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Silicene is a two-dimensional allotrope of silicon with a puckered hexagonal structure closely
related to the structure of graphene and that has been predicted to be stable. To date, it has been
successfully grown in solution (functionalized) and on substrates. The goal of this review is to
provide a summary of recent theoretical advances in the properties of both free-standing silicene as
well as in interaction with molecules and substrates, and of proposed device applications. © 20716
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944631]
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I. INTRODUCTION

The term “silicene” was first introduced by Guzman-Verri
and Lew Yan Voon in 2007" to refer to a hypothetical two-
dimensional (2D) structure of silicon (Si) atoms in a honey-
comb arrangement identical to graphene. This concept was
motivated by the study of silicon nanotubes.” A puckered struc-
ture was also investigated in Ref. 1 and referred to as Si (111),
since it can be viewed as a Si (111) plane. It has been pointed
out that the term “silicene” does not strictly follow the
International Union of Pure and Applied Chemistry (IUPAC)
nomenclature for naming organic molecules with double bonds,
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though one can argue that silicene is neither a molecule nor or-
ganic. Today, silicene is used broadly to denote a 2D form of
silicon with a hexagonal lattice structure. An alternative naming
for the same structure is a silicon monolayer sheet.®

The confusion surrounding the nomenclature reflects the
unclear history of the study of silicene. The first prediction of
the possible stability of a single sheet of Si is now widely
attributed to a 1994 paper by Takeda and Shiraishi.* In it, not
only did they predict that a sheet of Si atoms will not be flat
but will be puckered, or what they termed corrugated, but
they also obtained the band structure of silicene (Fig. 1).
Little did they know, however, that they had found the Dirac
dispersion near the Fermi energy, a key property of graphene.
Takeda and Shiraishi’s results were repeated in 2005 by
Durgun et al.’ and by Yang and Ni.? Both 2005 papers also
found that even the flat (metastable) sheet would have a zero
gap. The first realization that the bands are linear and, there-
fore, are truly Dirac-like was not until Ref. 1, when a proof
was provided using both group theory and the analytical tight-
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f

FIG. 1. Band structure of silicene. Reprinted with permission from K.
Takeda and K. Shiraishi, Phys. Rev. B 50, 14916 (1994). Copyright 1994
American Physical Society.
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FIG. 2. Crystal structure of silicene.

binding (TB) model. The rest is history as the latter work
motivated the experimental ultrahigh vacuum growth of Si
nanoribbons on silver,® and eventually of silicene on various
metallic substrates,”'" even though earlier experimental
growth of “silicon monolayer sheets” had been reported.’

Il. FREE-STANDING SILICENE

In this section, we provide an overview of the main
physical properties of free-standing silicene.

A. Structural properties

Most calculations have predicted a hexagonal buckled
structure with two atoms per unit cell as the structure of sili-
cene (Fig. 2), with a lattice constant of 3.82 A and an out-of-
plane displacement of the basis atom of 0.45 A. For bulk Si,
the out-of-plane Si atom is 0.78 A from the (111) plane. The
standard predictive tool is using ab initio methods for the
total energy calculation and looking for minima in total
energy as a function of structural parameters. The original
work* used a 1x1 supercell, while subsequent work has
also used a 2 x 2 supercell and molecular dynamics (MD),’
and phonon calculations.'"” The Si-Si binding energy is
4.9 eV/atom, which is lower than that for bulk silicon (dia-
mond structure) by 0.6 eV/atom.”

In 2013, Kaltsas and Tsetseris'> found that structures
based on the \/§ X \/3, 5 x 5, and 7 x 7 reconstructions are
actually all more stable than the perfect silicene structure, by
48, 17, and 6 meV per atom, respectively (Fig. 3).

The structure can change under the influence of external
fields. For example, an in-plane biaxial strain will not only
change the lattice constant but also the position of the internal
atom.'*'> While an initial decrease with expansion is
expected, the buckling parameter was found to increase again
for a strain larger than 10% (Fig. 4). An external electrical
field perpendicular to the plane also has an effect on the buck-
ling parameter. The vertical electric field was found to
increase the buckling parameter quadratically with the field.'®

B. Mechanical properties

Mechanical properties of 2D materials are harder to com-
pare to their three-dimensional (3D) forms, since there are
fundamental differences in the definition of the various quan-
tities. Thus, there are only two elastic constants instead of
three for bulk Si. Two-dimensional materials are expected to
have much higher mechanical strengths than bulk materials, ">

Appl. Phys. Rev. 3, 040802 (2016)
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FIG. 3. Other possible stable forms of silicene: (a) silicene, (b) \/§ X \/5,
(c) 5 x5, and (d) 7 x 7. Reproduced with permission from D. Kaltsas and L.
Tsetseris, Phys. Chem. Chem. Phys. 15, 9710 (2013). Copyright 2013 PCCP
Owner Societies.

yet they should also have transversal flexibility. The ability to
support large strain means the nonlinear elastic regime can
easily be attained.

Sahin et al.'” obtained the Poisson ratio = 0.3 and the
in-plane stiffness constant C = 62J/m?. Since it is difficult
to compare to Si, we compare instead to graphene, with val-
ues of 0.16 and 335J/m?, respectively.

The anharmonic regime is reached for a biaxial strain in
the range —2% to 4%." From an analysis of the phonon
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FIG. 4. Variation of buckling height with strain. Reproduced with permis-
sion from Peng et al., RSC Adv. 3, 13772 (2013). Copyright 2013 The
Royal Society of Chemistry.
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frequencies, Liu er al.'® determined that silicene would be
unstable under a compressive biaxial strain larger than 5%.
When the strain is larger than 17%,'* the strain energy
decreases sharply with increasing strain, and this corresponds
to the yield point.

Mechanical response under a uniaxial strain has also
been computed.'>?*"** The strain along perpendicular direc-
tions, conventionally taken to be the zigzag (ZZ) and arm-
chair (AC) directions, could lead to different responses. For
example, Qin ez al.>' found that the Poisson ratio is isotropic
and constant for low strain (below 2%) but then decreases
(increases) for AC (ZZ) strain; similar results were obtained
by Yang et al.*?

C. Electronic properties

The band structure of silicon is very well-known: an indi-
rect gap semiconductor with an indirect gap of 1.1eV at room
temperature and with valleys approximated by quadratic dis-
persions. The band structure of silicene (in the absence of spin-
orbit interaction) has a zero gap at the Fermi energy, together
with the valence and conduction bands crossing with linear
dispersions, so-called Dirac cones; these occur at the K and K’
points in the hexagonal Brillouin zone (Fig. 5). The Dirac
cones form valleys in the Brillouin zone, and the two degener-
ate bands at a given point originate from the A and B sublatti-
ces of the silicene structure. Due to the absence of mirror
symmetry, p. states are coupled to p, and p, states, as well as s
states in forming the states near the Fermi energy. Inclusion of
spin-orbit coupling would open a small gap of 1.55 meV.**

Silicene is similar to graphene in being a Kane-Mele
type 2D topological insulator (TT),*> but of course differs
from silicon which is a band insulator (BI). A TI has a bulk
energy gap but gapless edge states that allow correlated
charge and spin transport. They can be distinguished from
the more common BIs because the charge transport is pro-
tected from disorder (due to the correlation with spin), and
mathematically, this can be represented by a different topo-
logical order or quantum number. Nevertheless, silicene is
also different from graphene in that the buckled structure
allows for more topological phases. For example, a vertical
electric field opens a gap in silicene but not graphene and
can, therefore, induce a topological phase transition. The
phase diagram in the presence of an exchange field M and
an electric field E, is given in Fig. 6. Ezawa identified four
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FIG. 5. Band structure of silicene.
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Phase diagram M VPM1 VPM2

FIG. 6. Phase diagram of silicene in exchange field (M) and electric field E..
The insulator phases are indexed by the Chern and spin-Chern numbers
(C,Cy). Reprinted with permission from M. Ezawa, Phys. Rev. Lett. 109,
055502 (2012). Copyright 2012 American Physical Society.

principal phases:*® BI, quantum anomalous Hall (QAH),
quantum spin Hall (QSH), valley-polarized metal (VPM),
and spin valley-polarized metal (SVPM). The QAH is char-
acterized by an insulating bulk gap and chiral gapless
edges; it is induced by the internal magnetization and by
the spin-orbit coupling, i.e., it displays quantized Hall con-
ductance in the absence of an external magnetic field. The
valley-polarized metal refers to silicene with electrons
moved from the conduction band at K to the valence band
at K’ in a perpendicular electric field.

The characterization of silicon under an external strain is
also very well-known due to its importance in silicon device
applications. Hydrostatic pressure changes the band gap, and
uniaxial or biaxial strain can reduce the degeneracy of both
the valence and conduction bands in addition to shifting them.
The 2D nature of silicene has led to studies under both in-
plane biaxial and uniaxial strain. A biaxial tensile strain was
found to lead to a semimetal-metal transition when the strain
is larger than 7%.'*'®1%%7 This is due to the lowering of the
conduction band at the I'-point; the Dirac point was found to
increase in energy,'® leading to the possibility of p-type self-
doping.'* A biaxial compressive strain leads to a lowering of
the Dirac point below the Fermi level, leading to n-type dop-
ing.?” The Fermi velocity is found to decrease slowly with
strain, decreasing to 94% of the unstrained value for strain up
to 7%." A biaxial strain is also found to lead to superconduc-
tivity.”® A uniaxial strain is expected to lead to a gap opening
due to the symmetry lowering and this was initially
reported.”’** However, more recent density functional theory
(DFT) calculations*'** did not obtain a gap and interpreted
the disagreement to insufficient number of & points near the
crossing in the earlier works. The absence of band-gap open-
ing has been confirmed using symmetry-based & - p theory.”®

The effect of an external electric field on the electronic
structure is equally important for potential device applications
such as electrooptic modulators and transistors. Electric field
effects on silicene have been investigated.'®*'™** A vertical
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FIG. 7. Band gap as a function of external vertical electric field. Reprinted
with permission from Drummond et al., Phys. Rev. B 85, 075423 (2012).
Copyright 2012 American Physical Society.

electric field is expected to open a band gap in silicene, con-
trary to graphene, due to the fact that the two basis atoms
would feel different electrostatic potentials, and the gap
increased linearly with the field up to about 1V/A (Fig. 7).
The electric field also leads to an almost linear increase in the
effective mass; for example, for a field of 0.4 V/;X, the hole
mass was found to be 0.015m (0.033my) along the KT" (MK)
direction and about 2% different for the electron mass.”’

Finally, we consider the effect of an external magnetic
field on the electronic properties. For free-standing silicene,
the low-energy dispersion is obtained as

1
E,= sgn(n)\/4A§O + 2|n|v}heB, (1

for n # 0 and E, = oAy, /2 for n=0, where n is the sub-
band index (Fig. 8). The selection rules for interband transi-
tions are found to be An = £1.

Charge carrier transport is one of the key motivations
for studying silicene given the potential for transistor
action and compatibility with current Si electronics. Using
a deformation potential theory and the Boltzmann transport
equation, with acoustic phonons as the scattering source,
an electron (a hole) mobility of 2.57 x 10° cm?*V~!s~!

Appl. Phys. Rev. 3, 040802 (2016)

(2.22 x 10° cm*V~!s~!) at room temperature has been pre-
dicted.®* This is slightly lower than for graphene but much
larger than for bulk Si.

Studies of the work function as a function of strain have
been reported.'?' The work function is defined as the mini-
mum energy to remove an electron and is given by

O =E —Er. )

The vacuum energy E,,. was determined as the average elec-
trostatic potential energy in a plane parallel to the silicene
layer and asymptotically away. For a biaxial strain, the work
function initially increased from the unstrained value of
4.8eV, then saturates to around 5.1eV for a strain above
15%."° For a uniaxial strain,?' the change is isotropic up to
3% beyond which the ZZ strain leads to a larger work func-
tion but no saturation is observed.

D. Phonons

The dispersion relations for graphene and silicene are
compared in Fig. 9. The highest G- and D-modes are
550 cm ! and 545 cm~!.'* Silicene also has a flexural mode
due to its 2D nature.

E. Thermal properties

Silicene is predicted to be stable up to 1500K, after
which it formed a three-dimensional amorphous structure.>
Defects have been found to reduce the thermal stability of
silicene by as much as 30%.*> Passivating the defects
improved the stability.

The thermal conductivity of silicene has been well stud-
ied and assumed to be mainly due to phonon transport. An in-
plane thermal conductivity x of 20 W/m K has been calcu-
lated using equilibrium MD simulation at 300 K,*® compared
to a value of ~3000-5000 W/m K for suspended graphene®’
and 150-200 W/m K for silicon. The reduction has been
attributed to two main causes. One is the lowering of the par-
tial density of states (PDOS) for frequencies below 20 THz
(phonon softening), and the other is due to the blueshift in the
PDOS to higher frequencies (phonon stiffening). The result is
a reduction in the phonon modes present for heat conduction
at low temperatures. The temperature dependence of x has

1.2

0.8 :
4 of -
&

FIG. 8. Landau levels as a function of
magnetic field for small (left) and large
(right) field. Reprinted with permission
from C. J. Tabert and E. J. Nicol, Phys.
Rev. B 88, 085434 (2013). Copyright
2013 American Physical Society.'®?
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FIG. 9. Phonon spectrum for graphene (left) and silicene (right). Reprinted
with permission from Gori et al., Energy Procedia 45, 512 (2014).
Copyright 2014 Elsevier.'®*

been computed over 0 < T < 400 K,38 with a maximum
value of about 100 W/m K near 100K, compared to around
1000W/m K for bulk Si*®* and 3000-5000W/m K for
graphene.

Thermoelectricity is measured by the figure of merit

2
ZT:aST

> (3)
where ¢ is the electrical conductance, and S is the Seebeck
coefficient. The thermoelectric coefficient of silicene at
room temperature has been computed®® using DFT and was
found to have a ZT, less than 0.5.

lll. SILICENE NANORIBBONS

Armchair and zigzag silicene nanoribbons of width n
have been built by cutting along the (110) and (100) direc-
tions of silicene, respectively, as shown in Figure 10. The in-
plane stiffnesses are 59.1 N/m for zigzag nanoribbon and
62.4 N/m for armchair nanoribbon, which are much smaller
than that of graphene and h-BN nanoribbons due to the
spz—sp3 hybridization.‘w’41 The corresponding Young’s mod-
uli for narrow nanoribbons turn out to be 140.7 and
148.5 GPa and increase with the width. Silicene nanoribbon
is found to be stable under tensile strain up to 20%, while a
freestanding silicene nanoribbon is predicted to be subject to
slight buckling (sp”—sp® hybridization);'? the bonding char-
acter of a supported silicene nanoribbon on Ag(110) sub-
strate is still under debate. Borensztein et al. argue that the

Appl. Phys. Rev. 3, 040802 (2016)

Armchair

Zigzag

FIG. 10. Schematic illustration of armchair and zigzag silicene nanoribbons.

optical adsorption points to sp’ hybridization,** whereas
Padova et al. favor sp* bonding based on results of reflection
electron energy loss spectroscopy.*?

An armchair silicene nanoribbon is found to be a non-
magnetic semiconductor.'” The band gap decreases with
increasing width as Az, 1 > Az, > Az, (n € N), as illus-
trated in Figure 11,'**** because of the quantum confine-
ment and the periodicity of the Fermi wavelength.*® The
band gap is predicted to be reduced by tensile strain due to
decreasing charge transfer between the two sublattices. A
transverse electric field can also be used to tune the band
gap, where the 7 electrons responsible for the top of the va-
lence band and bottom of the conduction band accumulate at
different edges of the nanoribbon.*’

Different magnetic states have been predicted for a zig-
zag silicene nanoribbon, including ferromagnetic and antifer-
romagnetic states. The ground state is found to be
antiferromagnetic for a narrow buckled zigzag nanoribbon,
whereas the energy difference to the ferromagnetic state
decreases with increasing width and a transition occurs at
N =24.4%39 Elat zigzag silicene nanoribbon is ferromag-
netic.’™>* In both cases, the bands near the Fermi level are
due to edge states. For the antiferromagnetic state, the spin
polarization decreases from the edge to the center where the
two sublattices have opposite spin directions and spin-up and
spin-down electrons accumulate at different edges of the
nanoribbon. The band gap decreases with increasing width
(Figure 11) and can be tuned by perpendicular and transver-
sal electric fields, especially in the narrow case.*>** The spin
polarization at the edges is much larger than in the center
and first increases with the width and then saturates.*>>'~>

IV. FUNCTIONALIZED SILICENE

Functionalization enables sp® hybridization in silicene
as confirmed by the Si buckling height and Si-Si bond
length,”* which enhances the stability as compared to the
freestanding configuration. Many adatoms have been investi-
gated, including group I-VII elements and transition metals.
Several configurations for H-silicene (silicene fully passi-
vated with H on both sides) have been investigated including
top, chairlike, and boatlike configurations, see Figure 12.7°-2°
In the top configuration, the H atoms occupy one side of sili-
cene, for the chairlike configuration, they alternate on the
two sides, and for the boatlike configuration, they alternate
in pairs. The chairlike and boatlike configurations are ener-
getically almost degenerate (difference of 10meV per Si
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FIG. 11. Band gap of armchair (upper) and zigzag (lower) silicene nanorib-
bons as a function of the width. Reprinted with permission from Y. Ding
and J. Ni, Appl. Phys. Lett. 95, 083115 (2009). Copyright 2009 American
Institute of Physics.

atom) and much more stable than the top configuration. The
chairlike configuration has an indirect gap of 2.0eV, and the
boatlike configuration has a direct gap of 1.6eV (Figure 13,
local density approximation (LDA)). HSE and GW calcula-
tions yield two times larger band gaps, and a direct gap of
2.3eV has been obtained for the chairlike configuration
by the generalized gradient approximation (GGA)
method.>*>"® The band gap of silicene can be tuned by
means of the concentration of the H adatoms,> similar to H-
passivated bilayer silicene.®*®' The enhanced band gap (as
compared to bulk Si) makes H-passivated silicene a potential
candidate for electronic and optical devices.

(a)

Y
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The adatoms are stable if the binding energy is larger
than the cohesive energy of the adsorbed material. Although
this is the case for the H adatom by 0.21-0.25 eV, the energy
barrier (Figure 14) for dissociation of a H, molecule is up to
1.75eV, so that it is difficult to have a reaction at ambient
conditions.®*®* A tensile strain is predicted to reduce the
energy barrier to 0.24 and 0.26 eV under 12% biaxial strain
and 13% uniaxial strain along the armchair direction, respec-
tively. A shift of the Si and H states near the Fermi level to
lower energy at the transition state (confirmed by the charge
transfer) enhances the interaction and lowers the barrier. The
effect is less obvious for uniaxial strain along the zigzag
direction. Under tensile strain, the passivation reaction
becomes more exothermic.®? In addition, a perpendicular
electric field of 0.05a.u. reduces the energy barrier to
0.38 eV due to charge transfer from Si to H, which stabilizes
the H adatoms.®

The stability of silicene in O, is the key for most appli-
cations. An O, molecule is predicted to dissociate into two O
atoms that occupy bridge sites without any energy barrier,
reflecting instability of freestanding silicene in the presence
of 0,.%* Since the barrier for O migration is 1.1 eV, desorp-
tion of O atom is difficult. The band gap of O-silicene is cal-
culated to be 0.2eV.%>° On the other hand, dissociation of
an O, molecule on H-silicene has to overcome an energy
barrier of 0.27eV, improving the stability.®” The O atoms
again occupy bridge sites, and migration is predicted to be
impossible due to the large energy barriers introduced by the
H atoms.

Group VII elements bind more strongly to silicene than
H’' and weaken the Si-Si interaction, leading to larger Si-Si
bonds than freestanding silicene. The band gaps of F-, CI-,
Br-, and I-silicene in the chairlike configuration are calcu-
lated to be 1.47, 1.98, 1.95, and 1.19 eV, respectively, which
are less than in H-silicene because of the stronger bonding.
The band gap turns out to grow with the concentration of
F.>° Asymmetric modifications of silicene with H and F
atoms at different sides can realize a band gap of up to
1.82ev.%

The Dirac cone is destroyed for H-, O-, F-, Cl-, Br-, and
56,65.68

I-silicene because of the strong interaction, whereas
(c)
-
a
b

FIG. 12. H-silicene: (a) top configuration, (b) chairlike configuration, and (c) boatlike configuration, see the text for details. The Si and H atoms are represented
by gray and white spheres, respectively. Reprinted with permission from Houssa et al., Appl. Phys. Lett. 98, 223107 (2011). Copyright 2011 American

Institute of Physics.
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] FIG. 13. Band structure of H-silicene

i for the (a) chairlike and (b) boatlike
1 configurations. The Fermi level is set

to zero. Reprinted with permission
from Houssa et al., Appl. Phys. Lett.
98, 223107 (2011). Copyright 2011
American Institute of Physics.
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alkali metal functionalized can preserve the Dirac physics
with n-type doping.”®’" The alkali metal atoms occupy hol-
low site’® and do not form clusters due to strong ionic inter-
action.”*”® The band gap can be tuned from 0.04eV to
0.50eV, where the effective mass of the charge carriers
decreases for increasing band gap.”® Li-silicene shows no
Dirac cone but a direct band gap of 0.37eV is opened due to
the broken symmetry.”* The diffusion barrier for Li and Na
migrations is calculated to be 0.25eV.”>7°

Transition metal atoms are predicted to introduce spin-
polarization gaps in silicene due to the localized d electrons,

LY r

which enables applications in spintronics. The binding ener-
gies of the elements Sc to Zn are larger than the correspond-
ing cohesive energies, reflecting stability.”” However, Lin
and Ni have claimed the instability of Fe adatoms.”* A half-
metallic character with band gaps of 0.51 and 0.57eV are
obtain for Fe and Cr adsorption with low concentration.”®
The corresponding magnetic moments are 2.1 and 4.0 uB,
respectively. Moveover, it has been demonstrated that the
magnetic moment introduced by Cr adsorption can be tuned
by strain.”® Johll e al. observed a semiconducting state with
a tiny band gap for Fe decoration,®® whereas Ni, Co, and Mn
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FIG. 14. Dissociative adsorption of a H, molecule on silicene under (a)—(c) biaxial tensile strain, (d)—(f) uniaxial tensile strain along the zigzag direction, and
(g)—(i) uniaxial tensile strain along the armchair direction (TS: transition state, IS: initial state, FS: final state, Ey,,: energy barrier, and Eg: reaction energy). The
energy of the IS is set to be zero. Reproduced with permission from Wu et al., J. Mater. Chem. C 3, 2593 (2015). Copyright 2015 The Royal Society of Chemistry.
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decorated silicene are found to be metallic with magnetic
moments of 0.0, 1.0, and 3.5 ,uB.xO’sl The band gaps are
opened at the Dirac point with magnetic moments ranging
from 1.0 to 3.6 uB for adsorption of the elements Y to Ru,?
and heavy metal adatoms lead to the band gaps to 22, 10, 58,
and 193 meV for Au, Hg, Tl, and Pb, respectively.®> On the
other hand, Ag is predicted to preserve a gapless Dirac
cone.® The magnetism and the band gap can also be tuned
by the adsorption of organic molecules®®” and superhalo-
gen.88 The fact that silicene stabilizes the catalytically active
planar Au,q cluster due to the strong covalent interaction can
change the landscape of Au-based catalysts.*’

V. SILICENE ON SUBSTRATES

Since Si atoms prefer three-dimensional structures (sp’
hybridization),” freestanding silicene has not been achieved
so far, and the question about appropriate substrates plays an
important role. Silicene has been successfully deposited on
metallic substrates, including Ag(111),%°"% 1Ir(111),**
ZrB,(0001),°>® and ZrC(111).°” Ag(111), the most widely
investigated substrate, preserves the honeycomb structure of
silicene by passivating the dangling bonds of the Si
atoms.”™® Although overlap is found in the charge densities
of the Si and Ag atoms, analysis of the electron localization
function of the Si-Ag bonds shows that the interaction is not
completely covalent (partially ionic).”” This shorten the
interlayer distance (1.23 to 1.87 A) and can stabilize a strong
buckling of silicene, amounting to more than l.&, which is
much larger than the 0.44A in the case of pristine sili-
cene.'” Prévot er al. have argued that Ag surface atoms are
released during the preparation, supporting the idea of a
strong interaction between Si and Ag and therefore causing
doubts on the suitability of this substrate.'®! Several surface
reconstructions, such as (4 x4), (2\/§ X 2\/§)R30°,
(V13 x VI3)R13.9°, and (/7 x V7)R19.1°, have been
achieved by adjusting the substrate or annealing tempera-
ture.”'971%5 The stability of the reconstruction pattern is
assumed to be given by the surface density, and the transfor-
mations between structures of different density have been
predicted.'” A sp”-sp® phase transition occurs before the Ag
surface is fully covered by Si atom, which contributes to the
difficulty to prepare silicene without accompanying of multi-
layer structures. '’ On Ir(111) substrate, a (\/7 X \/7)
surface reconstruction appears, and a weak interlayer interac-
tion is predicted by the electron localization function.”* In
the case of ZrB, and ZrC substrates, a phase transition from
(2 x2) to (1 x 1) reconstruction is observed with decreasing
temperature. The stability has been demonstrated only in
terms of the phonon dispersions.”>*” The Dirac cone is lost
due to strong hybridization on metallic substrates, as shown
in Figure 15.""27''% Although the 7 and 7* bands still can be
identified for some substrates, the electronic properties are
dominated by the substrates (with or without interac-
tion).!">!'® Semiconducting and insulating substrates have
been explored theoretically to overcome this problem.
However, there appears no Dirac cone on AlAs, AIP, GaAs,
GaP, ZnS, ZnSe, and AIN substrates.' 7717 Tt is preserved
on GaS nanosheet with a band gap of 0.17eV, but the large

Appl. Phys. Rev. 3, 040802 (2016)
lattice mismatch (7.5%) makes the preparation difficult.'*®
The Dirac cone is also disturbed by a substrate band on H-
passivated SizN4(0001), but can be restored by n-type P sub-
stitution at the Si site with a band gap of 58 meV.'?! The
Dirac cones are predicted on H/F-passivated Si(111) and H-
passivated SiC(0001) substrates with lattice mismatches less
than 1%.'%*7'5 H-passivated Ge(111) behaves similarly, but
has a larger lattice mismatch of 4%.'%® On the other hand, on
Ca-passivated Si(111), the electrons are scattered from the
Dirac point to the other points in the Brillouin zone almost
without excitation energy.'*’ Although F-terminated CaF, is
predicted to have a Dirac cone with a band gap of 52 meV,
the control of the terminal layers to saturate the dangling
bonds is problematic.'?®

By the weak van der Waals interlayer interaction in lay-
ered materials, as compared to the strong in-plane chemical
bonding, surface passivation is no longer necessary when
used as a substrate for silicene, which can simplify the prepa-
ration. Graphene and #-BN nowadays are routinely prepared
by mechanical exfoliation.'*'** Both preserve the Dirac
cone of silicene with band gaps of about 50 meV and a lattice
mismatch of less than 3%.8"131-134 Furthermore, a Dirac
cone with a band gap of 48 meV is predicted for silicene on
Sc,CF, substrate (lattice mismatch of 0.92%).135 A Dirac
cone with a tiny band gap and a Fermi velocity close to that
of freestanding silicene are achieved on MgX, (X =Cl, Br,
and 1)."° By Li and Na doping, the band gap can be
enhanced to 0.6eV, and a binding energy comparable with
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FIG. 15. Band structure of (\/§ X \/§) silicene on metallic substrates. The
Fermi level is set to zero. The color indicates the Si states. The inset in (f)
shows the electron density at the I" point inside the black dashed square,
where the yellow and silver balls are Si and Cu atoms, respectively.
Reprinted with permission from Quhe et al., Sci. Rep. 4, 5476 (2014).
Copyright 2014 Macmillan Publishers Ltd: Nature.
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FIG. 16. Band structure of silicene on
(a) and (d) S doped, (b) and (e) pris-
tine, and (c) and (f) Te doped WSe,
substrate without lateral shift (upper

row) and with a 1/3 lateral shift (lower
row). The Fermi level is set to zero.
Reproduced with permission from J.

Zhu and U. Schwingenschlogl, J.
Mater. Chem. C 3, 3946 (2015).
Copyright 2015 The Royal Society of
Chemistry.
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bulk Si is achieved.'®” Low-buckled silicene on MoS, sub-
strate has a Dirac cone with a band gap of 70 meV, but only
the high-buckled structure without Dirac cone can be pre-
pared.'**'*! Although the high-buckled structure has imagi-
nary phonon frequency, it contradicts the experiments.'*?
Since the van der Waals interaction is stronger in WSe,
(large amount of electrons contributing to the dipole), low-
buckled silicene can be stabilized and shows a Dirac cone
with a large band gap of 0.34eV (Figure 16).'** Although
the band gap can be tuned by an external electric field or
strain due to charge transfer within the silicene sheet,135 139
these methods are difficult to be realized in devices so that
one has to rely on the effects of the substrate. Despite many
studies, there is still no ideal substrate known that simultane-
ously avoids a large lattice mismatch, a too small band gap,
a complicated control of terminal layers, and a too strong or
too weak interaction of silicene.

VI. RELATIONSHIP TO SILICON AND OTHER
ALLOTROPES

Silicene is a hypothetical allotrope of silicon, since free-
standing silicene has not yet been formed. Nevertheless, the
fact that functionalized silicene has been made® (including
the fact that silioxene could be viewed as a form of function-
alized silicene'**'**) and that silicene has been grown on a
few substrates,'" 7146 it is widely expected that free-
standing silicene could someday be achieved, possibly by
peeling off the silicene from the substrate.'*”

A single silicene sheet is very much like a single (111)
silicon plane, except that the vertical displacement of the Si
atoms (perpendicular to the atomic plane) is about 0.45 A for
silicene and it is 0.78 A for Si. Labeling the bonding for Si to
be pure sp°, one could consider the bonding for silicene to be
intermediate between sp” and the sp> of graphene.

A more interesting problem is what happens if one were
to have bilayers of silicene, then multilayers. Naively, one
would expect bulk diamond Si to be recovered. Calculations
and experiments are currently not all in agreement.

For the bilayer structure, first-principles MD calculations
were carried out (at 300K for 15 ps), starting with the ideal
hexagonal structure and both AA and AB stacking.'*® In both
cases, the structure reconstructed into a (2 x 2) one. Other
metastable structures could form but they transformed to the
previous lower energy ones as the temperature was raised up to
1200K. On the other hand, Wen et al.'*’ did not find a recon-
struction but simply two flat sheets in AA stacking for the
bilayer silicene. The layer separation they obtained is 239A
compared to the 3.26 A for graphite. A bilayer was also studied
by Fu et al.;'*° they did not report reconstruction but instead
the possibility of a stable form with the two layers shifted with
respect to each other. On the other hand, Padilha and Pontes'”'
reported that the lowest energy conformation, labeled AAp, has
flat silicene sheets (Fig. 17); they computed that there is an
energy gain in forming ¢ bonds rather than 7 bonds.

Multilayer silicene has been reported to have been fabri-
cated on Ag (111)./98:110:152133 gpydies using LEED and
STM have indicated that the (\/§ X \/§)R30° phase is
formed.'>> More recent work using STM, however, point to
a bulk diamond-like film with a (v/3 x v/3)R30° honeycomb
superstructure on the surface.'>* The formation of multilayer
silicene on silver has also been disputed theoretically. Thus,
a new layered allotrope, silicite, has been pI‘OpOSCd.lS 5
Alternately, multilayers up to 30 ML and beyond have been
grown156 and have been shown to be bulk Si (111) with the
top layer having a (v/3 x v/3)R30° honeycomb superstruc-
ture; the same structure has been confirmed by another
group."”” From quasi-particle interference experiments, they
also measured a Dirac cone which they attributed to the
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FIG. 17. Structure of bilayer silicene. Reprinted with permission from J. E. Padilha and R. B. Pontes, J. Phys. Chem. C 119, 3818 (2015). Copyright 2015

American Chemical Society.

hexagonal surface layer. Others have shown multilayer sili-
cene to transform to the diamond structure.'>?

VIl. DEVICES

Potential applications of silicene have been considered
theoretically, though only one has so far been realized exper-
imentally. We provide an overview of the main device appli-
cations proposed.

A. Thermoelectrics

Zigzag silicene nanoribbons turn out to show interesting
thermoelectric properties, including a low thermal conduc-
tivity, a high Seebeck coefficient, and therefore a high figure
of merit.">® By tuning of the Fermi level via doping, a figure
of merit of up to 3.5 can be achieved.'”’

B. Field-effect transistors

Silicene is compatible with the present silicon comple-
mentary metal-oxide-semiconductor (CMOS) technology in
comparison to graphene. Application in field-effect transistors
(FETS) requires a band gap of more than 0.4 eV to achieve an
adequate switching behavior and an on/off current ratio that
makes it possible to obtain ultra high speed in the THz fre-
quency range. Graphene supplies only an on/off ratio of
104,160 Ir, Cu, and Pt decoration of silicene with low concen-
tration can open band gaps of about 0.2eV (p-doped, neutral
n-doped)."®" An on/off current ratio of 10° has been achieved
on a silicene p-i-n tunneling FET. A FET based on zigzag sili-
cene nanoribbon (N =6) has been predicted to have a band
gap of 0.44eV and an on/off current ratio of 10°.'%* A much
higher on/off current ratio of 10® with a band gap of 0.45eV
is predicted for silicene decorated with alkali metal atoms.”®
Silicene nanoribbon can be used to realize a field-effect topo-
logical quantum transistor due to the quantized conductance
changing from 2 to 0 in an electric field.'®®

C. Gas adsorbent

Two-dimensional materials are expected to be promising
adsorbents for environmental gases, such as NO, SO,, and
NHs;, because of the large surface-to-volume ratio. The bind-
ing energy of NO on silicene is calculated to be 0.35eV with
a Si-N bond length of 2.1 A, which reflects chemical adsorp-
tion."®'% Two dissociation mechanisms for NO have been
proposed.'®” One is a direct breaking of the N-O bond with an
energy barrier of 0.47eV and a subsequent formation of Si-O
and Si-N bonds. The other is the formation of a (NO), dimer
and subsequent decomposition into N, and two O atoms
bonded with Si (energy barrier of 0.45eV). CO is predicted to
be physically absorbed on silicene with a small binding
energy of 0.10eV and accordingly a large bond length of
3.2 A.164166 The energy barrier for dissociation on top of a va-
cancy is calculated to be 4.36 eV, as the distance between CO
and the silicene sheet is reduced to 1.7 A.'%® A large binding
energy of more than 1.30eV is found for the adsorption of
NO,.'®16 This strong interaction is confirmed by a short Si-
O bond length of 1.7 A. NH; shows a binding energy of
0.6eV with a Si-N bond length of 2.0 A,'**!% whereas CO,
is subject to weak van der Waals interaction. A strong interac-
tion is predicted for SO, (binding energy of 1.07¢V).'** B
and N substitutions as well as Stone-Wales defects turn out to
enhance the interaction between gas molecules and sili-
cene.'®*1% While large binding energies enable freestanding
silicene to reduce NO, NH3, SO,, and NO,, it cannot absorb
CO and CO,. This changes for Au decorated silicene, which
absorbs CO with a binding energy of 0.87 eV and oxidizes it
into CO, with a low energy barrier of 0.34eV.'®

D. Hydrogen storage

In spite of being a clean energy source,'”” the storage of
H still is a major challenge and limits the field of applica-
tions. C-based nanowires and nanosheets have been proposed
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for hydrogen storage, but weak interaction due to sp” bond-
ing leads to a low storage capacity.'”"!”> A moderate bind-
ing energy of 0.2-0.6eV with a storage capacity of more
than 5.5wt. % is required for technological purposes.'”
Although the sp’-sp> hybridization, in general, results in
strong bonding with adsorbates, the binding energy of H, on
freestanding silicene is calculated to be only 0.11eV. Metal
atom decorated silicene is predicted to stabilize H,, as the
binding energy ranges from 0.18 to 0.37eV for Li, Na, K,
and Ca decoration.”>'>7'7® The number of H, molecules
that can be absorbed by one adatom is 4, 4, 5, and 6, leading
to a storage capacity of 6.3, 5.4, 6.1, and 7.3 wt. %. Although
Mg can bond 6 H, molecules with a binding energy of more
than 0.15 eV, and thus reaches a high capacity of 8.1 wt. %, a
biaxial tensile strain of 10% has to be applied to prevent Mg
from forming clusters.!”” For Sc, Ti, and V decorations, the
binding energy increases to more than 0.4 eV, but the capaci-
ties decrease to less than 5wt. %.”> The binding energy is
affected by an electric field because charge transfer facili-
tates the storage and release processes.'’> Not only the ionic
radius but also the mass of the adatoms needs to be consid-
ered to achieve a high H, storage capacity.

E. Li-ion batteries

Li-ion batteries nowadays are widely used in portable
devices and vehicles because of the high energy density.'”®
Besides the large surface-to-volume ratio of two-
dimensional materials and the resulting high Li specific
capacity, a high mobility of the charge carriers can be real-
ized by linearly dispersing m and ©* bands. A Li storage
capacity of 540 mA h/g is predicted for graphene (commer-
cial graphite anode: 372 mA h/g).'” However, the energy
barriers for Li migration on the surface of 10eV for the pris-
tine graphene and 1.34eV for the defective graphene with
double vacancies are much higher than in graphite (0.22eV),
which prohibits the high cycling rate.'®® Pristine silicene
achieves high Li capacities of 954 mA h/g for a monolayer
and 715 mA h/g for a bilayer with a lower diffusion barrier
of 0.23eV.'"®" B substitution at the Si site turns out to
improve the capacity to 1410 and 846 mA h/g for the mono-
layer and bilayer, respectively, without affecting the diffu-
sion barrier.'® The energy barrier for diffusion (1.59¢V in
pristine silicene) is predicted to be reduced to 0.88, 0.86, and
0.05eV in the presence of single vacancies, Stone-Wales
defects, and divacancies, respectively.”” These defects
slightly enhance the on-surface diffusion barrier to 0.3eV.
The Li storage capacity is adversely affected by any sub-
strate. Layered substrates with small atomic masses and
moderate interaction with silicene are preferred for usage as
electrode material in Li-ion batteries.

Viil. SUMMARY

The study of silicene is still very active, and we hope to
have conveyed the fact that many of the results are still being
debated. Most of the papers to date have been theoretical
work due to the difficulty in obtaining silicene samples.
Whether it is possible to obtain a freestanding two-
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dimensional allotrope of silicon has not been proven but this
is certainly a very exciting search.
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