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ABSTRACT

Silicene, the silicon counterpart of graphene, has so far been successfully grown
on metallic substrates, like Ag(111), ZrB2(0001) and Ir(111) surfaces. However,
the characterization of its electronic structure is hampered by the metallic
substrate. In addition, potential applications of silicene in nanoelectronic
devices will require its growth/integration with semiconducting or insulating
substrates. We revisit recent theoretical works about the interaction of silicene
with several non-metallic templates, distinguishing between the weak van der
Waals like interaction of silicene with e.g. layered metal (di)chalcogenides, and
the stronger covalent bonding between silicene and e.g. ZnS surfaces. We then
present a methodology to effectively compare the stability of diverse silicene
structures for different synthesis conditions, by exploiting thermodynamics and
molecular dynamics density functional theory calculations. Recent
experimental results on the possible growth of silicene on MoS: are also
highlighted and compared to the theoretical predictions.
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1.Introduction

Since the isolation and characterization of graphene
in 2004 [1,2], two-dimensional materials are
triggering an enormous interest, both fundamentally
and technologically [3-5]. Recently, the possible
growth of single atomic layers of the other group-IVa
elements (5i, Ge and Sn) has emerged [6-9]. Silicene,
for example, is the Si counterpart of graphene, i.e. a
single layer of Si atoms arranged in a hexagonal
network. This novel 2D material has been extensively
studied theoretically [10-16], as well as
experimentally [17-24]. Indeed, the synthesis of
silicene on various metallic substrates, like (111)Ag
surfaces [6,17-21], (0001)ZrB: surfaces [22,23] and
(111)Ir [24] surfaces, has been reported. A recent
breakthrough paved the way to the possible
realization of silicene-based field effect transistors
operating at room temperature [25], presenting
ambipolar  current-voltage  characteristics, as
expected for a gapless semiconductor.

A clear advantage of silicene, over graphene, for
nanoelectronic devices is its compatibility with the
existing silicon-based nanotechnology. Another
advantage of silicene lies in its atomic structure:
free-standing silicene is predicted to be buckled, with
a buckling distance of about 0.44 A [11]. The buckling
arises from the mixed sp2-sp® character of Si atoms,
and it is predicted to be a key feature for the possible
functionalization of its electronic properties [26-29],
as will also be highlighted below.

So far, experimental evidences for the growth of
silicene has been obtained on metallic substrates.
However, the characterization of the electronic and
electrical properties of silicene on metallic substrates
is very challenging, since these properties are then
largely dominated by the metal. The growth of
silicene on semiconducting or insulating substrates is
required for their firm identification and complete
characterization. In addition, potential applications
of this novel 2D material in nanoelectronic devices
will also require its growth and integration on
non-metallic substrates.

We revisit here recent theoretical results, essentially
based on density-functional theory calculations,
pertaining to the interaction of silicene with
non-metallic surfaces (mostly from ref. [30, 35, 54,

65]). We first discuss the weak (van der Waals)
interaction of silicene with e.g. AIN and layered
dichalcogenide substrates. On these templates,
silicene was predicted to be either metallic,
semi-metallic (with preserved Dirac cones at the
k-points), or semiconducting, depending on its
buckling and degree of interaction with the substrate.
We also show results on the stability of diverse
silicene structures, including the so-called dumbbell
silicene layered dichalcogenide
substrates. These results were obtained based on a
thermodynamic approach and confirmed by
molecular dynamics (MD) simulations. We highlight
the efficiency of this approach to systematically
investigate the stability of  so-called van der Waals
heterostucture such as the weak interacting
silicene/layered dichalcogenide systems. Recent
experimental results on the possible growth of
silicene on MoS: [35] are discussed and compared to
the theoretical predictions. The fabrication of
transistors incorporating Si/MoS: heterosheet [58],
functioning at room temperature, is also highlighted.
We next discuss the covalent bonding of silicene on
e.g. (0001)ZnS surfaces. The charge transfer occurring
at the silicene/(0001) ZnS interface leads to the
opening of an indirect energy band gap in silicene.
Very interestingly, it was found that the nature
(indirect or direct) and magnitude of its energy band
gap could be controlled by an external electric field.
Analogous modulation of the bandgap, induced by
charge reorganization at the silicene interface, was
recently reported for weak interacting silicene/ SnSz
heterostucture [75], confirming a result potentially
very interesting for field-effect devices.

structure, on

2. Silicene/substrate interaction: weak van der
Waals bonding

Layered semiconducting materials, with strong
intra-layer covalent bonding and weak inter-layer
van der Waals bonding, are expected to interact
weakly with silicene, potentially preserving its
peculiar electronic properties [30-38]. We discuss
here the weak interaction of silicene with two
different type of layered materials,
graphite-like AIN [30,31] and semiconducting

namely
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(transition) metal dichalcogenides [32-35, 75].

AIN is an insulator (energy band gap of about 6.5 eV
[39]) which crystallizes in the wurtzite phase, with
in-plane lattice parameters a=b=3.11 A and
out-of-plane lattice parameter c=4.98 A [40]. Very
interestingly, the polar (0001) AIN surface is
predicted to evolve to a more stable graphite-like
structure [30,41], with the Al and N atoms adopting a
sp>-hydridization. The graphite-like form of AIN is
insulating, with a computed energy band-gap of
about 4.6 eV, and is more stable than the (0001) AIN
polar surface by about 0.27 eV/atom [30]. This
predicted structural and electronic “phase transition”
in AIN is consistent with first-principles calculations
on ultra-thin wurtzite films [41]. The driving force for
the planarization and sp»-hybridization of the AIN
layers is the suppression of the strong dipole
between the bottom and the top surface of the film,
which are terminated either by anions or cations; this
transition depends on the electronegativity difference
between the anions and cations as well as the energy
gap of the material, leading to a thickness
dependence of this transition [41]. The graphite-like
form of AIN is predicted to be more stable than the
(0001) wurtzite structure up to 24 layers,
corresponding to a layer thickness of about 2.6 nm.
Very interestingly, the possible growth of
graphite-like AIN on Ag (111) surfaces has been
recently observed experimentally [42].

The possibility of inserting a silicene “flake” (i.e. a
silicene ribbon terminated by H atoms) in-between a
graphite-like AIN lattice was then considered [30,31].
In this configuration, the top AIN layer could serve as
an efficient barrier against the diffusion of chemical
species towards the silicene surface. The starting

configuration corresponds to a compressively
strained flat silicene ribbon inserted between two
AIN layers, as shown in Fig. 1. The studies [30,31]
found that during the energy relaxation, the Si-Si
bond length increases and reaches its free-standing
value of about 2.2 A. After relaxation, the silicene
layer is buckled, with a buckling distance of about
021 A, which is lower than its predicted
free-standing buckling distance

Figure 1 Relaxed atomic configuration of a AlN/silicene/AIN
(van der Waals) heterostructure. Dark gray, light orange, blue and
white spheres represent Al, N, Si and H atoms, respectively.
Reproduced with kind permission from AIP Publishing, ref. [30].

(about 0.44 A). In this configuration, the silicene
layer weakly interacts with the AIN layers via van
der Waals forces, the computation of the partial
(Mulliken) atomic charges on the Si, Al, and N atoms
indicating no net charge transfer between Si and the
Al or N atoms. However, the weak interaction
between the Si p- orbitals and the out-of-plane dipole
formed between the Al and N atoms from the bottom
and top AIN layers, respectively, is likely responsible
for the reduced silicene buckling, as compared to its
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Figure 2 Electronic band structure of free-standing low buckled (LB) silicene (a), high buckled (HB) silicene (b),

large honeycomb dumbbell (LHD) silicene (c).
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Figure 3 Relaxed atomic configuration of silicene on bulk MoS;
(in a and c the top and side view is shown, respectively). In (b)
the top view of a different configuration is also shown. Blue,
yellow and purple spheres are Si, S and Mo atoms, respectively.
Reproduced with kind permission from IOP Publishing, ref. [35].

free-standing configuration. In this van der Waals
like AlN/silicene/AIN heterostructure, silicene is
predicted to be a gapless semiconductor (see Fig. 2a),
due to the preserved sp?-sp? mixed hybridization of
the Si atoms, thus preserving the linear dispersion
behavior, typical for low buckled (LB) free standing
silicene [11].

Van der Waals interactions play also a crucial role for
the family of materials known as (layered) transition
metal chalcogenides, having MoS: as the most noted
representative. These materials are composed by
metal-chalcogenide layers, having a hexagonal
structure similar to silicene, which are kept together
by the van der Waals interactions. Ionic-covalent
bonds between the transition metal and the
chalcogenide elements ensure the in-plane stability of
the layers. Because of their layered structure,
transition metal chalcogenide bulk crystals can be
exfoliated in order to obtain few-layers thin flakes or
even monolayers, with “ideal” surfaces having no
dangling bonds. Thus, transition metal chalcogenides
are perfect substrates for other (2D) layered materials,
such as graphene, and optimal candidate as template

for silicene.

MoS: is an indirect band-gap semiconductor (gap=1.2
eV [43]) and its hexagonal structure has an in-plane
lattice parameter of 3.16 A [43] (about 18.3% smaller
than the lattice parameter of free standing silicene).
Single layer MoS5: is a direct-gap semiconductor with
a band-gap of about 1.9 eV [44-46]. Suspended
mono-layer MoS: has also been realized [47,48] and
its properties have been investigated both
experimentally [44-46] and theoretically [49-51].

The interaction of silicene with MoS: was first
investigated in ref. [35], by modeling a flat hexagonal
Si layer on the MoS: surface. Note that in this study
the lattice parameter of the heterostructure was fixed
to the MoS: one (3.16 A), thus considering the case of
a fully strained silicene layer on MoS.. Different
possible arrangements of the Si atoms, with respect
to the underlying Mo and S atoms were also
considered, as discussed in more details in ref. 35.
Results showed that after energy relaxation, the
silicene layer placed on MoS: is highly buckled, with
a vertical distance between the Si top and bottom
atoms of about 1.9 A (cf. Fig. 3).

The energy difference between the various
arrangements of silicene on MoS: is predicted to be
about 3 meV/atom, indicating a degeneracy of the
different configurations and hence very weak (van
der Waals) interactions between silicene and MoSa.
The adhesion energy of the silicene layer on MoS:,
estimated as the difference between the energy of the
silicene/MoS: system and the sum of the energies of
the isolated silicene layer and MoS: substrate, was
calculated to be about 200 meV per unit cell. This is a
value very close to the reported interlayer binding
energy in bulk-layered materials, like graphite [52],
thus confirming the vdW nature of the Si/MoS:
interaction. The Si/MoS: interlayer distance was
calculated to be about 3.5 A (cf. Fig. 3), a value
comparable to the typical inter-layer distance in
vdW-bonded layered materials, like MoSz, h-BN or
graphite [52].

Both the Si buckling distance and the Si-MoS:
distances obtained from these DFT simulations were
in very good agreement with experimental STM
results (see Fig. 4), where the step profile between a
Si domain and the MoS: substrate amounts to 3 A
and exhibits a feature at about 2A consistently with
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Figure 4 (a) High resolution STM image of a partially Si-covered MoS, surface. The left side and the right side of the image
corresponds to a portion of bare MoS; and a Si covered region, respectively. A line profile taken across the two terraces, measuring the
amplitude of the step, is shown in (b). In (c) the magnified topography after (fast Fourier transform) filtering evidences the hexagonal
surface. A simulated STM image of silicene on MoS; is shown as (top) inset. A line profile following the black arrow drawn in the STM
image is plotted in the bottom inset. Reproduced with kind permission from IOP Publishing, ref. [35].

the highly buckled silicene arrangement (Fig. 3.c).
Details about the experiments can be found in ref.
[34]. The simulated highly buckled (HB) freestanding
silicene structure [11] was predicted to be metallic (cf.
Fig.2b), contrary to the low buckled and flat layers.
The calculated band structure and local density of
states (LDOS) for silicene on bulk MoS: also
indicated a metallic character [35]. Particularly, the
LDOS showed that the density of states of the MoSz
substrate still preserves a gap very close to that of the
bare MoSz, while all the electronic states close to the
Fermi level are due to the contribution of Si atoms,
confirming that almost no hybridization between Si
and Mo/S atomic orbitals is induced.

The theoretical results obtained on HB silicene/MoS:z
heterostructures can be compared with DFT
simulations performed on low strained, low buckled
silicene on MoS: [53,54]. In this case, larger supercells
were used, in order to minimize the lattice mismatch
between silicene and MoS;, as illustrated in Fig. 5 (a).
After relaxation, the silicene layer is predicted to be
low buckled, with a typical buckling distance of
about 0.5 A (very close to free-standing silicene) and
the computed silicene/MoS: interlayer distance is
about 3 A. The weak van der Waals interaction
between LB silicene and MoS: leads to the opening of
a small energy gap in the silicene electronic structure,
with preserved Dirac cones [53,54], as shown in Fig. 5

TRINGHEA € Springer

(b). The opening of this energy gap near the Fermi
level results from the stronger interaction between
the MoS: substrate and the bottom Si atoms forming
an intrinsic interface dipole, which breaks the
symmetry between the two sublattices in silicene.

© Mo S

©down Si © up Si

Figure 5 Atomic configuration (a) and corresponding energy
band structure (b) of low buckled silicene on MoS,. The inset in
(b) shows a zoom-in of the energy bands near the K point.
Reproduced with kind permission from ACS Publishing, ref.
[54].

The energy gap of LB silicene on MoS: can be further
controlled by an out-of-plane electric field [53,54].
This electric field induces a redistribution of electrons
between the top and bottom Si atoms, and leads to a
linear dependence of the energy gap with the electric
field. Depending on the direction of this electric field,
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Figure 6 Top (a) and side (b) view of LHD silicene on MoS.. (c) Phase diagram of silicene on MoSz, MoTe: and SnS: substrates. The

surface formation energy is plotted as function of the deviation AuSi from the reference chemical potential, which is diamond bulk

silicon (bottom axis) or LB free standing silicene (top axis), as described in the text. LB and HB indicate the low buckled or high

buckled silicene phases. LSMS and LDHS are the low buckled low strained silicene on MoS: (ref. [35]) and large honeycomb

silicene phase [75], respectively. FS indicate the freestanding silicene layer.

the energy gap can be either increased, or decreased
[54]. This effect is potentially much interesting for the
application of silicene in field effect transistors.
Although further experimental investigations are
necessary to corroborate the growth of silicene on
MoSz, the comparison of the experimental
measurements on Si nanosheets with local hexagonal
symmetry [34] and the computed structural and
electronic properties of HB and LB silicene on MoS:
clearly confirms the former as the most plausible
structure for the first Si nanosheets synthetized on
MoS.. However, this cannot be explained by the DFT
total energy calculations, which indicate the LB
silicene to be more stable than the HB structures on
MoS: by about 350 meV per Si atoms. Thus, we
present a comprehensive study of the stability of
silicene on MoS:, by employing a grand-canonical
thermodynamic approach, analogously to a recent
study of silicene on layered SnS: [75]. This approach
is very efficient to probe the stability of the different
silicene structures on layered materials, at specific
experimental conditions (i.e. chemical potentials),
thus mimicking the growth conditions.

In Fig.6 we plot the derived phase diagram versus
the variation (Apg; = Us; — Usirer) Of the chemical
potential of the silicon reservoir (ug;) with respect to
a reference chemical potential (Ui er). Hsirer Was
chosen equal to the chemical potential of a reservoir
of ideal freestanding silicene [psire=psi(silicene)]; or

TSINGHLA 4 Springer

set to the bulk silicon value [psire=psi(bulk)]. In fact,
psi(bulk)] corresponds the limit value for the Si
chemical potential, beyond which the appearance of
sp?® hybridized Si occurs. The formation free energy
Y was then calculated as:

Y= % [Estab (nsi» Ny, ) — NsiAis; — Nsiksref +

—NmEg, UME, (blﬂk)]/

with A the surface area of the slab. ng are the
number of Si atoms of the silicene layer and nyg,
are the ME2 units of the layered dichalcogenide, e.g.
MoS: (M for the metal atom and E for the
Hmez (bulk)
potential of the bulk dichalcogenide.

chalcogen). indicates the chemical
We also include in the calculations of the phase
diagram of silicene on layered chalcogenides a
different silicene phase, not discussed above, the
(LHD)

silicene. This particular silicene structure is made

so-called large honeycomb dumbbell
up of “dumbbell” units of Si atoms in honeycomb
arrangement and have been recently simulated on
layered SnS: [75],

thermodynamically stable silicene phase on that

resulting in the most
substrate. Because of its dumbbell structure, shown
in the inset of Fig. 7, the Si atoms laying on the
central plane of the LHD silicene are 4-fold
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coordinated, thus conferring an sps-like character to
this silicene phase. The band structure shown in
Fig. 2c shows that free-standing LHD silicene is
predicted to be semiconducting, with a gap of about
0.19 eV. The lattice parameter of a free standing
LHD silicene was calculated to be 7.38 A, and a
V3x¥3 LHD silicene supercell can be built (see Fig.
7), with a corresponding lattice parameter of about
12.78 A. Thus, the V3x\3 LHD silicene matches very
well a 4x4 MoS: supercell, minimizing the strain of
the resulting silicene layer on MoS: (see Fig. 6 a and
b).

the silicon dumbbell units, forming the honeycomb rings
evidenced by the yellow line. Black and green lines define the
1x1 and V3xV3 cells of LHD silicene, respectively. The inset
shows a side view of the LHD unit cell.

From the phase diagram in Fig. 6¢c, one can assert
that LHD silicene is the most stable silicene phase on
MoS: as well, for a broad range of the Si chemical
potential. In fact, the surface formation energy of
LHD silicene on MoS: is very close to that of LHD

silicene on SnSy, with a difference of only few meV/A.

However, in Si-poor conditions (AuSi<-0.28 eV, with

usi(bulk) as reference chemical potential), the
formation of low buckled and low strained silicene
on MoS: (LSMS) becomes favorable. Note that the
formation of silicene on MoS: is essentially an
endothermic process, but in very Si-rich conditions,
the formation of LHD silicene becomes exothermic.
This is not surprising and a similar trend has been

reported in the phase diagram of both silicene on
S5nS: and on Ag(111) [75,76]. Based on the phase
diagram of Fig. 6¢c one can speculate that in Si-poor
conditions and at relative high temperature, the
formation of LSMS is plausible, while increasing the
Si chemical potential, the growth mechanism or
phase transformation in LHD silicene is favorable,
even at much lower temperature. On the contrary,
the surface formation of HB silicene on MoS: is much
higher in energy, as compared to LSMS and LHD
silicene, thus it is predicted to be thermodynamically
not stable under equilibrium conditions, but it may
be stabilized, e.g. by kinetic effects during growth or
by (surface) defects-mediated growth mechanisms.
This is confirmed by our DFT simulations of a 4x4
MoS: supercell with HB silicene on top. After ionic
relaxation the honeycomb lattice of the initial HB
silicene on MoS: is broken, and a disordered layer is
formed even at 0 K. The surface energy of the
disordered layer (plotted in Fig. 6c) is much lower
than that of HB silicene on MoS,, indicating that the
HB phase is a local minimum of the potential energy
surface of silicene on MoS:, only if the symmetry
constrain of the 1x1 cell is kept. On the other hand,
our MD simulations show that the large supercells of
LSMS and LHD silicene on MoS: maintain their
geometry after 10 ps at 500 K. We want to stress that
our simulations do not take into account possible
kinetic effects, nor defects on the surface of the
layered MoSz, thus they can not rule out HB silicene
as a possible phase observed in experiments.
However, if the growth of HB silicene on MoS: will
be confirmed by further experimental and theoretical
studies, this would be also a confirmation that the
growth of LSMS and LHD silicene at lower
temperature is also possible.

Silicene can also be potentially synthesized on other
transition metal dichalcogenides, having lattice
parameters closer to the LB free-standing silicene one,
and leading to much reduced in-plane compressive
strain in the silicene layer. Such templates are e.g.
MoSe2 and MoTez; bulk MoSe2 and MoTe: are indirect
bandgap materials, with a gap of about 1.1 and 1.0 eV,
respectively [55,56]. The unit cell of the hexagonal
structure of MoSe2 and MoTe: has an in-plane lattice
parameter of about 3.3 and 3.5 A,

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 8 Electronic band structure of the silicene layer on bulk MoTex(a), monolayer MoTex(b) and MoSex(c).
Reproduced with kind permission from IOP Publishing, ref. [35].

respectively, i.e. about 15% and 9% smaller than free
standing silicene.

In ref [35] different initial atomic configurations of
the Si atoms were considered on MoSe2 or MoTez, like
in the MoS: case, finding that after energy relaxation,
the different configurations show almost the same
total energy, typically within 10 meV/atom. For all
the studied configurations, the flat silicene layer,
both on MoSe: and MoTez, buckled after the atomic
relaxation, with a buckling distance of about 1 A on
MoSez and 0.7 A on MoTes; this latter value is very
close to the buckling estimated for the 3x3 silicene
layer on Ag (111) [6]. Very interestingly, its calculated
electronic band structure (see Fig. 8.a) revealed that
silicene on bulk MoTe: is a gapless-semiconductor,
due to the typical mixed sp?/sp3-like hybridization of
the Si atoms in low buckled silicene [57]. On the
other hand, the calculations of silicene on a
monolayer MoTe2 or placed in between two MoTe2
layers revealed that silicene presents a higher
buckling (~0.77 A), as compared to the case of bulk
MoTe: substrate, due to the stronger interaction of
the silicene layer with the MoTe2 monolayer. This
was confirmed by the adhesion energy of silicene in
the two systems, which is about 5% higher for
silicene on monolayer MoTe: than silicene on bulk
MoTe:z. Consequently, silicene on a MoTe2 monolayer
or in between two MoTe: layers was predicted to be
metallic, as shown in Fig. 8.b, though with preserved
Dirac cones at the K points. Similarly, the study of
silicene on bulk MoSe: as well as on MoSe:
monolayer or in-between two MoSe: layers revealed
that these systems are metallic (see Fig. 8.c), due to
the substantial higher buckling of silicene on MoSe2
with respect to silicene on MoTez. From a
thermodynamic point of view, the case of silicene on

TSINGHLA 4 Springer

MoSe: is expected to be very similar to the MoS: one,
showing a meta-stable HB silicene, but also more
stable silicene layers with low buckled low strain or
dumbbell phases. The case of MoTe: is slightly
different; because of the much reduced strain of the
silicene layer on the 1x1 MoTez, being very close to a
LB phase, its surface energy is much lower compared
to HB silicene on MoS: (see Fig. 6¢). The 1x1 silicene
and LHD phase on MoTe: are also much closer to
each other in the phase diagram of Fig. 6c, when
compared to the MoS: case. Note also that the growth
of LHD silicene on MoTe: is much less favorable than
on MoS:z. The main reason for this difference between
V33 LHD silicene on 4x4 MoSz and LHD silicene on
1x1 MoTe:2 can be still attributed to a marked strain
effect on the silicene layer in the latter case.

These theoretical studies suggest that the electronic
properties of silicene layers, van der Waals bonded
on transition metal dichalcogenides, can be tuned by
the appropriate choice of the substrate material and
growth conditions; the electronic structure of silicene
is indeed predicted to be correlated to the buckling of
the Si atoms, which in turns depends on the
interactions between the silicene layer and the
substrate.

Further experimental progress has been achieved
very recently, pertaining to the successful fabrication
of back-gated field effect transistors based on a 2D
silicon layer on MoS: [58]. The MoS: layers were first
mechanically exfoliated on SiO:/p++Si substrates.
Au/Ti source/drain contacts were deposited on the
MoS: flakes and patterned using electron beam
lithography. Si nanosheets were subsequently grown
on MoS5z at 200 °C in a MBE
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Figure 9 Sketch of the back-gated MoS/silicene/ALO; field
effect transistor. Reproduced with kind permission from Wiley
Publishing, ref. [58].

reactor. The silicene sheets were next capped with 5
nm thick AlOs layers, grown by reactive molecular
beam deposition. A schematic sketch of the device is
shown in Fig. 9.

The drain current-gate voltage characteristics of these
devices are shown in Fig. 10 (a) and (b). The transfer
characteristic of a reference device (without the
silicene layer on MoS) is also shown for comparison.
Very good Ion/Lot ratios are reported (about 104 to 105),

demonstrating the electrostatic control of the channel.

There is a noticeable difference between the MoS:
and Si/MoS: interface based devices, highlighted in
Fig. 10(c), where the transconductance gm is
presented as a function of the gate bias. Two peaks in
gm are clearly observed in the Si/MoS: heterosheet
interface, likely indicating that two conducting
channels are formed in these devices: a channel at the
Mo0S2/SiO: interface, and an additional one formed at
the Si/MoS: interface, due to the accumulation of
electrons at this interface. Further evidence of this
charge transfer process at the Si/MoS: interface was
obtained from angle-resolved  photoemission
spectroscopy and scanning tunneling spectroscopy
measurements [58].

10
E — MoS,FET| \/ =4y
10° HS-FET ds
V,=0.2V
ey ds Vi
: ¥/ '

05 00 05
: Vy, (V)
20 1510 -5 0 5 10 20 10 0 10
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Figure 10 Semi-logarithmic plot of the transfer curves of MoS;
(black lines) and MoSy/silicene (grey lines) field effect transistors
at 0.2 and 1 V source-drain voltage (Vgs). The region with an
extra field modulation of the silicene/MoS, device is framed with
a dashed line. Inset: corresponding output characteristics as a
function of the bottom gate bias (Vig). b) plot of the transfer
characteristics, emphasizing the double threshold in the
silicene/MoS; devices. c¢) Transconductance gy as a function of
gate bias of the MoS; (black lines) and MoSy/silicene (grey lines)
devices, obtained at V4=0.2 V. Reproduced with kind permission
from Wiley Publishing, ref. [58].

3. Silicene/substrate interaction: covalent bonding

The formation of covalent bonds between silicene
and an underlying substrate can result in the partial
or complete sp® hybridization of the Si atoms, and
consequently, in the opening of an energy gap in its
electronic structure - like e.g. in silicene
functionalized by the adsorption of ad-atoms [59-64];
we discuss here the covalent bonding between
silicene and ZnS surfaces [65,66], as a typical example
of a stronger interaction (compared to the weak van
der Waals

non-metallic substrate.

bonding) between silicene and a

ZnS crystallizes in the Wurtzite phase [67,68] and is a
semiconductor, with a direct energy band-gap of
about 3.8 eV. Interestingly, its in-plane lattice
constant (3.81 A) is very close to the computed one of
free-standing silicene, (about 3.9 A), ZnS thus
appearing as an ideal non-metallic template for the
growth of silicene. A (0001) polar ZnS surface was
considered in ref. [65] as a possible template for
silicene. Displacements of the top and bottom ZnS
layers was observed during atomic relaxation,
resulting in a surface reconstruction very similar to
the one of the non-polar (1010) ZnS surface [69,70], as

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Nano Res.

discussed in more details in refs. [65,71]. The
reconstructed (0001) ZnS surface was found to be
semiconducting, with a computed energy gap of
about 2.5 eV, and was predicted to be more stable
than the non-reconstructed polar surface for layers
up to about 6.6 nm [71]. Note that the polar
(non-reconstructed) ZnS surface is metallic, due to
the pining of the Fermi level by the anion surface
states, like in ZnO [72,73]. On such a polar surface,

silicene was also predicted to be metallic [74].

To study the interaction of silicene with the
reconstructed (0001) ZnS surface, a slab with a flat
silicene layer on top of the surface was modeled,
followed by atomic relaxation. Different possible
arrangements of the Si atoms on the (0001) ZnS
surface were considered, as discussed in more details
in ref. 65. The most energetically stable structure is
reproduced in Fig. 11, and corresponds to a
hexagonal arrangements of the Si atoms placed at
intermediate positions between top and hollow sites
of the ZnS hexagons. Two Si-S bonds and two Si-Zn
bonds are formed, with a charge transfer essentially
involving the 3p: orbitals of the Si atoms and the 4s
states of Zn and 3p states of S, the bonded Si atoms
thus adopting an sps-like character. Four other Si

(a)
Top

Intermediate
Bottom

(b)

Figure 11 Side view (a) and top view (b) of the relaxed
silicene/(0001) ZnS slab model. Yellow, gray and blue spheres
are S, Zn and Si atoms, respectively. Reproduced with kind

permission from RSC Publishing, ref. [65].

atoms are not bonded to the ZnS surface, two of
these atoms lying at about 2.64 A from the surface
(marked "intermediate" on Fig. 11) and two other

Figure 12 Computed energy band structure of the silicene/(0001)
ZnS slab model, without (solid black lines) and with (dashed red
lines) an external electric field of 0.6 V/A in the direction
perpendicular to the interface. The reference (zero) energy level
corresponds to the top of the valence band Ey of silicene.
Reproduced with kind permission from RSC Publishing, ref.
[65].

atoms are lying at about 3.33 A from the surface
(marked "top” on Fig. 11). The charge transfer at the
silicene/(0001) ZnS interface leads to an excess of
negative (Mulliken) charge of about 0.18 lel on the
top Si atoms, with respect to the intermediate Si
atoms, resulting in the formation of a dipole at this
interface. The average Si-Si distance (2.30 A) is very
similar to the one of free-standing silicene.

The silicene/(0001)ZnS interface was predicted to be
semiconducting, with a computed indirect energy
band gap of about 0.7 eV, as shown in Fig. 12. The
energy gap opening in silicene is due to the charge
transfer and sp® hybridization of the Si atoms bonded
to the Zn or S atoms on the surface. The effect of an
out-of-plane electric field on the energy band
structure of the system is also illustrated in Fig. 12
(dashed lines). The electric field has a substantial
effect on the conduction band near the I' point,
leading to a transition from an indirect (I' to Y point)
to direct (at I' point) energy band gap in silicene, for
an electric field of about 0.5 V/ A, as indicated in Fig.
13. The electric-field dependence of the energy band
gap of the silicene layer is related to the modulation
of the electric dipole at the silicene/ZnS interface [65].
Note that an electric field of 0.5 V/ A appears to be
very large. But considering the thickness of the
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silicene layer, which corresponds to its buckling
distance (typically 0.7 A on ZnS), it corresponds to a
moderate voltage drop of about 0.3 V over the
silicene layer.
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Figure 13 Computed direct (filled circles) and indirect (filled
squares) energy band gaps of the silicene/(0001) ZnS slab model,
as a function of the external electric field applied to the system.
Reproduced with kind permission from RSC Publishing, ref.
[65].

A similar effect of an external electric field applied to
a LHD silicene/SnS: heterostucture was shown
recently [75]. In this case, although the interaction
between the silicene layer and the substrate is weak,
the electric field modifies the charge distribution at
the silicene/substrate interface, varying the electronic
states of the silicene layer and hence its bandgap.
Both cases highlight the non-negligible effect of the
substrate on the properties of the silicene layers.

Summary

The recent progress reported on the growth and
characterization of silicene on different substrates is
very encouraging. However, so far, only direct
experimental evidence of silicene on metallic surfaces
has been presented. Its possible integration in future
nanoelectronic devices will require its growth on
non-metallic substrates. In this manuscript, we have
reviewed recent theoretical and experimental works
on the possible growth of silicene on non-metallic
surfaces.

The weak van der Waals interaction between silicene

and e.g. transition metal

potentially preserve the electronic properties of

dichalcogenides can

free-standing silicene, which is predicted to be a
gapless semiconductor, like graphene. However, the
electronic properties of silicene depend on its
buckling, e.g. highly buckled silicene on MoS: is
predicted to be metallic, while low buckled silicene
on MoS: or MoTe: is predicted to be a gapless
semiconductor, with preserved Dirac cones.

On the other hand, the covalent bonding of silicene
on e.g. ZnS surfaces leads to the opening of an
structure.
interestingly, the magnitude and nature (direct or

energy gap in its electronic Very
indirect) of this energy gap can be controlled by an
out-of-plane electric field. Even in the weak
interacting silicene/layered chalcogenide hetero
-structures, an external electric field can be used to
perturb the distribution of the charge at the
silicene/substrate interface, modulating its electronic
gap. These theoretical predictions are potentially

very interesting for silicene-based logic devices.

We have also discussed a new approach to
systematically study the stability of silicene in van
der Waals hetero- structures, by exploiting the
thermodynamic phase diagrams, which can help to
link the theoretical predictions and the experimental
growth  of silicene.  The  importance  of
finite-temperature simulations has been emphasized,
including larger supercell than the silicene unit cell,
for exhaustive theoretical These

methods have been used to study the possible

investigations.

growth of new silicene phases, such as the
honeycomb dumbbell silicene, on layered substrates,
providing useful indications for the experimental

growth conditions.

From an experimental point of view, very
encouraging results have been reported on the
possible growth of silicene on MoS:. These results
could pave the way to silicene-based van der Waals
heterostructures for high performances and
low-power nanoelectronic devices. Towards this goal,
functional silicene/MoS: field effect transistors have
been recently fabricated. Further progress in the
material

deposition and device integration is

required, like the growth of silicene over large areas,
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improvement in the quality of the silicene layers to
achieve higher carrier mobility, as well as the
fabrication of top-gated field-effect transistors.

Methods

The simulations presented here were performed

within ab initio density functional theory (DFT) as

QUANTUM  ESPRESSO
generalized gradient

implemented in the

Package [77]. The
approximation (GGA) as proposed by Perdew,
Burke
exchange-correlation functional [78]. In addition,

and Ernzerhof was wused for the

the long-range van der Waals interactions between
in the

calculations, by including the DFT-D2 van der

the layers were taken into account
Waals correction [79]. The plane wave cut-off
energy was set to 500 eV and the energy criterion
for the self-consistency iteration to 105 eV. Residual
forces during structural relaxation were converged
to less than 0.01eV/A. The bulk ME: substrates were
modeled by using 4 ME: layers, with the two
bottom layers “frozen” at their bulk position. A
supercell with more than 15 A vacuum layer was
used for the DFT simulations.

The GGA-DFT bandgap underestimation is a well
known issue. The reported gap and particularly the
variation of the energy gap with applied electric
field shown in Fig. 13 may be affected by this
underestimation. When compared to hybrid DFT
calculations (i.e. Heyd-Scuseria-Ernzerhof —-HSE-),
the GGA underestimation of the gap opening in
silicene can be well beyond 100%, as recently shown
for the case of LHD silicene on SnS52[75]. Although
this affects the quantitative estimations of the
electronic properties, GGA is expected to still catch
trends and the general electronic behaviors, as also
confirmed in ref. [75}.

Details about methods used in the revisited works
can be found in the respective refs. [30, 35, 54, 65].
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