ stacked h-BN multilayers yielded
an interlayer distance between silicene and the top layer of the
substrate of 3.31 A with a binding energy of about 31 meV per
atom. The h-BN substrate is represented in our model by a
slab consisting of 5 BN layers with an interlayer distance of
3.1 A. Fig. 6 compares the response of the electric field for
silicene/BN and silicene/BN substrate, and shows the modula-
tion of the heterogeneous system indeed being governed by the

This journal is © the Owner Societies 2015
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Fig. 6 Variation of the band gap energy with the strength of the
perpendicular electric field.

electronic properties of silicene via Si-p, states at the interface
(see ESI,T Fig. S5).

4. Summary

Electronic structure calculations were performed to investigate
the stability and electronic properties of the bilayers consisting
of silicene, graphene and BN. Application of the external electric
field was found to modulate the band gap of the heterogeneous
bilayers. A comparison of the calculated results on silicene/
graphene and silicene/BN with the graphene/BN bilayer suggests
that the interface electronic structure is dominated by Si-p,
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states that determine the electronic properties of the hetero-
geneous bilayers that we used. We believe that the results of
our study will help advance the fundamental understanding of
silicene-based two-dimensional materials so that they may be
incorporated in next-generation microelectronics.
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