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Silicene – the silicon-based counterpart of graphene – has a two dimensional structure that is responsible
for the variety of potentially useful chemical and physical properties. The existence of silicene has been
achieved recently owing to experiments involving epitaxial growth of silicon as stripes on Ag(001),
ribbons on Ag(110), and sheets on Ag(111). The nano-ribbons observed on Ag(110) were found – by
both high definition experimental scanning tunneling microscopy images and density functional theory
calculations – to consist of an arched honeycomb structure. Angle resolved photo-emission experiments
on these silicene nano-ribbons on Ag(110), along the direction of the ribbons, showed a band structure
which is analogous to the Dirac cones of graphene. Unlike silicon surfaces, which are highly reactive to
oxygen, the silicene nano-ribbons were found to be resistant to oxygen reactivity.

On the theoretical side, recent extensive efforts have been deployed to understand the properties
of standalone silicene sheets and nano-ribbons using both tight-binding and density functional theory
calculations. Unlike graphene it is demonstrated that silicene sheets are stable only if a small buckling
(0.44 Å) is present. The electronic properties of silicene nano-ribbons and silicene sheets were found to
resemble those of graphene.

Although this is a fairly new avenue, the already obtained outcome from these important first steps in
understanding silicene showedpromising features that could give a new future to silicon in the electronics
industry, thus opening a promising route toward wide-range applications. In this review, we plan to
introduce silicene by presenting the available experimental and theoretical studies performed to date,
and suggest future directions to be explored to make the synthesis of silicene a viable one.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

A new crystalline silicon form the so called ‘‘silicene’’ – the
silicon-based counterpart of graphene –movedup from theoretical
predictions to experimental observations in just a few years. In this
review we will discuss the present status of the experimental and
theoretical studies on silicene.

Before we move on to the case of silicene, we very briefly
bring in the case of graphene, which has attracted a worldwide
attraction. There are several carbon structures among which the
well-known are graphite and diamond. A stack of planar hexagonal
structure composes the former and is very popular nowadays
because it has been used to extract graphene sheet [1]. Graphene
is only one-atom thick layer of sp2-bonded carbon in a honeycomb
crystal structure [2] and is probably the most investigated system
in materials science during the last decade. It presents striking
properties, which lead to potentially novel routes for many
applications [2–4].

Silicon atoms, however, have similar electronic configurations
as those of carbon. In general, the explanation ofwhy carbonmakes
honeycomb structures and not silicon stems from the fact that
the sp2 hybridization is more stable than sp3 hybridization for
carbon but for silicon the situation is the reverse one [5]. It is hence
energetically not favorable to form spontaneously silicene from
silicon atoms.

Very recently, new silicon based structures have been discov-
ered such as single and multi-walls nanotubes (NTs), which open
the door to imagine that graphene-like silicon structures could be
obtained using catalysts such as surfaces.

Since the discovery of graphene, theoretical studies using ab-
initio level calculations [6,7] attempted to establish theoretical
similarities between carbon NTs and hypothetical silicon NTs, such
as band structure and density of states. Fagan et al. predicted that
the electronic properties of single-wall silicon NTs are very similar
to the equivalent carbon NTs [6]. From the experimental point of
view, silicon tubular structures and NTs have been synthesized by
different process [8–10], which raised the question of the existence
of other crystalline forms of silicon, different from the well-known
diamond structure.

Two-dimensional silicon nanostructures were probably first
fabricated by solution-based methods. Thus, Nakano et al. made
silicon sheets by chemical exfoliation of CaSi2 [11]. Nevertheless,
they were Mg-doped, had silicon bonded to oxygen, and were
proposed to be ⟨110⟩ oriented. Tunneling electron microscopy
(TEM) and atomic force microscopy (AFM) images revealed a
hexagonal structure with atomic separations of about 0.41 nm. In
order to obtain oxygen-free nanosheets, Okamoto et al. [12,13]
performed exfoliation of layered polysilane by reaction with n-
decylamine, leading to Si(111) planes with amines covalently
bonded. In their study, Okamoto et al. reported that these
nanosheets are ‘‘free-standing’’ with a thickness less than 2 nm.
Time-resolved photoluminescence measurements with emission
at 435 nm indicate that these nanosheets belong to the class of
direct gap materials. Synthesis of silicon nanowires by chemical
etching has also been reported as well [14].

In 2007, Guzmán-Verri and Lew Yan Voon developed a tight-
binding (TB) Hamiltonian that takes into account the electronic
properties of Si NTs and silicene [15]. These results show that
silicene is semi-metallic. Subsequently, two other theoretical
studies [16,17], using density functional theory (DFT), have shown
that a silicon quasi-two dimensional structure is stable. Several
others then followed these studies, which will be discussed
in details in the present review. On the other hand, recent
experimental studies explored the epitaxial adsorption of silicon
on silver surfaces resulting in an evidence of the possible formation
of silicene nano-ribbons (NRs) and sheets [18–25]. This has been
supported by ab initio calculations for silicene NRs on Ag(110) [26].

Since surface alloying is a key mechanism to the formation of
silicene by epitaxial growth on metal surfaces, this review will
contain a description of surface alloying as relevant to the case
at hand (Section 2). The experimental investigations of silicene
on silver surfaces will be detailed in Section 3, while Section 4
will be devoted to the theoretical studies of silicene. Finally, our
conclusions and future plans for silicene will be presented in
Section 5.

2. Surface alloys: semiconductor on metal surfaces

Temperature dependence of metallic thin films deposited on
metallic substrates has been the subject of many investigations
in relation to possible technological applications. Indeed, the for-
mation of surface alloys, which appear during the dissolution
process of a thin film, can present new chemical and physi-
cal properties with regard to their small thickness (typically a
few atomic layers). The composition of these surface alloys is
closely related to both chemical interactions between elements
(deposit and substrate) and a surface segregation tendency [27];
for a review, see for instance Refs. [28–30]. Most modern theories
[31,32,28] describe the surface segregation phenomenon in
metallic alloys as resulting from three main driving forces:
(i) relative surface stress of pure elements; (ii) chemical interac-
tions; and (iii) size mismatch. According to these models, the seg-
regation phenomenon can in some cases appear as a precursor of
the bulk phase transformations. Thus, surface segregation can lead
to the formation at the surface of a pure plane of solute for systems
showing a tendency to phase separation, and a two-dimensional
ordered surface alloy for systems presenting a tendency to or-
der. This has been experimentally observed for two model metal-
lic systems: Ag/Cu(111) (phase separating system) [33,34] and

https://www.researchgate.net/publication/235477658_Ab_initio_calculations_for_a_hypothetical_material_Silicon_nanotubes?el=1_x_8&enrichId=rgreq-38e8b52d-ec18-4f9a-a15b-b6029d169166&enrichSource=Y292ZXJQYWdlOzI1MTUxNzU2MDtBUzo5OTgzODEyNTQxMjM1MkAxNDAwODE0NjcyMzQy
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Sb/Cu(111) (ordering system) [35,36]. This segregation behavior
induces different dissolution kinetics in both cases in order to pre-
serve a local equilibrium in the surface selvedge. Indeed, the dis-
solution kinetics at 450 °C of one monolayer of silver deposited on
Cu(111) are slower than those expected (due to the tendency of sil-
ver to segregate), while obeying a square root of time dependence
lawwhich is the signature of a surface transition from a quasi-pure
silver layer to a quasi-pure copper layer [33,34]. On the contrary,
at the same temperature, the dissolution kinetics of one mono-
layer of antimony deposited on Cu(111) are not sloweddownat the
beginning but are later blocked when the surface concentration
corresponds to a surface alloy Cu2Sb forming a (

√
3×

√
3)R30° sur-

face superstructure [37]. Both kinetic behaviors on Cu(111) have
been theoretically simulated using the kinetics tight-binding Ising
model (KTBIM) [38,39] either in amean field approximation or/and
within Monte Carlo simulations [40], in order to take into account
only the three main driving forces for segregation that are previ-
ously mentioned.

Metal on metal systems show small crystallographic structural
differences; therefore chemical interactions are sufficient to
account for the previous trends. However, this should not be the
case for semiconductor on metal systems because they present
drastically different crystallographic structures, related to the
drastic difference in chemical bonding (covalent versus metallic).
In such a picture one can expect stronger structural effects such us
alloying, either as an ordered or amorphous super-structure.

The growth of noblemetals on semiconductor surfaces has been
the subject of a large number of studies in the recent years [41–46].
These studies have beenmotivated for understanding the interface
properties such as the Schottky-barrier formation [47,48]. Besides
the large variety of metal/semiconductor interface studies, the
investigation of the reverse semiconductor-on-metal interface is
also important since inequivalency can be expected between the
two materials. Indeed, it is known [49] that the variation of the
deposition sequencemay not only affect the interfacemorphology,
but also the chemistry of the interface inducing the formation of
new compounds.

Surprisingly, they are very few studies devoted to the depo-
sition of semiconductors on metallic surfaces. The first studied
systems have tendency toward ordering i.e. forming ordered com-
pounds such as silicides or germanides [41,50–52]. For such a case,
we expect formation of surface alloys; however, systems with ten-
dency toward phase separation are expected to form a stable semi-
conducting atomic layer on the metal surface.

2.1. Systems with tendency to order (formation of surface alloys)

The Si/Cu(110) was the first prototype of semiconductor on
metallic surfaces [52–54]. The phase diagram of this system
presents a tendency to form an alloy. This system has been
analyzed with Scanning Tunneling Microscopy (STM), Low Energy
Electron Diffraction (LEED), and Photo-Electron Spectroscopy
(PES).

Room temperature (RT) deposition of 0.5 monolayer (ML) of
silicon on a Cu(110) surface leads to the formation of a c(2 × 2)
superstructure [52–54]. For silicon coverage of 0.1 ML, structured
islands are observed on the surface aligned along the ⟨-112⟩
direction (Fig. 1). These islands grow and coalesce upon increasing
silicon coverage, resulting in the formation of extended alloy areas.
Complete c(2 × 2) surface alloy terraces are observed for silicon
coverage of 0.5 ML (Fig. 2).

The structural study by quantitative analysis of LEED intensities
confirms the formation of a two-dimensional alloywith Si atoms in
substitutional Cu sites (Fig. 3) [53]. High-resolution synchrotron-
radiation photoemission spectroscopy (HR-PES) has been also used
to investigate the surface alloy superstructure and the STM images
have been correlated to photoelectron-diffraction [54]. This study
has evidenced the formation of surface alloys.

Beyond the 0.5 ML silicon coverage, the LEED pattern evolves
toward a (2 × 2) structure [50]. The STM images show a linear
atomic Si chains on top of the surface alloy layer (Fig. 4).

Annealing the (2×2) structure at 250 °C, leads to a quasi-(3×4)
structure forming similar chains exhibiting a different periodicity
(Fig. 5).

Fig. 1. 160 × 160 nm2 STM image of the Cu(110) surface after deposition of less
than 0.1 Si ML at RT. A step on Cu(110) is seen at the upper part of the image. Alloy
clusters are aligned along ⟨-112⟩ surface direction. The arrow indicates the ⟨-110⟩
surface direction (by courtesy of J.A. Martín-Gago [50]).

Fig. 2. STM image showing atomic resolution obtained for 0.5 Si ML coverage. The
c(2 × 2) unit cell is indicated (courtesy of J.A. Martín-Gago [50]).

(a) Top view.

(b) Side view.

Fig. 3. Structuralmodel for the c(2×2) surface alloy: (a) top view, and (b) side view.
The c(2 × 2) unit cell is shown in the figure. Filled and empty circles represent Si
and Cu atoms, respectively (courtesy of J.A. Martín-Gago [50]).
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Fig. 4. STM image of the surface after deposition of 0.55 SiML onCu(110). (a) A general viewof the surface (33×28nm2), (b) Si chains on c (2×2) surface alloy (15×7.5nm2),
(c) individual Si chains (10 × 5 nm2), (d) Profile along the line represented in (c) (courtesy of J.A. Martín-Gago [50]).
Fig. 5. STM images of the surface after deposition of 0.8 ML silicon on Cu(110) and posterior annealing at 250 °C. (a) overview of the surface (48× 48 nm2), (b) detail of the
linear chains (6.2 × 6.2 nm2), (c) profiles along the indicated directions of (b) (courtesy of J.A. Martín-Gago [50]).
2.2. Systems with tendency to phase separation

For systems presenting tendency toward phase separation,
each atom maximizes its number of neighbors in a close-packed
structure, in contrastwith interactions in semiconductor that favor
the formation of oriented bonds, often at the expense of the
compact packing compacity. This often may leads to a new type
of surface alloy, as we shall see.

The prototype system for this case is Ge/Ag, which presents a
strong tendency toward phase separation as shown by the bulk
phase diagram [55,56] and a large germanium surface segregation.
The thermal behavior of Ge thin film on silverwas studied by Auger
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Fig. 6. Part I illustrates an example of the deposition of about one monolayer of germanium and Part II is the dissolution kinetics in the bulk recorded for different
temperatures just after deposition.
Electron Spectroscopy (AES), LEED, STM, Surface X-ray Diffraction
(SXRD) as well as PES [57–65].

2.2.1. Ge/Ag(100)
The growth of Ge on Ag(100) at RT was found to be close to

the layer by layer mode [57,58]. For 0.5 Ge ML, The LEED shows
a p(4

√
2 × 2

√
2)R45° superstructure, which becomes more and

more intense as the germanium coverage increases.
The thermal behavior of Ge onAg(100)was studied by following

the dissolution kinetic of 1 ML of Ge on Ag(100). The variations of
Ag and Ge Auger peak-to-peak intensity ratio (IGe/IAg) versus time
are displayed in Fig. 6.

Both kinetics that are recorded at 250 and 264 °C, show that
at the beginning of annealing, a rapid dissolution occurs followed
by a blocking of this dissolution on a plateau whose level depends
on temperature. At 320 °C, a rapid dissolution at the beginning of
the kinetics is observed followed by a slower one up to a quasi-
complete dissolution. The LEED observations carried out at room
temperature at the end of each run exhibit: (i) a sharp and well
defined p(4

√
2 × 2

√
2)R45° LEED pattern after dissolution at

250 °C, (ii) a fuzzy (1× 1) LEED pattern after dissolution at 264 °C,
(iii) a sharp (1×1) LEED pattern after dissolution at 320 °C in good
agreement with the quasi complete dissolution observed on the
kinetics.

The kinetic behavior for Ge on Ag(100) is closer to those
obtained for systems with a tendency to order (Sb/Cu) [35,36]
than to those obtained for systems with a tendency toward phase
separation (Ag/Cu) [33,34]. In addition, the complete monolayer of
germanium seems to increase the silver surface free energy since
the effect is reversed when comparing surface energies of both
pure elements (Ge = 0.88 J m−2 and Ag = 1.25 J m−2 [50]). This
special behavior was correlated to the covalent nature of
germanium for which a (100) fcc type two-dimensional layer
is highly unstable. The germanium prefers an atomic structure
closer to its diamond-like character, which generates a strong
surface stress (due to the structural incoherence between silver
and germanium) and increase the total surface free energy leading
to the fast dissolution of the (100) fcc germanium layer. From this
point of view, such behavior suggests the possibility to obtain a
new class of surface alloys driven by structural coherence effects
when substrate and deposited elements present very different
types of chemical bonding.

Fig. 7a shows the STM image corresponding to the p(2v2 ×

4v2)R45° superstructure [58]. It shows wavy rows of white spots
in one direction that we assigned to small clusters of Ge. These
clusters correspond to four Ge atoms (tetramers) as it can be seen
in Fig. 7b once the atomic resolution has been achieved. Previous
SXRD study [58] has reported the formation of Ge tetramers
located in adatom positions on the Ag surface. Three of the Ge
atoms are in the hollow sites and the fourth one is near a bridge
position.

The dissolution at 250 °C gives rise to the same structure as
in Fig. 7a indicating the stability of Ge tetramers. However, after
a few minutes of annealing at 260 °C, the appearance of a set
of black squares indicates dissolution, which is attributed to ‘‘Ge
tetramer vacancies’’. These vacancies are not randomly distributed
on the surface but are locally ordered on two or three periods
(Fig. 8a) [59]. The two ordered structures of ‘‘vacancies’’ (L1 and
L2) observed after this annealing are shown on Fig. 8b.

Fig. 9a shows an STM image (50 nm × 50 nm) of the surface
recorded after a further 20min annealing of the samplemaintained
at 260 °C. In this STM image one can see that the dissolution
effect is more important. One observes not only the same square
structure (L1) as in Fig. 8b but also a new one (labeled L3), with a
‘‘zigzag-like’’ shape. A magnification of a part of these domains is
reported in Fig. 9b revealing the details of this new arrangement of
‘‘tetramer vacancies’’.

The first interesting point of this set of results is that, as
expected from all previous kinetics studies recalled above, the
existence of a plateau on adissolution kinetics recordedbyAES [57]
corresponds to a specific surface structure. In this case, the absence
of LEED pattern at the end of the kinetics was due to the size
domains of these arrangements of ‘‘tetramer vacancies’’ which
are too small to give rise to a strong coherent signal. The second
and striking point is the quasi absence of trimers, dimers and
monomers (isolated atom) of Ge during the dissolution process.
The Ge dissolution proceeds by successive disappearance of Ge
tetramers confirming the large stability of the latter on the Ag(001)
surface.

a b

Fig. 7. (a) Filled-state STM image of a 10 nm× 10 nm area surface after deposition
of 0.5ML of germanium at room temperature (the unit cell is shown as a rectangle),
(b) Atomically resolved STM images.
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a b

Fig. 8. (a) Filled-state STM images of 20 nm × 20 nm area of the Ag(001) surface recorded at room temperature after a short annealing of the sample at 260 °C for a few
minutes. (b) The same filled-state STM image for a 10 nm × 10 nm area.
a b

Fig. 9. (a) STM images (50 nm × 50 nm) of the surface recorded after a further
annealing of the sample for 20 min maintained at 260 °C. (b) Magnification of the
figure to reveal the details.

2.2.2. Ge/Ag(110)
The adsorption of germanium on Ag(110) has been also

investigated by STM, LEED as well as SXRD [60]. After deposition
of 0.5 Ge ML coverage, the LEED pattern revealed a c(4 × 2)
superstructure. The STM images corresponding to the c(4 × 2)
superstructure at the atomic resolution show two Ge tetramers in
the surface unit cell (rectangle) (Fig. 10).

Based on the STM images and SXRD measurements, an atomic
model of the surface structure with Ge atoms forming tetramer
nano-clusters that are perfectly assembled in a two-dimensional
array over the silver top layer was proposed [60].

Fig. 10. Empty state STM image (8 × 8 nm2 , V = 40 mV, I = 1.76 nA) showing
the c(4 × 2) superstructure at atomic resolution with two tetramers in the surface
unit cell (rectangle). The tetramer (circle) is clearly noticeable.

2.2.3. Ge/Ag(111)
On the (111) surface, the LEED pattern shows a (

√
3×

√
3)R30°

after deposition of 1/3 ML of Ge [36,37]. This superstructure
becomes fuzzy beyond this coverage and a new c(
√
3 × 7) LEED

pattern appears and become sharper at 1 ML of Ge coverage.
Fig. 11 shows an atomically resolved STM image of the surface
with 1/3 ML of Ge deposited at room temperature displaying a
sharp (

√
3 ×

√
3)R30° LEED pattern. The surface observed by

STM appears identical to a pristine Ag(111) surface, exhibiting no
chemical contrast (as confirmed in different places on the surface
for both positive and negative biases between +0.5 and −0.5 V).
The vertical corrugation is found to be about 0.3 Å, whereas the
lateral distance between two atoms is (3.1± 0.2) Å, which is close
to the expected Ag–Ag distance in the (111) plane. This distance
is definitely different from the parameter (∼ 5 Å) of the (

√
3 ×

√
3)R30° superstructure. No effect of the sign of the bias voltage

was possible, which revealed the metallic character of the surface.
Beyond this coverage, a c(

√
3 × 7) superstructure appeared and

became sharper at 1 ML of deposition.
The c(

√
3 × 7) superstructure is built up by self-assembled

tetramer Ge nanodots: four tetramers per c(
√
3 × 7) unit cell

(sixteen Ge atoms in the unit cell) (Fig. 12) [64]. The four Ge atoms
within these nanodots are not close-packed but form a rather open
tetramer, which seems, at first glance, quite similar to what has
been observed on the Ag(001) and Ag(110) surfaces [58,60].

At variance with Ag(001) and Ag(110), for the (
√
3 ×

√
3)R30°

superstructure, the germanium atoms are incorporated in the first
silver layer forming an ordered Ag2Ge surface alloy [61]. This
behavior on the (111) face is quite surprising since the chemical
tendency of the system is to form homo-atomic bonds, as the bulk
phase diagram displays a largemiscibility gap. These very different
behaviors could be related to the initial surface structures or/and to
different germanium interactionswith themetallic substrate. Such
behavior was also observed in the case of metallic system, Pb/Ag
system, which has tendency to phase separation [66–68]. The Ge
3d core levels of the (

√
3×

√
3)R30°was analyzed by PES [61]. Its

metallic state is well corroborated by the set of spectra shown in
Fig. 13 recorded during the first step of the growth.

For each spectrum of the Fig. 16, the binding energy is
referenced to the Fermi level. Using a Doniach–Sunjic line shape,
the Ge 3d spectra have been fitted with two components (S1)
and (S2) at 28.80 and 29.07 eV binding energies, respectively (in
the whole coverage range). The (S1) component of the spectrum
is attributed to the (

√
3 ×

√
3)R30° superstructure. The (S2)

component, which isweak at low coverage and increasesmarkedly
beyond 1/3 ML, is assigned to the growing second superstructure
c(

√
3× 7), at the expense of the (

√
3×

√
3)R30°, which begins to

disappear.
The comparison of the surface structures obtained on the three

faces of low indices i.e. (001), (110) and (111), indicates the
significant role played by both Ge–Ge and Ge–Ag interactions
(on the surface structures) obtained after deposition. More
generally, the open structure adopted by the germanium atoms
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reveals the delicate balance between metallic and semiconductor-
like interactions. On each face orientation it results from the
competition between the Ge–Ge interactions, which tend to favor
the most compact tetramers, while the Ge–Ag interactions can be
strong enough at the surface to favor the formation of a surface
alloy.

Fig. 11. (
√
3×

√
3)R30° LEED pattern (Ep = 52 eV) left-upper corner. Filled-state

STM image (6.4 nm×6.4 nm, V = −50mV, I = 2.0 nA). A line scan along the [110]
direction gives the corrugation shown in the lower-left corner.

Fig. 12. Filled-state STM images (3 × 3 nm2 , V = −0.005 V, I = 5 nA) showing
the local arrangement within the c(

√
3 × 7) superstructure unit cell.

3. Experimental investigations of silicene on silver surfaces

The Si/Ag system has a marked tendency toward phase
separation [55,56] with very low solubility of Si in bulk Ag at the
difference of the large solubility of Ge in Ag. Unlike Ge/Ag system,
the formation of Si structures is expected to take place only on top
of Ag surface without any Si diffusion.

3.1. Silicene on Ag (100)

On the Ag(100) surface, the growth at RT was found to be
layer-by-layer without formation of any ordered structure [69].
However, annealing at 230 °C or during the growth at the same
temperature, two ordered surface structures were observed. The
first structure was obtained from the first stages of growth up to
one monolayer, and corresponds to a p(3 × 3) superstructure for
31 30.5 29.5 28.5 27.530 29 28

BINDING ENERGY (eV)

Fig. 13. Ge 3d core-level spectra recorded at normal emission at a photon energy
of 65 eV during the growth.

which a precise atomicmodelwas established on the basis of SXRD
and STM measurements [18]. The unit cell of this superstructure
contains one silicon tetramer composed by two tilted Si dimers.
STM images showed the self-organization of these tetramers in 1D
stripes oriented along the [110] or the [-110] directions (Fig. 14).

Beyond the one ML silicon coverage, a complex superstructure
was shown to take place with no discernible long-range order
symmetry as indicated by LEED [18]. The STM topography revealed
the local coexistence of two superstructures, the previous p(3×3)
together with new silicon stripes made of two joined chains of
regular hexagons oriented along [110] or [-110] directions (Fig. 15),
and forming a p(7 × 4) local superstructure. These stripes have a
width of 7aAg (surface Ag parameter), and the chains of hexagons
present a 4aAg periodicity along the stripes [18].

Fig. 14. Filled-state STM image (6.4×6.1 nm2 ,V = −1.02V, I = 1.14 nA) showing
the atomic resolution of the p(3×3) structure. The unit cell is indicated by a square.

3.2. Silicene on Ag(110)

The first silicon structures observed on a Ag(110) substrate
were described as silicon nanowires (NWs) obtained by Si
deposition under UHV conditions in the sub-monolayer range [19].
The STM measurements revealed several characteristics of these
NWs (Fig. 16), namely the precise crystallographic orientation

https://www.researchgate.net/publication/288255505_Binary_alloy_phase_diagrams_Zr-O_phase_diagram?el=1_x_8&enrichId=rgreq-38e8b52d-ec18-4f9a-a15b-b6029d169166&enrichSource=Y292ZXJQYWdlOzI1MTUxNzU2MDtBUzo5OTgzODEyNTQxMjM1MkAxNDAwODE0NjcyMzQy
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Fig. 15. Filled state STM image (6.4×6.4 nm2 V = −1 V, I = 1 nA) of the ‘‘complex
structure’’. The local p(7×4) unit cell is indicated. The pattern of two joined chains
of hexagons is drawn in blue.

(parallel to [-110] Ag direction), a height of 0,2 nm, and a well-
defined width of 1,6 nm equal to 4aAg[100], i.e. four times the lattice
parameter of the substrate in the perpendicular [100] direction.
Moreover, a periodicity of 2aAg[1-10] was observed along the NWs
in the STM topography, which was corroborated by half-order
diffraction spots in the [1-10] direction of the LEED pattern [19].

While the width of the NWs is precisely defined, the length
obtained after RT silicon deposition is very disparate (1.5–30 nm),
including both Si nanodots and NWs [19] (see Fig. 16a). However,
annealing at 230 °C induced a significant elongation of the NWs
well beyond 100 nm, while keeping the same 1.6 nm width as
shown in Fig. 17 [19]. Furthermore, for long annealing times, the
nanodots shown in Fig. 17a disappear while being incorporated to
the Si NWs (Fig. 17b). Therefore, the NWs formation is the result
of a 1D diffusion process, allowing the self-assembly of nanodots
along [-110] direction and not in the perpendicular [100] direction.

The strong anisotropy of Si nanodots self-assembly on Ag
(110) was also confirmed by a study of Si growth on a silver
substrate kept at 200 °C. In this case, at one Si ML coverage,
a grating of one-dimensional NWs was evidenced, presenting a
Fig. 17. (24.3 × 36.1 nm2) topographic STM images of a low coverage of Si
deposited at room temperature on a Ag(110) surface. (a) Before annealing (V =

−1.7 V, I = 1.1 nA). (b) After annealing at 230 °C (V = −0.4 V, I = 0.7 nA).

5 × 2 periodicity, as shown both in the LEED pattern and in the
STM images (Fig. 18) [70]. The silver substrate is fully covered
by Si NWs exhibiting the same width of 4aAg[100] with a regular
spacing of 5aAg[100] ≈ 2.05 nm instead of the random spacing
(1.5–15 nm) previously observed. The (×2) periodicity along the
[-110] direction was observed, as in the case of isolated NWs.

In the Si NWs, it is clear that the rounded protrusions
composing the row with a 2aAg[1-10] periodicity were too large to
represent individual atoms [19,70]. A key point in understanding
the structure of the nanowires was the observation of a clear
asymmetry in the height profile measured perpendicular to the
NWs as seen in Fig. 16c [19]. This asymmetry was shown to be
related to a misalignment between the right and left sides of the
protrusions in a wire, corresponding to a glide of one aAg[1-10]
lattice parameter that is clearly visible in the 3D view of Fig. 19
[71,70,26]. Moreover, the height profile asymmetry was extended
to the Ag substrate close to the NWs, since a dip was noticeable on
one side of the NWs [71,70].

The internal structure of a Si NW as well as its bonding to the
substrate has been elucidated recently [23,26]. With even higher
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Fig. 16. Topographic images (V = −1.7 V and I = 1.1 nA) of the 0.25 ML of silicon deposited on Ag(110) at room temperature showing Si NWs: (a) 42 × 42 nm2 ,
(b) 12.1 × 12.1 nm2 . (c) Line profile along the black line drawn in (b).
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a

Fig. 18. (a) (17.4 × 8 nm2) topographic STM image of the 5 × 2 silicon NWs reconstruction on Ag(110) (V = −1.7 V, I = 0.3 nA). (b) 5 × 2 LEED pattern at 68 eV primary
energy.
Fig. 19. 3D view of a 10.2 × 10.2 nm2 filled-states STM image: dip asymmetry
at right-side. High resolution STM topography images of isolated NWs show a
structural signature of this transverse asymmetry, mainly a structure formed by a
square and a parallelogram side-by-side, having a common side of 2aAg[1-10] with
a glide of one aAg[1-10] along [-110] for the other parallelogram side (Fig. 20) [21].

Fig. 20. Square joined to a parallelogram drawn on the STM image of a Si stripe.

resolution, STMexperiments allowed to resolve siliconhexagons in
honeycomb arrangement inside the NW ( Fig. 21) [23]. Along the
direction 30° away from the [-110] Ag direction, one counts four
Si hexagons in a NW that, at this point, has been named ‘‘silicene
nanoribbons (NRs)’’.
Fig. 21. High resolution filled state STM image revealing honeycomb arrangement.

Fig. 22. Top view of Si NRs structure calculated on Ag(110): silicon (red/blue)
forming hexagons on top of the surface Ag atoms (green). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

The finding of a hexagonal Si structure on the rectangular Ag
(110) substrate gives a possible explanation of the asymmetry
of the Si NW. The rather complex structure of the latter has
been elucidated with the help of ab initio calculations based on
DFT [26]. The optimization of a Si NR configuration involving
30 Si atoms on a five layers thick (4 × 6) Ag(110) supercell,
showed that the Si atoms tend to form a honeycomb structure
on the Ag substrate. Most important, the Si honeycomb structure
presented a noticeable buckling after full relaxation of the system.
This buckling was found to be responsible for the asymmetric
corrugation in the charge density profile, as well as for the imaging
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Fig. 23. Normal incidence valence band angle integrated spectra measured at
hν = 79 eV for the initial pristine Ag(110) surface (bottom curve) and after a
0.25 ML of silicon has been deposited at room temperature (top curve).
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Fig. 24. The Si2p core level spectrum and its de-convolution (bottom curves). The
spectrum was recorded at normal incidence and at hν = 140 eV; with an emission
angle of 45°.

of the topmost atoms as square attached to parallelogram in STM
images (Fig. 22) [26].

Therefore, the Si nanostructures that were initially considered
as NWs on Ag(110) can be better described as NRs of silicene
forming an arc with a height of roughly 0.2 nm; the bending of
the nanoribbons being induced by the incommensurability with
the rectangular Ag substrate. The asymmetry of the bent NRs also
involves the substrate Ag rows: on one side of the ribbon, the silver
atom chain displays displacements from the ideal atomic positions
both in and out of the plane, whereas the chain on the other side is
not affected. This corresponds to the dip previously observed only
on one side of the height profile.

One consequence is the chiral coupling between NRs that
is probably mediated by the Ag substrate. The observed NRs
are organized in large left-handed (or right-handed) domains,
estimated to be several microns per side [71]. The right (resp. left)
asymmetry of the NR corresponds to a dip on the right (resp. left)
side of the height profile.

The electronic properties of silicene NR grown on Ag(110)
were investigated by different experimental techniques including
valence band and core-level photoemission spectroscopy [19,72,
25] and scanning tunneling spectroscopy (STS) [73].

As a first indication for the metallic character of the system,
the valence band measurements displayed an increase of the
density of states (DOS) at the Fermi energy EF as compared to
the bare silver surface (Fig. 23) [19]. The normalized differential
conductance (dI/dV)/(I/V) obtained by STS also exhibited a non-
zero local density of states (LDOS) between −2 and 2 eV, as well
as a monotonic increase in current with bias [73].

The Si 2p core-level spectroscopy confirmed the metallic char-
acter of the silicon NRs, since all spectra taken at various pho-
ton energies; incidence and detection angles were systematically
Fig. 25. Dispersion of the two quantum states measured along the Γ X direction
of the second and third surface Brillouin zones for a 0.25 silicon monolayer covered
Ag(110) surface after 230 °C annealing. hν = 75 eV, andwith 45° incidence. Binding
energies are referenced to the Fermi level.

Fig. 26. (22×22 nm2) topographic image of Si NRs on Ag(110) at 15L oxygen dose.
The circles show the hollows announcing the unset of the oxidation process.

asymmetric. The Si2p spectrum was de-convoluted in two main
spin–orbit split components (Fig. 24) [19,71]. The best fitting of the
spectra included an asymmetry parameter of 0.09 or 0.122, which
was believed to be higher than that reported for the Ag 3d on a
clean silver surface [19,71]

Furthermore, the angle-integrated valence bandmeasurements
indicated the appearance of four new discrete electronic states
in the proximity of EF , at 0.92, 1.45, 2.37 and 3.12 eV binding
energies. These states are clearly noticed in the measurement
geometry of Fig. 23, i.e. at normal incidence and at 45° emission
along the [-110] direction. A peak at −0.89 V was observed in
the STS data [73], in good agreement with the 0.92 eV feature
measured by photoemission. These states do not correspond to any
surface state of the pristine silver. As these states do not disperse
at normal emission as a function of photon energy, they were
then assigned to surface states characteristics of the Si NRs. A
detailed angle-resolved photoemission study of the two deepest
discrete states was performed, revealing a lack of dispersion along
the [100] direction, perpendicular to the ribbons, and a significant
dispersion by 0,4 eV along the [-110] direction parallel to the
ribbons (Fig. 25) [19].

Interestingly, no dispersion was observed along [-110] if no
annealing at 230 °C is performed, i.e. for Si nanodots not yet
organized in 1D structures on the Ag surface [70]. Therefore,
the discrete states were rationalized as an effect of quantum
confinement in at least two directions: along the normal to the
surface and in the [100] direction. In the [-110] direction, the
1D dispersion measured for elongated nanoribbons indicated 1D
character, whereas confinement was observed for Si nanodots.
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Fig. 27. (a) Filled-state atomically resolved STM image showing honeycomb structure, revealing two sublattices. (b) Line-profile joining neighboring Si atoms along the
direction indicated in (a).
Hence for Si NRs on Ag (110), there is coexistence of quantum
confinement and metallicity. On the contrary, it was reported
that Si NWs with diameter in the 1.3–7 nm range made using
lithographic patterning or by chemical synthesis are known to be
semiconducting with an increase of the electronic energy gap with
an increase in the quantum confinement effects [75]. This different
behavior may be attributed to the silicene structure of the NRs
and/or to the hybridization of the Si and Ag electronic states.

The oxidation process of the SiNRwas also studied at the atomic
scale both by STM and PES [22]. Exposure to molecular oxygen
of the surface was performed at RT at several doses. STM images
clearly demonstrated that the oxidation process was initiated at
the termination side of the ribbons and was then propagating
along the [-110] direction (Fig. 26). The formation of a SiO2/Si
interface with sub-oxides localized at the oxidation front was
further confirmedby thede-convolution of the Si2p core-level [22].
The I(V ) spectrameasured by STS on the oxidized Si NRs evidenced
a small gap of 0.35 eV, revealing a semi-conducting behavior of this
very thin (one layer) silicon oxide [22].

3.3. Silicene on Ag(111)

On the Ag(111) face, the deposition of one monolayer of silicon
on the substrate held at a temperature of 250 °C was shown to
produce a highly ordered honeycomb structure interpreted as a
sheet of silicene epitaxied on silver [24]. This new structure of
silicon grown onAg surface is characterized by a (2

√
3×2

√
3)R30°

LEED pattern, indicating a long range order of the epitaxy. The
atomic resolved STM images revealed the honeycomb structure
formed by two silicon sublattices occupying positions at different
heights, with a height difference of 0.02 nm (Fig. 27). A Si–Si
nearest-neighbor distance of 0.19 ± 0.1 nm was derived from the
analysis of the STM images, which is about 17% shorter than silicon
bulk nearest neighbor value (0.235 nm).

4. Theoretical investigations of silicene

4.1. Tight-binding (TB) studies of silicene

To date, it appears that there are only two publications, which
studied the silicene problem using an empirical TB theory [15,76].
The TB theory has been extremely useful and successful in the
study of the electronic properties of graphene and of carbon
nanotubes. As there are thousands of papers for the latter system
we will cite only a few pioneering papers. An excellent review of
the theory on carbon nanotubes can be found in the book by Saito
and Dresselhaus [77]. In this section, we will start by presenting
the basic elements of the TB theory, followed by a brief survey
of applications to silicon-based systems. We will then summarize
some of the key results for graphene and carbon nanotubes that
have been obtained using this theory. Finally, we will review what
has been obtained for silicene.

4.1.1. Tight-binding theory
The elements of the empirical TB theory were put forward by

Slater and Koster [78]. In this formalism, the wave function is
expanded as a Bloch sum of atomic-like orbitals:

|Ψ ⟩ =

−
α,A

Cα,A|A, α, k⟩,

and

|A, α, k⟩ =
1

√
N

N−
i=1

eik·(Ri+τA)
|Ri, A, α⟩,

where A represents inequivalent atoms in a unit cell, α labels the
atomic-like basis, k is the wave vector, N is the number of unit
cells, Ri labels the location of unit cells, and τA labels the atomic
positions within a unit cell. Representation of the Hamiltonian in
terms of Bloch sums of the atomic orbitals then leads to a matrix
formulation with elements, HAB

αβ (k), which are functions of the
wave vector of the periodic structure and of energy integrals:−
β,B

HAB
αβ (k) Cβ,B = En(k)Cα,A.

In the empirical formulation, the energy integrals (so-called TB
parameters) are not computed as in an ab initio theory, rather
they are fitted to experimental data or other theories. The
size of the matrix is given by the product of the number of
inequivalent atoms, and the number of atomic orbitals used in the
model. Diagonalization gives the electron energies, En (k), or band
structure, and the so-called TB envelope functions, Cα,A. Note that
the latter are not fullwave functions; indeed, the fullwave function
is not explicitly obtained in the empirical TB method since the
atomic orbitals, |Ri, A, α⟩, are not specified explicitly.

4.1.2. Bulk and nanostructured silicon
Much work has been carried out using the TB model for

the tetrahedral semiconductors. We will here exclusively refer
to some key work regarding silicon. Probably the first realistic
description of the band structure of bulk silicon was due to Vogl
et al. [79] whereby they were able to reproduce the indirect
gap (about 1.1 eV along X direction in the first Brillouin zone)
using a nearest-neighbor sp3s∗ model. Currently, one of the most
sophisticatedmodels is the nearest-neighbor sp3s∗d5 model due to
Jancu et al. [80].

https://www.researchgate.net/publication/255180395_Physics_Properties_of_Carbon_Nanotubes?el=1_x_8&enrichId=rgreq-38e8b52d-ec18-4f9a-a15b-b6029d169166&enrichSource=Y292ZXJQYWdlOzI1MTUxNzU2MDtBUzo5OTgzODEyNTQxMjM1MkAxNDAwODE0NjcyMzQy
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Fig. 28. Structure of graphene lattice [115].

Surfaces of silicon have also been studied, starting from
unreconstructed but relaxed Si (111) surfaces [81] to total-energy
calculations of surface structures [82]; for example, the 2 × 1
reconstruction of the Si (111) surface was verified. There is also
a fair amount of literature on the study of the band structure of
silicon superlattices [83], quantum dots [84], and nanowires [85].

4.1.3. Tight-binding results for graphene and carbon nanotubes
The TB model is developed as follows for graphene and carbon

nanotubes. It is typical to separate the Hamiltonian for the π (pz)
electrons from that for the σ (sp2) electrons. This is strictly valid
only for a flat graphene sheet. Since the Dirac cones are only
present in the π bands, it is now conventional to just consider
the latter. There are two atoms in a unit cell (Fig. 28) and the
Hamiltonian is then of size 2 × 2 in the absence of spin. The
wave vector is two-dimensional for a single sheet. Note that there
is no need to impose a super periodicity in the perpendicular
direction (as is donewith ab initiomethods). It can be seen that the
Hamiltonian is of very small size; indeed, it can be diagonalized
exactly. The band structure of a nanotube can then be obtained
from that of graphene by imposing an additional cyclic boundary
condition in the direction of the chiral vector, which leads to an
additional quantization. Thus, the wave vector is now becoming
one-dimensional. The computational needs for computing the
band structures of graphene and carbon nanotubes are negligible
once the TB parameters are provided.

The analytical results provide some dramatic insight. Thus, the
zero gap and a linear dispersion are both readily obtained, and
clearly seen to be due to the similarity of the two inequivalent
atoms, and to the symmetry of the 2D hexagonal lattice. Indeed,
the above TBmodel leads to the following band structure for the π
electrons:

E (k) = ±γ


1 + 4 cos

√
3kxa
2

cos
kya
2

+ 4

cos

kya
2

2

,

where a is the in-plane lattice constant, and γ is a transfer energy
integral (−3.03 eV for graphene). The corresponding bands for both
the π electrons and σ electrons are shown in Fig. 29.

For carbon nanotubes, the TB model leads immediately to
the Hamada rule that describes the band gap variations with
chirality [86]. Note that curvature effects are usually neglected
in this model. The TB model has also been applied to graphene
NRs and, although the initial models were incorrect, subsequent
investigations have led to agreement with ab initio results by
changing the edge TB parameters [87].
Fig. 29. Band structure of graphene [115].

Table 1
Fermi velocities of Dirac electrons.

Structure vF (m/s)

Graphene ∼ 106

α-silicene ∼ 105

β-silicene ∼ 104

4.1.4. Tight-binding results for silicene and silicon nanotubes
We finally discuss work related to the silicon nanostructures.

We first note that, if the silicene sheet is flat (so-called α silicene),
all of the theories and results discussed for graphene carry over.
One simply replaces the graphene TB parameters by the silicon
ones. However, it is known from ab initio calculations [88] that the
most stable form of a 2D silicon sheet is buckled (β silicene). In
this case, a different TB model needs to be derived. In Ref. [15], it
was realized that β silicene is closely related to the structure of
a monoatomic sheet of (111) silicon. This allowed them to derive
a TB Hamiltonian closely related to the bulk Si Hamiltonian that
reduces to the α silicene Hamiltonian when all the atoms are in
the same plane. One consequence is the automatic coupling of the
π and σ electrons leading to an 8 × 8 Hamiltonian [15]. The first
important result is that the Dirac point is preserved even for β

silicene [15]. This can be explained by the fact that the in-plane
symmetry is unchanged. This is confirmed by the computed band
structures (Fig. 30).

The TB results are semi-quantitatively similar to the ab initio
ones of Yang and Ni [7]. Another result obtained by Guzmán-Verri
and Lew Yan Voon is the Fermi velocity (Table 1).

4.1.5. Tight-binding results for silicane and hydrogenated silicon
nanotubes

The band structure of fully hydrogenated silicene and silicon
nanotubes has also been studied using the TB theory [76]. The TB
parameters used are given in Table 2.

The band structure of silicane is shown in Fig. 31. The first result
is that hydrogenation does not destroy the presence of Dirac points
(at K ), which has already been proven in an earlier paper by the
same group [89]. Nevertheless, because of a band-filling effect,
silicane has an indirect band gap (atM) which has been calculated
to be around 2.2 eV using the TB model. It was also found that the
near-gap states have a non-negligible amount of hydrogen s orbital
but the Dirac points at K remain hydrogen free. For the silicon
nanotubes, a new type of semiconductor has been proposed, one
whichpresents equal and co-existing direct and indirect band gaps.
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Fig. 30. Band structures of α-silicene (silicene) and β-silicene (Si(111)) using TB models, compared to rotated bulk Si band structures.
Table 2
Tight-binding parameters for hydrogenated sil-
icene sheet.

Si–Si in eV

Es −4.0497
Ep 1.0297
(ssσ)AB1 −2.0662

(spσ)AB1 2.1184

(ppσ)AB1 3.1866

(ppπ)AB1 −0.8867

(ssσ)AA2 0.0

(spσ)AA2 0.0

(ppσ)AA2 0.8900

(ppπ)AA2 −0.3612

Si–H in eV
Es (H) 13.6
(spσ)AC1 6.2182

4.2. Density functional theory studies of silicene

4.2.1. ‘‘Bulk’’ silicene
The sp2 hybridization in silicon has long been expected to be

clearly unfavorable relative to the sp3 forms, unlike in carbon
where the two kinds of hybridizations, along with the sp1, are
closer in energy. A total-energy method, such as the density
functional theory, is needed to discuss the relative stability of the
different hybridizations.

Already in 1994 Takeda and Shiraishi studied the crystalline
structure of silicene and germacene [88]. They confirmed graphene
to be stable in the planar layer, but silicene and germacene to
buckle. Their calculated band structure of silicene showed the
Dirac cone at the Fermi energy at the k-point K , with a linear
dispersion around it, like in graphene despite the lower symmetry
of D3h instead of D6h in graphene.

The total energy calculations by Cahangirov et al. [17] and Ding
and Ni [90] provided insight into the geometric and electronic
structure of the silicene and germacene layers. The two groups
also showed that the planar honeycomb lattice, the ground state
of graphene, of Si or Ge is unstable toward a distortion of the layer
Fig. 31. Band structure of silicane using tight-binding.
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Fig. 32. The calculated phonon dispersions in planar (left) and LB structures (right)
obtained by Cahangirov et al. [17] (courtesy of Cahangirov).

due to an imaginary phononmode, shown in Fig. 32 from the work
by Cahangirov et al. [17].

Further, the same authors found two different minima in the
total energy versus the lattice constant, as seen in Fig. 33a [91]. The
two structures are characterized by a low-buckling (LB) structure
with a lattice constant of ca. 0.39 nm and the high-buckling (HB) of
ca. 0.27 nm, as shown in Fig. 33b.

Our own calculations using the generalized gradient approxi-
mation (GGA) functional show very similar shapes of the minima
around the LB andHB structures compared to local density approx-
imation (LDA), but the LBminimum is slightly preferred. The buck-
ling, or the height difference between the two atoms in the unit
cell, displays a monotonous increase when the lattice constant is
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Fig. 34. The electronic band structure calculated using GGA–PBE in the (a) HB, (b) LB structures, and (c) HSE06 hybrid functional in the LB structure (the geometry is taken
from the GGA–PBE calculation).
decreased below 0.40 nm. Both LDA and GGA yield very similar
buckling; at theGGA level the buckling is 0.215 and 0.045 nm in the
HB and LB structures, respectively. Even at extended lattice con-
stants we do not find that the buckling would vanish, demonstrat-
ing a clear preference of the sp3 over sp2 hybridization.

The band structure in the LB and HB structures is displayed
in Fig. 34. For the band structure of the HB geometry (Fig. 34a),
the Fermi energy is crossed by several bands, and there is no
signature of a Dirac cone. On the contrary the LB (Fig. 34b) presents
a Dirac cone and resembles that of graphene. The σ bands closest
to the Fermi energy are at−1.3 and+1 eV. Considering the typical
contraction (reduction) of the Kohn–Sham eigenvalues by 50%, we
expect the real σ–σ band gap to be about 4 eV; indeed, the HSE
hybrid-exchange–correlation functional that is in general more
accurate for the band structures yields a value of 4.25 eV, and the
width, or the distance from the bottom of the valence band to the
Fermi energy of 12.76 eV (Fig. 34c).

The buckling of the germacene layer was also found by Takeda
and Shiraishi [88]. Lebègue and Eriksson [16] and Houssa et al. [92]
found the band structure to be similar to the case of graphene
and silicene, but the Fermi surface is cut by another band at the
Γ point; they did not include the corrugation of the germacene
layer though. Later Cahangirov et al. [17] and Lew Yan Voon
et al. [89] recalculated the band structure with corrugation and
found no extra states crossing the Fermi energy. The Fermi velocity
calculated by Lew Yan Voon et al. [89] in graphene, silicene and
germacene, 6.3 × 105, 5.1 × 105 and 3.8 × 105 m/s, respectively,
are relatively similar in magnitude. The elastic constants of
silicene, germacene and other two-dimensional crystals were
calculated first by Wang [74], and very recently Cheng, Zhu and
Schwingenschlögl [93] calculated the effects of charge carrier
doping on the properties of silicene.
4.2.2. Adsorption of hydrogen on silicene
The experiments on the supported silicene layers have demon-

strated that the silicon atoms are not reactive toward molecular
oxygen. A similar test on reactivity can beperformed for adsorption
of hydrogen in the electronic-structure calculations. We studied
therefore the binding energy of single hydrogen atoms on silicene
with DFT–GGA, and found a binding energy of 3meV and−2.40 eV
on the high- and low-buckled layer, respectively. The latter value
indicates that the adsorption of a single hydrogen atom on the sil-
icene surface is not thermodynamically stable, if compared to the
energy in gaseous hydrogen. Thus the silicene surface is not reac-
tive toward dissociation of hydrogen, indicating a passive surface.

The hydrogenated surface of silicene, ‘‘silicane’’ in analogy
with graphane, was investigated by Takeda and Shiraishi [94]
using DFT–LDA methodology. Lew Yan Voon et al. [89] performed
DFT–LDA calculations on the hydrogenated graphene, silicene and
germacene. The results are collected into Table 3. It is interesting
that the lateral lattice constant a of silicene does not change upon
the hydrogenation, and also the Si–Si distance increases only little.
The Si–H binding energy is, however, similar to the silicane and
thus is relatively strong resulting in a reactive silicene layer is
reactive toward adsorption of atomic hydrogen. The band structure
of silicane, shown in Fig. 35, reveals an indirect band gap of about
2 eV in the LDA calculations. Therefore in reality the gap would
be about 3–4 eV. Overall the band structure resembles the one of
graphane.

We note that Lew Yan Voon et al. used the local density
approximation to calculate the binding energies shown in Table 3.
In our new calculations employing the GGA-PBE the hydrogen
was bound much less in the low-buckled silicane structure,
2.08 eV relative to hydrogen atom (unbound by 0.2 eV relative
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Fig. 35. The band structure of (a) silicene and (b) silicane using DFT-LDA method.
From Ref. [89].

Table 3
The hexagonal lattice constant a, distance between the host atoms dIV–IV , vertical
buckling ∆z and host-hydrogen distance dIV–H in graphene, graphane, silicene,
silicane, germacene and germacane. Values from Ref. [89] in Å for lengths and eV
for energies.

a dIV–IV ∆z dIV–H E−b

Graphene 2.45 1.41 0
Graphane 2.51 1.52 0.45 1.08 3.68
Silicene (LB) 3.82 2.25 0.44
Silicane (LB) 3.82 2.32 0.72 1.50 3.16
Germacene (LB) 4.0 2.38 0.71
Germacane (LB) 2.34 0.69 1.53 2.8

to a hydrogen atom in hydrogen dimer) compared to 3.16 eV
by Lew Yan Voon et al. In their new article, Osborn et al. [95]
also used the DFT–GGA approach and obtained values similar to
ours at the low hydrogen coverage. The values show that the
silicane structure could be prepared by using atomic hydrogen,
but it would be thermodynamically unstable against desorption
of hydrogen, again demonstrating low reactivity toward common
gases. Recently Garcia et al. [96] have further studied the
fluorinated silicene.

4.2.3. Silicene nanoribbons
The electronic components built from silicene would require a

band gap to function. Since bulk silicene is a semi-metal, with the
Dirac cone at the Fermi energy, one way to achieve the opening
of the gap is to restrict the geometry into one dimension: this
can be manufactured by constructing nanoribbons, i.e. cutting the
two-dimensional plane into stripes with a finite width. Cahangirov
et al. [17] performed total energy calculations for the armchair-
and zigzag-oriented nanoribbons without adatoms. They found a
reconstruction in both types of the cuts when two unit cells along
the ribbon were allowed to relax without a symmetry constraint.
Ding and Ni [90] investigated hydrogen terminated armchair-
and zigzag-oriented nanoribbons. The results from their study are
shown in Fig. 36. Like in the graphene nanoribbons, the narrow
ribbons exhibit a band gap that varies with the width of the
ribbons in an oscillatory manner. The zigzag ribbon shows also
ferromagnetism along the edge (opposing spins at the opposite
edges of the NR) that opens a small gap around the Fermi energy.

4.2.4. Further studies on bulk silicene
Further calculations on bulk silicene and germacene have

been published in [97–102], and on silicene and germacene
nanoribbons [103–108]. Other calculations of the structure of
single (SL) and double layers (DL) of silicon were carried out
by Morishita et al. [109–111]. In the first paper, they performed
molecular dynamics (MD) simulations of silicon atoms confined
between parallel planes. The interaction between the silicon atoms
was described by the Tersoff potential and the atoms interacted
with the walls via a Lennard-Jones potential. They obtained a
hexagonal structure for both the single and double layers. In
particular, they found the single layer to be flat with a bond length
of 2.31 Å. The bond length is larger than for other studies, and the
fact that they found the structure to be flat is likely a consequence
of the confinement imposed. In [110], they used DFT–GGA to
further study the properties of DL–Si under hydrogenation. They
found the bond length to increase, as was also found by Lew Yan
Voon et al. [89] for silicane. They also obtained a band gap of
1.2 eV for DL–Si:H, compared to the 2.0 eV band gap for SL–Si:H
(silicane) [89]. Finally, in [111], the authors reported a surface
reconstruction for SL–Si, a Si(111)−2 × 2 structure, using MD
calculations.
a b c

d

Fig. 36. The band structure of a singly hydrogen-terminated silicene nanoribbon with: (a) armchair edge of width 10 (10 different C–C bonds along the ribbon); (b) zigzag
edge of width 6 (6 zigzag chains along the ribbon) in the anti-ferromagnetic spin coupling. The band gap of silicene nanoribbons with (c) armchair and (d) zigzag edge as a
function of the width of the nanoribbons (courtesy of Ni).
Source: From Ref. [90].
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a
b

Fig. 37. (a) Top view of Si nano-ribbons on Ag(110): (a) silicon atoms (red) forming hexagons along the channels on top of the surface Ag atoms (green); (b) side view of
Si (red and blue) nano-ribbons on Ag(110) showing the arched structure of the ribbons. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
Fig. 38. Calculated charge density in cross section for the silicon nano-ribbons
shown in Fig. 37. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

4.2.5. DFT investigations of adsorbed silicene on silver surfaces
There are only two groups who studied the adsorption of

silicene on silver surfaces using density functional theory, namely
Kara et al. who investigated silicene NRs and sheets on Ag(110)
[23,26] and Ag(111) [112], and He who investigated the cases of
Si/Ag(110) [113] and Si/Ag(100) [114]. The first study of Si/Ag(110)
was done by He [113] who has calculated several adsorption
geometries for Si coverage up to 2 monolayers. He found that
silicon is stable as a superstructure on Ag(110). However, the one
monolayer Si structure this used by He did not show agreement
with the experimental data. In his model, He used silicon atoms in
a rectangular arrangement instead of the observed hexagonal one;
as a consequence, this arrangement presents a mirror symmetry
that is in contradiction with the observed symmetry breaking in
the [00-1] direction which is clearly observed experimentally by
our STM measurements, as clearly shown in Fig. 19.

Kara and his collaborators have performed more in depth
investigation of Si NRs on Ag(110) [23,26]. In their simulations,
they considered several structures where silicon atoms where
always arranged in a honeycomb structure. The number of atoms
per unit cell varied between 28 and 36 silicon atoms. Using the
signatures present in the STM figures shown in Figs. 19 and 20,
namely an asymmetry of the ribbon profile and the presence of
bright spots representing a rectangle and adiamond, Kara et al. [26]
proceeded by elimination and found that only the configuration
with 30 silicon atoms shows an excellent agreement with the
experimental observation. The Si30 configuration is shown in
Fig. 37a.

Note that the silicon atoms do not sit at the same height but
rather forming an arched structure as shown in Fig. 37b. This non-
equivalency in the position of the silicon atoms is responsible for
the appearance of the rectangle and diamond shapes in the STM
images, as depicted in Fig. 22. The asymmetry shown in Fig. 19
is also reproduced by the work of Kara et al. [23] in terms of an
asymmetry in the charge density in a plane perpendicular to the
direction of the ribbons (Fig. 38).

It is this geometrical asymmetry in the NRs that is responsible
for the dip in the electronic density profile shown in Fig. 19. Kara
et al. argued that it is this dip that is responsible for the rapid
growth of the NRs. Indeed, the dip in the density is also a dip in the
energy landscape that a diffusing silicon atom would encounter.
Once a Si atom is attached to the side of a NR, since it will be
in a deep well, it will rapidly diffuse along the side of the ribbon
and attach to the extremity, contributing to the anisotropic growth
of the ribbon. This was labeled by the authors as the ‘‘gutters
effect’’ andmay be applied to the growth of other one dimensional
systems.

5. Conclusion

Though the number of independent experimental investiga-
tions on silicene is limited, there is a clear indication that sili-
con may form a ‘‘quasi-2D’’ structure resembling that of graphene.
The main experimental evidence relies on detailed, high resolu-
tion STM images of epitaxial growth of silicon on silver surfaces.
On Ag(110), silicene grows as nanoribbons of a single width, which
is 4 times the lattice constant of silver. These NRs extend hundreds
of nanometers in length and appear to have their edges resistant
to oxygen. A preliminary photo-emission investigation of the elec-
tronic structure of silicene NRs, as adsorbed on Ag(110) revealed
a linear behavior in the band structure along the ribbon, indicat-
ing a possibility that the electronic properties of these NRsmay re-
semble those of graphene. On Ag(111), STM images show silicene
sheets grown over very large surface areas. More detailed exper-
imental investigations of the atomic and the electronic structures
of silicene, as grown on silver surfaces, are much needed. Theoret-
ical investigations of bulk silicene (standalone) showed that unlike
graphene, silicene has a slight buckling of about 0.4 Å. These stud-
ies also predict a substantial reduction of the nearest-neighbor dis-
tance, which was predicted to be 2.2 Å. The calculated electronic,
magnetic and chemical properties of silicene were found to follow
the same trends as graphene, which make silicene a viable candi-
date for electronic devices.

Finally, contrary to graphene that can be formed as standalone
sheets and ribbons, silicene has only been grown onmetal surfaces
(on silver so far). In addition, given the tendency of silicon to form
an sp3 bond, silicene will always need a substrate for epitaxial
growth. Hence, to push silicene to the next step as a new candidate
for electronics, it is necessary to grow silicene sheets and NRs
on insulators or metal surfaces covered with insulator thin films.
Silicon in the form of silicene may form a fairly new avenue for an
old player in the electronic industry, which will hopefully extend
the lifetime of Moore’s law.
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