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Silicene is a promising 2D Dirac material as a building block for van der Waals heterostructures (vdWHs). Here we
investigate the electronic properties of hexagonal boron nitride/silicene (BN/Si) vdWHs using first-principles calculations.
We calculate the energy band structures of BN/Si/BN heterostructures with different rotation angles and find that the elec-
tronic properties of silicene are retained and protected robustly by the BN layers. In BN/Si/BN/Si/BN heterostructure, we
find that the band structure near the Fermi energy is sensitive to the stacking configurations of the silicene layers due to in-
terlayer coupling. The coupling is reduced by increasing the number of BN layers between the silicene layers and becomes
negligible in BN/Si/(BN)3/Si/BN. In (BN),/Si superlattices, the band structure undergoes a conversion from Dirac lines to
Dirac points by increasing the number of BN layers between the silicene layers. Calculations of silicene sandwiched by
other 2D materials reveal that silicene sandwiched by low-carbon-doped boron nitride or HfO, is semiconducting.

Keywords: silicene, BN, electronic property, heterostructure

PACS: 73.22.f, 73.20.At

1. Introduction

Since the successful exfoliation of graphene in 2004,[121

more than a hundred intriguing 2D materials have been
explored.*®) However, only a few of them are theoreti-
cally predicted to be Dirac materials.”l The existence of
Dirac cones in 2D materials gives rise to many novel phys-
ical properties, such as half-integer/fractional quantum Hall
effect,!?3-191 yltrahigh carrier mobility,!'!) etc.!'?) According
to first-principles calculations,!!*!*! monolayer silicene is a
Dirac material with a stable buckled honeycomb structure. [%]
The Fermi velocity of silicene is predicted to be ~ 10 m/s, and
its intrinsic carrier mobility has the same order of magnitude
as that of graphene.!!®! Besides, the electronic properties of
silicene have a better tunability than those of graphene.!!7-2?]
These novel properties together with the possibly inherent
compatibility with traditional silicon-based nanotechnology
make silicene a promising candidate for electronic devices and
a distinct building block for van der Waals layered materials.
Silicene has been grown on several substrates,
such as Ag(111),12721 Ir(111),27-281 Ru(0001),1*°! and
Z1B,(0001).39 Transistors have also been fabricated with
epitaxial silicene on an Ag(111) thin film.[*!] However, there
is no convincing experimental evidence supporting the exis-
tence of Dirac cones in epitaxial silicene because of the strong
coupling with these substrates. [>72%-30:32-37] Silicene’s surface

is indeed very active because of the dangling Si bonds. The
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exposed silicene interacts easily with other active materials
so that the electronic properties can be modified easily in
unexpected ways. However, silicene has been found to in-
teract weakly with graphene[*® and hexagonal boron nitride
(BN).[17391 Dirac cones of silicene shift above the Fermi level
when sandwiched by graphene. In contrast, BN does not cause
the shift of the Dirac cones. Therefore, BN-protected silicene
could be a promising block for building van der Waals layered
heterostructures (vdWHs). In addition, silicene sandwiched
between some other 2D materials can be semiconducting,
which is promising for applications in electronic devices. [*"!
Similar to the cases of molecules encapsulated by nanotubes
or graphene layers, silicene is also energetically stabilized by
the cladding layers.[*!]

In this paper, we investigate electronic structures of BN-
protected silicene in heterostructures and superlattices by first-
principles calculations. Using “Si” to denote silicene, first we
calculated the properties of BN/Si/BN heterostructures with
different rotation angles and lateral shifts. The results show
that rotation, lateral shift, and limited strain in silicene will
not cause gap opening. To take advantage of the ultra-high car-
rier mobility of silicene, we propose a BN/Si/BN/Si/BN het-
erostructure, where each silicene layer is a conducting chan-
nel. We calculated its electronic properties. It is found that
the band structure near the Fermi energy is sensitive to differ-
ent stacking configurations of silicene layers due to interlayer

*Project supported by the National Key Research and Development Program of China (Grant No. 2016YFA0202300), the National Natural Science Foundation
of China (Grant Nos. 61390501 and 61471337), the National Basic Research Program of China (Grant No. 2013CBA01600), the CAS Pioneer Hundred Talents
Program, and the Beijing Nova Program, China (Grant No. Z181100006218023).
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coupling between the silicene layers. The coupling becomes
negligible when the silicene layers are separated by three BN
layers in the BN/Si/(BN),/Si/BN heterostructure. We also cal-
culated potential (BN),/Si superlattices, and found that a con-
version between Dirac points to Dirac lines can be achieved by
changing the number of BN layers between the silicene lay-
ers. Moreover, we calculated the band structures of silicene
sandwiched by low-carbon-doped BN (I-BCN), high-carbon-
doped BN (h-BCN), and HfO, and graphene/Si/BN. We found
that the Dirac cones of silicene are opened in all of these
heterostructures, but only 1-BCN/Si/I-BCN and HfO,/Si/HfO,
are semiconducting with band gaps of 19 meV and 131 meV,
respectively.

2. Methods

All quantum-mechanical calculations were carried out
based on the density functional theory (DFT) as implemented
in the Vienna ab-initio simulation package (VASP).[4>#4]
Electron—ion interactions were represented by projected aug-
mented wave (PAW) potentials.[*>] Exchange—correlation in-
teractions were treated within the generalized gradient approx-
imation (GGA-PBE).[*6] The method of DFT-D3 to include
van der Waals interactions was used in all the calculations of
heterostructures.*”! The wave functions were expanded using
a plane-wave basis set with an energy cutoff of 520 eV. For
2D structures, a vacuum layer larger than 20 A was used to
avoid interactions between layers in neighboring supercells.
The force on each atom was relaxed to less than 0.01 eV/A.

The Brillouin zone was sampled using a I"-centered 18 x 18
mesh for (2 x 2) silicene in self-consistent calculations.

3. Results and discussion
3.1. Electronic properties of BN/Si/BN

It has been reported that the Dirac cone of silicene is pro-
tected when a (2 x 2) silicene is sandwiched by two (3 x 3)
BN layers.!!'”l While in the real fabricating process, there
are always lattice mismatches, rotation angles (misalignment),
strains, and so on. To investigate the effects of the above-
mentioned situations in heterostructures, we build different
BN/Si/BN supercells with different stacking configurations
and calculate the energy band structures. The results are pre-
sented in Table 1.

To eliminate the effect of strain in silicene in these
heterostructures, the lattice constant of silicene is kept the
same as that of its free-standing state and the heterostruc-
For all the BN/Si/BN
heterostructures shown in Table 1, the calculated bind-

tures are otherwise fully relaxed.
ing energy is 32-35 meV/A2. Compared with the bind-
ing energies for bilayer graphene which are 40 meV/A?
for A-A stacking and 42 meV/A? for A-B stacking, the
Here, the
binding energy is defined as Eginding = (2 X EpN + Esi —
EHeterostructure )/ (2 x area) for BN/Si/BN and Eginding = (2 X
EGraphene — EBilayer—graphene ) /area for bilayer graphene. The

binding between BN and silicene is weaker.

negative Egjyding 0f BN/Si/BN indicates the stabilizing effect
of the BN layers to silicene.

Table 1. Silicene sandwiched by BN with different rotation angles and lattice mismatches.

BN/Si/BN Rotation Lattice Binding Dirac cones
Supercell Top view angle/(°) mismatch?/% energy/(meV/A?) preserved®
3BN/2Si/3BN 2.3 32 Y
V3IBN/V/13Si/v/31BN -0.6 34 Y
VTBN/V/3Si/v/TBN 4} v 10.9 05 33
V/39BN/4Si/v/39BN 16.1 -1.7 35
4BN/\/7Si/4BN 19.1 1.5 32

4 + (—) indicates tensile (compressive) strain in BN layers. bY (N) indicates the Dirac cones of silicene are retained (destroyed).
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As a result of the small binding energy, there are proba-
bly different rotation angles in BN/Si heterostructures in the
fabrication process. The calculations show that the electronic
properties are nearly not affected by the rotation angles for the
BN/Si heterostructures due to weak van der Waals interaction.
We also investigate the impact of lateral shifts in BN/Si/BN.
Our calculations show that lateral shifts almost have no effect
on both the electronic properties and the total energy. Consid-
ering the possible strain in the silicene layer induced by lattice
mismatches in heterostructures, we calculate the energy band
structure of silicene under strain (less than 3%). The calcula-
tion results show that the Dirac cones are not opened up and
the electronic properties are nearly not affected by the strain.
Moreover, the possible lattice distortion or rumpling induced
by the local strain would only have an effect on the local elec-
tronic properties. Therefore, we conclude that the electronic
properties of silicene are protected robustly when sandwiched

between BN layers.

3.2. Electronic properties of multilayer BN/Si/BN

Since silicene is left intact when sandwiched between
BN layers under different rotation angles, lateral shifts, and
limited strains in silicene, we use BN/Si/BN as a building
block for multilayer heterostructures. To take advantage of the
ultra-high carrier mobility of silicene, we propose a multilayer
BN/Si heterostructure, where each silicene layer is a conduct-
ing channel. We first discuss potential BN/Si/BN/Si/BN het-
erostructures, in which two silicene layers are positioned in an
A-A stacking configuration. The structures and calculation re-
sults of BN/Si/BN/Si/BN are shown in Fig. 1(a). As seen from
the energy bands shown in Fig. 1(b), there are two sets of Dirac
cones above and below the Fermi energy, marked by grey cir-
cles. The shift of these two sets of Dirac cones indicates that
there is coupling between the two silicene layers. The energy
separation of these two sets of Dirac cones is 143 meV. Be-
cause of the shift of the Dirac cones from the Fermi level, there
are crosses between the energy bands, as shown in the energy
band structures. As a result, a small gap of around 4 meV is
opened due to perturbations at the Fermi level.
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Fig. 1. (color online) Coupling between silicene layers intercalated by BN layers. (a) Supercell of a 2D vdWHs with two silicene layers
encapsulated inside but separated by N BN layers. (b) Energy band structure of supercell shown in (a) with N = 1. (c) Partial charge density
near the Fermi level (Eg 0.3 eV) related to the band structure shown in (b). (d) and (e) Energy band structures of the supercell shown in (a)

with N = 2 and 3, respectively.
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The distance between the two silicene layers in
BN/Si/BN/Si/BN is 7.6 A. When two silicene layers are sep-
arated by a vacuum layer of 7.6 A, there is nearly no interac-
tion between them and their Dirac cones are overlapped. On
the other hand, the energy states of BN/Si/BN/Si/BN near the
Fermi level (Er £ 0.3 eV) are contributed by both silicene and
BN layers, as seen from the partial charge density in Fig. 1(c).
Therefore, we conclude that the interlayer coupling between
the silicene layers is mediated by the BN layer between them.
According to this result, a question arises whether more BN
layers between silicene layers decrease the coupling or not.

To further investigate the interlayer coupling and its im-
pact on the electronic properties, we increase the number of
BN layers between silicene layers. The energy band structures
of the BN/Si/(BN),,/Si/BN and BN/Si/(BN),/Si/BN structures
are shown in Figs. 1(d) and 1(e), respectively. As seen in
Fig. 1(d), the energy difference between the two sets of Dirac
cones reduces to 18 meV, indicating that the interlayer cou-
pling is weakened by increasing the number of BN layers.
The shift of the Dirac cones becomes negligible when the two
silicene layers are separated by three BN layers, as shown
in Fig. 1(e). In conclusion, the interaction between silicene
layers is weakened by increasing the number of BN layers.
Therefore, the proposed multi-conducting-channel BN/Si het-
erostructure is possible when silicene layers are separated by

(a) A-A (b) A-A mirror (c)

fi
NS\
2

A-B_1 (d)

ﬁt

three or more than three BN layers.

In the heterostructures mentioned above, only A-A stack-
ing silicene layers are considered. Because of the weak bind-
ing between BN and silicene in BN/Si heterostructures, there
can be different sequences for silicene layers during fabrica-
tion in experiments. We investigate the impact of different
stacking configurations of these two silicene layers resembling
bilayer graphene. For graphene, there are two common stack-
ing configurations, A-A stacking and A-B stacking. Different
from graphene, there are five different high-symmetry stack-
ing configurations for two silicene layers due to its buckled
structure. The heterostructures and the energy band struc-
tures near the Fermi level are shown in Fig. 2. The results
of A-A stacking configurations are shown in Figs. 2(a) and
2(b) and those of A-B stacking configuration are shown in
Figs. 2(c)-2(e). The energy band structures of an A-B stack-
ing configuration are close to each other whereby the Dirac
cones are destroyed, with a negligible gap appearing at K
points. In an A-A stacking configuration, the Dirac cones
are preserved but shifted to different sides of the Fermi level
as discussed before. For the A-A stacking configuration in
mirror symmetry, the Dirac cones are destroyed. The to-
tal binding energy of BN/Si/BN/Si/BN is almost the same of
around 116 meV/A2. Here the binding energy is calculated as

EBinding = (3 x EpN+2 X Es; — EHeterostructure)/area~

(e) A-B_3
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Fig. 2. (color online) Top views and energy band structures of BN/Si/BN/Si/BN with different stacking configurations of silicene layers. To
highlight the silicene layers, BN layers are shown in line style and the two silicene layers are colored by red and yellow respectively. The
silicene layer colored in red is kept still and below. Two sub-lattices of silicene are indicated by different sizes of the balls that the larger balls
represent the higher atoms in this top view. (a) and (b) The band structure of A-A stacking configuration. (c)—(e) The band structure of A-B

stacking configuration.

3.3. Electronic properties of BN/Si superlattices

We further investigate (BN),/silicene superlattices, in
which the silicene layers are positioned in A-A configuration,
with n = 1, 2, 3. The unit cell and the first Brillouin zone
are shown in Fig. 3(a). The band structures of the superlat-

tices are shown in Figs. 3(b)-3(d). Consistent with the results
above, the Dirac cones shift from the Fermi level when the sil-
icene layers are separated by less than three BN layers, form-
ing Dirac lines along the K—H lines in the reciprocal space as
seen in Figs. 3(b) and 3(c). When the number of BN layers
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is increased to three, the Dirac cones return to the positions
of Ep +2 meV, indicating that the coupling is negligible be-
tween the silicene layers and quasi-free-standing silicene is
achieved in this van der Waals superlattice. Kaloni er al.[*3]
reported that quasi-free-standing silicene can be achieved in

a Si/BN superlattice where adjacent silicene layers are sepa-
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rated by only one layer of BN. However, according to our re-
sult, one layer of BN is not enough to isolate silicene layers in
the BN/Si superlattice and there are Dirac lines but not Dirac
points. Based on the results, it is safer to use at least three BN
layers as cladding layers at each side of silicene to protect the
electronic properties from being modified.
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Fig. 3. (color online) Quasi-free-standing silicene in superlattices. (a) Unit cell and the first Brillouin zone of the BN/silicene superlattices.
(b)—(d) Energy band structures of the superlattices, differing from each other by the number of BN layers between adjacent silicene layers,

from one to three.

- BCN/Sl/l BCN

(a) ‘ OB @OC Si (c)

m

Gr BN BCN
silicene I-BCN
M
C=00=G0=00=00=0
Gr, BN, BCN
(b) Gr/Si/BN Hng/Sl/HfOz
| . 3

E—EF/GV
E—Eyp/eV

1
! X
s + b
i 1
S t ~|
1
l
|
T
|

o

LB o wiva s o

|
T
1
1
1
|
1
1
!

=

r M

Fig. 4. (color online) Silicene sandwiched by other 2D materials with the Dirac cones opened. (a) Left panel: sandwich heterostructure with
silicene in the middle. Right panel: unit cells of cladding layers. (b)-(d) Projected energy band structures of Gr/Si/BN and BCN/Si/BCN
sandwich heterostructures. Contributions of silicene and cladding layers are quantitatively indicated by red-grey color scale, where a 100%
contribution from silicene is marked by pure red. (e) Silicene sandwiched by HfO,. (f) The projected energy band structure of HfO,/Si/HfO,.
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3.4. Semiconducting silicene in heterostructures

It is important to open a gap in silicene for its application
in electronic devices. Many different ways have been proposed
to achieve this goal based on theoretical calculations.!!’-%?]
Here we present the results that silicene sandwiched by 1-
BCN or HfO, is semiconducting. We calculate the band
structures of Gr/Si/BN, BCN/Si/BCN, and HfO,/Si/HfO, het-
erostructures. BCN can be fabricated from either BN**! or
graphene”! and has a tunable gap depending on the doping
concentration. The atomic models of I-BCN and h-BCN used
in our calculations are presented in Fig. 4(a). Based on the
calculated phonon dispersions, there are no virtual frequen-
cies for both I-BCN and h-BCN, which indicates that they are
stable materials.

Dirac cones of silicene in Gr/Si/BN are slightly opened
because of the breaking of the space-inversion, as shown in
Fig. 4(b). The Fermi level lies below the Dirac cones due to
the presence of graphene.*®! In both 1-BCN/Si/I-BCN and h-
BCN/Si/h-BCN, the Dirac cones are opened, with energy gaps
of 19 meV and 28 meV, respectively. In the absence of doping
at T = 0 K, the Fermi level lies in the middle of the gap in
1-BCN/Si/I-BCN (Fig. 1(e)). While in h-BCN/Si/h-BCN, the
Fermi level is below the opened Dirac cones (Fig. 1(f)).

HfO, is a large-gap semiconductor, like BN. However,
in HfO,/Si/HfO, (Fig. 4(e)), a gap of 131 meV is opened as
shown in Fig. 4(f). This gap may be caused by the interac-
tion between silicon and oxygen. Therefore, HfO,/Si/HfO,
is semiconducting. The binding energy of HfO,/Si/HfO; is
45 meV/AZ, which is larger than that of BN/Si/BN, indicat-
ing that the HfO, layers have a stronger stabilization effect to
silicene than BN.

4. Conclusion

In BN/Si/BN heterostructures with different rotation an-
gles, lateral shifts, and limited strains, the electronic prop-
In BN/Si/BN/Si/BN
heterostructure, the band structure is sensitive to the stack-

erty of silicene is protected robustly.

ing configurations of the silicene layers due to interlayer cou-
pling. The coupling can be inhibited by increasing the num-
ber of BN layers and becomes negligible at three BN layers.
In BN/Si superlattices with silicene positioned in A-A stack-
ing configuration, a conversion between Dirac lines and Dirac
points can be achieved by changing the number of BN layers
between the silicene layers. Quasi-free-standing silicene can
only be achieved in the BN/Si superlattice when adjacent sil-
icene layers are separated by at least three BN layers. Multi-
conducting-channel BN/Si heterostructures are only possible
when the silicene layers are separated by no less than three
BN layers. Besides, it is safer to use at least three BN layers
on each side of silicene to protect the Dirac cones. At last,
silicene sandwiched by I-BCN or HfO, is semiconducting.
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