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Abstract—The radiation doping of single-crystal silicon with phosphorus retains the structure of the sample,
reduces internal stresses, and increases the lifetime of minority charge carriers. The study is concerned with
the effect of phosphorus additives on the electronic properties of silicene. The electron density-of-states
spectra of a phosphorus-doped single layer and 2 × 2 bilayer silicene on a graphite substrate are calculated by
the quantum-mechanical method. The carbon substrate imparts semiconductor properties to silicene due to
p–p hybridization. Doping with phosphorus can retain or modify the metal properties gained by silicene. The
position of phosphorus dopant atoms in silicene influences the semiconductor–conductor transition. The
theoretical specific capacity of a phosphorus-doped silicene electrode decreases, and the electrode becomes
less efficient for application in lithium-ion batteries. However, the increase in the conductivity is favorable
for use of this material in solar cells.
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1. INTRODUCTION

Development of the technology of fabricating sili-
con thin films has made it possible to produce thin-
film transistors and flexible solar cells and to reduce
their cost [1]. Silicon thin films are fabricated by sev-
eral techniques, such as electrodeposition from mol-
ten salts onto metal or glassy carbon substrates [2, 3],
chemical-vapor deposition (CVD) with the activation
of precursors by different methods [4], and plasma-
enhanced epitaxial growth on silicon wafers [5]. The
thinnest silicon film is silicene, a two-dimensional
(2D) material with a band gap of (BG) ~27 meV. Sili-
cene has already been produced on Ag(111) [6, 7],
ZrB2(0001) [8], and Ir(111) [9] substrates. The deposi-
tion of silicene on graphite was demonstrated in [10].
It was suggested that silicene, as well as silicon thin
films, be used in solar cells [11], microelectronic
devices [12], and lithium-ion batteries [13]. The prop-
erties of silicene have been studied by means of quan-
tum-mechanical simulation [14] and classical molec-
ular dynamics [15, 16]. To increase the service life of
solar cells and to impart n-type conductivity [17, 18],
silicon thin films are subjected to neutron doping [19],
during which silicon partially transforms into phos-
phorus in accordance with the reaction

(1)

Here, n denotes a neutron, the letter “h” abbreviates
the word “hour”, and β– refers to β radiation.

The neutron doping of semiconductors is per-
formed to improve their electrical properties. If a
nucleus absorbs a neutron, the resultant composite
nucleus can be in an unstable state until it becomes
stable. In this case, the atomic number of the element
can change because of nuclear transmutation. The
irradiation of Si with thermal neutrons induces only
one nuclear reaction with a short half-life of 31Si
(2.62 h).

The 31P atom contains five electrons in the outer
shell. Therefore, as a result of such neutron trans-
mutation doping (NTD), the semiconductor is doped
with an n-type impurity. In the case of doping high-
resistivity silicon, the NTD technique is the most pre-
cisе and consistent method of introducing phospho-
rus. In this case, the key parameter is the resistivity,
which is representative of the concentration of charge
carriers. Irradiation makes it possible to attain uniform
doping. In this case, the f luence (the integral of the
neutron flux or energy density over time) defines the
degree of doping. The levels of conductivity of degen-
erate or very heavily doped semiconductors are com-
parable to the corresponding levels of metals. As in
metals, in degenerate semiconductors, the occupied
and unoccupied energy levels are not separated by a
band gap. Degenerate semiconductors are often used−+ → → + β30 31 31Si Si (2.62h) P .n
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Table 1. Energy of adhesion of silicene consisting of one and
two sheets to a graphite substrate consisting of one to four
layers (eV per unit cell)

Number of 
silicene sheets

Number of layers of the graphite substrate

1 2 3 4

1 0.122 0.131 0.133 0.132
2 0.124 0.092 0.094 0.091
as alternatives to metals in present-day integrated cir-
cuits. Identical samples produced by the NTD tech-
nique exhibit small differences between their resistivi-
ties. This is achieved by accurately monitoring the
irradiation dose, by aging the samples after irradiation,
and if necessary, by annealing for the removal of irra-
diation-induced defects.

The phosphorus concentration (cm–3) in n-doped
silicon is determined by the expression

(2)
where ρ is the resistivity (Ω cm), e is the elementary
charge, and μ is the electron drift mobility in the crys-
tal lattice of silicon. Doping should be performed
under accurate monitoring of the neutron flux. It is
desirable that thermal neutrons are dominant in the
irradiation spectrum to reduce radiation damage
formed in the crystal lattice by fast neutrons.

The purpose of this study is to investigate the elec-
tronic properties of silicene on a carbon substrate after
NTD, i.e., after the transformation of 6.25–25% of
silicon atoms into phosphorus.

2. DESCRIPTION OF THE MODEL
Calculations of the electronic properties of modi-

fied silicene were carried out with the use of Siesta
software [20]. In this study, we consider the results of
the neutron irradiation of silicene on a carbon sub-
strate. Upon such irradiation, some silicon atoms of
silicene transform into phosphorus atoms. Silicene
was represented in two ways, specifically, by a single-
layer structure formed as a 2 × 2 supercell (eight sili-
con atoms located in two xy planes) and by a bilayer
structure formed as two 2 × 2 silicene supercells (six-
teen silicon atoms located in four xy planes). The cal-
culations were performed for both self-supporting sili-

= ρ μ[ ] 1/( ),P e
Fig. 1. Configuration of the Si–C systems after geometric optim
substrate consisting of two layers is shown.
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cene and silicene on a carbon substrate. The thickness
of the carbon substrate was chosen by carrying out an
additional computer simulation. We considered sub-
strates consisting of one to four graphite layers. One
layer of the substrate was specified as consisting of
18 carbon atoms, i.e., forming a 3 × 3 supercell. All of
the atoms of the silicene–(carbon substrate) system
were subjected to geometric optimization. However,
the transition from bulk layered material to a 2D struc-
ture consisting of only few layers is accompanied by a
decrease in the interlayer spacing. Therefore, if the
number of graphite layers in the model is larger than
unity, the carbon atoms of each layer are fixed in the
vertical direction. This approach allowed us to retain
the interlayer spacing in the substrate at the experi-
mentally established level 0.3314 nm in graphite.

In the calculations, we used the Born–Karman
periodic boundary conditions involved in the Siesta
software. The translation parameters for the graphene
and silicene supercells were 0.741 and 0.774 nm,
respectively. The translation parameter of the com-
bined silicene–graphite supercell in the x and y direc-
tions was chosen to be 0.7575 nm equal to the corre-
sponding parameter used in [21], wherein it was shown
that the electronic properties of both self-supporting
silicene and graphene in the combined supercell were
SEMICONDUCTORS  Vol. 54  No. 6  2020

ization: (left) single layer and (right) bilayer silicene. A graphite
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Fig. 2. Partial DoS spectra of single layer and bilayer silicene: (left) self-supporting silicene and (right) silicene on a graphite sub-
strate.
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retained. The value of the translation vector in the z
direction was chosen to be 35 Å. Thus, the system was
an infinitely translated short-period superlattice. Sim-
ilar superlattices are often used for the simulation of
2D systems. For example, the 3 × 3 graphene supercell
was used to determine the energy of adsorption of alu-
minum and silver [22] and to study the storage of
hydrogen on graphene with adsorbed palladium [23].
The 2 × 2 silicene supercell served as a basic element
for determining the limiting lithiation of silicene [24]
and for establishing the possibility of storing hydrogen
on metal-functionalized silicene [25].
SEMICONDUCTORS  Vol. 54  No. 6  2020
Doping was conducted by replacing silicon atoms
with phosphorus atoms. In the study of a silicene sin-
gle layer and bilayer on a graphite substrate, replace-
ment that represented NTD was performed for one or
two silicon atoms. Such replacement was performed
for atoms located in all possible positions of atoms in
silicene, including its upper and lower sublattices.
Then all of the characteristics calculated were aver-
aged over the sets of configurations considered. The
partial electron density-of-states (DoS) spectra were
constructed. The systems were subjected to geometric
optimization using the generalized gradient approxi-
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Table 2. Geometric and energy characteristics of modified single layer and bilayer silicene without and with a carbon sub-
strate

Property

Without a substrate With a graphite substrate

one Si layer two Si layers one Si layer two Si layers

1P 2P 1P 2P 1P 2P 1P 2P

Si−Siint, Å 0.60 0.66 0.75 0.76 0.66 0.72 1.05 1.04
ΔSi, Å − − 1.96 1.98 − − 2.07 2.06
Si−Sibond, Å 2.33 2.29 2.36 2.38 2.29 2.31 2.38 2.38
Si−P, Å 2.32 2.27 2.32 2.35 2.28 2.32 2.36 2.35

Ead, eV (unit cell)–1 − − − − 0.130 0.128 0.085 0.086

Ebond, eV 4.72 4.72 4.94 4.95 4.815 4.836 5.020 5.051

CTS, mA h g–1 3980.7 3768.0 4089.1 3980.7 1616.3 1552.7 2272.2 2222.6

BG, eV M M М М/0.236 М M M M/0.018/0.009
mation proposed by Perdew, Burke, and Ernzerhof
(PBE). The dynamic relaxation of atoms was con-
ducted until the change in the total energy of the sys-
tem was smaller than 0.001 eV. The energy of cutoff of
the basis of plane waves was taken to be 200 Ry. The
Brillouin zone was specified by Monkhorst–Pack’s
method, using 10 × 10 × 1 k points. The study was
based on the double-exponential (double-zeta) polar-
ization (DZP) basis set.

The energy of adhesion of a perfect silicene sheet to
a graphite substrate was calculated in accordance with
the formula

(3)

Here, Etot is the total energy of the whole system,
ESi(P) is the total energy of silicene (unirradiated or
doped with phosphorus), EC is the total energy of the
carbon substrate, and ncell is the number of unit cells in
the silicene supercell. In this case, the phosphorus
atoms in the system were considered as belonging to
the silicene supercell.

The general expression for the bonding energy in
silicene in the systems under consideration is

(4)

Here, ESi and EP are, correspondingly, the total ener-
gies calculated for one silicon and phosphorus atom;
nSi and nP are the numbers of silicon and phosphorus
atoms in the system, n = nSi + nP + nC is the number of
all atoms in the system.

The theoretical specific capacity of the modified
silicene sheet that plays the role of an electrode in a
chemical current source was calculated by the formula

(5)
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Here, x is the number of interacting electrons, F is the
Faraday number, and M is the molar mass of elements
in the system.

3. RESULTS AND DISCUSSION
We calculated the physical parameters of both self-

supporting (substrate-free) single layer and bilayer sili-
cene (Si) and silicene on a graphite substrate (Si–C).
To determine the optimal number  of layers of the
substrate, we considered four systems containing
1–4 graphene layers consisting of 18–72 carbon
atoms. After geometrical optimization of these sys-
tems, we calculated the adhesion energies Ead that
describe the bonding between silicene and the carbon
substrate. Table 1 lists the adhesion energies in relation
to the number of layers in the graphite substrate. It can
be seen that an increase in the substrate thickness from
two to three layers is accompanied by a change in the
adhesion energy by ~1.5% in both cases of single layer
and bilayer silicene. Taking into account the four lay-
ers of the substrate results in a no larger than 1.1% dif-
ference in Ead from the variant of two layers for both
cases. Therefore, in further calculations, we consid-
ered a graphite substrate consisting of two layers con-
taining 36 carbon atoms.

Figure 1 schematically shows the Si–C systems
after geometric optimization. Upon optimization, the
systems undergo noticeable geometric transformations
relative to the atomic arrangement in self-supporting
unmodified silicene. Specifically, the average spacing
between silicene sublattices Si–Siint increases from
0.44 to 0.56 Å and from 0.44 to 1.01 Å for single layer
and bilayer silicene, respectively.

The partial DoS spectra of self-supporting single
layer and bilayer silicene and silicene on a carbon sub-
strate are shown in Fig. 2. Single-layer silicene is a
semiconductor with a band gap of 0.027 eV. The
arrangement of silicene on a graphite substrate brings
SEMICONDUCTORS  Vol. 54  No. 6  2020
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Fig. 3. Partial electron DoS spectra of single-layer silicene upon the substitution of phosphorus atoms for one and two silicon
atoms: (left) self-supporting modified single-layer silicene and (right) similar silicene on a graphite substrate. 
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about the appearance of semiconductor properties.
The electron conduction in single-layer silicene is a
consequence of its interaction with the substrate. As
can be seen from Fig. 2, the conduction is a result of
the interaction of 2p electrons of carbon with 3p elec-
trons of silicene, which is consistent with the data
reported in [26, 27]. The calculations performed here
show that bilayer silicene is a conductor due to the
interaction of p and s electrons of its different layers.
The appearance of metal conduction in bilayer sili-
cene was shown also in [28].
SEMICONDUCTORS  Vol. 54  No. 6  2020
The number of silicon atoms replaced by phospho-
rus was varied from one to two in all cases under con-
sideration. Table 2 gives the calculated characteristics,
such as the average spacings between silicene sublat-
tices (Si–Siint), the average spacing between silicene
sheets (ΔSi), the average lengths of bonds between sili-
con atoms (Si–Sibond) and between silicon and phos-
phorus atoms (Si–P), the energy of the adsorption of
phosphorus-modified silicene on a carbon substrate
(Ead), the bonding energy in phosphorus-modified
silicene (Ebond), the theoretical specific capacity of the
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Fig. 4. Partial electron DoS spectra of bilayer silicene upon the substitution of phosphorus atoms for one and two silicon atoms:
(left) self-supporting modified bilayer silicene and (right) similar silicene on a graphite substrate. 
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systems under consideration (CTS), and the band gap.
As the number of silicon atoms replaced by phospho-
rus in silicene is increased, the spacing between sub-
lattices Si–Siint increases from 0.44 to 0.66 Å. For sili-
cene on a graphite substrate, the Si–Sibond and Si–P
bond lengths correspond to the same characteristics of
self-supporting silicene, ≈2.31 Å.

The interplanar spacing between the carbon sub-
strate and the lower sublattice of silicene, Si–Cint, is
~3.44 Å in all cases under consideration. The average
Si–Cbond and C–C bond lengths are found to be also
independent of the number of phosphorus atoms and
equal to 3.64 and 1.44 Å, respectively. The spacing
between silicon atoms (Si–Sibond) is close to 2.31 Å in
the phosphorus-modified self-supporting silicene
sheet and the corresponding silicene layer on the car-
bon substrate. However, in bilayer silicene in both
cases, the Si–Si bond length is larger and reaches
2.38 Å. An increase in the Si–Sibond bond lengths
results from an increase in the spacing between the
sublattices of silicene. In the presence of a graphite
SEMICONDUCTORS  Vol. 54  No. 6  2020
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Fig. 5. Partial electron DoS spectra of bilayer silicene after replacement of a silicon atom by a phosphorus atom in the lower sub-
lattice of each of the silicene sheet: (left) self-supporting silicene and (right) silicene on a graphite substrate.
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substrate, the spacing between sheets of both unmod-
ified and modified bilayer silicene ΔSi increases by
~5%. In this case, it is found that there is no depen-
dence of ΔSi on the number of phosphorus atoms in
silicene. The substrate and the number of phosphorus
atoms ambiguously influence the Si–P bond length.
The shortest Si–P bond length (2.28 Å) is obtained for
single-layer silicene on a substrate. This length is close
to the Si–P bond length (2.24 Å) determined in the ab
initio study of the chemical functionalization of sili-
cene with phosphorus [29]. The Si–Sibond lengths are
larger than  the Si–P bond length by 1–2%. The
Si–Sibond and Si–P bond lengths obtained here are in
agreement with the data reported in [30, 31].

The substitution of phosphorus for silicon influ-
ences also the energy characteristics of the system
(Table 2). The relative bond energy Ebond in a single
layer and bilayer of self-supporting silicene containing
one phosphorus atom is 4.72 and 4.94 eV, respectively.
As one more silicon atom is replaced by a phosphorus
atom, the bond energy in single-layer silicene remains
unchanged, whereas the bond energy in bilayer sili-
cene increases to 4.95 eV. In the presence of the carbon
substrate, the bond energy increases in both single-
layer and bilayer silicene regardless of how many sili-
con atoms are replaced by phosphorus atoms.

The energy of adhesion of single-layer silicene
doped with one phosphorus atom to the graphite sub-
strate is ~35% higher than the energy of adhesion of
bilayer silicene with the same composition to the same
substrate. In general, this situation holds after the
doping of silicene with two phosphorus atoms; in this
case, the difference between the adhesion energies for
single layer and bilayer silicene is 33%. In Table 2, the
letter M in the row BG denotes “metal”, and the fig-
SEMICONDUCTORS  Vol. 54  No. 6  2020
ures in the row BG indicate the band gap (in eV) that
can appear in a particular configuration.

The possibility of using the nanocomposites under
study in solar-power engineering and as the anode of
lithium-ion batteries is verified by estimating the
available high specific capacity CTS. To estimate the
gravimetric capacity, we used relations corresponding
to maximum lithiation of the constituent materials of
the electrode: SiLi4.4 [32], PLi3 [33], and C6Li [34].
Anodes based on silicon possess a theoretical capacity
CTS = 4200 mA h g–1 that can be attributed to a self-
supporting single layer and bilayer silicene as well. The
limiting capacity of perfect silicene on a graphite sub-
strate decreases to 2322.2 mA h g–1 for single-layer
silicene and to 2955.7 mA h g–1 for bilayer silicene.
It should be noted that, as silicon is partially replaced
by phosphorus, the theoretical specific capacity CTS
decreases because of the large mass of phosphorus and
a decrease in the theoretical maximum number of
electrons involved in the reaction with lithium (from
4.4 electrons for silicon to 3 electrons for phosphorus).
Thus, the capacity CTS calculated for a self-supporting
modified silicene sheet is larger than the correspond-
ing value for the (modified silicene)–(carbon sub-
strate) system.

The doping of single-layer silicene with phospho-
rus, as well as the arrangement of such silicene on a
graphite substrate, results in metallization of the sys-
tem. The partial electron DoS spectra of the phospho-
rus-modified self-supporting silicene sheet and the
corresponding single-layer silicene on a carbon sub-
strate are exemplified in Fig. 3. The introduction of
phosphorus atoms into silicene brings about the
appearance of conduction, since phosphorus is an ele-
ment with five outer electrons, whereas silicon pos-
sesses only four outer electrons. In other words, the
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incorporation of a phosphorus atom into the silicene
structure is bound to give one free electron. As even
one phosphorus atom is introduced into the silicene
sheet, the energy gap between the valence band and
conduction band disappears, and silicene takes on
conductor properties because of p–p hybridization,
which is in agreement with the data of [29]. A further
increase in the number of replaced silicon atoms to
two does not change the conductor properties of the
system (Fig. 4).

Figure 4 shows the partial spectra of the most prob-
able electron states of phosphorus-modified bilayer
silicene. Both self-supporting bilayer silicene and sim-
ilar silicene on a carbon substrate, as a rule, retain
their conductor properties. However, in a special case
where silicon atoms replaced with phosphorus atoms
are located in the lower sublattice of the upper or lower
silicene sheet, the system subjected to doping can take
on semiconductor properties.

The spectra of electron states for one such variant
of doping (phosphorus atoms are located in the lower
sublattices of the upper and lower silicene sheets) are
shown in Fig. 5. It can be seen that, in self-supporting
silicene in this case, the system transforms into the
semiconductor state with the band gap 0.236 eV. In the
presence of a graphite substrate, the band gap of
bilayer silicene in the above-indicated configuration
narrows to 0.018 eV. A similar transition to the semi-
conductor state was observed upon the substitution of
phosphorus atoms for two silicon atoms in the lower
sublattice of the lower silicene sheet. In such a case,
self-supporting bilayer silicene is metallized, whereas
silicene on a carbon substrate takes on semiconductor
properties with the band gap ~0.009 eV.

4. CONCLUSIONS

The results obtained in the study show that, at a
content of phosphorus from 6 to 25% in self-support-
ing modified single layer and bilayer silicene, the sys-
tem is metallized because of the interaction of 3p elec-
trons of silicon with 3p electrons of phosphorus.
A successive increase in the content of phosphorus in
silicene yields a gradual increase in the spacing
between the sublattices of silicene. The substitution of
phosphorus atoms for silicon atoms in the silicene–
(graphite substrate) system makes the system more
stable, which is due to geometric rearrangements in
the silicene sheet. In bilayer silicene, the Si–Si bond
length is 3% larger than that in the single-layer silicene
sheet. Elongation of the bond correlates with an
increase in the spacing between the sublattices of sili-
cene. Shortening of the Si–P bond length by 1–2%
compared to the Si–Si bond length does not result in
any substantial transformation of the crystal structure
of silicene.

As a result of p–p hybridization, the silicene–(car-
bon substrate) system takes on semiconductor proper-
ties in most cases. However, the presence of two phos-
phorus atoms replacing silicon atoms in bilayer sili-
cene makes possible the conductor–semiconductor
transition. This transition is associated with a certain
position of these atoms in bilayer silicene.

Thus, to improve the semiconductor properties of
silicene on a carbon substrate, it is necessary not only
to choose the appropriate neutron irradiation f luence
that determines the number of transmutations of sili-
con to phosphorus, but also to know the neutron
energy in order to control the formation of defects and
the geometric parameters of the nanocomposite. The
control of doping with phosphorus will aid in fabricat-
ing a final product with a specified uniform resistivity.
This can be attained with a rather homogeneous struc-
ture of modified silicene.
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