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Abstract—The behavior of two thin silicon films on a surface of perfect graphite is studied by means of molec-
ular dynamics. One film is a five-layer section of Si(001) crystal, while the other is a double layer of silicene.
The structure of Si films of graphite is studied by plotting Voronoi polyhedra with the exclusion of small geo-
metric elements, and by calculating the function of radial distribution. The Si(001) film on graphite has
greater sustainability than the double layer of silicene. Both the Si(001) film with diamond-like structure and
the silicene film are transformed slightly in horizontal directions; in the latter case, mainly the bottom layer
is distorted. Increasing the vertical displacements of atoms in the silicene resulted in strong cohesion of its
layers and greater roughness. However, the positioning of the double layer of silicene on graphite is more
energetically favorable than that of the Si(001) film on the graphite substrate.
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INTRODUCTION
Thin-film silicon solar elements are frequently

obtained via deposition in vacuum using carbon as a
substrate. Pyrolytic graphite, extruded graphite, and
glassy carbon are among the carbon materials that
serve as substrates. Auger spectroscopy of the inter-
face region reveals the formation of silicon carbide,
while the carbon diffuses deeply into the silicon [1].
Silicon also diffuses deeply into carbon, except in the
case of glassy carbon. Thin films of silicon on graph-
ite can potentially be used for solar elements due to
their low cost. Silicon films deposited on graphite
substrates via sputtering or the pyrolytic deposition of
silane crystallize from the liquid phase [2]. A melted
zone can be created on a graphite substrate by an
electron beam moving at a constant rate. Gas inclu-
sions in the silicon ensure the formation of silicon
carbide upon crystallization. As a result, a sili-
con/graphite interface with high ohmic resistance is
formed.

Super-thin silicon films of monoatomic thickness
(silicene) have already obtained on some substrates.
Silicene on carbon substrates has yet to be obtained.
Hexagonal rings are the basis of silicene’s structure as
well as that of graphene. However, there is a slight
deviation from an ideal plane in a silicene sheet.
Experiments show that the shift of some Si atoms out
of the plane ranges from 0.6 to 0.8 Å [3]. For silicene,
π and π* branches in the Brillouin zone intersect lin-
early on the Fermi level, forming a so-called Dirak

cone [4, 5]. This means that the charge carriers in sili-
cene behave like Dirac massless fermions, moving with
ultra-fast Fermi velocities of ~105–106 m/s [6]. Until
now, it was possible to obtain silicene only on some
types of substrates, of which silver ones were most com-
mon: Ag(111), Ag(110), and Ag(100). The advantage of
silver substrates is explained by the passivation of unsat-
urated edges from Si atoms and p–d hybridization
between internal Si atoms and the Ag substrate [7]. In
addition, calculations based on density theory indicated
that the local difference between the energies of silicon
atoms on the surface could be the key factor determin-
ing the suitability of a substrate for the epitaxial growth
of silicene on a metallic surface. This difference is min-
imal for silver substrates [6], so there is a high probabil-
ity of chemical interaction between the Si atoms of a
thin film and the material supporting it when dealing
with both carbon and metallic substrates. Such interac-
tion explains why silicene still cannot be separated from
a substrate. At the same time, obtaining free-standing
silicene is of great important to both fundamental
research and applications.

The aim of this work was to study the structure and
energetic characteristic of Si thin films transferred on
graphite, including double-layer silicene.

COMPUTATIONAL MODEL
Our calculations were performed by means of clas-

sical molecular dynamics (MD). The Tersoff potential
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was taken as the basis for representing interactions in
silicon films and carbon substrates [8, 9]:

(1)

Here, Si or C atoms are indicated by indices , , and
;  is the length of an i–j bond; and  is the angle

between i–j and j–k bonds. 
Aspects of simulating 2D carbon systems with

covalent bonds using thus potential were described in
[10–12].

Si–Si and Si–C interactions between atoms
belonging to different sheets of silicene or graphite
were described by the Morse potential [13]:

(2)

where De is the depth of a potential well,  is the
parameter of stiffness, and re is the equilibrium bond
length. Our parameters of the Morse potential for Si–
Si interactions were  = 0.2274 eV, 
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15.390 nm−1, and  = 0.44990 nm. For Si–C

interactions,  = 0.9252 eV,  = 20.820 nm−1,

and  = 0.2529 nm, determined on the basis of
corresponding data for description of Si–Si [14] and
C–C [15] interactions.

If the parameters of the Morse potential for repre-
senting interactions between atoms of types A and B
are known, the parameters of AB interaction are
obtained using the simple interpolation relations [14]

,

, (3)

.

Atoms of different graphite layers interact accord-
ing to the Lennard-Jones potential with parameters

 nm and  eV presented in
[16]. The parameters of the Tersoff potential [8, 9]
used in this work are given in Table 1.

Graphite formed by 2016 C atoms was represented
by 6 layers (336 atoms per layer) of graphene, arranged
according to an ABC… scheme with interlayer dis-
tance h = 0.371 nm. Interatomic distance within each
layer was 0.142 nm. The layers ran parallel to the plane
xoy. We investigated two types of Si films on graphite.
The first of these was a film composed of five Si(100)
layers of diamond-like cells of silicon with interatomic
distance rSi–Si = 0.234 nm. The second was double-
layer silicene, the model of which assumed the recon-
struction of a 4 × 4 surface. The unit cell of such a sili-
cene structure contains 18 Si atoms and has the shape
of a diamond [17]. Six Si atoms of each unit cell are
shifted to a distance of 0.065 nm perpendicular to the
surface, while the other Si atoms lie on the same (ini-
tial) plane. The initial structure of the silicene sheet
was close to the silicene surface observed on a Ag(111)
substrate [18]. If Si atoms are shifted upward in the top
sheet of double-layer silicene protruding above the
initial surface, these atoms are pushed downward in
the bottom sheet. Our sheets of perfect silicene con-
sisting of 171 atoms were rectangular with dimensions
of 3.8 × 3.4 nm (each edge of the sheet consisted of
9 atoms). Distance hSi–C between the silicene and
graphene sheets was the same as in [19]: 0.222 nm.
Each subsystem (Si and C) was expanded in accor-
dance with the intrinsic periodical boundary condi-
tions (PBC) acting in directions 0x and 0y. Free
boundary conditions extended across the entire system
in the direction of the 0z axis (i.e., perpendicular to the
atomic planes).

Modeling was performed at a temperature of 300 K
in the NVT ensemble. The time step of the integration
of equations of motion was 10−16 s. In the first stage,
we modeled films and substrates separated from each
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Table 1. Parameters of Tersoff potentials Si–Si and C–C
[8, 9]

Parameter
Interactions

Si–Si C–C

A, eV 1830.8 1393.6
B, eV 471.18 346.7
λ1, nm−1 2.4799 3.4879
λ2, nm−1 1.7322 2.2119
λ3, nm−1 0 0
n 0.78734 0.72751
c 1.0039 × 105 3.8049 × 104

d 16.217 4.384
R(1), nm 0.27 0.18
R(2), nm 0.30 0.21
β 1.1 × 10‒6 1.5724 × 10‒7

h –0.59825 –0.57058
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other in a vacuum. The calculations were performed in
50 ps. In this time, each system came to equilibrium
with a set of Maxwell distributions of the velocities of
atoms. The films and substrates were then brought into
contact at distance hSi–C between the corresponding
planes, and the main calculations were performed in
200 ps. This scheme of modeling facilitated the exper-
imental transfer of films onto graphite substrates. The
advantage of this way of obtaining silicon on carbon
substrates compared to high-temperature in situ
growth is a considerable reduction in the formation of
silicon carbide.

The structures of crystals and liquids in the MD
model is determined most accurately by means of sta-
tistical geometry based on the plotting of Voronoi
polyhedra (VPs). Here, we consider VPs in a 3D
model. Low-scale heat f luctuations impede the iden-
tification of structure in the MD model. A simple
approach to eliminating the effect such fluctuations
have on structure is to exclude small geometric ele-
ments in the polyhedra [20], i.e., switch to truncated
polyhedra (TPs). VPs were plotted using 200 atoms of
four internal layers of our Si(001) films and 171 atoms
of a silicene layer lying directly on graphite in every
1000 time steps. The distribution of TPs according to
number n of faces yields an average picture of the envi-
ronments of Si atoms neighboring Si and C atoms, and
the distributions of faces according to number m of
edges provides information on the average statistical
rotational symmetry in the silicon part of the Si–C
system.

Our MD calculations were performed on the
hybrid URAN cluster-type computer at the Institute
Mathematics and Mechanics (Ural Branch, Russian
Academy of Sciences) with a peak performance of
216 Tflop/s and an 1864 CPU, using the LAMMPS
software for parallel calculations [21].

RESULTS AND DISCUSSION

We shall refer to the state of the system at the
moment of contact between the film and substrate
(graphite), obtained after preliminary calculations
with a duration of 50 ps (i.e., after their structural
relaxation) as the initial state. The configurations of
the investigated system, obtained at the end of the
main MD calculations (200 ps), are shown in Fig. 1.
We can see that each subsystem retains its integrity
when either Si(001) and double-layer silicene is on
graphite. The silicene film had the greatest structural
changes, which were due mainly to the interlayer
movement of Si atoms. If the roughness Ra of the
sheets in the initial state was 0.065 nm, it grew to 0.087
and 0.092 nm for the internal and external sheets,
respectively, at the end of calculations. Modeling
showed that the thicker the Si(001) film grew closer to
the graphite support, while the film consisting of two
layers of silicene moved away from the substrate. In

the first case, the average distance between the con-
tacting layers of Si and C shrank by 3.4%; in the sec-
ond, it grew by 20.1%, and the rise in internal energy
ESi–C for the first and second cases was 3.5 and 8.9%,
respectively. Moreover, the average distance between
the silicene layers grew by 17%, relative to the corre-
sponding initial characteristic, and the energy of Si–Si
interaction fell by 11%. Note that the energy of cross
interaction ESi–C at the final macrostep was lower for
the system with silicene (−1.45 eV/atom) than for the
system with the Si(001) film (−1.07 eV).

Excluding the small geometric elements in the
polyhedra allows us to eliminate the noise associated
with heat f luctuations, and to trace the change in the
average structure of the system more clearly. It allows
us in particular to identify the differences in the spec-
trum of the distribution of polyhedra according to the
number of faces (the n spectrum). The n spectrum of
truncated polyhedra is more elongated in the direction
of higher n for the Si(001) film than for the double-
layer silicene (Fig. 2). The maximum of the n spec-
trum of silicene lies at n = 13, while this feature is
localized at n = 16 for the Si(001) film. The shape of
the spectrum for silicene is more asymmetric than that
of the corresponding spectrum for the Si(001) film.
This is due to the higher fraction of polyhedrals with
n < 13 in the n spectrum of silicene. Note that average
numbers  of faces in TPs for the Si(001) and silicene
films are close in value:  = 11.55 and 11.37, respec-
tively.

The distribution of faces in TPs according to the
number of sides (the m spectrum) reflects the statistics
of the cyclic atomic formations that surround Si atoms
when there are no small-scale f luctuations. Even
though average number  of sides in a face for the
Si(001) and silicene films is the same (  = 5.16), their
m spectra differ considerably (Fig. 3). In the first case,
the maximum of the m spectrum lies at m* = 4; in the
second, it lies at m* = 5. In addition, the intensity of
the m spectrum for silicene when m > 5 is notably
higher than the corresponding value for the Si(001)
film. In both cases, triangles dominate among the
excluded small faces (48% for the (001) film and 44%
for silicene). It is generally believed that the maximum
of the m spectrum also reflects the rotational symme-
try of a system [22]. Disordered systems such as liquids
are characterized by symmetry of the 5th order
(m* = 5) to a greater degree than is observed for ideal
crystals. We may therefore conclude that as a result of
structural relaxation, silicene in graphite reaches a
state in which disorder plays a more notable role than
in an Si(001) film.

Silicene in graphite normally retains its 2D struc-
ture, but it is not entirely imperfect. The radial distri-
bution function (RDF) constructed for the Si atom
closest to the center of the sheet closer to the graphite
is in both cases characterized by a high number of
peaks corresponding to a regular structure (Fig. 4).

n
n

m
m
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The area defined by such a function is only one sheet
(a layer of Si crystal or silicene). With a Si(001) film,
the packing of its bottom layer is so loose that the first
RDF maximum rm1 = 0.43 nm; in silicene, it is rm1 =
0.26 nm, due to the high density of packing. The loca-
tions of the second maxima are rm2 = 0.59 and
0.41 nm, respectively.

All subsequent RDF peaks of the silicene sheet are
expressed much more weakly than the first two peaks.
The ratio of the intensities of the first and second peak
of this function is thus 1.44, while the same ratio for
the second and third peaks is 2.23. The subsequent
peaks of function  for silicene are of even lower
intensities than the third peak. The low intensities of
the RDF peaks, which fall fairly smoothly beginning
with the third, display notable blurring of the long-

−Si Si( )g r

range order in silicene. The character of the drop in
the intensities of peaks of this function is close to the
exponential law shown in the insert of Fig. 4 by the
dashed line. No such exponential attenuation of RDF
peak intensities was observed for the bottom layer of
the Si(001) film. The base of Si(001) film was charac-
terized by a more regular arrangement of atoms that
differed from the honeycomb structure.

CONCLUSIONS
Silicene on graphite substrate does not retain the

structure it acquires upon epitaxial growth on a
Ag(111) or any other substrate on which it is obtained.
A Si(001) film deposited on graphite also experiences
some structural relaxation. Along with the consider-
able interaction between Si and C atoms, the noncon-

Fig. 1. Configuration of systems: (a) Si(001) film of graphite and (b) double-layer silicene on graphite, related to the moment of
time 200 ps. 
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formity of the unit cell parameters of silicene and
graphene (a graphite sheet) amplify the vertical shifts
of Si atoms in silicene. This is in turn accompanied by
the distortion of ideal horizontal projections of the
silicene cell and the diamond-like cell. Calculations
demonstrated the possibility of silicon thin films,
including double-layer silicene, existing on graphite.
Questions regarding the formation of silicon carbide in
these systems will be solved in the future on the basis
of first principle MD modeling.
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Fig. 4. Radial distribution function for the central atom of the bottom layer of a Si(001) film on graphite. The same RDF of the
bottom sheet of silicene on graphite is shown on the insert. The dashed line shows the exponential attenuation of the intensities
of the RDF peaks. 
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