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INTRODUCTION

Two-dimensional (2D) materials attract attentions with 
extraordinary properties, resulting from charge and heat 
transport confined in a plane (Balandin et al., 2008; Fuhrer 
et al., 2010). Among them, silicene, 2D silicon monolayer, is 
one of the most attractive materials, due to easy integration 
in current silicon based electronic devices (Kara et al., 
2009; Aufray et al., 2010; De Padova et al., 2011). In 2009, 
silicene was proved as a stable structure which is a hexagonal 
honeycomb lattice with a buckled height around 0.44 Å, 
shown as Fig. 1A (Cahangirov et al., 2009; Ding & Ni, 2009; 
Jose & Datta, 2014). In contrast to other 2D materials such 
as boron nitride (BN), molybdenum disulfide (MoS2) 
and phosphorene, silicene shares some of the outstanding 
properties of graphene, such as linear dispersion in the 
vicinity of Dirac points, forming a Dirac cone (Vogt et al., 

2012; Quhe et al., 2014). Dirac cone makes the massless 
Dirac fermions near the Fermi level, which results in ultra-
high carrier mobility, 105 cm2V-1s-1, comparable to graphene 
(Shao et al., 2013). In addition, as size of silicene increases, 
reorganization energy decreases which makes silicene 
promising for devices, due to the structural relaxation in 
holes or electrons (Jose & Datta, 2011). The buckled silicene 
structure induces dispersion of electrons and opening band 
gap (Drummond et al., 2012; Jose & Datta, 2012; Ni et al., 
2012), while graphene is not even under an external electric 
field or on a substrate (Quhe et al., 2012). 
Band gap opening is a crucial requirement for current 
electronic devices. Various methods are utilized to open the 
band gap of silicene. At first, vertical electric field opens band 
gap by breaking the symmetry of silicone (Jose & Datta, 2011; 
Drummond et al., 2012; Ni et al., 2012; Houssa et al., 2013; 
Liu & Zhang, 2013; Song et al., 2013). The width of band gap 
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and effective masses of electrons and holes in silicene can 
increase linearly with the external electric field, represented 
in Fig. 1B. Surprisingly, at low external electric field 
perpendicular to plane of silicene, it undergoes a transition 
between a topological insulator as shown in Fig. 1C, which 
conducts electrons only on the surface, and a simple band 
insulator, due to the induced quantum spin hall effect (Ezawa, 
2012a, 2012b; Ezawa, 2013; Chang et al., 2014). Secondly, 
hydrogenation makes silicene wide band gap semiconductors 
(Jose & Datta, 2014). According to density functional theory 
calculations and molecular dynamics simulations, the band 
gap of silicene can be tuned by hydrogenation ratio (Liu et al., 
2013). In addition, halogenation and lithiation are another 
methods to induce band gap in silicone (Voon & Guzman-
Verri, 2014). Applied strain and acceptable temperature can 
control the width of band gap as well (Qin, 2014).
However, weak π-bonding of silicene causes considerably 
reactive silicene surface (Sahin & Peeters, 2013). It is derived 
from distance between silicon atoms and small energy 
difference between valence s and p orbital (Chavez-Castillo 
et al., 2012). Reactive surface of silicene adsorbs chemical 
species easily forming chemical bonds from the weak 
π-bonding to strong σ-bonding. When silicene surface reacts 
with transition metals, the product makes distinct properties 
such as planar structure with Ti and Ta, high stiffness with 
Nb and piezomagnet with Cr (Dzade et al., 2010). Because of 
sp3 hybridization preference of silicene, physical exfoliation 
is impossible and layered silicene doesn’t exist in nature. 
Therefore, to realize the utilization of silicene, the challenge 
for synthesis of silicene must be overcome. However, chemical 

deposition is also difficult because silicene prefers diamond 
structure. In addition, according to highly reactive surface, 
not only ultra-high vacuum system but also substrate for 
stabilizing sp2 silicene should be necessary. In recent, there 
are many researches about fabrication of silicene on metal 
substrate, mainly Ag (Aufray et al., 2010; Gao & Zhao, 2012; 
Borensztein et al., 2014; Cahangirov et al., 2014; Chen & 
Weinert, 2014; Guo & Oshiyama, 2014; Johnson et al., 2014; 
Kawahara et al., 2014; Liu et al., 2014a, 2014b; Mahatha et al., 
2014; Moras et al., 2014; Pflugradt et al., 2014a; Scalise et al., 
2014; Shirai et al., 2014; Sone et al., 2014; Tchalala et al., 2014; 
Yuan et al., 2014). However the interaction between silicene 
and metal substrate degrades intrinsic properties of silicene. 
Since solid substrates for epitaxial growth of silicon are 
important requirements for fabrication of silicone (Meng et 
al., 2013), we will briefly review the proper 2D substrates for 
silicene fabrication, which don’t hurt any excellent electronic 
properties and support silicene stably.

SYNTHESIS OF SILICENE

While silicon and carbon, which are the components of sili
cene and graphene, are in same column group 14 in periodic 
table, they are different in chemistry due to the different 
period, 3rd row and 2nd row, respectively. Energy differences 
between the valence s and p orbitals are 5.66 eV for silicon 
and 10.66 eV for carbon (Chavez-Castillo et al., 2012). As a 
result, silicon tends to use all three of p orbitals, resulting in 
sp3 hybridization. In addition, the π-π overlap decreases from 
carbon to silicon due to the significant increase in atomic 
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Fig. 1. (A) The structure of graphene and silicene. Puckered structure is derived from pseudo-Jahn-Teller (PJT) distortion. (B) Band structures of silicene 
around Fermi level at three different vertical electric fields (inset: band structures in the first Brillouin zone at vertical electric field=0, associated PJT). 
(C) One-dimensional energy bands for a silicene nanoribbon. In topological insulator, edge stages are crossed the gap in the band. There are two edge 
states since a nanoribbon has two edges (red and blue lines for the left and right edges). In insulator, all states are gapped, demonstrating that it is a band 
insulator. Fig. 1A and B are reprinted from Jose & Datta (2014) (Accounts Chem. Res. 47, 593-602) and Ni et al. (2012) (Nano Lett. 12, 113-118), respectively, 
with original copyright holder’s permission. Fig. 1C is reprinted from Ezawa (2012b) (New J. Phys. 14, 033003).
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distance as atomic number increases (Chavez-Castillo et al., 
2012). It results in π bonding much weaker in silicon than 
carbon. Therefore, there is no silicon based layered structure 
in nature, due to preference of sp3 hybridization, which 
means silicene cannot be made by exfoliation (Zhou et al., 
2009). Silicene synthesis is also difficult because of the same 
reason. In recent, some studies have been discussed about 
synthesizing silicene on metal substrates (Lin & Ni, 2012; 
Kaltsas et al., 2014; Pan et al., 2014; Pflugradt et al., 2014b; 
Quhe et al., 2014). Ag is the most common substrates for 
silicene, because the moderate interaction between silicene 
and Ag can stabilize the sp2 hybridized silicene. The Si/Ag 
system has distinct tendencies (Gao & Zhao, 2012). First, Si 
and Ag have phase separation with very low solubility of Si in 
bulk Ag. Second, the formation of Si takes place only on the 
top of Ag surface without any Si diffusion, due to the similar 
lattice constants. Third, the local tension in silicene during 
the growth process could be small due to the homogeneous 
interaction between Si and Ag.

SILICENE ON OTHER TWO-DIMENSIONAL 
MATERIALS

Above mentioned, although silicene has high carrier mo
bility from the massless Dirac fermion, zero band gap in 
pristine silicene prevents applying to devices such as field 
effect transistor (Cahangirov et al., 2009). Therefore, methods 

opening the band gap without degrading its electronic 
properties are very important for practical devices (Liu et al., 
2013; Gao et al., 2014a). Recently, there are many researches 
about effect of substrates in silicene. Substrate under the 
silicene not only serves as mechanical supports for silicene 
but also makes the band gap opening of silicene without 
degrading its electronic properties (Sahin et al., 2013; Gao & 
Zhao, 2012). van der Waals (vdW) interaction between silicene 
and substrate makes the sublattices symmetry break, which 
opens the band gap. In other words, the different interface 
potential in silicene/substrate and different Coulomb fields 
in two sublattices in silicene make the charge redistribution 
and open a band gap (Chen et al., 2013; Lin et al., 2013). In 
addition, the high carrier mobility can be retained from vdW 
interaction, because this interlayer binding doesn’t impair the 
π-bonding in sp2 structure of silicene (Liu et al., 2013). It is 
also known that the magnitude of band gap can be controlled 
by the interlayer distance which is related to the magnitude of 
charge distribution in two sublattices. The smaller interlayer 
distance makes electron couplings more, breaks symmetry 
more and results in a larger band gap (Gao et al., 2014a). 
Likewise, there are various 2D substrates for silicene, which 
leads to heterostructure, shown as in Fig. 2 (Gao et al., 2014a, 
2014b). 2D substrates can provide stable site for silicene 
and preserve intrinsic property of silicene. In addition, their 
heterostructures have potential for applying to flexible and 
tiny electronic devices. In this section, several heterostructures 

Fig. 2. The top and side views and corresponding band structures for silicene/silicane (A), silicene/graphane (B), silicene/boron nitride (BN) (C). The 
top view and corresponding band structure for silicene/molybdenum disulfide (MoS2) (D). Fig. 2A-C are reprinted from Gao et al. (2014a) (Chem. Phys. 
Lett. 592, 222-226) with original copyright holder’s permission. Fig. 2D is reprinted from Gao et al. (2014b) (Phys. Chem. Chem. Phys. 16, 11673-11678) with 
original copyright holder’s permission.
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composed of silicene and 2D substrates will be covered. Each 
heterostructures and property, mainly stability and band 
structure are discussed.

Silicene on BN
Hexagonal BN (h-BN) is an insulator with wide band gap. 
The cohesive energy between silicene and h-BN substrate 
is very weak about 0.07~0.09 eV per silicon atom, while 
about 0.5 eV per silicon atom on metal substrate (Kaloni et 
al., 2013). The vdW interaction, which is weak interaction 
between silicene and h-BN, does not affect to properties of 
silicene. Researchers predict quasi free-standing silicene could 
be realized in superlattice between silicene and h-BN due to 
the wide band gap of h-BN and weak vdW interaction (Ni 
et al., 2012; Kaloni et al., 2013a, 2013b; Li et al., 2013a; Liu 
et al., 2013; Kamal et al. 2014). The significant properties of 
free-standing silicene are preserved in quasi free-standing 
silicene, such as Dirac cone. However, vdW interaction is 
enough to hold silicene and BN together, forming silicene/
BN moiré superstructure, shown as Fig. 3A (Li et al., 2013a). 
Fig. 3A shows superstructure (2,1/1,1) with a rotation 
angle 10.9°. Two sublattices of silicene with h-BN induce 
asymmetric interactions and lead to open band gap at the 
Dirac point of silicene. Interestingly, compared to graphene 
and h-BN superstructure, the width of band gap between 

silicene and h-BN system is rotation-independent (Li et 
al., 2013a). The band gap is tuned by the interlayer spacing 
between silicene and h-BN, represented in Fig. 3B. The indices 
of superstructure (2,1/1,1) and (3,0/2,0) are related to the 
rotation angle. The band gap changes effectively by interlayer 
distance, not by rotation angle. 
The spatial distribution of charge densities proves the 
realization of quasi free-standing silicene (Kamal et al., 2014). 
There are two hybrid systems; one is graphite-like bulk system 
(Si16B18N18) and the other is bi-layer (Si16B9N9), shown in 
Fig. 3C and D, respectively. Charge densities are dominant in 
basal planes containing covalent bonds, which exist in one 
layer. Between adjacent layers, where vdW interactions are 
dominant, negligible amount of charge densities are present.
Compared to graphene, silicene has considerable spin-orbit 
coupling (SOC), because the atomic size of silicon is lar
ger than that of carbon. Therefore, the combined effect of 
SOC and electric field is noteworthy (Kaloni et al., 2013a). 
According to various electric fields (Ez) at fixed SOC, different 
band structures are obtained as represented in (ii~iv) in Fig. 
3D. As shown in Fig. 3D, the observed dependence of band 
gaps on the electric field with SOC is much stronger than 
without SOC. In addition, phase transitions are presented 
from a metal to a topological insulator and to a band 
insulator, in (ii~iv) in Fig. 3D.

Fig. 3. (A) Superstructure of silicene on hexagonal boron nitride (h-BN) substrate with the rotation angle (θ) of 10.89o. The index of this superstructures 
is (2,1/1,1). The supercell containing 20 atoms is indicated by the rhombus. (B) Variation of the energy band gap of (2,1/1,1) and (3,0/2,0) silicene/BN 
superstructures as a function of interlayer distance between the two lattices. The pressure at different interlayer distances is plotted in the inset of this 
figure. The arrows indicate the equilibrium states. All the results are obtained from PBE+van der Waals calculations. Fig. 3C and D represent spatial charge 
density distributions of layered systems. The side and top view of hybrid graphite-like structures made up of silicene and boron nitride layers: bulk system 
(Si16B18N18) for Fig. 3C and bi-layer (Si16B9N9) for Fig. 3D. Corresponding band structures are below. (E) Electronic band structure of free-standing silicene in 
(i) with spin orbit coupling and Ez=0 or without spin orbit coupling and Ez=0.0112 V/Å, (ii~iv) with spin orbit coupling and different values of Ez≠0. Fig. 3A 
and B are reprinted from Li et al. (2013a) (Phys. Lett. A 377, 2628-2632) with original copyright holder’s permission. Fig. 3C and D are reprinted from Kamal 
et al. (2014) (Phys. Lett. A 378, 1162-1169) with original copyright holder’s permission. Fig. 3E is reprinted from Kaloni et al. (2013a) (Sci. Rep-Uk. 3, 3192) 
with original copyright holder’s permission.
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Silicene on Other Silicon Based Substrate
As shown in Fig. 4A and B, linear band dispersion of siliene 
near the Fermi energy is nearly preserved on the hydrogenated 
Si-terminated SiC(0001) surface (Si-SiC), while silicene on 
the hydrogenated C-terminated SiC(0001) surface (C-SiC) 
becomes metallic. For silicene/Si-SiC, partial charge densities 
in the energy range of EF~EF –0.2 eV concentrate on silicene, 
while for silicene/C-SiC, that distributes widely in silicene 
and C-SiC. It can be explained by work function. The valence 
band maximum (VBM) of silicene is slightly lower than 
the VBM of C-SiC, represented in Fig. 4C. When C-SiC is 
used as the substrate for silicene, two VBM energy levels are 
approaching certain interaction between silicene and C-SiC. 
As a consequence, some new electronic states arise between 
the two VBMs due to the strong electron coupling. On the 
other hands, in the case of silicene/Si-SiC and also silicene/BN, 
the VBM of silicene locates in the gap of the VBM of Si-SiC 

and BN, and that is far from its VBM. The electron coupling 
between silicene and those substrates is too weak to create 
any new electronic states. Consequently, the Fermi levels for 
silicene/BN and silicene/Si-Sic still cross the Dirac points of 
silicene. Thus, as represented in Fig. 3D, the Fermi level of 
the silicene/C-SiC hybrid system lies between the VBM of 
original silicene and the VBM of original C-SiC. Eventually, 
the Dirac cone of silicene is submerged under the Fermi level 
and slightly disturbed due to the electron coupling.
The silicene with chemically functionalized silicon ultrathin 
films can also open the band gap, preserving the Dirac cone, 
due to the inter-layer weak interactions, represented in 
Fig. 5A-D (Li et al., 2014a). Especially, silicene on ultrathin 
double Si with hydrogenation (DL-H) can control the band 
gap by external field and strain, as shown in Fig. 5E and F, 
respectively. Furthermore, hybrid armchair-silicane-silicene-
nanoribbons and zigzag-silicane-nanoribbons have diverse 

Fig. 4. Electron band structures of silicene/Si-SiC (A), silicene/C-SiC (B). The red lines highlight the π-bands of silicene in different configurations. Below 
diagram is partial charge densities for the π-bands near Fermi level (EF~EF –0.2 eV) (C) CBM and VBM of BN monolayer, Si-SiC substrate, silicene, and 
C-SiC substrate with respect to the vacuum level (set as zero energy). The values of CBM and VBM of silicene are exactly identical. (D) Schematic for the 
formation of metallic property for silicene/C-SiC hybrid system. Blue areas present the energy states occupied by electron. Left diagram states occupied 
by electron in isolated C-SiC and silicene, respectively; intermediate diagram states occupied by electron in the silicene/C-SiC hybrid system; last diagram 
states occupied by electron of silicene in the silicene/C-SiC hybrid system. Si-SiC, Si-terminated SiC(0001) surface; C-SiC, C-terminated SiC(0001) surface; 
CBM, conduction band minimum; VBM, valence band maximum; BN, boron nitride. Fig. 4 is reprinted from Liu et al. (2013) (J. Phys. Chem. C 117, 10353-
10359) with original copyright holder’s permission.
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electronic and magnetic properties, which can be applied for 
devices (Li et al., 2014b).

Silicene on MoS2

Because MoS2 is a semiconductor with a considerable band 

gap, researchers pay attention to MoS2 as a substrate for 
silicene (Ni et al., 2012; Li et al., 2013b; Liu et al., 2013; Chi
appe et al., 2014; Gao et al., 2014a, 2014b; Jose & Datta, 
2014; Li & Zhao, 2014; Li et al., 2014c). The most stable 
configuration in silicene/MoS2 heterostructure is one Si 

Fig. 5. Valence charge density distribution of bi-layers of Si/XSiX hetero-structures AB-1-Si/HSiH (A), AB-1-Si/FSiF (B), AB-1-Si/HSiF (C), and AA-2-Si/
HSiH (D). The dot lines are Fermi level. The yellow and blue isosurfaces correspond to charge densities of 0.002 and 0.002 |e|/A3, respectively. The variation 
of band gap of Si/double Si with hydrogenation as a function of the electric field intensity (E) and the strain (F). Fig. 5 is reprinted from Li et al. (2014a) (Chem. 
Phys. Lett. 609, 161-166) with original copyright holder’s permission.
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atom is directly on S atom, and other Si atom is located 
above the hollow site of MoS2 (Li et al., 2014c). In this 
heterostructure, binding energy (Eb) is 120.32 meV per Si 
atom, which is enough to hold silicene stably (Gao et al., 
2014b). Corresponding interlayer distance, d, is 2.93 Å, which 
is larger than the sum of the covalent radii of the Si and S 
atoms, large interlayer distance leads to weak interactions 
between silicene and MoS2, called as vdW interaction. 
Although linear band dispersions are preserved due to the 
weak interface interactions, a band gap is opened due to the 
broken symmetry by the intrinsic interface dipole (Gao et 
al., 2014b). Fig. 6C shows the effect of MoS2 substrate on 
silicene, compared to pristine silicene and MoS2 monolayer 
in Fig. 6A and B, respectively (Li et al., 2014c). The band 

structure of silicene on MoS2 is like a simple sum of each 
band structure due to no effect each other. As shown in 
Fig. 6C, the band structure of silicene/MoS2 has not only 
nearly linear band dispersion around the Dirac point, but 
also effective band gap, 7 meV. From this band structure on 
silicene/MoS2 system, the partial density of states near the 
Fermi energy is dominated by π and π* states in silicene. 
Fig. 6D shows the contour plots of the deformation charge 
density (ρ1) and charge transfer between the stacking layers 
in the superlattices (ρ2) in silicene/MoS2 system. The charge 
transfer in silicene/MoS2 heterostructure is dominant within 
the silicene and the MoS2 layers (intra-layer transfer). Some 
regions between silicene and MoS2 layer (inter-layer transfer) 
have intermediate interactions. Compared to silicene/MoS2 
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silicene and MoS2 layers to the band structures of the superlattices are shown with blue and green dots, respectively. The detailed band structures in the 
vicinity of the opened band gap are inserted. Red dashed lines represent the Fermi level. (D) Contour plots of the deformation charge density (Δρ1 and 
Δρ2). Δρ1 and Δρ2 on the planes perpendicular to the atomic layers and passing through Mo-S, Si-Si bonds in the superlattices are represented in upper 
and bottom image, respectively. The green/blue, purple, and yellow balls represent Si, Mo, and S atoms, respectively. Orange and blue lines correspond to 
Δρ>0 and Δρ<0, respectively. (E) Structure profiles of silicene on the MoS2 substrate and their corresponding electron localization function profiles of AA-I 
HSMS, ABS-II HSMS, (3 2/3 1)M LSMS, and (3 2/3 1)S LSMS. (F) Band structure of (5 1/4 1)M LSMS heterostructure. The energy at the Fermi level was set to 
zero. Brillouin zone folding moves the Dirac point from K to Γ point. Band structures of (5 1/4 1)M LSMS heterostructure in a vertical external electric field 
of E⊥=–0.5 V/Å and E⊥=0.5 V/Å. The direction of the external electric field is labeled in the figure. The enlarged view of the band lines at Γ point near the 
Fermi level is presented as the inset. The structural parameters of LSMS heterostructures classified by (n, m/p, q) and stacking patterns in origin (M and 
S). MoS2, molybdenum disulfide; HSMS, high-buckled silicene on the MoS2 substrate; LSMS, low-buckled silicene on the MoS2 substrate. Fig. 6A-D are 
reprinted from Li et al. (2014c) (Nanoscale Res. Lett. 9, 110) with original copyright holder’s permission. The place of inset in Fig. 6C is modified. Fig. 6E and 
F are reprinted from Li & Zhao (2014) (J. Phys. Chem. C 118, 19129-19138) with original copyright holder’s permission.



Kim JH et al.

130

heterostructure, graphene/MoS2 has much stronger inter-layer 
charge transfer, which means silicene/MoS2 has much more 
than the vdW interactions between stacking layers (Li et al., 
2014c). According to Gao et al. (2014b), induced band gap of 
silicene/MoS2 is considerable 70 meV compared to the room 
temperature thermal scale (26 meV) and graphene/MoS2 
(nearly zero) (Ma et al., 2011), which result in improved on-
off ratio. The band gap opening in silicene/MoS2 is explained 
by plane-integrated electron density difference. Electron 
redistribution at an interface makes intrinsic interface dipole, 
and leads to open the band gap (Gao et al., 2014b). Silicene on 
MoS2 forms silicene/MoS2 heterostructure with high-buckled 
silicene and low-buckled silicene, called as HSMS and LSMS, 
respectively. In HSMS, it is stretched uniformly by about 16%, 
while low-buckled case is compressed by 0.72%. However, 
according to the electron localization function shown as Fig. 
6E, silicene can remain in both cases without bond breaking, 
indicating covalent bonding represented in dotted line 1. The 
low-buckled case is more stable as represented in red. In the 
case of LSMS, likewise silicene/h-BN, the width of band gap 
is modulated by external electric field as represented in Fig. 
6F, because external electric field changes the onsite energy 
difference between the two sublattices of silicene and change 
intrinsic interface dipole (Gao et al., 2014b; Li & Zhao, 2014).
Recently, high-buckled silicene on bulk MoS2 was synthesized 
using evaporation and was measured by scanning tunneling 
microscopy (STM) (Chiappe et al., 2014). Si nanosheet is 
grown epitaxially, and distinguished from the MoS2 surface. 
Si ad-layer shows hexagonal rings with a three-fold symmetry 
and 3.2 Å lattice constant, compared to 3.8 Å lattice constant 
of free standing silicene. The shrinking of the Si lattice can be 

explained by the effect of lattice mismatch between the MoS2 
crystal (3.16 Å lattice constant) and the free standing silicene. 
The silicene structure is distinguished from the MoS2 surface. 
The local electronic properties of Si nanosheet are dictated by 
the atomistic arrangement of the layer and unlike the MoS2 
substrate from gap-less density of states (Chiappe et al., 2014).

CONCLUSIONS

Silicene, analogue of graphene, has potential to integrate into 
current devices such as microprocessor chips and could lead 
to ultimate miniaturized and ultra-fast devices. So far, rea
sonable synthesis methods have not been established well. 
Synthesis of large area silicene is significant requirement 
for practical applications and appropriate substrate for 
stabilization of sp2 bonding is needed against preference of 
sp3 bonding in silicon. Although Ag is known as an excellent 
substrate for silicene, interactions between silicene and 
metallic Ag substrate degrade properties of silicene. According 
to many researches about various 2D substrates for silicene 
applications, 2D materials are proved that their appropriate 
interaction maintains intrinsic properties of silicene as well 
as opens band gaps effectively. Therefore, the reputation of 
silicon in electronic industry will be retained continuously if 
synthesis of silicene is achieved successfully on appropriate 
substrates.
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