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Abstract

For three different sizes of graphene nanosheets, we computed the Density of states when these nanosheets are
progressively doped with an increasing percentage of Si atoms. The pure graphene nanosheets are semi conducting
or not depending on their size. The pure silicene nanosheets are conducting with a conduction due to 7 electrons.
The Si doped graphene nanosheets are also semi conducting or not depending on their size: for small sizes, there
are semi conducting and they become conducting for larger sizes and larger percentages of S idoping. We computed
also the total electronic energy which is linked to the mechanical stability of all our nanosheets. This mechanical
stability decreases regularly as a function of the Si percentage of doping , but for the pure silicene nanosheets, the
mechanical stability decreases more abruptly.

Keywords: graphene nanosheets, Density of States, S i
1. Introduction

In recent years, since the isolation of graphene, doping of graphene has become a very important issue (Novoselov
2005; Wehling; 2008). Moreover, the equivalent of graphene for silicon, i.e. silicene is on the way of becoming the
next material for electronics. Recently, this graphene analogue, i.e. silicene, has been synthesized on ZrB,(0001)
thin films (Fleurence, 2012) and on Ag(110) substrate (De Padova, 2010; De Padova, 2011).

Doping of graphene has been studied for several years now on (Terrones, 2012). The particular case of doping
graphene with Si leads to several interesting properties like gas sensors (Chen, 2012), catalyst (Chen, 2013). A
study has suggested that the synthesized Si-doped graphene (Chishlom, 2012) is an effective metal- free catalyst
for CO oxidation (Zhao, 2012). Phase separation of hydrogen atoms adsorbed on graphene has also been studied
(Rakhmanov, 2012).

On the other side, silicene is known to be mechanically unstable : silicene has a buckled surface instead of a flat one
(Houssa 2010; Kara, 2012). The fact of doping silicene with C could enhance its mechanical stability. Recently, a
study has shown that Ni doped silicene has an increased stability (Manjanath, 2014). Up to now, there has been no
study on graphene progressively doped by silicon until obtaining silicene.Si and C are in the same column of the
periodic table, so Si when surrounded by C can adopt the sp? hybridization (Wang, 1987).

We used here a modified tight binding model to compute our Density of States (Olivi-Tran, 1996; Olivi-Tran,
1997; Olivi-Tran 2003). Our computing model has been used several times and has predicted with a very rapid
computing time results that where obtained later by ab initio calculations (Verhaegen 1968; Andre, 1971; Leleyter,
1975; Wang 1987; Mishin 2001; Pike 2014). Moreover, this method allows one to obtain electronic characteristics
of larger materials than ab initio calculations. It is possible to compute with this method, Density of States of
isolated materials, i.e. without substrate and without periodic boundary conditions.

So, we made a numerical study of sheets of graphene of different sizes. The density of states of these sheets and
of sheets of graphene doped with 20%, 40%, 60%, 80% of Si and of sheets of silicene of the same sizes has been
computed. These sheets are isolated, and the doping of our graphene sheets with Si atoms is random, i.e. the
locations of the Si atoms within the graphene sheets is random. The mechanical stability of these different sheets
has been also studied.
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Figure 1. Example of nanosheet of graphene

2. Numerical Process
2.1 Graphene Sheets Doped with S i

We built three sizes of graphene sheets: the first with 120 atoms, then one with 240 atoms and finally one with
480 atoms. Our graphene nanosheets are isolated: there are no substrates and no periodic boundary conditions in
the forthcoming computations. An example of graphene sheet is presented in Figure 1. One may see the typical
honeycomb structure of this sheet. The carbon structures are then progressively doped with Si atoms, indeed, we
replaced C atoms in the structure by S atoms. This "doping’ is made at random, the silicon atoms have no particular
structure with respect to their neighbors, the C atoms.

These Si doped graphene sheets are obtained for several percentage of Si atoms with respect to the total number
of atoms in the sheet. This percentages have been set to 0%, 20%, 40%, 60%, 80% and 100%. This last percentage
corresponds to a silicene sheet (when all the C atoms have been replaced by Si atoms).

So for each size (ranging from 120 to 240) and for each percentage of doping, we computed the density of states
of the sheet and the total energy (which gives informations about the mechanical stability of the sheet). 480 atoms
is the limit between where one can plot Density of States in a bar plot (because the DOS is discontinuous).

Calculation of the density of states This calculation method was initially built for covalent solids with carbon atoms
in sp? hybridization (cubic diamond lattice). We made this model suitable for finite systems such as nanosheets of
group IV — B elements with possibly including heteroatoms, in the other kinds of hybridization, sp and sp2. In
these last cases, the p bonds are separately treated in the usual Hiickel approximation (see below).

Let us recall the main hypotheses. We only consider the four valence atomic orbitals (AO) (2s, 2pi for C, 3s, 3pi
for Si, i = x,y,2).

In sp” hybridization (v = 1,2,3), there are four hybrid orbitals per atom (C or Si) built by linear combinations
(LCAO) of the above s and p AOs, i.e.(v + 1) sp- or o-hybrid orbitals along the bond between 2 neighbour atoms,
and (3 — v) m-orbitals orthogonal to the bond.

The plane geometries (2D) can be studied in sp? hybridization.

The partition of the Hamiltonian is valid since we are in the “one-electron approximation”, and leads to two
independent Hamiltonians: sp Hamiltonian and p Hamiltonian. The Hamiltonians are given below.

The o or sp Hamiltonian describes the skeleton of the cluster bonds.

The 7 Hamiltonian is dealing with delocalized electrons: m AOs are perpendicular to the molecular plane if it is a
2D-molecule .

The electronic energy of a cluster is deduced by diagonalizing the Hamiltonians and filling in the energy levels
with all the valence electrons. The origin of the energies is taken as usual at the vacuum level.

However, an important restriction has tobe brought: in our model indeed, neither the repulsive energies between the
nuclei nor the dielectronic correlations are clearly taken into account. In fact, averaged values of these contributions
are included in the parameters of the model such as 3, or S,, the usual resonance integrals used in the Hamiltonians.
Nevertheless, the results of our calculations are validated by comparison to the results of ab initio calculations on
some very small clusters (Verhaegen, 1968; Leleyter, 1975).

Due to this restriction, in order to determine which clusters are the most stable ones for a given number of atoms
n, we are only able to compare the electronic energies of clusters with the same number of bonds.
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The silicon atoms are assumed to be in the same hybridization as the surrounding carbon atoms.

Let us remind that this is a one electron model, each electron moves in a mean potential V(r) which represents both
the nuclei attraction and the repulsion of other electrons.o and & electrons are separately treated :

With |iJ > : hybrid sp” orbital (v = 1,2, 3) which points from site i along the bond J . The molecular orbital o is
given by:
¥ >= Za,-,|u> (1)
i
So, the energy origin taken at the vacuum level, the Hamiltonian can be written as:

H, = E, Z iJ >< iJ| + Ay Z liJ >< iJ'| + Bigma Z liJ ><i'J] 2)
i,J i,JJ =#J i #i,J

(i and i’ are first neighbours) where E,, is the average energy: E, = (E; — vE,)/(v + 1) ,E; and E, are the
atomic level energies,B, is the usual hopping or resonance integral in Hiickel theory (interaction between nearest
neighbour atoms along the bond), A, is a promotion integral (transfer between hybrid orbitals on the same site) :
v=(E;-E,)/(v+1).

Remark: for an infinite crystal (bulk), the gap between valence and conduction band (forbidden band) is g =
| = 2v + (v + 1)v| (for IVB elements) and .- can be derived from the values of g (5.33 eV for C, 1.14 for Si).

The Hamiltonian of 7 bonds writes:

Hy=E, Y li><il+f » li><i| 3)

i
with |i > :  orbital centered on atom i, 3, : hopping integral for 7 levels.

The B, value for C was chosen in order to get the correct positions of C, energy levels in comparison to the results
of the Verhaegens ab initio calculation (Verhaegen, 1968).

We need only 3 parameters:f,, 5, and A, for the homonuclear model which represent in fact the average potential
V(r) and which take into account the nuclear attraction and the dielectronic interactions (Leleyter, 1975). But due
to the fact that we only take into account on average the nuclear and dielectronic interactions, we can only compare
clusters with the same number of atoms and the same number of bonds.

Table 1. Tight binding parameters (Verhaegen, 1968)
sp? C Si
E (eV) -1945 -14.96
E,(eV) -1074 -7.75
BseV) -7.03 -4.17
Br(eV)  -3.07 -0.8
Ay(eV) -290 -2.40

As a summary, we used a semi-empirical method which is validated by the comparison with ab initio computa-
tions or Density Functional Theory computations, but which is infinitely faster due to the very small number of
parameters which are necessary (Verhaegen, 1968; Andre, 1971; Leleyter, 1975; Wang, 1987; Mishin, 2001; de
Souza Martins, 2014). This method may lead to the study of the more stable geometries. The tight binding model
(or Hckel model) has been used for small metal clusters and gave similar results to those of local-spin-density and
configuration interaction calculations (Wang, 1987).

3. Results and Discussion

Figures 2 and 3 show the density of states, DOS, (in arbitrary units) for nanosheets of graphene doped with Si.
The percentage of doping ranges from 0% (top graph) to 100% of S'i atoms. These nanosheets of C doped with Si
have a size of 120 atoms. For all DOS graphs, 0 is the vacuum level.

In the top graph corresponding to 0% of Sidoping, we see that there is a gap of 1.5¢V + 0.5: graphene is semi-
conducting within these conditions: boundary conditions and isolation of the nanosheet. We see that, comparing
with an infinite sp® hybridized crystal, the gap is narrowed (1.5¢V compared to 5.33¢V see above).
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Figure 2. Total DOS of nanosheets containing 120 atoms. From top to bottom: graphene nanosheets doped with
0%, 20%, 40%, 60%, 80% and 100% of Si atoms-the width of the bars corresponds to the error bar
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Figure 3. Details of DOS of nanosheets containing 120 atoms. From top to bottom: graphene nanosheets doped
with 0%, 20%, 40%, 60%, 80% and 100% of Si atomsthe width of the bars corresponds to the error bar
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Located at -11.5+0.5¢V on the DOS, there is a peak which corresponds to Highest Occupied Molecular Orbital
(HOMO) for C nanosheets. When increasing the amount of Si atoms within the structure of the nanosheet (top
graph to bottom), we see that this peak remains but decreases in intensity and another peak appears at =7 + 0.5¢V
which corresponds to the HOMO for Si nanosheets. So the value of the HOMO in doped graphene nanosheets
decreases with the increase of Si doping.

The bottom graph which corresponds to a pure silicene nanosheet is also semi conducting with a gap of 1 +0.5¢V.
Compared to a bulk sp>S i crystal, the gap is narrower (1.14¢V in a bulk crystal, see above). This semi-conducting
feature may be due to the small number of atoms contained in the nanosheet.

The intermediate doped nanosheets (ranging from 20% to 80% S'i doped nanosheets) are first semi conducting for
low Si doping then become conducting for larger S i doping. For all nanosheets containing 120 atoms and C atoms
(corresponding to all the graphs of Figures 2 and 3 except the bottom graph), the DOS is relatively wide when
comparing to the DOS of the pure silicene nanosheet (bottom graph): the DOS for a pure silicene nanosheet is
more degenerate than the DOS for S idoped graphene nanosheets.
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Figure 4. Total DOS of nanosheets containing 240 atoms. From top to bottom: graphene nanosheets doped with
0%, 20%, 40%, 60%, 80% and 100% of Si atoms-the width of the bars corresponds to the error bar

Figures 4 and 5 show the density of states, DOS, (in arbitrary units) for nanosheets of graphene doped with Si.
The percentage of doping ranges from 0% (top graph) to 100% of S'i atoms. These nanosheets of C doped with Si
have a size of 240 atoms.
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Figure 5. Details of DOS of nanosheets containing 240 atoms. From top to bottom: graphene nanosheets doped
with 0%, 20%, 40%, 60%, 80% and 100% of Si atoms-the width of the bars corresponds to the error bar

Contrarily to the DOS of the nanosheets of 120 atoms, there is no gap for the pure C graphene nanosheet (top graph)
as well as for the pure Si silicene nanosheet (bottom graph). Let us notice that in the top graph, one may see two
gaps in the —12eV — 10eV region, but as the error margin is equal to 0.5eV, those intervals are not real gaps in the
conductivity. It is well known, furthermore, that the conductivity of graphene depends on several characteristics:
boundary conditions, size of the nanosheets, doping of the graphene nanosheets etc.

The same peaks in the DOS appear like in Figures 2 and 3: the HOMO C nanosheets peak and the HOMO
Sinanosheets peak. So we can say that, like graphene, the semi conducting or conducting character of silicene
depends on the size of the nanosheet; indeed, for a small size (120 atoms) the DOS of the pure silicene nanosheet
shows a small gap.

In Figure 5, the Si doped nanosheets are all conducting, there is no gap within their DOS (intermediate graphs of
Figure 5, between top and bottom). Moreover, the width of the pure Si silicene nanosheet DOS is narrower than
the DOS of nanosheets containing C atoms.

Figures 6 and 7 show the density of states, DOS, (in arbitrary units) for nanosheets of graphene doped with Si.
The percentage of doping ranges from 0% (top graph) to 100% of Si atoms (bottom graph). These nanosheets of
C doped with Si have a size of 480 atoms.
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Figure 6. Total DOS of nanosheets containing 480 atoms. From top to bottom: graphene nanosheets doped with
0%, 20%, 40%, 60%, 80% and 100% of Si atoms-the width of the bars corresponds to the error bar

Like for nanosheets of 240 atoms, there is no gap in all the DOS presented in Figure 6. In the top graph (for a pure
graphene nanosheet) the error margin is +0.5¢V so what may be seen as a gap is in fact the characteristic DOS of
a conducting nanosheet.

Once again (like in Figures 2,3,4,5), the HOMO peak for pure graphene nanosheets, appears at —11.5 + 0.5¢V in
the top graph. For doping increasing from 20% to 100%, this peak disappears and the HOMO peak for pure Si
nanosheets appears at about —7.5 = 0.5¢V.

Now comparing Figures 2, 3,4,5,6 and 7, one may see that the pure graphene nanosheet is conducting or not
depending on the size of the nanosheet: for a small nanosheet (120 atoms), there is a gap which disappears for
larger numbers of atoms in the nanosheet. Indeed, for 240 atoms and 480 atoms, the graphene nanosheets are
conducting.

In all the 6 figures, the DOS for the pure silicene nanosheets are narrower, as well for the o DOS (in black) as for
the 7 DOS (in red). The = DOS in this case, covers the gap in the o- DOS.

For nanosheets doped with 20% to 80% of S i atoms, the conduction is made by both 7 and o electrons. While for
the pure Si and for the pure C nanosheets (240 and 480 atoms), the conduction comes only from the 7 electrons.
One recovers the conducting character of pure, isolated silicene nanosheets.
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Figure 8. Absolute value of the total electronic energy as a function of the percentage of doping with Si atoms, for
graphene nanosheets of 120,240 and 480 atoms

Figure 8 is the total electronic energy as a function of the percentage of Si atoms within the nanosheets. This total
electronic energy shows the mechanical stability of the studied nanosheets because it is linked to the strength of
the covalent bonds (Olivi-Tran, 2010). We see that as the total electronic energy is decreasing in absolute value,
the mechanical stability is decreasing. This decreasing is slow for nanosheets containing C atoms and the decreas-
ing accelerates for pure silicene nanosheets. This may be explained by the fact that in the pure Si nanosheets,
the m electrons induce a buckled surface. So even with a high percentage of Si atoms within the nanosheet, the
mechanical stability is higher because the 7 electrons cannot interact over the whole surface.

4. Conclusion

We studied the Density of States of graphene nanosheets doped with Si atoms until obtaining pure silicene
nanosheets. The DOS depend both on the sizes of the nanosheets and on the doping percentage. There is an
abrupt change in the DOS for pure and doped graphene nanosheets compared to the pure silicene nanosheets.
This abrupt change may be also seen in the total electronic energy which is linked to the mechanical stability of
our nanosheets: when reaching 100% of Si atoms composing the nanosheet, the mechanical stability decreases
abruptly compared to nanosheets containing only 20% of C atoms. This study opens a new way for semi conduct-
ing and nanoelectronic devices as it is easier to obtain graphene nanosheets with impurities than pure graphene or
silicene nanosheets.
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