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ARTICLE INFO ABSTRACT

Keywords: Structural, energy and electronic properties of two-dimensional semiconductors are found to differ from those
Band gap inherent in natural ones, due to sp? hybridization caused by a decrease in thickness down to the atomic scale.
Geometrical structure Hybrid 2D semiconductors can combine unique properties of each component, which makes them promising
gz;a:;];eene materials for application in electronics, energy storage devices, sensors and catalysts. The unique properties of

such semiconductors appear not only due to the effect of size reduction or transition to the discharge of nanoscale
objects, but also due to the modification of the electronic structure. In this work, on the basis of DFT calculations,
we investigate the geometrical and electronic structures of two hybrid two-dimensional semiconductors created
by combining graphene or silicene with silicon carbide, consisting of 1-3 layers. The geometric and energy
characteristics of the systems are calculated, and the dependence of the structural parameters, as well as the band
structure and density of electronic states, on the number of layers present in silicon carbide are determined. In
the “graphene- SiC” system, in the presence of 1-3 layer silicon carbide, a very narrow band gap opens
(0.015-0.022 eV). For the “silicene on one- and two-layer silicon carbide” system, a small band gap also appears
(0.047 and 0.078 eV, respectively). In the presence of silicene and three layers of silicon carbide in the system,
the direct band gap becomes the indirect one. Silicene, in contrast to graphene, shows a high sensitivity to the

Silicon carbide

thickness of the adjacent silicon carbide.

1. Introduction

Recently, in the 2D materials research area, there has been a trend
towards the implementation of hybrid materials and heterostructures
formed by different semiconductors. The development of next-
generation materials will combine the advantages of well-known semi-
conductors with the exclusive properties of 2D materials such as gra-
phene or silicene. Graphene is a two-dimensional allotropic material
with unique electronic and mechanical properties, that was experi-
mentally obtained in 2004 [1,2]. An experimental study on the SiC
electrodes for lithium-ion batteries (LIBs) was carried out in Ref. [3].
The integration of graphene and SiC is a promising approach creating a
new advantageous hybrid material [4]. Graphene can be obtained by
decomposition (sublimation) of SiC [5]. The SiC substrate can also be
used in chemical vapor deposition (CVD) and molecular beam epitaxy
(MBE) methods for producing graphene. Flexural lattice vibrational
phonon modes provide the record-high thermal conductivity of

graphene ~5 * 102 Wm 'K [6].

Free carriers in graphene behave like massless relativistic quasipar-
ticles, the mobility of which is ~100,000 em?* VL. There is no band gap
in the graphene band structure, and Dirac cones are formed at points K
and K. There are several forms of graphene, such as nanoribbons,
nanosheets, nanoplates [7] and 3D-graphene [8]. Unique electronic
properties of graphene stem from the sp? hybridization of the electron
orbitals of carbon atoms, resulting in the carbon atom forming three
planar bonds. The experimental production of graphene gave impetus to
the search for new two-dimensional (2D) materials, which represent a
new class of promising materials for a wide range of applications. The
family of 2D substances has been expanded with such new materials as
hexagonal boron nitride [9], borophene [10], germanene [11], phos-
phorene [12], and silicene [13].

Silicene, a two-dimensional analog of the graphene, that was first
experimentally obtained on an Ag (111) substrate with the formation of
the 4 x 4 supercell [13]. Subsequently, single-layer silicene was
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epitaxially synthesized on Ir (111) [14], MoS; [15], ZrBy (0001) [16],
ZrC (111) [17], graphite [18] and Ru (0001) [19] substrates. Theoret-
ically, using modeling by the methods of classical molecular dynamics
and quantum mechanics, the interactions of silicene with copper [20],
nickel [21], silver [22,23], aluminum [24,25] and graphite [26-28]
substrates were studied. Recently, a breakthrough has been made in the
synthesis of autonomous silicene by chemical exfoliation using CaSi; as
a precursor [29]. Autonomous ideal silicene is a narrow-gap semi-
conductor with a band gap of 27 meV [30]. Due to its unique electronic
and structural properties, silicene can be used in many applications,
including field-effect transistors [31], gas sensors [32], and thermo-
electric devices [33].

Bulk SiC exists in more than 200 crystalline forms [34], some of them
have a three-dimensional hexagonal crystal structure. The energy of the
C face of layered SiC is 2.46 times lower than the corresponding value
for the Si face. Therefore, graphene of high structural quality can be
grown over large areas of the Si face of SiC. In the case of obtaining
two-layer graphene on the Si-face, the first carbon layer is covalently
bonded to the SiC substrate and is metallic, while the second C layer
turns out to be semimetallic and has Dirac cones in the electronic
spectrum [35].

In [36-38], a planar structure of silicon carbide was predicted, which
is identical to graphene, but with a bond distance of 1.77-1.79 A and a
band gap of 2.5-2.6 eV. It was possible to experimentally synthesize
flakes of quasi-planar silicon carbide via high-temperature thermo-
chemical substitution reactions of exfoliated graphene with silicon
powder in Refs. [39,40]. An experimental study of the behavior of
nanosized SiC grains accumulating in the pores of graphene oxide (GO),
as well as ab initio modeling of single-layer planar silicon carbide, was
performed in Ref. [41].

One-dimensional silicon carbide (1D structure of SiC) was also syn-
thesized in the form of silicon-carbon tubes, which have high thermal
stability and unique electronic properties [42]. Such tubes can be used
to store hydrogen, while sulfur doping leads to an increase in the
hydrogen capacity of a silicon carbide tube [43].

Graphene and its derivatives are highly chemically inert and hy-
drophobic, for example, a polymer composite of graphene oxide on
copper [44] forms a crack-free highly dense coating with a uniform
thickness. This coating is highly resistant to oxidation and corrosion in a
chloride environment.

Young’s modulus shows that the in-plane stiffness of graphene is
more than 6 times higher than that of silicene [45]. The graphene/SiC
system can be used as a platform for the synthesis of new forms of 2D
materials, such as 2D GaN [46], 2D InN [47], and 2D AIN [48] by
controlling intercalation of precursors at the graphene/SiC interface.
The preparation and application of van der Waals (vdW) hetero-
structures constructed from various 2D materials are described in Refs.
[49-51]. On the basis of these developments, it is proposed to create
tunneling field-effect transistors (TFETs) [52], an interband tunneling
transistor [53] and a transistor based on field-effect modulation of the
Schottky barrier (barristor) [54].

In this work, the interaction between single-layer silicene or gra-
phene and one-, two-, and three-layer planar silicon carbide is studied
using methods based on the density functional theory, a special atten-
tion is drawn to the changes in the structural, energy, and electronic
properties of these 2D nanomaterials.

2. Model

The results presented in this paper are based on DFT calculations in a
generalized gradient approximation (GGA). To carry out calculations
using SIESTA codes [55], a hybrid cluster-type computer “URAN” (N.N.
Krasovskii Institute of Mathematics and Mechanics UB RAS) with a peak
performance of 216 Tflop/s and 1864 CPU was used. The parameters
characterizing the stability and structure of the investigated hybrid 2D
materials, represented by silicene and graphene, placed on one-, two-,
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and three-layer planar silicon carbide (2D-SiC), were calculated using
the following model. Graphene, silicene, and 2D silicon carbide were
modeled as superlattices: 5 x 5 (50 carbon atoms), 3 x 3 (18 silicon
atoms), and 4 x 4 (16 carbon atoms and 16 silicon atoms), respectively.
The minimum scaling was required to align the superlattices of graphene
and two-dimensional silicon carbide, since the lengths of the translation
vectors of these lattices differed by less than 1%. More significant scaling
was performed to align silicene and 2D-SiC superlattices due to the
greater difference in the sizes of these cells. In this case, both supercells
were scaled, i.e., the silicene lattice increased by 1.8% and the
two-dimensional silicon carbide superlattice decreased by 1.8%. Fig. 1
shows a view of aligned superlattices. The initial distances between the
layers of silicon carbide, silicon carbide and graphene, as well as 2D-SiC
and silicene were 2.32, 3.52, and 3.1 f\, respectively. In the first two
cases, these characteristics were identical to the corresponding distances
obtained in Ref. [38]. The distance between silicene and planar silicon
carbide was determined as the average value between the distance from
silicene to the graphite substrate (3.44 A) [28] and the distance between
two layers of silicene (2.75 ;\) [56]. Layers of two-dimensional silicon
carbide were formed in accordance with the AA’ configuration (the sil-
icon atom is located above the carbon atom and vice versa), which,
according to Ref. [38], is the most stable configuration for 2D-SiC. In
each of the considered cases, the translation period in the z-direction
was 35 A. The geometric optimization using the DRSLL approximation
[57,58], which takes into account van der Waals interactions, was car-
ried out for all considered systems. The dynamic relaxation of atoms
continued until the total energy was converged to less than 0.0001 eV
atom-1. The cutoff energy of the plane wave basis set was 400 Ry. The
setting of the Brillouin zone and ensuring the convergence of the GGA
results was carried out using a k-grid-Monkhorst-Pack mesh [59] of 10
x 10 x 1.

For the systems under study, the following characteristics were
calculated:

1. The adhesion energy between silicene/graphene and two-
dimensional silicon carbide was determined according to the
expression:

Eiot — Ecysi — Esic

N, €8]

Eun =

where E;; is the total energy of the entire system, E¢/s; is the total en-
ergy, calculated for graphene or silicene, Egjc is the total energy,
calculated for silicon carbide, and Ng is the number of unit cells of
graphene (25) or silicene (9) in the system.

2. The energy of adhesion between layers of silicon carbide was
determined according to the expression:

Esic — Y Eisic
7

SiC __
Ecoh - N

(2)

where Ejg;c is the total energy calculated for the silicon carbide layer,
and N is the number of atoms in system.

3. The bond energy in “graphene - silicon carbide (C-SiC)” or “silicene-
silicon carbide (Si-SiC)” was determined as:

_ Ero = NsiEsi — NeEc

4
Nsi + Nc @

E,
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Fig. 1. Geometrical structure of superlattices of (a) graphene 5 x 5 and silicon carbide 4 x 4, (b) silicene 3 x 3 and silicon carbide 4 x 4.

where Eg; ¢ is the total energy calculated for one Si or C atom, and Ng;
and N¢ denote the number of silicon and carbon atoms in the system.

4. The bond energy in a sheet of silicene, graphene, or silicon carbide
was determined as:
si/cssic_ Esijcssic — NsiEsi — NcEc

E = 5
b NSiJFNC ) ( )

where Eg;/c/sic is the energy calculated for silicene, graphene, or silicon
carbide.

5. The expression for calculating average displacements relative to
ideal free-standing configurations of silicene, graphene, and silicon
carbide is as follows:

Z"abs((kl - ko) - k)

Ak(Si/C/SiC) = n :

©

where k; is the x, y or z coordinate after geometric optimization, k is the
X, y, or z coordinate before geometric optimization, k is the average
value obtained for the k; — ko coordinate difference over all particles,
introduced to exclude the parallel displacement of the system, and N is
the number of particles in the system.

We also determined the potential energy barrier for electrons formed
at the metal-semiconductor junction (a Schottky barrier). A Schottky
barrier (SB) was calculated as the energy difference from the Fermi level
to the conduction band minimum of silicon carbide.

To calculate atomic charges, we used the Voronoi strain density
(VDD) method. This method was implemented in calculating the value
of the electron density without the explicit usage of basis functions. The
method assumes that electron density flows to or from a specific atom
due to the bond formation. The overflow density is calculated by spatial
integration of the deformation density over the Voronoi atomic cell. This
method was chosen due to its advantage over the well-known methods
of Mulliken and Bader [60]. As a rule, the magnitude of the Mulliken
charges strongly depends on the choice of the basis set. The Bader
charges are often unrealistic because their calculation is associated with
an overestimation of the ionic nature of bonds, even in the case of co-
valent bonds. The Hirshfeld and VDD charges, in most cases, have close
realistic and chemically relevant values. The advantage of the VDD
method is the transparency of the approach due to the simple geometric
division of space.

3. Results and discussion

Information on the structural and adhesive characteristics of hybrid
materials is important for determining the possibility and prospects of
their use. Table 1 shows the following calculated geometrical and energy
characteristics of the system: the bond energy in the compound (Ep); the
bond energy in graphene or silicene (E*5iy); the bond energy in silicon
carbide (E%); the adhesion energy between graphene/silicene and
silicon carbide (E,qn); the cohesion energy between silicon carbide
layers (ESiccoh); the width of the band gap (BG); the Schottky barrier
(SB); displacements in the x, y, and z directions relative to an ideal
freestanding two-dimensional silicon carbide and silicene/graphene (Ax
(SiC), Ay (SiC), Az (SiC), Ax (Si/C), Ay (Si/C), and Az (Si/C)); the dis-
tance between graphene/silicene and silicon carbide along the z axis (AZ
(C/Si-SiC)); the distance between the silicon carbide layers along the z
axis (AZ (SiC)); the distance between the silicene sublattices along the 2
axis (Az (Si-Si)); the lengths of the Si—C bond in silicon carbide (Si-C);
bond lengths in graphene/silicene (C-C/Si-Si); total charges of silicon
(Qy(SiC-Si)) and carbon (Qy(SiC-C)) in SiC, as well as silicene or gra-
phene (Qy(Si/C)), calculated by the Voronoi method proposed in
Ref. [60].

The bond energy in the “graphene - silicon carbide (C-SiC)” com-
pound (Ep) does not depend on the number of SiC layers, while in the
“silicene-silicon carbide (Si-SiC)” compound it increases from 5.723 to
6.253 eV. An increase in the bond energy in the “silicene-silicon carbide”
nanocomposite accompanied with an increase in the number of 2D-SiC
layers is explained by two reasons. First, the adhesion energy E,qh in-
creases at ~6.46 times, i.e. stronger bonds are formed between silicene
and the top layer of silicon carbide. Second, there is an enhancement in
the interaction between the SiC layers. For example, as the number of
SiC layers increases from two to three, the cohesion energy between the
SiC layers increases by ~97%. However, there is a weakening in the
interaction between silicon atoms in the silicene sheet (the ES, energy
decreases by ~ 3.8%). This may be due to an increase in the interaction
between silicene and 2D-SiC. The bond energy between silicon atoms in
a silicene sheet located on a planar silicon carbide sheet is 5.5% lower
than the Si-Si bond energy in a freestanding ideal silicene sheet [61].
The discrepancies are associated with the interaction between silicene
and silicon carbide as well as an increase in the translation vectors of the
silicene supercell by 1.8%. The bond energy between carbon atoms in a
graphene sheet obtained in the present study is ~6.9% higher than the
value Ecb for a 4 x 4 graphene supercell in Ref. [62]. This can be
explained by three reasons. First, the interaction between the graphene
sheet and two-dimensional silicon carbide occurs. Second, a 5 x 5
supercell was used in our work. Third, we used a different approxima-
tion (DRSLL instead of B3LYP) which takes into account van der Waals
interactions.
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Table 1
Geometrical and energy characteristics of the studied systems*.
Properties C Si
Nsic 1 2 3 1 2 3
Ey, eV 7.289 7.194 7.286 5.723 6.090 6.253
E°Si ev 8.584 8.584 8.583 4.323 4.216 4.160
ESC,, eV 6.461 6.511 6.579 6.433 6.455 6.480
Eagn, €V 0.111 0.120 0.120 0.274 1.148 1.771
ESCop, €V - 0.050 0.326 - 0.207 0.407
BG, eV 0.015 (direct) 0.019 (direct) 0.022 (direct) 0.047 (direct) 0.078 (direct) 0.017 (indirect)
SB, eV 0.0081 0.0097 0.0183 0.0190 0.0192 0.0032
Ax (SiC), A 0.013 0.009 0.027 0.003 0.031 0.034
0.009 0.030 0.027 0.013
0.028 0.015
Ay (SiC), A 0.010 0.011 0.025 0.003 0.027 0.024
0.012 0.029 0.032 0.023
0.030 0.025
Az (SiC), A 0.005 0.017 0.182 0.130 0.221 0.290
0.005 0.186 0.340 0.302
0.251 0.249
Ax (Si/C), A 0.012 0.011 0.013 0.054 0.065 0.097
Ay (Si/C), A 0.012 0.012 0.013 0.003 0.043 0.066
Az (Si/Q), A 0.028 0.047 0.061 0.041 0.389 0.301
AZ (C/Si-SiC), A 3.663 3.604 3.654 3.677 2.728 2.596
AZ (SiC), A - 3.553 2.701 - 3.005 2.612
2.642 2.651
Az (Si-Si), A - - - 0.487 0.875 0.868
Si-C, A 1.783 1.784 1.875 1.782 1.847 1.915
C-C/Si-Si, A 1.427 1.427 1.427 2.398 2.436 2.475
Qy(SiC-Si) 7.182 14.596 21.299 7.422 13.809 19.857
Qy(SiC-C) —7.498 —14.950 —21.640 —7.442 —14.061 —20.305
Qy(Si/C) 0.316 0.354 0.341 0.020 0.252 0.448

* Ngic is the number of SiC layers; Ej, is the bond energy in the compound, E®/Si, is the bond energy in graphene or silicene; ESC, is the bond energy in silicon carbide;
E,an is the adhesion energy between graphene/silicene and silicon carbide; ESith is the cohesion energy between silicon carbide layers; BG is the width of the band
gap; SB is the Schottky barrier; Ax(SiC), Ay(SiC), Az(SiC), Ax(Si/C), Ay(Si/C), and Az(Si/C) are displacements in the x, y, and z directions relative to an ideal free-
standing two-dimensional silicon carbide and silicene/graphene; AZ(C/Si-SiC) is the distance between graphene/silicene and silicon carbide along the z axis; AZ
(SiC) is the distance between the silicon carbide layers along the z axis; Az(Si-Si) is the distance between the silicene sublattices along the z axis; Si—C are the lengths of
the Si-C bond in silicon carbide; C-C/Si-Si denotes bond lengths in graphene/silicene Qy(SiC-Si) and Qy(SiC-C) denote the Voronoi charges calculated for the silicene
and carbon in SiC, respectively; Qy(Si/C) denotes the Voronoi charges calculated for the silicene or graphene sheet.

Materials such as graphene and silicene are extremely thin and have
a high specific surface area. As a result, they can be easily deformed by
surface forces when approaching an adjacent surface to distances in the
nanometer range. The adhesion interaction is critical when using
layered hybrid materials in micro- and nanoelectromechanical systems
[63], flexible devices [64], and surface coatings [65]. Adhesion is also
important in the production of graphene and silicene by chemical vapor
deposition (CVD). It can be seen from Table 1 that the adhesion energy
of silicene to single-layer SiC is almost 2.5 times higher than the anal-
ogous characteristic for graphene. In the case of three-layer SiC, the
difference in adhesion energies for silicene and graphene increases and
reaches 14.7 times. The adhesion energy of graphene to SiC does not
increase, and the gap between the graphene sheet and the top silicon
carbide layer widened by 1.4% when the third layer is added to the
two-layer SiC. During a similar operation in the “silicene-(2D-SiC)”
system the silicene sheet is closer to SiC by almost 4.8% and the adhe-
sion energy increases by 54%. The addition of the next (third) SiC layer
to the “silicene-(2D-SiC)” system initiates a transition to the bulk
structure of silicon carbide. As a result, silicene in close contact with SiC
layer also changes its structure, binding even more strongly to SiC.
Graphene, in contrast to silicene, turned out to be much less sensitive to
the structural rearrangement occurring in silicon carbide. In all the cases
considered, graphene is much weaker bound to 2D-SiC than silicene. The
calculated value of the adhesion energy between graphene and two-
(three-) layer silicon carbide (0.120 eV) is in good agreement with the
experimentally determined value of the adhesion energy between gra-
phene and the silicon substrate (0.129 eV) [66], but that is inferior to the
adhesion energy between graphene and SiO, substrate (0.163 eV) [67].

An increase in the cohesion and adhesion energies between the layers
of silicon carbide, silicene and silicon carbide is accompanied by

geometrical rearrangements. Fig. 2 shows the geometrical structures of
graphene and silicene on one-, two-, and three-layer silicon carbide. The
calculated average relative displacements in the sheets of silicene and
silicon carbide along the x and y axes indicate small (not exceeding 0.1
1°\) atomic displacements for all considered silicene - silicon carbide
nanocomposites, which indicates that the hexagonal structure of these
materials is preserved. However, the average displacements along the z
axis with an increase in the number of silicon carbide layers exceed 0.1
A, which is associated with strong geometric rearrangements in the
systems. In other words, these rearrangements are mainly reflected in
the interlayer distances (i.e. in the z direction). Thus, as the number of
2D-SiC layers increases, the distances between silicene and silicon car-
bide, as well as between silicon carbide layers, decrease from 3.677 to
2.596 A and from 3.005 to ~2.632 A, respectively. As a result, the
lengths of Si-C bonds in silicon carbide sheets increase by ~7.4%. The
interaction of silicene with two- and three-layer silicon carbide leads to
an increase in the distance between the silicene sublattices from 0.487 to
0.868 A, resulting in an increase in the lengths of Si-Si bonds in the
silicene sheet by ~3.2%.

The average relative displacements of C atoms in graphene inter-
acting with one-, two-, and three-layer silicon carbide do not exceed 0.1
A, which indicates the preservation of the flat cellular structure of the
graphene sheet. While two-dimensional silicon carbide interacting with
graphene retains its two-dimensional structure when the number of
layers is less than 3. However, an increase in the number of layers up to 3
causes geometric rearrangements. This is how the Si-C bond lengths
increase by ~5.1%, mainly due to geometric rearrangements along the z
axis. The obtained energy characteristics reflect the geometric rear-
rangements occurring in the system. So as the number of 2D-SiC layers
increases from 2 to 3, the cohesion energy between the SiC layers
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Fig. 2. Geometrical structure of systems after geometric optimization, where a, b and c illustrate graphene, and d, e and f illustrate silicene on one-, two- and three-

layer silicon carbide, respectively.

increases from 0.05 to 0.326 eV.

Silicon atoms in SiC have a positive charge (~0.44 a.u.), while car-
bon atoms are negative (~—0.45 a.u.). The total charge of all atoms in
silicon carbide in all considered cases is negative. At the same time, the
charge of graphene or silicene sheets is positive. That is, the systems
studied here contain a p-n junction. Moreover, silicene and graphene are
p-type semiconductors, and silicon carbide is n-type. We calculated the
Schottky barriers to indicate the appearance of a potential difference
between graphene (silicene) and one-, two-, and three-layer silicon
carbide. The barrier obtained for graphene on 2D-SiC (0.008-0.018 eV)
is smaller than the barrier obtained in Ref. [68] (0.85 eV) and [69] (0.36
eV) for graphene based on the bulk 4H-SiC phase that consists of an
equal number of cubic and hexagonal bonds with ABCB stacking se-
quences. The values of the Schottky barriers obtained in the present
research turn out to be extremely low due to the presence of a very close
contact between the quasi semiconductor and the quasi metal, due to the
smallness of their sizes. Such an ideal contact and purity of touching
materials cannot be obtained experimentally. The study of the contact
between the forest of carbon nanotubes (CNT) and silicon carbide
showed that the height of the Schottky barrier of the CNT/SiC contact
was in the range of 0.40-0.45 eV [70]. Graphene/silicene-SiC hybrid
systems with a very low Schottky barrier (<0.1 eV) can be recommended
for use in a n-channel metal-oxide-semiconductor field-effect-transistor
(MOSFET) with a Schottky barrier. Devices of this type require lower
Schottky barriers to obtain a higher excitation current. Note that a low
Schottky barrier (<0.1 eV) was experimentally determined in the PtEr
silicide system on a n-type silicon substrate [71].

Fig. 2c and f shows the geometrical structures of graphene and sili-
cene on three-layer silicon carbide, respectively. It is seen that geometric
rearrangements in silicon carbide change its planar structure to the
structure of the corresponding bulk phase. However, due to the limita-
tions imposed by the supercell and the insufficient number of SiC layers,
some transition phases similar to the 4H-SiC phase are observed [68].
The Si-C bond lengths in the hybrid nanocomposites shown in Fig. 2c

and f, are equal to 1.875 and 1.915 A. These values are close to the
corresponding bond length of 1.89 A [68] in bulk 4H-SiC. Fig. 3 shows
the structure of 4H-SiC and parts of the structures obtained by us, which
are similar to 4H-SiC.

Fig. 4 shows the geometrical structures of one- (a), two-layer (c), and
three-layer (e) 2D-SiC obtained in the presence of a graphene sheet, as
well as the corresponding band structures (b), (d), (f) in these systems.
The graphene sheet is neither shown in Fig. 4 (a), (c), (e) nor its direct
contribution is shown in Figures (b), (d), (f). As the number of silicon

Fig. 3. Geometrical structure of (a) ideal 4H-SiC and some parts obtained
during the interaction of three-layer planar silicon carbide with (b) graphene
and (c) silicene.
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Fig. 4. Geometrical structures of (a) one-, (c) two- and (e) three-layer 2D-SiC obtained together with the attached graphene sheet, as well as the corresponding band
structures (b), (d), (f) in this system without a direct contribution from the graphene sheet.

carbide layers increases, the band gap changes. Therefore, a system with
a single-layer silicon carbide has a bandgap of 2.391 eV, the addition of a
second layer reduces the band gap to 2.099 eV, and in a system with
three-layer 2D-SiC, the band gap is 1.08 eV.

Fig. 5 shows the geometrical structures of (a) one-, (c) two-, and (e)
three-layer 2D-SiC obtained in the presence of a silicene sheet, which is
not illustrated. Fig. 5 (b), (d), (f) also show the band structures in these
systems, excluding direct contributions from silicene sheet. As in the
systems, including a graphene sheet, in the presence of a silicene sheet,
the band gap narrows as the number of layers of two-dimensional silicon
carbide increases. For example, systems with single-layer and two-layer
silicon carbide have band gaps of 2.464 and 0.672 eV, respectively.
When the number of silicon carbide layers reaches three, the resulting
hybrid system acquires conductive properties.

Fig. 6 reflects the geometrical structures of graphene (Fig. 6 a) and
silicene (Fig. 6 c) placed on 4H-SiC. This figure also shows the band
structures of the systems: (b) “graphene on 4H-SiC” and (d) “silicene on
4H-SiC”. To align 4H-SiC and a 3 x 3 silicene supercell aswellasa5 x 5
graphene supercell, the bond lengths in the x and y directions in 4H-SiC
were reduced by 2%. All silicon and carbon atoms included in the bulk
4H-SiC phase were fixed, i.e. did not undergo dynamic relaxation. While
the relaxation of atoms included in silicene and graphene was available
in all possible directions. Fixing the positions of the C and Si atoms
makes it possible to preserve the structure of the bulk 4H-SiC phase in
the presence of a small number of silicon carbide layers. It can be seen
that, after passing through relaxation in graphene (silicene), hexagonal
silicon and carbon rings are retained. The opening of the band gap in
systems containing graphene and silicene sheets was not achieved due to
a very small number of SiC layers, which represent the bulk 4H-SiC
phase. It can be seen that in the band structure of graphene placed near
two bilayers of the 4H-SiC structure, the Dirac cone, which is located
below the Fermi level (Fig. 6b), is retained. However, in the band

structure of silicene, similar to that presented above, the Dirac cone is
not preserved due to its strong interaction with silicon carbide.

Figs. 7 and 8 show the band structures and spectra of electronic states
(DOS) of graphene and silicene located on silicon carbide with different
number of layers in 2D-SiC, respectively. All systems obtained are
narrow-gap semiconductors. It can be seen that in graphene on silicon
carbide, for all the number of 2D-SiC layers considered, there is the band
gap of 15-22 meV, while the Dirac cones are preserved. The band gap in
free-standing silicene is 27 meV. This characteristic in the interaction
between silicene and single-layer and two-layer planar silicon carbide
increases until 47 and 78 meV, respectively.

Several factors affect the electronic properties of the graphene (sili-
cene) - (2D-SiC) interface: hybridization of the states of the electron
valence band of graphene (silicene) and SiC, charge transfer from gra-
phene (silicene) to silicon carbide, and lattice matching between gra-
phene (silicene) and the SiC surface. The band gap opening of graphene
on the 2D-SiC is associated with the hybridization between graphene-
and SiC-derived electronic states. In “graphene on one-, two-, three-layer
silicon carbide” system, the hybridization occurs between the 2p-elec-
trons of the carbon of the graphene sheet with the 2p-electrons of the
carbon of the silicon carbide. In addition, in the “graphene-three-layer
2D-SiC” system, the hybridization also appears between 2s-electrons of
carbon with 3p-electrons of silicon. The hybridization is associated with
the changes induced through a significant rearrangement of the struc-
ture of the upper SiC layer, which directly interacts with graphene. The
SiC structure undergoes even stronger changes when silicene is placed
on this two-dimensional material. In addition, in this case, the structure
of the silicene itself also changes significantly. The emerging intercala-
tion of silicene in SiC causes the hybridization. In the “silicene-one-, two-
, and three-layer 2D-SiC” systems, the hybridization occurs between
carbide 2p electrons and 3p electrons of the silicene sheet. In this case,
the opening band gap in silicene turns out to be noticeably larger than in
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Fig. 5. Geometrical structures of (a) one-, (c) two-, and (e) three-layer 2D-SiC obtained on a silicene sheet, which is not illustrated; the band structures in these
systems, i. e. in the presence of (b) one-, (d) two- and (f) three layers of SiC are shown without direct contribution from silicene.

graphene. In addition, in silicene on silicon carbide, an increase in the
number of 2D-SiC layers to three (Fig. 7c) leads to the disappearance of
the Dirac cones. In this case, a transition occurs from a semiconductor
with a direct band gap to a semiconductor with an indirect band gap, the
width of which is 17 meV. The above transition occurs when the average
vertical displacements of Si atoms in silicene exceed the critical value, so
that the distance between silicene and 2D-SiC will decrease by more
than 1 A.

There is a quite definite relation between the type of the band
structure and the form of the density of electronic states. For example,
when the band is very flat in a certain range of energies at finite k, then a
high density of states is observed, due to the presence of many different
values of k (states) corresponding to almost the same energy. The
calculated densities of electronic states agree with the determined band
structure. The densities of states near the Fermi level takes zero values in
a narrow energy range, which indicates the type of conductivity of the
obtained hybrid structures, which prevails in semiconductor materials.

4. Conclusion

We investigated by the DFT calculations the changes in the structure,
energy and electronic properties of hybrid two-dimensional materials
formed by combining graphene or silicene with layered silicon carbide,
depending on the number of SiC layers. Calculations show that the
structural and energy properties of graphene change slightly when
combined with two-dimensional silicon carbide. In this case, however, a
narrow band gap of ~15-22 meV opens in graphene, which, like the
Dirac cone, is present regardless of the SiC thickness. In this case, the
interlayer distance in multilayer silicon carbide significantly decreases,
and the cohesion energy between its layers increases significantly. A
different picture is observed when silicene is combined with layered
silicon carbide. Both geometric and energy characteristics of silicene are

strongly dependent on the number of layers present in SiC. In this case,
with an increase in the number of SiC layers, silicene expands due to an
increase in the distance between its sublattices in the z direction.
However, the distortion of its structure in the horizontal plane is mini-
mal. Calculations show that in the formed hybrid structure, graphene or
silicene sheets acquire a positive total charge, while silicon carbide is
negatively charged. Significant structural rearrangements occur in the
silicon carbide itself when a third layer is added. The SiC structure
fragmentarily approaches the structure of bulk 4H-SiC. The combina-
tion of silicene with silicon carbide affects its electronic structure. In
particular, in the presence of one- and two-layer SiC, when the vertical
displacements of Si atoms in silicene have not yet reached critical values,
its band gap remains straight and expands first to 47 and then to 78 meV.
An alternative change in the electronic properties occurs at very strong
vertical displacements of Si atoms in silicene. At the same time, the band
gap of silicene loses straight form and decreases to 17 meV, and the
Dirac cone disappears completely.

Thus, when creating a two-dimensional hybrid material C(Si)-2D-
SiC, it should be taken into account that graphene is not very sensitive
to the number of layers contained in SiC, while the combination of sil-
icene with three-layer SiC causes significant rearrangements in silicene
structure and significant changes in electronic properties.
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Fig. 7. Band structures and spectra of electronic states of the “graphene on silicon carbide” systems with: (a) one-, (b) two- and (c) three-layers in 2D-SiC.
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