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ABSTRACT: The quantum spin Hall (QSH) effect predicted in silicene has
raised exciting prospects of new device applications compatible with current
microelectronic technology. Efforts to explore this novel phenomenon, however,
have been impeded by fundamental challenges imposed by silicene’s small
topologically nontrivial band gap and fragile electronic properties susceptible to
environmental degradation effects. Here we propose a strategy to circumvent these
challenges by encapsulating silicene between transition-metal dichalcogenides
(TMDCs) layers. First-principles calculations show that such encapsulated silicene
exhibit a two-orders-of-magnitude enhancement in its nontrivial band gap, which is
driven by the strong spin−orbit coupling effect in TMDCs via the proximity effect.
Moreover, the cladding TMDCs layers also shield silicene from environmental
gases that are detrimental to the QSH state in free-standing silicene. The
encapsulated silicene represents a novel two-dimensional topological insulator with
a robust nontrivial band gap suitable for room-temperature applications, which has significant implications for innovative QSH
device design and fabrication.
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■ INTRODUCTION

Topological insulators (TIs) have emerged in recent years as a
new class of materials that exhibits a novel quantum state of
matter. The quantum spin Hall (QSH) state in TIs provides
new possibilities for low-dissipation spintronic devices due to
the absence of backscattering and possible superconductiv-
ity.1−4 Silicene, a graphene analogue of silicon, has been
synthesized5,6 and predicted7 to possess a QSH state, raising
the exciting prospects of new device applications of such single-
layer silicon materials that are compatible with current
microelectronic technologies. The recent report8 of successful
fabrication of field-effect transistors (FETs) based on silicene
introduces possibilities of solving the major problem of heating
in conventional silicon-based FETs, which represents over 90%
of device energy consumption. There are, however, fundamen-
tal challenges that must be resolved before practical device
applications of silicene can be realized. Prominent among these
challenges are the extremely small intrinsic nontrivial band gap
(1.5 meV) and highly sensitive nature of silicene to the
environmental gases that severely degrade its electronic
properties.9,10

A novel feature of TIs is their ability to host conducting
states on edges or surfaces while behaving as an insulator in the
interior.11,12 These metallic surface or edge states comprise
pairs of states that have opposite spins and propagate in

opposite directions, thus forming pure dissipationless spin
currents. Protected by the time-reversal symmetry and
nontrivial topological order, these states are robust against
backscattering and nonmagnetic impurities. These properties
could make possible spintronic devices and practical quantum
computers far more powerful than those supported by today’s
technologies. So far, a large number of three-dimensional (3D)
TIs have been theoretically predicted and some experimentally
confirmed, such as chalcogenides (e.g., HgTe),13 the Bi2Se3
family,4 and oxides (BaBiO3).

14 Meanwhile, 2D TIs have been
attracting increasing attention due to their lower dimensionality
that is easily compatible with device configurations and offers
more functionalities. Subsequently, a number of 2D TI
compounds have been identified, such as germanene,7 ZeTe5
monolayers,15 and chemically modified stanene and bismuth
bilayer.16,17 Although some 2D TIs are predicted to possess
large nontrivial band gaps,18 these materials are not compatible
with current silicon-based computer technologies.
Despite the experimental reports on silicene synthesis on the

Ag (111) surface,5,6 free-standing silicene has not yet been
fabricated and the experimental confirmation of its topological
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phase still remains elusive. This situation is attributed to two
main reasons: (i) the very-small nontrivial band gap of 1.5 meV
limits its observation, which requires a working temperature
down to about 18 K since it is vulnerable to thermal
fluctuations;7 (ii) silicene possesses a chemically very active
surface, which is sensitive to the enviorment.9,10,19 Gas
molecules like NO, NO2, NH3, SO, SO2, CO, and CO2 tend
to be adsorbed on the silicene surface, which can significantly
change the electronic properties and turn it into a topologically
trivial semiconductor. Particularly, O2 in air can remarkably
degrade the intrinsic Dirac cone and its topological features.19

Two urgent questions therefore arise in regard to silicene usage
in nanodevice applications: (i) how to protect silicene from
environmental degradation, and (ii) how to significantly
increase the nontrivial band gap into a practical application
range.
Encapsulation technology, which has been used in Flip-

Chip,20 is one of the possibilities for resolution of the silicene
predicament. Recent first-principles calculations showed that
the electronic properties of silicene can be tuned by the
composition of MoX2 and GaX (X = S, Se, Te).21,22 Using
suitable cladding layers with strong spin−orbit coupling (SOC)
could simultaneously enhance the intrinsic SOC and nontrivial
band gap of silicene and prevent the environmental degradation
of its electronic properties. The technical feasibility of such an
approach has been demonstrated in recently fabricated silicene
FETs where silicene is encapsulated between protective
cladding layers during the transfer and device fabrication
process.8 This strategy also has been used in other systems. For
example, a hybrid structure of a graphene layer interfaced with a
Bi2Se3 or BiTeX (X = Cl, Br, and I) has been proposed to
produce a 2D TI;23,24 and proximity effects have been observed
in a MoS2 layer interfaced with NbS2, resulting in 1D
topological superconductivity that offers a platform for realizing
Majorana Fermions for quantum computation applications.25,26

In this work we show by extensive first-principles calculations
that a hybrid QW structure consisting of a monolayer silicene
encapsulated by a TMDCs MTe2 (M = Mo or W) layer on
each side forms a novel 2D TI with a drastically enhanced
nontrivial band gap that is 2 orders of magnitude higher than its
value in free-standing silicene. This striking behavior is driven
by the strong SOC in the MTe2 layers via the proximity effect,
which is sensitive to the interlayer coupling and highly effective
in generating QSH states with a large nontrivial band gap in
silicene in the QW architecture. Moreover, the cladding MTe2
layers also protect silicene from the degradation effects by the
environmental gases, which, if not prevented, would destroy the
QSH states. The topological nature of the QW structure is
explicitly demonstrated by the presence of metallic edge states
that are characteristic of the QSH states in 2D TIs. We further
show that the QSH states in encapsulated silicene are robust
against stacking misalignments that will likely exist in
synthesized QW structures due to the lattice mismatch between
the silicene layer and the cladding MTe2 layers. The present
work offers a new design concept for a novel class of 2D TIs
that can operate in room temperature environments, and our
current results are expected to stimulate considerable interest
and further exploration that could lead to innovative nanoscale
device applications with the new TMDCs encapsulated silicene
QW structure as a central component.

■ RESULTS
Structural and Electronic Properties of Encapsulated

Silicene. The MX2 (M = Mo, W; X = S, Se, Te) layered
materials comprise X-M-X trilayers coupled by the van der
Waals (vdW) interaction. This quasi-2D structural feature
facilitates the fabrication of such layered TMDCs in ultrathin
films by micromechanical cleavage and exfoliation methods.27,28

The absence of inversion symmetry in TMDCs introduces a
giant spin splitting of 148−456 meV at the K points of the 2D
Brillouin zone, leading to the coupled spin and valley physics in
the monolayers.29,30 Among the dichalcogenides, MoTe2 and
WTe2 are both semiconductors with strong spin splitting,31,32

making them good candidates for influencing silicene via
proximity effects. Here we first use hexagonal 2H-WTe2 as the
cladding material. The fully relaxed lattice constants of free-
standing silicene (low-buckled) and 2H-WTe2 are 3.86 and
3.57 Å, respectively, which are consistent with previous
reports.7,32 We constructed the QW model by sandwiching
the unit cell of silicene between two WTe2 layers, and then fully
relaxed the lattice constant and atom positions, obtaining a
global lattice constant of 3.65 Å, which is closer to the value for
WTe2 that is stiffer than silicene.33,34

Before exploring the hybrid QW structure, we first check the
effect of strain on each single component, namely, monolayer
silicene and trilayer 2H-WTe2. Figure 1 shows the calculated

electronic band structure of each single component at
equilibrium compared to the results at the global lattice
constant of 3.65 Å for the QW structure. It is seen that a Dirac
cone exists in the free-standing silicene with a nontrivial band
gap of 1.5 meV, which is consistent with the previously
reported result.7 At the QW lattice constant of 3.65 Å, this
nontrivial band gap increases to 2.5 meV with the Dirac cone at
the K point well preserved. While the valence band maximum
at the Γ point is upshifted by the intralayer strain, the main
characteristics of silicene (Dirac cone and Fermi velocity)
remain essentially unchanged. Trilayer 2H-WTe2 exhibits a
direct band gap of 0.71 eV at the K points, which is slightly
smaller than previously reported values,31,32 caused by the
SOC-induced band splitting. As shown in Figure 1d, there is a

Figure 1. Lattice and electronic band structure of free-standing silicene
and WTe2. The lattice model and electronic band structure of strain-
free (black lines) and strained (red lines) silicene are shown in (a) and
(c), respectively. The corresponding results for 2H-WTe2 are shown in
(b) and (d). The yellow balls represent Si atoms, while the blue and
brown balls are Te and W atoms, respectively.
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band splitting of 487 meV for the valence band states near the
Fermi level, close to the predicted value in WSe2.

29 At the QW
lattice constant of 3.65 Å, the band gap is reduced by strain to
0.23 eV; but the semiconducting nature and the giant SOC
induced band splitting remain unchanged. These results show
that the basic physics of free-standing silicene and trilayer MTe2
remain the same in the QW structure.
We now examine the hybridization and proximity effect in

the QW structure. Three typical stacking patterns at the
interface between silicene and WTe2 are shown in Figure 2a,c,e:
(i) the AA stacking, where each Si atom is on top of either a W
or Te atom; (ii) the MA stacking, where the silicene layer is
shifted (by half of a unit-cell length) with respect to the WTe2
layers and the Si atoms are misaligned (thus termed MA)
relative to the W and Te atoms; and (iii) the AB stacking,
where each Si atom is either on top of a W atom or a hexagonal
center. There are other ways to construct a QW in MA
stacking; but, as will be shown below, the essential physics will
remain the same. In the QW architecture, the silicene layer is
sandwiched between two WTe2 layers. This structural arrange-

ment protects the silicene layer from environmental degrada-
tion effects (see below for details), and it also maintains the
structural inversion symmetry, thus removing the Rashba
(dipole) effect. After a full structural relaxation, the interlayer
distances (the nearest distance between the Si and Te atoms
along the vertical direction) are calculated to be 3.18, 2.96, and
2.89 Å for the three stacking patterns, respectively, and these
large distances indicate that the interlayer interaction is
dominated by vdW forces. To determine the structural stability,
we have calculated the formation energy Ef = EWTe2 + Esilicene −
Etot, where Etot is the total energy of the hybrid QW structure,
EWTe2 is the energy of a double-layer WTe2 with the interlayer
distance taking the value of the hybrid structure, and Esilicene is
the energy of free-standing silicene. The calculated results show
that the AB stacking configuration has the largest formation
energy, 0.86 eV/unit-cell, and the AA stacking structure has the
lowest value, 0.55 eV/unit-cell, while the result for the MA
stacking, 0.67 eV/unit-cell, lies in between.
The QW structures with different stacking patterns show

distinct electronic properties. For the AA (Figure 2a) and AB

Figure 2. Lattice and electronic band structures of differently stacked QWs. The AA, MA, and AB stacking patterns between silicene and WTe2 are
displayed in (a), (c), and (e), respectively, while the corresponding electronic band structures are presented in (b), (d), and (f), where black (red)
lines are those with (without) the SOC effect.

Figure 3. Analysis of the band gap enhancement induced by the proximity effect. (a) Variation of the band structure of the AB stacked QW at
different interlayer distances; the black, blue, and red lines are for the cases with the distance increase of 0, 1, and 2 Å, respectively. (b) The band gap
as a function of the interlayer distance increase. (c) Partial density of states that show strong hybridizations around the Fermi level. (d) Charge
transfer between the silicene and cladding layers.
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(Figure 2e) stacking configuration where the sublattice
symmetry is maintained in the absence of the SOC, a well-
defined Dirac cone can be observed at the K point of the
Brillouin zone in each case (Figure 2b and f), which resembles
that seen in free-standing silicene. In contrast, the MA stacking
configuration (Figure 2c) shows a finite band gap opening at
the K point (Figure 2d) caused by the lattice symmetry
breaking in the MA stacking (a similar gap opening will occur
in all QWs with an MA stacking, regardless of the details of the
relative atomic position misalighment between different layers).
When the SOC is switched on, all the band structures undergo
dramatic changes, especially the band states near the Fermi
level at the K point. The band gap of the AA stacking
configuration increases to 22 meV at the K point, which is an
order of magnitude larger than the value for free-standing
silicene. The most significant SOC-induced band gap opening
occurs in the AB stacking configuration, where a band gap
reaches 250 meV around the K point. Meanwhile, the band gap
of the MA stacking configuration is 145.5 meV. These results
show a clear correlation between the sizes of the nontrivial
band gap with the stacking patterns that have different
interlayer distances. This correlation suggests that the strong
SOC effects in the WTe2 layers play a prominent role in
influencing the electronic band structure of the silicene layer via
the proximity effect.
For a quantitative understanding of the SOC-enhanced band

gap in encapsulated silicene via the proximity effect, we
performed systematic electronic structure calculations on a
series of QW structures with a controlled variation of the
interlayer distance. The calculated results show the same trend
in the interlayer-distance dependence of the nontrivial band gap
for all three stacking patterns. Here we present a detailed
analysis for the case of the AB stacking (see Figure S1 in
Supporting Information for the results of the AB and MA
stacking cases). Results in Figure 3 show that at an interlayer
distance of 5.39 Å, i.e., an increase of Δd = 2.5 Å from the
equilibrium value of 2.89 Å for the AB stacking, the band gap at
the K point is 1.5 meV, which is the same value for free-
standing silicene. As the interlayer distance is reduced, which
can be achieved by applying an external uniaxial stress
perpendicular to the WTe2 sheet,35 the valence band and
conduction band move apart around the Fermi level at the K
point, resulting in a steady increase of the band gap. At the
equilibrium interlayer distance of 2.89 Å the band gap rises by 2
orders of magnitude to 250 meV. These results indicate that the
band gap enhancement is driven by an interlayer-distance-
sensitive proximity effect, which is similar to the previously
reported case of graphene on WSe2.

36 The underlying
mechanism here is the orbital hybridization between silicene
and WTe2 through charge transfer, which also has been seen in
heavy-metal enhanced spin−orbit effects on graphene.37 A
partial density of states (PDOS) analysis (Figure 3c) shows that
the Si p-orbital has a strong overlap with those from W 5d-
orbital and Te 5p-orbital in the energy range −2 to 2 eV,
indicating substantial hybridization between the silicene and
WTe2 layers. This is further supported by a charge transfer
analysis (Figure 3d), where the charge transfer is defined as
ρ(r) = ρtot(r) − ρSilicene(r) − ρWTe2(r). Adjacent Te atoms are
electron depleted while silicene is gaining electrons by 0.01 e/Si
from WTe2 according to a Bader charge analysis.
Explicit Demonstration of the TI Phase and Edge

States in Encapsulated Silicene. To confirm the band
topology of encapsulated silicene, we have analyzed its Z2

topological invariant (v). The calculations lead to the same
conclusion for all three stacking cases. Below we will focus on
the AB stacking in our discussions. According to the Z2
classification, v = 1 characterizes a topologically nontrivial
phase and v = 0 means a topologically trivial phase.38,39 Due to
the inversion symmetry in our constructed QW structure, the
method developed by Fu and Kane38,39 is applicable here;
namely, the Z2 topological invariant can be directly calculated
based on the parity of the Bloch wave function for all the filled
bands at all the time-reversal-invariant momenta (TRIM).
Calculations were performed for four TRIM points (Ki) in the
Brillouin zone, one at the Γ point and three at the M points.
Accordingly, the topological indexes are established by
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where δ is the product of the parity eigenvalues at the TRIM
points, ξ = ±1 are the parity eigenvalues, and N is the number
of occupied bands. In our QW structure, there are 22 spin-
degenerate bands for 44 valence electrons. Thus, we calculated
the parity eigenvalues of the Bloch wave function for the 22
occupied spin-degenerate bands at all four TRIM points in the
Brillouin zone. The obtained product of the parity eigenvalues
at the Γ point is +1, whereas it is −1 at the M point, yielding a
nontrivial topological invariant v = 1 (see Table S1 in
Supporting Information for details on parities of each valence
band at all TRIM points). This result shows that the
encapsulated silicene in the QW structures studied in the
present work are all TIs that host the QSH effect.
A characteristic feature of 2D TIs is that they support an odd

number of topologically protected gapless edge states, which
connect the valence and conduction bands at certain k-points.
For an explicit demonstration of this topological feature in
encapsulated silicene, we constructed an AB-stacked armchair
nanoribbon where the dangling bonds of all the edge atoms are
passivated with hydrogen atoms. This nanoribbon structure
contains 60 W atoms, 120 Te atoms, 60 Si atoms, and 20 H
atoms (see Figure S2 in Supporting Information for the
structural model). The width of the nanoribbon reaches 55 Å,
which is large enough to avoid the interaction between the two
edges. The calculated edge states are shown in Figure 4a, where
one can clearly see the topological edge states with a single
Dirac-type crossing at the Γ point. We plot in Figure 4c and d
the spatial distribution of the wave function of the two sets of
edge states that are localized at the opposite ends of the ribbon.
To show that these helical edge states are indeed from the
proximity enhanced SOC in silicene, we additionally calculated
the band structure of the single silicene nanoribbon (only the
middle layer) and double-layer WTe2 ribbon (the upper and
bottom layers at the fixed interlayer distance) under the same
conditions, namely, the same ribbon width and atomic positons
as in the heterostructure ribbon. The results are shown in
Figure 4b, where one can see that the double-layer WTe2
ribbon exhibits a large band gap at the Γ point, while the
silicene ribbon also possesses a band gap of 22 meV; in other
words, there are no metallic edge states in these isolated
components without including the proximity effect. We
therefore conclude that the metallic edge states of the
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heterostructure, which act as a signature of the 2D TI phase,
arise from the proximity enhanced SOC in silicene.
Robustness of the TI Phase against Environmental

Degradation Effects. Unlike graphene, exposed silicene is
generally unstable in air. Free-standing silicene possesses a very
sensitive surface, which stems from its mixed sp2−sp3 bonding
character40 and thus requires effective passivation or
encapsulation at all stages from materials synthesis to device
fabrication. However, the passivation for the surface always
destroys the outstanding properties by reducing the mobility
and breaking the Dirac cone.9,10,41,42 This is one of the major
reasons that TI properties of silicene have not yet been
demonstrated. First-principles calculations predict that silicene
will become a large-gap semiconductor and lose the topological
feature when exposed to the air due to modifications by the gas
molecules like NO, O2, NH3, and SO2. In experiments, silicene
is also easily oxidized, leading to the absence of an observed
Dirac cone.41,42 The latest development of the silicene
encapsulated delamination technique, which has been success-
fully used to fabricate silicene-based FETs, offers a way to

overcome these challenges.8 The QW structure proposed in the
present work can be regarded as an example of the silicene
encapsulated technique where the cladding WTe2 layer not
only enhances the SOC effect, leading to the large nontrivial
band gap as shown above, but also is able to protect the silicene
from environmental degradation effects.
To showcase the effective protective role of the cladding

layer, we have performed a comparative study of the electronic
and band topological variation of free-standing silicene
compared to encapsulated silicene.6

We have examined the effect of the adsorption of two typical
gases, H2O and NH3, and the results are presented in Figure 5.
For H2O on free-standing silicene, it is a typical physisorption
with an adsorption distance of 2.5 Å and an adsorption energy
of 0.085 eV/unit-cell, where H2O acts as an electron acceptor.
This adsorption causes an obvious variation in the electronic
band structure: a 70 meV band gap opens around the Dirac
cone at the K point driven by the lattice symmetry breaking,
and the band structure is insensitive to the SOC, indicating that
the system is no longer in a TI state. These results demonstrate
that the band topology of free-standing silicene would be
vulnerable to common humidity in the air. Meanwhile, NH3
bonds directly with silicene as an electron donor, at a much
closer distance (1.91 Å) with a stronger binding energy (0.251
eV/unit-cell). This chemisorption causes more severe changes
in the structural and electronic properties of silicene. The
electronic property is dramatically modified as shown in Figure
5d, where the Dirac-cone feature of free-standing silicene
disappears while a large gap (0.293 eV) is opened at the Γ
point. The band topology is also fundamentally altered since
the band structure becomes insensitive to the SOC, indicating it
is not in a TI state. In stark contrast, both gas molecules are
weakly chemisorbed on encapsulated silicene with a large
binding distance (2.74 Å for H2O and 3.55 Å for NH3). They
have very limited influence on the electronic properties as
shown in Figure 5b and d. The Dirac cone at the K point is well
preserved when the SOC is not included, and a gap of 250 meV
is opened by the proximity SOC effect. A Z2 analysis confirms
that encapsulated silicene with gas molecule adsorption is a 2D

Figure 4. Helical edge states. (a) Electronic band structure of an AB-
stacked armchair QW ribbon. (b) Band structures of pure silicene
nanoribbon (black lines) and double-layer WTe2 (blue lines); (c) and
(d) show the spatial distribution of the wave functions of the two edge
states marked with red and blue lines in (a); the isosurface is set to 5 ×
10−5 e/Å3.

Figure 5. Protection of silicene against environmental degradation effects by the encapsulation. Electronic band structures of silicene with (a)
physisorbed H2O and (d) chemisorbed NH3 exhibit significantly altered electronic and topological properties; the gas-adsorbed silicene structures
are shown in the insets. In contrast, the properties of the QWs are largely unaffected by the adsorption of (b) H2O and (e) NH3; the gas-adsorbed
QW structures are shown in (c) and (f). The electronic structures with (black lines) and without (red lines) the SOC are plotted in all cases, but
they are indistinguishable in gas-adsorbed silicene in (a) and (d), indicating the non-TI nature of the structures.
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TI. The band states of the adsorbed gas molecules are located
at a deep energy level around −2 eV, which have negligible
effects on the properties of silicene. For other small molecules
or chemical species, like H or OH, they can also significantly
change the electronic properties of silicene and destroy its
essential features (see SI Figure S6), and the encapsulation is
expected to protect silicene against the environment degrada-
tion. We therefore conclude that the cladding layers WTe2
enhance the SOC and enlarge the nontrivial band gap of
silicene, and they also very effectively protect the silicene from
environmental degradation effects.

■ DISCUSSION
The above results show that WTe2 is an excellent cladding layer
material that serves a dual purpose of enhancing the SOC in
silicene via proximity effect and protecting silicene from the
environmental gases. It should be noted, however, that there
are other choices. Another TMDC, MoTe2, also generates a
substantial nontrivial band gap in encapsulated silicene: 137
meV for the AB stacking and 25.4 meV for the AA stacking (see
Figure S3 in Supporting Information). We expect that suitable
cladding materials may also include other TMDCs, such as
WSe2, MoSe2, or even MoS2. Furthermore, the same QW
architecture design and the underlying working principles
should also apply to encapsulated germanene, the graphene
analogue of germanium, which has been predicted to exhibit
QSH effect.7 These possibilities may result in a new family of
robust 2D TIs.
It is crucial that both sides of silicene be covered by the

TMDC layers to avoid degradation of its properties in the air.
The widely used wet transfer technique43 is inadequate here;
even Al2O3-capped silicene degrades readily once the Ag cover
is removed during transfer because of the exposed bottom
surface. The silicene encapsulated delamination technique,8

where both the bottom and top surfaces are protected, provides
a feasible way to fabricate the proposed TMDC/silicene/
TMDC QW structure. It was recently reported that silicene can
be directly grown on the surface of MoS2,

44 and it is expected
that the silicene/WTe2 heterostructure also can be achieved
using a similar experimental approach. Si was deposited on top
of a cleaved TMDC layer from a thermally heated and ultrahigh
vacuum crucible, and the subsequently transferred TMDC
cladding layer8 can be used to cover the synthesized silicene/
WTe2, forming the proposed QW structure.
In the present work we have used a unit-cell model to

construct the QW structure due to computational constraints,
and it introduces substantial intralayer strains in the silicene and
TMDC layers. Such large lattice distortions are unsustainable
by the weak interlayer vdW interactions; consequently, a more
realistic QW structure is expected to undergo an intralayer
relaxation to release the strain energy, resulting in stacking
disorder and moire ́ patterns.45 This strain release would make
electronic structures dominated by the intralayer interactions
closer to that of free-standing layers. In particular, the strain-
induced upshift of the valence band around the Γ point (see
Figure 1 and Figure 2) would be reduced significantly, restoring
a sizable global band gap as in free-standing silicene. On the
other hand, the opening of a large nontrivial band gap at the K
point is expected to remain largely unaffected since this gap
stems from the proximity SOC effect driven by the interlayer
interaction, which has little dependence on the intralayer strain
state. In experimentally synthesized QW structures, the most
likely stacking pattern would be MA, which is a compromise

between the intralayer strain release and interlayer binding
energy gain.45 Our calculations have shown (see Figure 2) that
the QW in an MA stacking pattern possesses a large nontrivial
band gap above 100 meV, making it suitable for room-
temperature applications. This result is driven by the strong
interlayer proximity SOC effect, which is expected to be present
in other MA-stacked QWs. To support this conclusion, we have
checked a series of encapsulated silicene in MA stacking with
different degrees of interlayer misalignment, and the obtained
nontrivial band gaps are all on the order of 100 meV with the
energetically more favorable structures possessing larger gaps
around 200 meV (see Figures S4 and S5 in Supporting
Information). These results demonstrate that large nontrivial
band gap in encapsulated silicene is a general phenomenon,
which calls for experimental verification and further exploration
for innovative device applications.
The tunability of the electronic properties of the topological

phase is important for its applications in spintronic and FET
devices. We examined the influence of a vertical applied electric
field, and the results indicate that the nontrivial gap at the K
point decreases almost linearly with increasing field, and it
closes completely at 0.04 V/Å (see Figure S7). This
controllability by a modest electric field is highly desirable for
nanodevice applications.

■ CONCLUSION

Extensive first-principles calculations show that a hybrid QW
structure with a monolayer silicene sandwiched between two
TMDC layers forms a novel 2D TI with a drastically enhanced
nontrivial band gap that is 2 orders of magnitude higher than its
value in free-standing silicene. This underlying mechanism is
from the strong SOC in the MTe2 layers via the proximity
effect, which is sensitive to the interlayer coupling and highly
effective in generating QSH states with a large nontrivial band
gap in silicene in the QW architecture. The cladding MTe2
layers also protect silicene from the degradation effects by the
environmental gases. The topological nature of the QW
structure is explicitly demonstrated by the presence of metallic
edge states that are characteristic of the QSH states in 2D TIs.
We further show that the QSH states in encapsulated silicene
are robust against stacking misalignments that will likely exist in
synthesized QW structures due to the lattice mismatch between
the silicene layer and the cladding MTe2 layers. The present
work offers a new design concept for a novel class of 2D TIs
that can operate in room temperature environments, and our
current results are expected to stimulate considerable interest
and further exploration that could lead to innovative nanoscale
device applications with the new TMDCs encapsulated silicene
QW structure as a central component.

■ METHODS
Electronic Structure Calculations. First-principles calculations

based on the density functional theory (DFT) were carried out using
the Vienna ab initio simulation package (VASP).46 The exchange
correlation interaction was treated within the generalized gradient
approximation (GGA-PBE).47 The QW is periodic in the xy plane and
separated by at least 10 Å along the z direction to avoid self-
interactions. All the atoms in the unit cell are fully relaxed until the
force on each atom is less than 0.01 eV/Å. The Brillouin zone
integration was sampled by a 10 × 10 × 1 k-grid mesh. An energy
cutoff of 400 eV was chosen for the plane wave basis. The SOC was
included. To describe the vdW interaction, a semiempirical correction
by the Grimme method46 was adopted.
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Gas Adsorption. For the gas adsorption on free-standing silicene
and QWs, 2 × 2 supercells for both structures were used, with a size of
7.3 Å × 7.3 Å. To reserve the structural symmetry and simulate the
true situation when placing silicene or QWs in the ambient
environments, the gas molecules, H2O and NH3, are placed on both
sides of the structure. All structures are fully relaxed to obtain the
binding energies and electronic properties.
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