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The silicene obtained on silver and gold substrates is not a subject for a large-scale use due to the high
cost of the substrate materials. The aim of this work is to find a suitable low-cost substrate for the bulk
production of silicene. In this work, three materials were investigated as a silicene substrate: Al, Ag, and
Au. In all these cases, a metallic type of electronic conductivity was established in the silicene/substrate
system. It turned out that the aluminum substrate provides an even better adhesion to silicene than

the gold one. Silicene on the Al (111) substrate demonstrates the most uniform distribution of normal
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is strong oxidation in air.

stresses with a minimum value of local bursts. Thus, aluminum seems to be quite a competitive material
for the silicene production. The main obstacle in using aluminum substrates for the silicene production

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

By cleaving 3D layered materials such as graphite, it is easy
to obtain thin 2D materials such as graphene [1]. Layered 3D
MoS; also splits well into the layers [2]. The presence of van der
Waals interaction in the interlayer space is the reason for the easy
production of thin films of graphite, as well as dichalcodenides,
chlorides, thiophosphates, black phosphorus and black arsenic by
exfoliation [3,4]. Recently, new 2D materials (graphite and transi-
tion metal) have been proposed. They can be effectively used as
anode materials to improve battery performance and for other ap-
plications such as electronics [5,6].

As a rule, this method can be used to obtain 2D flakes with a
characteristic size from tens to hundreds of microns [7]. These di-
mensions are insufficient for modern electronics. To perform the
peeling, the surface must be well-adherent to the outer layer of
the 3D laminate. Metal substrates provide sufficient adhesion to
the surfaces of 3D laminates. Gold is distinguished among the
metals used for this purpose, due to an exceptionally even and
un-oxidized outer surface, which provides good adhesion to the
layered material. The gold-assisted separation of layers makes it
possible to obtain the thinnest films with a characteristic lateral
size of up to 1 cm, i.e. at least 2 orders of magnitude greater than
with any other metals used for exfoliation [4]. However, it is cur-
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rently unknown if gold functions as a good exfoliation material
for materials other than dichalcogenides, chlorides, thiophosphates,
black phosphorus, black arsenic, and graphite. The behavior of gold
and silver in contact with SiO; is thoroughly studied. Both gold
and silver do not adhere very well to SiO,. Noble metals Au and Ag
do not form intermetallic oxide layers. Therefore, they are weakly
bonded with SiO, as it is described by the van der Waals interac-
tion [8]. Aluminum demonstrates a better adherence to SiO, than
to gold or silver. Therefore, it is of interest to include in this study
the system “silicene on a thin cut of aluminum” along with sil-
icene contacting with Au and Ag. The adsorption of Al on silicene
was studied using DFT calculations in [9]. It turned out that dense
two-sided adsorption leads to an unstable configuration. This is
due to the rather strong repulsive interaction between neighbor-
ing Al ad-atoms. The Al-Si bond lengths depend on the adsorption
conditions and lengthen as the Al concentration increases.

In this work, we investigate the ability of various thin metals
(Au, Ag, Al) slices to peel off a silicon monolayer, i.e. silicene. The
structure of silicene is similar to that of graphene, but there is also
a fundamental difference between them. The atoms of both struc-
tures are ordered in the honeycomb lattice. This structure con-
tributes to the convergence of the physical properties of graphene
and silicene [10,11]. However, sp? hybridization makes graphene
absolutely flat, while mixing sp? and sp? hybridizations in silicene
creates a buckling, the two-level silicene structure. Silicene is more
stable when ‘buckled’ [12], i.e. when two sublattices are present in
it, they are displaced relative to each other and form conditionally
two planes. Due to the tendency of silicene to sp> hybridization,
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the epitaxy is most likely process of the film formation, however,
the possibility of other processes implied cannot be eliminated. To
date, silicene has been obtained on various substrates (Ag, Au, Ir,
graphite, MoS;, sapphire, ZrB;) [13-19]. With a sufficiently strong
binding of silicene to the substrate surface, it can lose its remark-
able electronic properties, in particular, the Dirac cone [20]. The
substrate plays a very important role in maintaining the proper-
ties, which were found in freestanding silicene [21-23]. Questions
related to the retention of the electronic properties of silicene,
including the Dirac cone, on metal substrates were discussed in
[20,24-27]. However, the change in the structure of the substrate
itself after the silicene formation has not been considered, and the
calculation of the stresses appearing in silicene has not been car-
ried out.

In order to retain the attractive properties of silicene, it is
preferable to obtain it on a semiconducting surface or on an in-
sulating surface. In this case, the weakness of the interaction be-
tween the surface and silicene contributes to the preservation of
the linear character of the band structure. However, difficulties
arise in obtaining a 2D Si layer due to the appearance of a highly
probable clustering of silicon atoms. In addition, the structure of
silicene obtained on such surfaces turns out to be highly inho-
mogeneous. Therefore, for the silicene fabrication and use, it is
important to investigate the adhesion properties of suitable metal
substrates.

2. Model

We performed calculations using the Siesta software package
[28]. Different silicene supercells were selected depending on the
type of substrate. The silicene sheet was parallel to the xy plane
and contained 18 atoms. To simulate it, 3 x 3 supercells were
used. The silicene structure was represented by two sublattices
(lower and upper) separated from each other by a distance of
0.044 nm. The layer of the metal substrate was specified as a 4
x 4 supercell consisting of 16 metal atoms. The substrate thick-
ness varied from 1 to 5 layers. This was sufficient to determine the
optimal number of layers (i.e. limiting their number) when per-
forming accurate calculations. In addition, we have performed an
approximate simulation of silicene formation on a sufficiently thick
substrate. In this case, an increase in the thickness of the substrate
was achieved by adding one more lower metal layer, which atoms
could not move in the direction of the 0z axis, but moved in the
xy plane. Therefore, this layer is considered as fixed.

The periodic (Born-von Karman) boundary conditions promoted
the “expansion” of the system by representing a physical quantity
in a Fourier series, using the set of all plane waves that satisfy the
boundary condition. The combination of metal and silicene super-
lattices allowed passing to a configuration subject to uniform pe-
riodic boundary conditions. The combination required an increase
in translation vectors by 4% for aluminum and silver and 3% for
gold. As shown in [29], 5% scaling of the superlattice of a com-
posite containing silicene does not lead to any significant change
in its electronic properties. The spatial translation period in the z-
direction was 3 nm. The top view of the combined silicene and
silver superlattices is shown in Fig. 1.

For all considered systems “silicene/substrate” geometric opti-
mization was performed using the generalized gradient approx-
imation in the Perdew-Burke-Ernzerhof (PBE) form [30]. In this
work, a spin-orbit interaction is not taken into account. However,
the adiabatic generalized gradient approximation creates an explo-
ration opportunity for the spin-polarized the exchange-correlation
interaction [31]. The buckling structure of silicene contributes to
the fact that the electron spin is associated with its momentum.
The strong spin-orbit interaction maintains a state with a very nar-
row spin-orbit gap (1.5 meV) in silicene [31,32]. This state can be
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Fig. 1. Combined supercells of 4 x 4 silver and 3 x 3 silicene.

easily changed by applying a perpendicular electric field, which re-
sults in the appearance of a larger band gap in silicene.

The criterion for the end of the dynamic relaxation of atoms
was the condition that the change in the total energy of the system
should become less than 0.001 eV. All calculations were performed
at the cutoff energy of the plane wave basis set of 500 Ry. The Bril-
louin zone was specified by the Monkhorst-Pack method [33] using
10 x 10 x 1 k-points. In addition, to investigate the thermal sta-
bility of the Si-Ni and Si-Cu systems, ab initio molecular dynamics
calculations were performed at the temperature of 293 K. The du-
ration of the calculations was 1000 time steps with a step length
of 1 fs. The temperature in the model was maintained using a Nose
thermostat [34]. The calculations were performed using the SIESTA
software package [35]. The adhesion energy E .4, between silicene
and substrates was calculated using the formula
Eadh:_ETot_ESi_EMe, (1)

Nei
where Eto is the total energy of the system, Es; and Epe are the
total energies calculated for silicene and metal (Ag, Au, Al) sub-
strates, respectively, and N is the number of unit cells in the
system.

The binding energy in the silicene sheet E'S’i was determined as

Etot — Eme — NsiEsi

Ns; '
where Eis; is the total energy calculated for one silicon atom, and
Ns; is the number of silicon atoms in the system.

The binding energy in the metal substrate EbMe can be written
as

b _
Eg=-

(2)

_ Etot — Esi — NmeE1me
Nyve
where Eqpe is the total energy calculated for one metal atom (Ag,
Au, Al), and Ny is the number of metal atoms in the system.
SIESTA software allows one to calculate the density of states
(DOS) for each specified n- band

b _
EMe_

; 3)

dl
Na(E) = / #S(E — En(K)), (4)

where the argument E;(k) in the §-function is the variance of the
band, and the Brillouin zone is the region of integration. Partial
spectrum (PDOS) shows which atoms in the system form cer-
tain electronic states. In addition, PDOS also discloses electron hy-
bridization in the system.
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Fig. 2. Top view of the silicene structure at the initial instant; an outline shows a
unit surface cell of the silicene sheet.

Table 1

Parameters of the Morse potential [21,22,42].
Interaction De, eV Te, A a, A1
Al-Si 0.4824 2.92 1322
Ag-Si 0.2749 3.74 1454
Au-Si 0.3286 3.68 1.561

Obviously, in silicene placed on metal substrates, mechanical
stresses appear due to the non-coincidence of the lattice periods of
the two materials. To calculate these stresses, it is required to in-
crease the size of the simulated system significantly (~100 times).
Performing such calculations within the DFT model requires an ex-
tremely large amount of computer time. Therefore, this problem
was solved using classical molecular dynamics.

The silicene sheet, which initial configuration is shown in Fig. 2,
consists of 300 Si atoms. The unit cell, marked with a diamond
in Fig. 2, contains 18 atoms. The atoms in a cell are located on
two levels: 6 atoms are lifted to a height of 0.44 A to form buck-
les of the same height as in the DFT model. The flower structure
corresponds to that established from the experimental data for sil-
icene on an Ag (111) substrate [36]. The distance between the
lower plane of silicene and the upper layer of the substrate cor-
respond to that determined by the ab initio calculation (0.27 nm)
[37]. A silicene sheet was placed on four-layer Me (111) substrates,
where Me = Al, Ag, Au. In each case, the total number of metal
atoms was 1120. The substrate layers had ABAB packing and in-
terplanar spacings, which are observed in the FCC structure of the
corresponding crystals. The interaction between metal atoms in the
substrate was described by the EAM potentials [38,39], and in sil-
icene using the Tersoff potential [40]. The Me-Si cross-interaction
was represented in the form of the Morse potential, which param-
eters are presented in Table 1. The molecular dynamics modeling
was performed by parallel computations using the LAMMPS pro-
gram [41].

The calculation duration was 10 million time steps. Identical to
the present work, the value of the time step At =0.1 fs was used
in [21-23]. To calculate the stress distribution, the entire film was
divided into L strips both in the direction of the Ox axis as well
as in the direction of the Oy axis. The calculation of the oy« (l)
stress appearing in the elementary area with the number [ was
determined by dividing the resulting force by its S; area. Thus, the
stress state of silicene was determined using the expression

n n Uisu,uj>u)
1 Lo 1
aya(l):<2 E(mv'},vﬁx)>+§l<2 Z ( 3)>, (5)

i i i
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where n is the number of atoms on the Ith area, m is the atomic
mass, vfl is the o projection of the velocity of the ith atom, Q is
the volume per atom, f,.‘]?‘ is the o projection of the resulting force
from the interaction between i and j atoms that passes though the
Ith area, and u; is the coordinate of the atom i; the coordinate of
the contact point of the straight line passing through the centers of
the atoms i and j and the Ith surface element is denoted through
the symbol u.

A hybrid computer of the URAN cluster type at the Institute of
Mathematics and Mechanics UB RAS was used for calculations.

3. Results and discussion

The energy and geometric characteristics of the silicene/metal
systems calculated within the DFT model are presented in Table 2.
The energy characteristics are reflected here using the adhesion
energy for silicene and the metal substrate (E,qn) and the bind-
ing energy in the silicene sheet (E';i) and in the metal substrate
(Ek,le). The geometric parameters include: average bond lengths be-
tween atoms on a metal substrate (Lye-me), that of silicon atoms
and atoms of a metal substrate (Lsi_pme), as well as that of silicon
atoms in a silicene sheet (Lsi_s;). The data labeled 3’ and 4’ cor-
respond to substrates having a fixed z coordinate for atoms in the
lower layer. Table 2 shows the effect of the thickness of the metal
substrate on the binding energy and geometric properties of the
systems studied. These data were obtained in the ab initio molec-
ular dynamics calculation.

The energy of adhesion changes as the number of layers in the
metal substrate increases. For example, in the silicene/aluminum
system as the thickness of the aluminum substrate increases from
1 to 4, the adhesion energy decreases from 1.626 to 1.137 eV. In
this case, the transition from the 4- to 5-layer aluminum substrate
leads to a decrease in the adhesion energy by ~1%. The Si-Si bond
lengths determined for silicene on a five-layer aluminum substrate
agree with the values obtained in [27] and are 3% less than the
bond lengths calculated in [43]. In the silicene/silver systems an in-
crease in the number of layers in the substrate from 1 to 2 causes
an increase in the adhesion energy from 0.698 to 1.249 eV. The ad-
hesion energy decreases by ~1.6%, with a further increase in the
thickness of the substrate up to 3 layers and in the case of the
transition from the three-layer to four-layer substrate, the value
of the adhesion energy remained unchanged. The adhesion energy
between silicene and the gold substrate increases from 0.696 to
1.028 eV when the number of layers in the substrate changes from
1 to 2. A further increase in the thickness of the gold substrate
from 2 to 4 layers leads to an increase in the adhesion energy by
~2.3%. In the case of silver and gold, the thicker substrates were
modeled by attaching a third (3’) fixed layer to the two-layer sub-
strate, and then the fourth (4’) one in the case of aluminum. The
obtained adhesion energies for such systems differ (by ~1%) from
the adhesion energies between silicene and five-layer metal (Al,
Ag, Au) substrates. Comparison of the adhesion energies between
silicene sheet and five-layer metal (Al, Ag, and Au) substrates leads
to the following conclusion. The interaction between silicene and
the silver substrate is expressed in the highest adhesion energy
(1.241 eV), and the interaction between silicene and the gold sub-
strate is described by the lowest one (1.046 eV).

The bond energy between silicon atoms in a silicene sheet on
an aluminum substrate decreases from 5.323 to 5.284 eV as the
number of substrate layers increases from 1 to 5. This indicates
that the stability of the silicene sheet decreases as the number
of layers in the aluminum substrate increases. An increase in the
number of layers from 1 to 5 in the silver and gold substrates
leads to an increase in the bond energy in the silicene sheet from
5.055 to 5.298 eV and from 5.018 to 5.122 eV, respectively. Com-
parison of the bond energies between silicon atoms in a silicene
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Table 2
System characteristics*.

Me N Eadn, eV/e.c. EB eV ED. eV LMe-Me, A Lsi-Me» A Lsi_si, A

1 1.626 5.323 3.666 2.879 2.816 2431

2 1424 5.262 3.696 2.889 2.818 2.400

Al 3 1.284 5.253 3.698 2.899 2.781 2.405

4 1137 5.108 3.684 2.898 2.756 2.409

4 1135 5.274 3.745 2.901 2.756 2.379

5 1144 5.284 3.734 2.909 2.752 2.384

1 0.698 5.055 2.517 2.951 2.833 2.391

2 1.249 5.189 2.653 2.993 2.831 2.381

A 3 1.229 5.179 2.663 2.983 2.832 2.382

s 3 1.263 5.318 2.731 2.991 2.823 2.371

1.256 5.210 2.682 2.943 2.886 2.381

5 1.241 5.298 2.752 2.938 2.815 2.374

1 0.696 5.018 2.395 2973 2.889 2.367

2 1.028 5.099 2.538 2.987 2.870 2.383

Au 3 1.024 5.040 2.558 3.005 2.860 2.404

3 1.052 5.197 2.593 2.951 2.887 2.386

1.054 5.082 2.574 2.991 2.907 2.400

5 1.046 5122 2.605 3.022 2.893 2.398

* Eadn is the adhesion energy between silicene and a metal substrate; E‘S’i and E"ME are the average bond energies in the silicene sheet and the metal substrate, respectively;
Lyme-me denotes average bond lengths between atoms in a metal substrate; Lsi_ve denotes average bond lengths between metal and silicon atoms; Lg;_s; denotes average
bond lengths between silicon atoms in a silicene sheet; the dash next to the Ny value indicates that the data was obtained for a system, which lower substrate layer is fixed

to z coordinates of the atoms.

Fig. 3. Geometric structures of silicene obtained after the ab initio molecular dynamics calculation on (a) four-layer aluminum, (b) three-layer silver and (c) three-layer gold

substrates with a fixed lower substrate layer.

sheet on various five-layer metal substrates (Al, Ag, Au) indicates
the following. Silicene acquires the highest Si-Si bond energy on
the silver substrate (5.298 eV), and the lowest one on the gold
substrate (5.122 eV).

The bond lengths in metal substrates correspond to those for
cubic face-centered lattices of these metals [44,45]. The average
bond lengths in a silicene sheet increase from 2.28 A, which is
characteristic of an ideal freestanding silicene [46], to 2.384, 2.374,
and 2.398 A on the aluminum, silver, and gold substrates, respec-
tively. Note that the bond lengths in silicene on a silver substrate
obtained in this work are 2% longer than similar characteristics re-
ported in [26].

Fig. 3 shows fully relaxed geometrical structures of silicene on
four-layer aluminum as well as on three-layer silver and gold sub-

strates, whose bottom layers are fixed. After the ab initio molecular
dynamics calculation, the distances between the sublattices in sil-
icene on aluminum and silver substrates increased to 0.89 and
0.82 A, respectively. On the gold substrate, a three-level arrange-
ment of Si atoms with distances between the levels of 0.51 and
0.75 A was observed. These changes are associated with a sep-
aration of the first (top) layer of the substrate from the second,
which is most pronounced for the gold substrate. First-principle
calculations showed that the honeycomb buckled structure of sil-
icene is not broken when it is placed on a substrate in the form of
single-layer aluminum oxide (Al,03) [47]. The physical properties
of silicene obtained on the basis of the first-principle molecular
dynamics calculations performed here are shown in Figs. 4-6.
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Fig. 4. Partial spectra of electronic states of the “silicene/four-layer Me substrate” system, where Me = Al, Ag, Au.

Fig. 4 shows the partial spectra of the electronic states of sil-
icene on the four-layer aluminum, silver, and gold substrates. It is
seen that silicene is metallized on the considered substrates. Thus,
silicene on the aluminum substrate acquires conductive proper-
ties due to the interaction between p-electrons of silicon and
aluminum; on the silver and gold substrates, the metalization oc-
curs due to the interaction of p-electrons of silicon with s- and
d-electrons of metals. The calculation of silicene PDOS placed on
substrates of different thicknesses showed that, regardless of the
type and thickness of the substrate, silicene acquires conductive
properties.

By removing the substrate from consideration, we can deter-
mine the band structure of autonomous silicene, acquired on a
substrate. Fig. 5 shows the band structures calculated for a free-
standing perfect silicene in the K-I'-M-K direction, as well as the
corresponding structures for silicene after its separation from the
three-layer Ag and Au substrates as well as from four-layer Al one
with a lower layer fixed to z coordinates of atoms. A perfect free-
standing silicene is a narrow-gap semiconductor with a straight
band gap 0.033 eV [11]. Silicene separated from the aluminum
substrate retains the direct band gap, which width increases to

0.294 eV. In this case, the band structure is closest to that of free-
standing silicene. Note that the adsorption of Al atoms leads to a
greatly enhanced buckling [9]. In addition, the data of ab initio cal-
culations of the band gap for a one-dimensional AlSi3 wire show
that the value of the band gap was 0.78 eV [48]. Silicene on the
gold substrate retains semiconducting properties with an indirect
band gap of 0.083 eV. Whereas silicene on the silver substrate is
metallized.

Normal stresses o, are the most significant stresses that ap-
pear in silicene on the considered metal substrates. The calculated
distributions of normal stresses in silicene on Al, Ag, and Au sub-
strates are shown in Fig. 6. The stress distributions o;; in silicene
on Ag and Au substrates are quite close, but nevertheless, the local
stresses in this material located on the Au substrate are some-
what higher. Weaker stresses o,; in silicene on the Al substrate
as compared to that on Ag and Au substrates can be explained as
follows. The mass of the Al atom is 4 times less than the mass
of the Ag atom and 7.3 times less than the mass of the Au atom.
As a result, at the same temperature, Al atoms move much faster
and vibrate with a higher frequency than Ag and Au atoms. This is
especially noticeable in the surface layer in direct contact with sil-
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Fig. 6. Distribution of normal o;, stresses in silicene on the Al, Ag, and Au sub-
strates along the Ox direction, when the elementary areas are elongated along the
Oy direction.

icene. Therefore, the stresses formed in silicene, including normal
stresses caused by contact with the substrate, rapidly dissipate on
the Al substrate and remain much longer on the Ag and Au sub-
strates. In addition, the interaction of Si atoms with an aluminum
substrate is much “softer” than the interaction with Ag and Au
substrates. This can be already seen by the way silicene bonds to
such substrates. The energy of adhesion to the reconstructed sur-
face of five-layer Al, Ag, and Au substrates is 0.35, 0.41, and 0.63
eV/Si atom, respectively [24].

The substantially lower and uniformly distributed normal
stresses over the surface suggest the possibility of obtaining a

much larger single-layer silicene on the aluminum substrate than
that on the silver or gold substrates. In addition, it is easier to
transfer silicene on the Al substrate to an insulating substrate by
melting aluminum, since the melting point Ty, of aluminum is
lower than Ty, of silver, gold, and silicene by a factor of 145, 1.61,
and 1.86, respectively.

4. Conclusion

In this work, we performed a quantum mechanical modeling
and classical molecular dynamics simulation of the “silicene/metal
substrate” systems. The calculated spectra of electronic states in-
dicate metalization of the “silicene/substrate” system due to the
interaction of p-electrons of silicon and p-electrons of aluminum
as well as p-electrons of silicon with s- and d-electrons of silver
or gold. The metalization of the system is observed regardless of
the thickness and type of substrate. In this case, the silicene it-
self, beyond the substrates, exhibits semiconductor properties with
a band gap of 0.294 and 0.083 eV for configurations obtained on
the aluminum and gold substrate, respectively. Whereas the sil-
icene configuration obtained after removing the silver substrate
acquires conductive properties. Calculation of the Me-Si bond en-
ergies showed that the aluminum substrate is favorable. In this
case, the height of the silicene buckles depends weakly on the
thickness of the substrate, remaining approximately the same as
for the freestanding silicene. On the Al (111) substrate, the elec-
tronic structure of silicene has minimal distortions relative to that
of autonomous silicene. However, the adhesion energy between sil-
icene and the metal substrate is greater on the silver substrate,
and it acquires lowest values on the gold substrate. From the point
of view of obtaining small stresses uniformly distributed over the
silicene surface, it is preferable to place silicene on the Al (111)
substrate. In addition, Al is a much cheaper metal than Au and
Ag. The Al element is abundant in the earth’s crust. However, alu-
minum is easily oxidized in air with the formation of the Al,03
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film. Therefore, the “silicene/aluminium” 2D-material needs a pro-
tective coating preventing oxidation.

Silicene has an even better adhesion to the aluminum substrate
than to the gold one, and the local stresses in silicene on the Al
(111) substrate are minimal. Therefore, obtaining silicene on this
cheap substrate seems to be important and relevant.
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