
1242

ISSN 1063-7834, Physics of the Solid State, 2017, Vol. 59, No. 6, pp. 1242–1252. © Pleiades Publishing, Ltd., 2017.
Original Russian Text © A.E. Galashev, K.A. Ivanichkina, A.S. Vorob’ev, O.R. Rakhmanova, 2017, published in Fizika Tverdogo Tela, 2017, Vol. 59, No. 6, pp. 1218–1227.

Structure and Stability of Defective Silicene on Ag(001)
and Ag(111) Substrates: A Computer Experiment

A. E. Galashev*, K. A. Ivanichkina, A. S. Vorob’ev, and O. R. Rakhmanova
Institute of High Temperature Electrochemistry, Ural Branch, Russian Academy of Sciences,

ul. Akademicheskaya, 20, Yekaterinburg, 620137 Russia
*e-mail: galashev@ihte.uran.ru

Received July 18, 2016; in final form, December 12, 2016

Abstract—The structure and stability of a two-layer defective silicene on Ag(001) and Ag(111) substrates have
been investigated using the molecular dynamics method. The transformation of the radial distribution func-
tion of silicene due to the formation of monovacancies, divacancies, trivacancies, and hexavacancies is
reduced primarily to a decrease in the intensity of the peaks and the disappearance of the “shoulder” in the
second peak. With the passage of time, multivacancies can undergo coalescence with each other and the frag-
mentation into smaller vacancies, as well as form vacancy clusters. According to the geometric criterion, the
Ag(001) substrate provides a higher stability of a perfect two-layer silicene. It has been found, however, that
the defective silicene on this substrate has a lower energy only when it contains monovacancies and divacan-
cies. A change in the size of defects leads to a change in the energy priority when choosing between the
Ag(001) and Ag(111) substrates. The motion of a lithium ion inside an extended channel between two silicene
sheets results in a further disordering of the defective structure of the silicene, during which the strongest
stresses in the silicene are generated by forces directed perpendicular to the external electric field. These
forces dominate in the silicene channel, the wall of which is supported by the Ag(001) or Ag(111) substrate.

DOI: 10.1134/S1063783417060087

1. INTRODUCTION
The electronic structure of silicene is similar to the

structure of graphene in that the edges of the conduc-
tion band and the valence band meet at the corners (at
the points K and K ') of the Brillouin zone. Silicene can
easily be transformed, both chemically and structur-
ally, in comparison with graphene. To date, silicene
has been synthesized on many substrates, such as
Ag(111) [1, 2], ZrB2(0001) [3], and (2 × 1)-recon-
structed Au(110) [4] and Ir(111) [5] surfaces. Further-
more, graphene-like silicene nanoribbons have also
been fabricated on the Ag(001) and Ag(110) surfaces
[6]. Defects have often been a dominant factor in the
use of two-dimensional materials. Some types of
defects, such as vacancies, have easily been created by
laser radiation or an electron beam. Their formation is
almost inevitable in the manufacturing and processing
of monolayer materials. Sometimes, small defects can
be purposefully introduced into materials for specific
applications [6, 7]. For example, the creation and
elimination of point defects provide a means to tune
the local structure, to change the thermal stability, and
to control the band gap of low-dimensional materials
[8–11]. It is also well known that two-dimensional
materials with defects are excellent membranes for
separation of gases [12, 13]. The structure and energet-
ics of point defects in free-standing silicene was inves-

tigated in [10–15]. For example, Özçelik et al. [10]
investigated the atomistic mechanisms of self-healing
of vacancy defects and found that, in silicene, the
energy gained through the formation of new Si–Si
bonds becomes the driving force for the reconstruc-
tion. Gao et al. [9] systemically investigated the struc-
ture, energy of the formation, behavior during the
migration, as well as the electronic and magnetic
properties of typical point defects in silicene, includ-
ing single and double vacancies. Vacancy defects
formed during local structural changes significantly
decrease the thermal stability of silicene [14]. Previ-
ously performed studies, which, as a rule, were
focused on the analysis of the mechanisms of the for-
mation of single-, double-, and triple-site defects,
provided a deeper insight into the diffusion of vacan-
cies in silicene. Recent experimental studies have
revealed that a large number of defects in the form of
clusters with more than three missing silicon atoms are
observed in scanning tunneling microscopy images
[15]. Although the investigation of many-atomic
vacancies is of fundamental importance for the under-
standing of the formation and operation of layered
materials, the mechanisms of their nucleation are far
from being fully understood. This problem was solved
by Li et al. [16] using the method of calculation within
the framework of the density functional theory with
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the emphasis on studying the reconstruction, coales-
cence, and diffusion of vacancy defects in free-stand-
ing silicene. These authors also investigated the
adsorption and diffusion of silicon atoms on silicene
layers and found that such adsorption process can
enhance the stability of the system and open a signifi-
cant part of band gaps in silicene. Until recently, there
have been no studies carried out on the stability of
defective silicene on substrates. Nevertheless, pre-
cisely those substrates on which silicene can be
obtained experimentally are of particular interest.

It seems to be promising to change the electronic
structure of silicene through the creation of defects in
it. Vacancies or multivacancies can be created in sili-
cene by means of ion bombardment. The uncompen-
sated bonds of silicon atoms located at the edges of
vacancies (multivacancies) attract electric charges,
thereby changing the electronic properties of silicene.
Negative charges retained at the edges of vacancies
lead to the formation of n-type regions, whereas posi-
tive charges near these defects form p-type regions.
Having both negative and positive charges at the edges
of vacancies, it is possible to form p- and n- type tran-
sitions on the same silicene sheet. The number of elec-
tric charges on each defect can be controlled by vary-
ing the size of multivacancies, for example, by chang-
ing over from monovacancies, divacancies, and
trivacancies to hexavacancies.

If the silicene cannot exist as an independent
phase, the application of this material in practice is
possible only together with the substrate supporting it.
One of the most important directions in the practical
application of silicene is that it has been used as an
anode for lithium-ion batteries. This is associated with
the high theoretical lithium capacity of silicon (6 lith-
ium atoms per silicon atom), the relatively small
change of the volume (13% and 24% for single- and
two-layer silicene sheets, respectively) during the
lithiation of silicene, and the complete reconstruction
of its structure as a result of delithiation [17].

The purpose of this work was to investigate the sta-
bility of a two-layer silicene saturated with monova-
cancies, divacancies, trivacancies, or hexavacancies
on Ag(001) and Ag(111) substrates in the absence of
electric charges at the vacancy edges. We also consid-
ered the motion of a Li+ ion between the silicene
sheets with this type of defects in a direct-current elec-
tric field.

2. THE COMPUTER MODEL

The calculations were carried out using the method
of classical molecular dynamics. The interactions
occurring in silicene are represented on the basis of the

Tersoff potential with the parameters taken from [18].
The potential function for silicene USi–Si is defined as

(1)

where rij are the distances between atom i and atom j,
bij is the function describing the many-body interac-
tion between the i–j bond and the local environment
of atom i; ξ is the effective coordination number, and

 is the angle between the vectors rij and rjk. The
determination of the potential components describing
the repulsion  and the attraction  is based on the
use of the Morse potential [19]. Also, the Morse
potential was used to describe the interaction between
the silicon atoms belonging to different silicene sheets
[20], the interaction between the silicon and silver
atoms [19, 20], and the interaction between the Li+ ion
and the atoms Si and Ag [21, 22]. The Morse potential
used for the representation of these interactions is
shown in Fig. 1. The cutoff radius of the potential,
which we used in our calculations, i.e., rcut = 0.5 nm,
corresponded to the value of rcut for the Lennard-
Jones potential describing the Ag–Si interaction in
[23]. The variation in the cutoff radius of the potential
in the range from 0.45 to 0.65 nm demonstrated that
there is no significant dependence of the result of the
simulation of the motion of a lithium ion in the chan-
nel on the value of rcut. The value of the Morse poten-
tial at the cutoff point (0.5 nm) accounts for from 20%
to 40% of the depth of the corresponding potential
well. Taking into account the cutoff radius of the inter-
action, each silicon atom could interact with silver
atoms from no more than two surface layers, with the
distance between the silicene sheet and the substrate
rAg–Si = 0.27 nm [24]. The interaction cutoff procedure
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Fig. 1. Morse potential describing the interactions (1) Ag–
Si, (2) Li–Si, (3) Li–Ag, and (4) Si–Si between the sili-
cene layers.
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made it possible to effectively account for the screen-
ing of interactions by atoms of the semiconductor and
atoms of the metal. The Si–Si interlayer potential was
not cut off.

In this paper, we have considered the case of the
reconstruction of a 4 × 4 silicene surface. A unit cell
with this structure contains 18 silicon atoms. Six sili-
con atoms of the unit cell are displaced over a distance
of 0.065 nm in the direction perpendicular to the sur-
face, and the remaining silicon atoms are located on
the same (initial) plane. Such a structure of the sili-
cene sheet is similar to the silicene surface observed on
the Ag(111) substrate [24]. While in the top sheet of a
two-layer silicene, the atoms projecting above the ini-
tial surface are shifted upward, then, in the bottom sili-
cene sheet, such atoms are displaced downward.
According to the calculations within the framework of
the density functional theory, the gap hg between the
two-layer silicene sheets with the AB packing amounts
to 0.2481 nm [25]. In the case of the longitudinal dis-
placement of the Li+ ion, we used the values of hg =
0.75, 0.80, and 0.85 nm.

The perfect silicene sheet had dimensions of 4.8 ×
4.1 nm (taking into account the size of silicon atoms)
and contained 300 atoms. The locations of the edge
atoms of the silicene and silver sheets were fixed; i.e.,
these atoms interacted with the rest of the atoms, but
did not move. The fixation of the edge atoms created
conditions for the preservation of the morphology of
the porous silicene and reflected the fact that this
sample was attached on the framework in the physical
experiment. The limited dimensions of the silicene
sheets made it possible to reliably record their com-
plete passage by a lithium ion in the direction of the
applied external electric field. Nine defects of the
same type were created approximately uniformly and
with a displacement by 1–2 nm in each direction
(x and y) for different sheets in the silicene, namely,
monovacancies, divacancies, trivacancies, and
hexavacancies. Consequently, the silicene sheets con-
tained 291, 282, 273, and 246 atoms, respectively. The
silicene sheets were arranged in accordance with the
Bernal stacking (ABAB…) in exactly the same manner
as in the bulk graphite. The two-layer silicene was
located on the unreconstructed Ag(001) and Ag(111)
surfaces of the face-centered cubic (fcc) silver crystals.

The numerical solution of the equations of motion
was carried out using the fourth-order Runge–Kutta
method with the time step Δt = 1 × 10–16 s. The dura-
tion of the calculation was limited to the period of time
equal to 4 × 106Δt (400 ps). The minimum averaging
interval (macrostep) required to obtain the observed
quantities was equal to 104Δt or 10 ps. The silver atoms
were 3.84 times heavier than the silicon atoms. Conse-
quently, the velocities acquired by silver atoms in col-
lisions with silicon atoms had to be lower also by a fac-

tor of 3.84. Therefore, with good accuracy in the cal-
culations, we restricted ourselves to the approximation
of interacting, but not moving silver atoms.

In a number of molecular dynamics calculations,
the minimum value of the electric field strength was
chosen so that, starting from this value, the lithium ion
could pass through the entire graphene channel in the
direction of the applied electric field and leave it
through an imaginary back surface. This condition is
satisfied at the electric field strength of 106 V/m. The
high capacity of the electrode is achievable with the
rapid movement of the electrolyte ions, so that the ion
self-diffusion coefficient D should be in the range
from 10–10 to 10–13 cm2/s [26]. For the gaps hg = 0.80
and 0.85 nm (for perfect silicene) and 0.85 nm (for
silicene with defects), the lithium ion self-diffusion
coefficient D for the horizontal motion of the ion
through the channel falls in this range of values when
the electric field strength is equal to 106 V/m. Such an
electric field cannot have a significant effect on the
parameters of the electron orbits of atoms and, conse-
quently, cannot introduce changes in the widely used
potentials of interatomic interaction. This conclusion
can be drawn from the following facts. The investiga-
tion of the multiple scattering of electrons in SrTiO3
ceramics, as well as the electron momentum transfer,
made it possible to obtain the quantitative characteris-
tics of the atomic electric field [27]. The maximum
strengths of the electric field measured by the probe
are as follows: 4 × 1011 V/m in the vicinity of the oxy-
gen atom and 1012 V/m in the vicinity of the Ti and Sr
atoms. The accuracy of the measurements is deter-
mined by the resolution of the microscope. The elec-
tric fields with the strength of ~1010 V/m can signifi-
cantly affect the atomic orbitals. Therefore, their use
in the classical molecular dynamics is incorrect. As a
result, the linear response of the system to an external
electric field should be expected at voltages of less than
~1010 V/m.

At the initial moment of time, the Li+ ion was
pushed into the silicene channel over a sufficiently
short distance (x = 0.31 nm) at y = 2.2 nm. In the case
of the gaps hg = 0.75 and 0.80 nm, the Li+ ion was
always stuck in the channel formed by the defective
silicene. The Li+ ion did not leave the silicene chan-
nels containing divacancies for the gap hg = 0.85 nm
during the entire calculation. In the other cases with
this gap, the lithium ion passed through the silicene
channels located on substrates of both types for a time
ranging from 7–38 ps. During this motion, the abso-
lute velocity of the lithium ion uabs was, on the average,
equal to 3.59 × 10–4 cm2 V–1 s–1 on the Ag(001) sub-
strate and 3.51 × 10–4 cm2 V–1 s–1 on the Ag(111) sub-
strate. In an aqueous solution at a temperature of
298 K, the Li+ ion has, on the average, the absolute
velocity uabs = 3.88 × 10–4 cm2 V–1 s–1. In all the cases
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under consideration, the motion of the lithium ion
had a diffusive character. The ballistic character of the
motion of this ion could be observed for the gaps hg >
1 nm.

The surface roughness (or the arithmetic mean
deviation of the profile) was calculated according to
the expression [28]

(2)

where N is the number of sites (atoms) on the silicene
sheet, the angular brackets denote averaging over time,
zi is the displacement of atom i in the direction of the
oz axis,  is the average value of the z coordinate for
silicene, and the values of zi and  are determined in
the same moment of time.

In order to calculate the stresses generated in sili-
cene, the sheets of the semiconductor were divided
into surface elements. The calculation formula for
determining the local stress has the form [29]

(3)

Here, k is the number of atoms on the lth area, Ω is the
volume per atom, m is the mass of an atom,  is the
component α of the velocity of atom i, Sl is the area of

the lth area, and  is the component α of the force
acting on the lth area. The limits of the summation
over j in the second term of expression (3) mean that
the straight line, along which the interaction force of
atoms i and j is directed, intersects the plane contain-
ing the element l; u is the coordinate of the point of
intersection.

In the calculations, we used the modified LAM-
MPS code for performing parallel molecular dynam-
ics computations [30]. Fragments of the program were
introduced to calculate the kinetic and mechanical
properties of the system. The calculations were carried
out using the hybrid computer cluster URAN at the
Krasovskii Institute of Mathematics and Mechanics of
the Ural Branch of the Russian Academy of Sciences
(Yekaterinburg, Russia) with a peak capacity of
216 Tflop/s and 1864 CPU.

3. RESULTS OF THE CALCULATION
The general view of the system “two-layer silicene

with divacancies on the Ag(001) substrate” after
4000000 time steps (400 ps) is shown in Fig. 2. It can
be seen from this figure that, during the calculation,
significant vertical displacements of silicon atoms
occur both in the top and bottom silicene sheets. It is
worth noting that, upon changing over from silicene
with monovacancies to silicene with hexavacancies,
the magnitude of the displacements increases. A simi-
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lar picture is observed for the system with the Ag(111)
substrate. For both substrates, there are rearrange-
ments of silicon atoms in the planes of the top and bot-
tom silicene sheets.

The determination region of the radial distribution
function was limited by two coordination spheres. The
radial distribution function (RDF) of each defective
silicene sheet, irrespective of the substrate type, has a
lower intensity of the peaks reflecting the presence of
the nearest neighbors and next-to-nearest neighbors
as compared to the corresponding RDF for perfect
silicene (Fig. 3). The calculated RDFs were obtained
by averaging over the last of the four time intervals with
a duration of 100 ps, i.e., over the period accounting
for 1/4 of the total molecular dynamics calculation.
For comparison with the RDF of perfect silicene on
the Ag(001) substrate, Fig. 3a shows the g(r)Si–Si
obtained for the planar model of free-standing silicene
[31] with the Lennard-Jones potential parameters fit-
ted from the molecular dynamics simulation data with
the Stillinger–Weber potential function [32]. The
density of the “planar” silicene is 24% higher than the
density of the perfect silicene simulated on the
Ag(001) substrate in our study. The molecular dynam-
ics simulation has demonstrated that the positions of
the first peaks of these functions are very close to each
other, whereas the position of the second peak of the
radial distribution function of the planar silicene is
shifted by 2.5% toward short distances. Moreover, the
RDF of the planar silicene has a lower first peak and a
higher and narrower second peak. Figure 3b shows the
RDF of the bottom silicene sheet with trivacancies on
the Ag(001) substrate. The second peak of g(r) of the
perfect silicene has a “shoulder” on the right, which is
smeared for the RDF of the defective silicene. The

Fig. 2. Configuration of the “two-layer silicene on the
Ag(001) substrate” system obtained by the time of 400 ps.
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formation of the shoulder and a significant broadening
of the peaks indicate substantial vertical displacements
of silicon atoms in the model. We introduce the fol-
lowing notation for the systems under investigation:
I—defect-free silicene, II—silicene with monovacan-
cies, III—silicene with divacancies, IV—silicene with
trivacancies, and V—silicene with hexavacancies. The
relative decrease in the intensity of the first peak of
RDF δg = (  – )/  (where 1 is the number of the
peak and j denotes the system) increases slowly upon
changing over from silicene with monovacancies to
silicene with divacancies and trivacancies and
increases rapidly for silicene sheets with hexavacancies
(see insert in Fig. 3b). A similar characteristic for the
intensity of the second peak of this function behaves in
the opposite way: it decreases monotonically upon
changing over from the systems with monovacancies
to silicene with hexavacancies.

The relative roughness /  of defective sili-
cene sheets with different types of vacancies is shown
in Fig. 4. The roughness of defect-free silicene in the

I
1g 1

jg I
1g

vac
aR per

0aR

initial state is denoted by . The data obtained for
the systems with the Ag(001) substrate are presented in
Fig. 4a, and the results for the systems with the Ag(111)
substrate are demonstrated in Fig. 4b. As can be seen
from the figures, in all the cases under consideration,
the roughness of the defective silicene rises above the
level of the initial roughness of the perfect silicene
( /  > 1). It should be noted that, owing to the
atomic interactions and the appearance of corruga-
tion, the roughness of the perfect graphene also
increases slightly. Moreover, the roughness of the per-
fect silicene on the Ag(001) substrate is lower than that
on the Ag(111) substrate. In the tests with the Ag(001)
substrate, the roughness of the top silicene sheet, as a
rule, is lower than the roughness Ra of the bottom sili-
cene sheet, except for the silicene sheet with divacan-
cies. In the case of the Ag(111) substrate, the rough-
nesses of defective silicene sheets are approximately
equal to each other, and only for defective silicene with
hexavacancies, the bottom sheet is characterized by a
higher value of Ra. Thus, on each of the silicene sheets,
regardless of the type of silver substrate, trivacancies
and hexavacancies lead to a larger roughness as com-
pared to monovacancies and divacancies.
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Fig. 3. Radial distribution functions: (a) (1) perfect sili-
cene on the Ag(001) substrate (averaged over the silicene
sheets), (2) free-standing planar silicene [31], and (b) sili-
cene with trivacancies on the Ag(001) substrate. The inset
shows the characteristics of decreasing intensity of (1) the
first peak and (2) the second peak of the radial distribution
function.
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The dynamics of the distraction of hexavacancies
in the bottom silicene sheet is illustrated in Fig. 5. At
the initial moment of time, this bottom sheet of sili-
cene contained seven single hexavacancies and two
bound vacancies of the same type. By the time of 200
ps, on this sheet of silicene, two doubled multivacan-
cies and seven single vacancies of different types were
formed. By the time of 400 ps, two vacancy clusters
were formed on the top and bottom parts of the sheet
under consideration. Each of the clusters combined
eight large and small vacancies of different types. Sim-
ilar structural rearrangements occurred in both the
bottom and top silicene sheets in the presence of
vacancies of different types. Generally, we observed
the fragmentation of multivacancies into smaller

vacancies and their subsequent coalescence into
vacancy clusters.

The average internal energies E obtained for sili-
cene sheets in each of the systems are shown in Fig. 6.
Figure 6a presents the results obtained for the systems
with the Ag(001) substrate, and Fig. 6b illustrates the
energies of the systems with the Ag(111) substrate. In
both cases, there is a tendency toward an increase in
the internal energy E with increasing size of vacancies
in the sheets of silicene. The main difference in the
behavior of the energies E of the systems with sub-
strates of different types lies in the fact that this char-
acteristic for silicene with divacancies on the Ag(001)
substrate has a very low value, which is even less than
the internal energy E of silicene with monovacancies
on an identical substrate. The energies of the perfect
silicene and the silicene with monovacancies and
divacancies on the Ag(001) substrate are lower than
the corresponding value for silicene on the Ag(111)
substrate. However, in the presence of trivacancies
and hexavacancies in the silicene sheet, the ratio
between the energies changes to the opposite one. For
comparison, Fig. 6b shows the estimated value of the

Fig. 5. Dynamics of the collapse of hexavacancies in the
bottom silicene sheet supported by the Ag(111) substrate.
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cohesion energy of an endless silicene band that does
not have a substrate [33]. This value is significantly
higher than the internal energies E obtained in our
study for the perfect silicene on both the Ag(001) sub-
strate and the Ag(111) substrate. It should also be
noted that the values of E considered here for silicene
are substantially higher than the experimental value of
the energy obtained for diamond-like silicon
(‒4.63 eV/atom).

The presence of a Li+ ion in the silicene channel
leads to a gradual destruction of the honeycomb struc-
ture of the silicene. This is especially pronounced in
silicene with multivacancies. The distribution of
stresses along the length of the channel with a gap of
0.75 nm in the bottom silicene sheet containing
hexavacancies and located on the Ag(111) surface is
shown in Fig. 7. The patterns of stress distributions in
the top and bottom sheets of silicene in all the cases
under consideration are similar to each other. It is pre-
cisely in the presence of hexavacancies in the silicene
sheets that the strongest local stress σzy was obtained in
calculations with a gap of 0.75 nm. The observed

surges of the stress closer to the middle part of the
length of the silicene sheets are caused by the presence
of lithium ions in these regions of the channel. It is
worth noting that the stresses σzz caused by the vertical
forces, as a rule, are considerably less than the stresses
σzx and σzy induced by the horizontal forces.

The maximum absolute values of the above stresses
obtained as averages over the time macrostep (10 ps)
for all the silicene channels under investigation are
shown in Fig. 8. As can be seen from this figure, the
orientation of the substrate surface has a more pro-
nounced influence on the value of |σzz|max, especially in
the presence of monovacancies and divacancies in sili-
cene sheets. The highest value of |σzz|max is reached in
the perfect silicene on the Ag(001) substrate. The
maximum absolute value of |σzx|max is also reached on
the same substrate, which corresponds to the case in
the presence of hexavacancies in silicene sheets. Also,
the presence of hexavacancies in the silicene sheets is
characterized by the maximum value of |σzy|max (which

Fig. 7. Distribution of stresses (1) σzx, (2) σzy, and (3) σzz
acting in the plane of the bottom silicene sheet containing
hexavacancies and located on the Ag(111) substrate when
the Li+ ion moves in a planar silicene channel under the
influence of an electrostatic field.
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is approximately the same for both substrates). The
external action is transmitted through the Li+ ion to
the silicene sheet when the electrostatic force acts
along the x axis. However, the maximum stresses
appear in the silicene sheet due to the forces acting in
the perpendicular direction (along the y axis) and
leading to its compression. The strained two-layer sili-
cene has a positive Poisson’s ratio.

The self-diffusion coefficients D calculated from
the mean squares displacement of a Li+ ion moving
between the silicene sheets, one of which is located on
the Ag(001) or Ag(111) substrate, are shown in Fig. 9.
In both cases, the self-diffusion coefficient D
decreases with an increase in the size of defects in the
silicene sheet. However, the decrease in the value of D
is not monotonic, which is associated, to a large
extent, with the random character of the self-diffusion
process. Local minima of the self-diffusion coefficient
D are observed both on the Ag(001) substrate and on
the Ag(111) substrate if the silicene contains divacan-
cies. In both cases, the diffusion of the lithium ion
occurs with the lowest rate when the silicene channel
is saturated with hexavacancies. The self-diffusion
coefficient D in this version has minimum values, and
for the silicene channel on the Ag(001) surface, it is
lower than that on the Ag(111) surface.

4. DISCUSSION OF THE RESULTS

The silver substrate has a significant effect on the
stability of two-layer silicene sheets, especially in the
cases where the silicene contains vacancies and multi-
vacancies. It is of interest to compare the behavior of
silicene in contact with a metal with the corresponding
behavior of graphene. It is obvious that, as in the inter-

action of graphene with a metallic surface (for exam-
ple, copper), the influence of a close contact between
the materials should be mutual. In the case of the cop-
per/graphene contact, the metal film is subjected to
considerable stresses, the greatest of which are σxx, σxy,
and σyy [34]. In graphene, the relaxation of stresses is
much slower than in the metal [8]. The components of
the stress tensor of the copper film, which reflect the
action of forces on the horizontal pad, have a funda-
mentally different behavior in the cases where the film
is located on single-layer or two-layer graphene [35].
If it is required to remove the copper film from the
graphene, then, for this purpose, it is advisable to use
a cluster argon beam directed parallel to the plane of
the graphene sheet [36]. In this case, the destructive
effect on graphene will be minimal. Depending on the
field of application, it is necessary to choose one or
another technology for the production of nanomateri-
als [37]. An increase in the density of free bonds makes
the identification of structural defects more reliable
[38]. The diffusion considered as the processes of for-
mation, interaction, and migration of defects can
occur according to the type of relay-race transfer of
free bonds.

In silicene, the spin–orbit interaction is much
stronger than in graphene. The silicon atom has a
larger ionic radius than the carbon atom, which is
favorable for the sp3-hybridization. Silicene is capable
of forming strong bonds with metal atoms. The elec-
tronic and magnetic properties of silicene can be
changed at the expense of adsorbed atoms. The energy
of lithium adsorption on silicene is high enough, so
that the silicene surface is quite suitable for the use in
lithium-ion batteries. The presence of foreign atoms in
silicene can substantially change the electronic prop-
erties of this material. In particular, if pure silicene is a
semimetal, upon the adsorption of foreign atoms, it
can acquire metallic properties or properties of a semi-
conductor.

Silicene and bulk silicon react differently with oxy-
gen. In silicon, oxygen destroys some bonds of the first
one or two atomic layers. The formed silicon–oxygen
layer serves as a chemical barrier preventing the
destruction of the bottom layers. Based on these facts,
it can be assumed that any amount of oxygen should
completely destroy single-layer silicene. Hence, it can
also be assumed that the formation of thin films and
flakes of silicon on a silver surface is the result of the
formation of an alloy. Therefore, the possibility of the
existence of silicene (not in contact with any material)
should be demonstrated in a direct way, i.e., by the
formation of it under ultrahigh vacuum conditions
with the complete elimination of the interaction with
the substrate.

The two-stage electrochemical formation of per-
fect germanene layers on the Au(111) surface was
achieved in [39]. In the first stage, a germanium
monolayer was obtained on the Au(111) substrate. The

Fig. 9. Self-diffusion coefficient reflecting the motion of
the Li+ ion in silicene channels located on (1) the Ag(001)
substrate and (2) the Ag(111) substrate and formed by (I)
defect-free silicene sheets and (II–V) silicene sheets with
(II) monovacancies, (III) divacancies, (IV) trivacancies,
and (V) hexavacancies.
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first germanium layer was firmly bonded to the sub-
strate. It was actually the GexAuy alloy with different
concentrations of the components x and y. The second
stage consisted in fabricating three more layers of the
hexagonal germanium structure on the formed
GexAuy substrate. Germanene in the form of a layered
honeycomb structure contained defects. Thus, the
preparation of germanene by the electrochemical
method made it possible to experimentally observe the
formation of the GexAuy alloy on the Au(111) sub-
strate. This, in many respects, explains why the forma-
tion of free-standing germanene or silicene has not yet
been implemented in the experiment.

The stability of the system, in which there is no
chemisorption of silicon atoms on the silver surface, is
very low. The tendency toward the sp3-hybridization
creates a prerequisite for the displacement of silicon
atoms of multilayer silicene in the direction perpen-
dicular to the plane of the material. The results
obtained in this study have demonstrated that the sili-
cene sheets weakened by the presence of vacancy-type
defects initially are deformed due to the vertical dis-
placements of the silicon atoms, which is facilitated by
the interaction of Li+ ions with silicon atoms. More-
over, the Si–Si bonds are further weakened, and a
gradual destruction of point defects begins to occur.
Small defects, namely, monovacancies, can be healed
with the formation of new rings consisting of silicon
atoms, as a rule, with an odd number of links. Large
multivacancies change in their shape and size, thus
provoking a change in the structure of the entire
graphene sheet, in which the honeycomb structure
transforms into an amorphous structure.

The substrate has a stabilizing effect during the fab-
rication of layered structures. However, in the absence
of chemisorption, the Ag(001) and Ag(111) substrates
have a significant destabilizing effect on the stability of
the honeycomb structure of silicene with defects in the
form of vacancies and multivacancies. The Li+ ion
moving in an electric field between the silicene sheets
spaced at a distance of no more than 0.85 nm is also
capable of destroying the silicene honeycomb struc-
ture, especially when the silicene contains vacancy-
type defects. Therefore, the use of a two-layer silicene
as an anode material is very problematic if the silicene
contains a large number of vacancies of different types
and cannot be separated from the Ag(001) or Ag(111)
substrates.

Precise measurements of the properties of materi-
als on metallic substrates are very difficult to perform.
The metallic substrate screens the external electric
field and, in fact, makes it impossible to manipulate
the electronic structure. For this reason, it would be
desirable to achieve the state of free-standing silicene.
Most likely, silicene in this state is unstable with
respect to the transition to the structure of silicon. It is
possible, however, to use a superlattice that stabilizes
the two-dimensional structure of silicene, but weakly

interacts with it, which does not lead to perturbations
of the Dirac states. Owing to the identical honeycomb
structure, the superlattice for silicene can be a hexag-
onal boron nitride lattice. Hexagonal boron nitride is
a semiconductor with a wide band gap and, therefore,
provides studying the effect of an external perpendic-
ular electric field applied to silicene. The density func-
tional theory calculations have demonstrated that the
combined effect of the intrinsic spin–orbit interaction
and an external electric field manifests itself in the
transition from the semimetal to a topological insula-
tor and further to a band insulator [40].

5. CONCLUSIONS

The structure of two-dimensional silicon and the
stability of defects in a two-layer silicene on Ag(001)
and Ag(111) substrates were investigated using the
molecular dynamics method. The perfect two-layer
silicene on the Ag(001) substrate has a lower energy as
compared to its analogue on the Ag(111) substrate.
The creation of a large number of trivacancies or
hexavacancies in silicene can lead to an inverse rela-
tionship between the energies of silicene on these sub-
strates. The structural rearrangements occurring in the
two-dimensional system do not substantially affect the
form of the radial distribution function of the silicene.
The influence of substrates primarily manifests itself
in the enhancement of the vertical displacements of
silicon atoms. However, the expansion of the gap
between the silicene sheets and the motion of a Li+ ion
between them in the presence of an external electric
field also significantly change the horizontal projec-
tion of the two-dimensional structure of silicon. The
energy characteristics of silicene on the Ag(001) and
Ag(111) substrates differ only slightly from each other,
with the exception of the system with divacancies, for
which the Ag(001) substrate is more preferable. The
motion of the Li+ ion between the silicene sheets is
associated with strong local f luctuations of stresses
acting in the plane of the silicene sheets. Moreover, in
the majority of cases, the stresses generated in a per-
fect silicene dominate over the corresponding stresses
in a defective silicene. The main exception in this pat-
tern is the defective silicene with hexavacancies, which
is characterized by the most significant stresses σzy on
both types of substrates. It is easier to control the
motion of the Li+ ion under the influence of an elec-
tric field in a planar channel formed from a free-stand-
ing silicene than in a two-layer silicene sheet located
on the Ag(001) or Ag(111) substrates. In this case,
vacancy-type defects are also better preserved in the
silicene.

The molecular dynamics simulation demonstrated
that the two-layer electrode made of a defective sili-
cene on a silver substrate has a low stability when the
silicene is attached to the metal surface only through
the physical adsorption. The motion of a Li+ ion in
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such a multivacancy-containing silicene channel is
possible only with a significant gap between the sili-
cene sheets and a high value of the electric field
strength. The motion of the lithium ion in the defec-
tive silicene channel attached to the silver substrate by
means of the van der Waals interaction results in the
collapse of multivacancies, a significant curvature of
the silicene sheets, and an increase in their roughness.
These structural transformations inevitably destroy
the electrode and, thus, render it unsuitable for the use
as an anode in lithium-ion batteries.

It is quite possible that the silicene formed in the
experiment on silver substrates proves to be stable due
to the chemisorption of silicon atoms nearest to the
silver surface, i.e., due to the formation of a SixAgy
alloy at the place of contact between silicon and silver.
This explains why until now it has not been possible to
separate silicene from the silver substrate. It is also
known that the deposition of silicon atoms on a copper
substrate leads to the formation of a SixCuy alloy.

The search for chemically inert substrates stabiliz-
ing a two-dimensional structure of silicene is an
important problem. Another important research prob-
lem is the development of a technology for transferring
silicene onto a substrate that weakly interacts with it
and does not distort its electronic structure. It is obvi-
ous that the control of the electronic properties of sili-
cene by means of the formation of defects in it is lim-
ited by the instability of defect structures due to the
influence of the substrate or the migrating ion.
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