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ABSTRACT: To study the possibility for silicene to be
employed as a field-effect transistor (FET) pressure sensor,
we explore the chemistry of monolayer and multilayered
silicene focusing on the change in hybridization under pressure.
Ab initio computations show that the effect of pressure depends
greatly on the thickness of the silicene film, but also reveals the
influence of real experimental conditions, where the pressure is
not hydrostatic. For this purpose, we introduce anisotropic
strain states. With pure uniaxial stress applied to silicene layers,
a path for sp? silicon to sp’d silicon is found, unlike with pure
hydrostatic pressure. Even with mixed-mode stress (in-plane
pressure half of the out-of-plane one), we find no such path. In
addition to introducing our theoretical approach to study 2D

materials, we show how the hybridization change of silicene under pressure makes it a good FET pressure sensor.
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INTRODUCTION

Although bulk silicon (3D) is one of the most widely used
chemical elements to produce modern electronic devices, the
basic research on its atomic-thin 2D counterpart, silicene, is still
to be completed,' ™ dictated by the great importance of two-
dimensional (2D) materials for developing devices. This
requires particular properties: (i) thin membranes, which can
be deformed by in-plane stretching or by out-of-plane bending,
as noted for graphene being rolled into carbon nanotubes;*” (ii)
defect formation (e.g., vacancies, dislocations, grain boundaries),
with special interest in how they affect the physical properties
during deformation, while strength and toughness describe the
onset of failure in terms of stress and energy, respectively;*™"!
(iii) interfacial properties such as adhesion and friction, which
are affected by van der Waals interactions between the surface
and substrate, being 2D materials characterized by highest
surface to volume ratios of any class of materials.'>"?
Theoretically the dynamic and thermodynamic stability of
multilayer silicene were exhaustively studied previously.*™ "
Thus, silicene seems to be promising for use in flexible, low-
cost, large-scale, and lightweight electronic applications such as
field-effect transistor (FET) pressure sensors. Such devices are
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currently playing an important role in realizing large-area flexible
and stretchable sensors.'”'® Typical FET pressure sensors
consist of three main components: an active semiconductor
layer, a dielectric (or insulator), and three terminals (i.e., source,
drain, and gate electrodes). Such field-effect transistor-type
sensors enable easy amplification and fine-tuning of detected
electrical signals by controlling the applied voltage on the third
terminal, the gate electrode, in comparison with conventional
sensing devices composed of only two terminals.

Sensors such as all-two-dimensional and quasi-two-dimen-
sional materials can be modified by applying pressure. A well-
known example is the transformation of multilayered graphene
into diamond films (diamanes).'””** This represents a
fundamental understanding for material discovery. As another
example, significant changes of magnetic states are seen in
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Figure 1. Atomic structure of silicene (a) monolayer, (b) AA and (c) AB bilayers, and (d) AAA and (e) ABC trilayers. Red rectangles show the
atoms that the dihedral angles were calculated for. Blue color represents silicon atoms, light pink balls represent bond maxima (BM), green balls

are bond critical points (BCPs), violet balls are nonbonding maxima (NBM). Numbers denote the value of electron density at specific L = —V

or electron density critical points in ¢/bohr.
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layered Crl; by application of pressure in a piston pressure
cell>* Electronic and thermoelectric properties of layered
materials such as ReS,”” and SnSe”® can also be changed under
pressure. Thus, to employ silicene thin layers for FET pressure
sensors, we should comprehensively investigate changes of its
electronic properties under pressure.

Such an investigation can be experimentally performed
applying pressure, which is transferred to a 3D material via
some medium, filling the environment around the sample.
Usually, this medium is oil or some inert gas. During the
compression, hydrostatic pressure is generated. However, in the
2D case, the situation is different. Supposing absence of the
medium, anisotropic pressure will be generated, leading to free
expansion of the 2D sample along the xy-plane. Moreover high
and ultrahigh pressures (>10 GPa) can be achieved locally on
2D materials by using atomic force microscopy (AFM) diamond
tips, as was shown in ref 29. This technique allows one to
perform local changes of structure and create regions with
different electronic properties located in the 2D material.

In simulations, the main issue is the correct description of
pressure-induced effects, depending on the kind of boundary
conditions applied on layered 2D materials. In some case the
pressure is simulated by varying the interlayer distance in the
perpendicular direction while keeping fixed the in-plane lattice
parameter.”® Here we simulate the anisotropic uniaxial pressure
along the directions perpendicular to the plane of the 2D
material without any artificial fixing of atomic structure, allowing
the in-plane lattice parameter to vary, corresponding to zero in-
plane stress. This is closer to the experimental local application
of stress by an AFM. The vacuum space between periodic images
of the 2D structure should be removed to simulate the pressure,
with an adequate model of uniaxial stress from the AFM tip or
from another medium. In this atomic-scale calculation, the
choice of which atoms and how they should be placed within the
unit cell is not straightforward.

In this work we have carefully considered such issues. We treat
different stress states of a 2D material to which pressure is
applied through inert He layers. We validate our method and
explore its outcome in the study of silicene. Silicene is the two-
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dimensional allotrope of silicon, having a honeycomb low-
buckled structure. This material allows the easy manipulation of
Dirac cones with external periodic potentials,” giving the
possibility to generate exotic quantum devices. For example,
applying symmetry-breaking potentials to graphene could
renormalize the Fermi velocity of the Dirac bands,” ~** replicate
the Dirac cones,”™** or gap out the Dirac points.36_39

Silicene has no counterparts in the bulk, at variance with
graphene (i.e., two-dimensional allotrope of carbon), which is
more stable with respect to its bulk counterpart. Si and C atoms
have similar electronic configurations with metallic band
structure of their 2D honeycomb allotropes, and, for C under
pressure, the sp® hybridization is more favorable, leading to
conversion from multilayered graphene to diamanes, passing
from metallic to nonmetallic band structure (i.e., semi-
conductor).””** However, the Si hybridization in a honeycomb
low-buckled state is still controversial in the literature with the
assumption to be either sp” or sp® distorted: Si is expected to be
sp” hybridized due to the metallic band structure, which is
characteristic for such hybridization, but Siis also expected to be
sp® hybridized due to lack of planar structure.

Thus, a preliminary study of electron density of silicene under
vacuum could be useful to solve this issue. Furthermore, a
subsequent investigation at high pressure may show the sp>—sp*
transition and/or explain how to achieve a pure sp* hybrid-
ization (i.e., flat honeycomb), with concomitant increasing of
conductivity at high pressure. It will be interesting to understand
the possibility of formation of high-conductivity multilayered
sp>-hybridized silicene at high pressure with the possibility to
develop electronic devices for extreme environments.

RESULTS AND DISCUSSION

Zero Pressure Study. The initial open question that we
answer is about the Si hybridization within a free-standing
honeycomb monolayer. To solve it, we evaluate the critical
points (CPs) of function L within the valence shell charge
concentration (VSCC) region of Si atoms: a maximum of L
corresponds to a local accumulation of electron density, while a
minimum of L indicates a local depletion of electron density.

https://doi.org/10.1021/acsnano.0c10609
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Thus, an analysis of VSCC for a bonded Si atom can give us an
initial indication about the nature of its bonding. If a maximum
CP sits along a bond path,”*™*" it can be described as a bond
maximum (BM), whereas all other maximum CPs are
nonbonding maxima (NBM)." =" As expected, all Si atoms in
the silicene monolayer have a BM along their corresponding
bond paths (light pink balls in Figure 1a), but there are no
NBM:s perpendicular to the xy-plane indicating the residual lone
pair of the nonhybridized p,-orbital. This initial analysis
confirms a distorted sp® geometry instead of distorted sp’. To
be sure, we had to understand where the fourth valence electron
is located, which is not directly involved in the bond formation
for a distorted sp® geometry. The three BMs are located at 0.78 A
from their corresponding nucleus and with an electron density
value equal to 8.41 X 107 ¢/bohr’. It can be compared with the
value of 5.44 X 1072 ¢/bohr’ found for isolated Si on the L
maximum atomic spherical surface, located at 0.75 A from the
nucleus (see Figure la and Table Sl in the Supporting
Information). This result suggests a distorted sp* hybridization
due to the smearing of the remaining electron around three
bonds with a resulting increase in the electron density on the
BMs, pulling them away from the Si nucleus relative to the
isolated Si. The firm confirmation of distorted sp® comes from
the comparison of electron density at the BM in the monolayer
with that in bulk diamond-type silicon, where Si is fully sp®
hybridized. Diamond silicon showed 8.06 X 10> ¢/bohr” at the
BM:s around Si, which are located 0.77 A from the nucleus. The
lower electron density at the BMs in diamond silicon with
respect to that in silicene confirms in the latter the distorted sp*
hybridization of Si atoms.

In contrast to carbon, the silicon has only an sp*-hybridized
bulk allotrope, which leads to the formation of low-buckled 2D
silicene. Thus, it is an open question whether it is possible to
create a multilayered silicene structure at high pressures.

First, we considered three types of silicene films, namely,
mono-, bi-, and trilayer at zero pressure. Bi- and trilayered
silicene films were considered to have the structure of previously
studied diamond and lonsdaleite films with (111) and (0001)
surfaces, respectively'”*”*>** (Figure 1b—e). Thus, silicene
films with a diamond structure have AB or ABC stacking of the
layers, while AA-stacked films belong to lonsdaleite films with a
(0001) surface.

The analysis of atomic structures was made in terms of
dihedral angles. The dihedral angle of a monolayer of silicene is
38.36° (Figure la), while for AA and AB films they are equal to
54.89° and 53.60°, respectively (Figure 1b,c and Table S1 in the
Supporting Information). AAA and ABC films can be
represented as consisting of two types of layers: two surface
layers and a middle (“bulk-like”) one (Figure 1d,e). Dihedral
angles of surface layers of AAA and ABC films are 54.53° and
53.93°, while dihedral angles of middle layers of AA and ABC
films equal 59.48° and 59.10°, respectively. Dihedral angles
between Si atoms in the middle layers of three-layered films are
similar to corresponding angles in the bulk Si (see Table S1 in
the Supporting Information).

This fact indicates the increase of sp> hybridization of Si films
with the increase of the number of layers. The silicene layers are
bonded between them, and with the increase of the number of
layers, the increase of sp® hybridization will be translated into an
increase of strength of interlayer bonds. This is shown by an
increase of electron density at the bond critical point (BCP) of
the interlayer bond with increasing number of layers. To
definitely prove that the sp® hybridization of Si is correlated to
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the number of layers, we have searched the CPs of the L function
within the VSCC region to explain the atomic hybridization of
silicon atoms in the films.

The unit cells of both AA and AB films consist of two
symmetrically nonequivalent Si atoms in each layer. One of the
atomic types (Sil) has a coordination number of 4; another type
(Si2) has only three neighbors. Atoms of Sil type form three
bonds with Si2 atoms of the same layers and one bond with the
Sil atom from the second layers (see Figure 1b,c). The
interlayer bond is confirmed by the presence of a BCP with p
equal to 6.57 X 107% and 6.29 X 107 ¢/bohr?, respectively, for
AA and AB films (see green balls in Figure 1b,c) between two Sil
atoms of different layers.

There is an overall increase of sp®> hybridization for silicon
atoms passing from monolayer to bilayers. This is first shown by
the increase of dihedral angle and subsequently by the decrease
of electron density delocalization around the nucleus, as shown
by the presence of Si atoms (Sil) with four BMs and by the
occurrence of an NBM in Si2 atoms (see Figure la,b,c).

The Si2 of AB packing has a higher sp® hybridization with
respect to an AA-stacked film due to the slightly higher uniform
localization of valence electrons around Si2 atoms in the AB film
(see Figure 1b,c).

For silicene films with three layers we considered AAA and
ABC stackings. AAA films have two symmetrically non-
equivalent Si atoms in each of the outer layers (Figure 1d,c).
One of them (Sil) creates a chemical bond with the Si atom of
the middle layer (Sil’), while another atom (Si2) has chemical
bonds only with Sil atoms within its layer. In the middle layer all
atoms make interlayer bonds connecting with the Sil atoms of
other layers (Figure 1d,c). Thus, the involvement of Si atoms of
the middle layer in four bonds guarantees that they have the
same sp* hybridization (Sil’). The chemical bonding between
the layers is confirmed by the presence of a BCP with p equal to
7.33 X 1072 and 7.34 X 107* ¢/bohr® for AAA and ABC layers,
respectively (see Table S1 in the Supporting Information).

In AAA and ABC layers we found a decrease of electron
density at the BMs that surround each nucleus and an increase at
the NBM of Si2 with respect to bilayers (see Figure 1). This
confirms the increase of electronic localization and thus an
increased sp® hybridization of Si atoms. Furthermore, the
different packing of two silicene layers (i.e, ABC) seems to
determine a higher sp* hybridization with respect to having the
same packing (i, AAA) as the valence electrons are more
localized (see Figure 1d,e).

This shows that the increase of the number of layers leads to
the increase of sp® hybridization of silicon atoms. In order to
understand how these results correlate with properties of single-
crystal silicon, we have considered two types of bulk silicon
having AA (i.e., lonsdaleite) and ABC (i.e, diamond) stacking.
As we know, all Si atoms in both ABC and AA silicon have sp®
hybridization, where the BMs are located along the bond path at
0.78 A from the nucleus. Although they are located at the same
distance from the nucleus, the electron density is differently
distributed between them. In lonsdaleite-type silicon the
electron density at 3 BM with the Si of the same layer is slightly
higher (i, p = 8.07 X 107> ¢/bohr®) than the BM located
between the layers (i.e., p = 7.96 X 1072 ¢/bohr?). For diamond-
type silicon the electron density at 4 BM is obviously the same
(ie, p = 8.05 X 107> ¢/bohr®). In periodic 3D structures the
reduction of electron density at the BMs around the nucleus
with respect to 2D structures shows a higher sp® hybridization of
the Siin comparison to films. It is noteworthy that diamond Si is
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Figure 2. (a) Schematic illustration of the simulation of anisotropic compression of 2D materials. Dependence of dihedral angles on the applied
pressure for (b) silicene monolayer, (c) bilayers with AA and AB stackings, and (d) ABC and AAA films in comparison with bulk diamond- and
lonsdaleite-like silicon structures. The exact values are reported in Table S2 in the Supporting Information.
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Figure 3. Atomic structure of studied silicene (a) monolayer at 15 GPa, (b) AA bilayer at 5 GPa, and (c) AAA trilayer at 15 GPa. Blue color

represents silicon atoms, light pink balls represent bond maxima (BM), green balls are bond critical points (BCPs), and violet balls are
nonbonding maxima (NBM). Numbers denote the value of the electron density at specific critical points in ¢/bohr>.

thermodynamically more stable than lonsdaleite-type Si. This

distribution around Si atoms of diamond with respect to the
could be associated with the homogeneous electronic

inhomogeneous electronic distribution around Si atoms in
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Figure 4. Density of states (DOS) of (a) monolayer, (b) AA bilayer, and (c) AAA trilayer at different values of uniaxial compression.

lonsdaleite-type silicon. Homogeneity of the electron distribu-
tion reflects the highest stability of diamond structure.

High-Pressure Study. To understand how atomic hybrid-
ization in silicene changes under pressure, we have simulated
anisotropic compression of monolayers, bilayers, and trilayers
replacing the vacuum with helium atoms conserving the
symmetry of layers, as shown in Figure 2a.

A uniaxial pressure is able to compress the structure along the
z-axis with consequent expansion in the xy-plane. This can
trigger transition to planar silicene, with evolution of sp
hybridization of Si atoms to spz. To identify such a transition,
the dihedral angle is monitored under pressure (see Figure 2b—
d).

The silicene monolayer, AA bilayer, and AAA trilayer are the
only cases for which the pressure pushes the dihedral angle close
to zero (see Figure 2c,d and Supporting Information Figure
S14). Such a geometry is usually associated with sp> hybrid-
ization in vacuo, but at high pressure one must check the
breaking and/or creating of bonds. A flat configuration is
obtained for monolayer and AAA trilayers at 15 GPa, while for
an AA bilayer at 2 GPA. At the same pressures the structures of
the two bulk allotropes are practically unaffected (see Figure
2b—d).

The same symmetry of Si atoms and the uniaxial pressure
guarantee the achievement of a flat silicene. If Si atoms within
the unit cell have the same symmetry, they can reciprocally repel
each other, preventing the Si atoms of one layer from shifting on
the center of the honeycomb of the other layer due to the
increasing of high pressure, as in AB and ABC layers (see
Supporting Information Figure S15 and Figure $16). In the case
of different layer packing with pressure it is not possible to
generate a flat silicene multilayer.
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The search of CPs of the L function within the VSCC of Si
atoms for a silicene monolayer at 15 GPa shows the presence of
two NBMs perpendicular to the plane of the three BMs (see
Figure 3a). The values of electron density at BMs are almost
twice as large in comparison with electron density at NBMs
showing a perfect sp> hybridization of the silicene monolayer.
For bilayered AA silicene we confirm the presence of interlayer
bonds by calculations of interlayer BCPs (green balls in Figure
3b). The study of the electron distribution around the Si atom
shows 4 BM, and 3 of them, those in the plane of the layer, are
displaced from the bond path, as are the BCPs, suggesting a
geometric strain to be present This also means that at high
pressure the intralayer bonds become weaker than interlayer
bonds, as supported also by the lower electron density of the
former at the BMs (see Figure 3b). In this case, Si retains a
distorted sp* hybridization instead of converting from sp® to sp>.
In the case of AAA trilayers the Si atoms that belong to the outer
layers have the same distorted sp® hybridization as for the AA
silicene film, but the Si atoms of the middle layer become 5-fold
coordinated (Figure 3c). This should be possible due to the high
pressure that makes the empty d-orbitals available, generating an
sp°d hybridization (i.e., trigonal bipyramidal geometry). This
kind of hybridization is possible for Si atoms having a 3s*3p”
valence configuration. Thus, it has available 3d-orbitals, while a
carbon atom with a 2s*2p” valence configuration has no available
d-orbitals with the same principal quantum number of its
occupied valence orbitals. For this reason, at high pressure a
multilayer graphene will be converted into a diamond structure,
while silicene at high pressure is not converted into diamond-
like structure because the alternative and available sp*d
hybridization is energetically more favorable than sp®.

For a silicon monolayer and AA and AAA layered films we
have performed calculations of the electronic density of states

https://doi.org/10.1021/acsnano.0c10609
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(DOS) as a function of uniaxial pressure (see Figure 4 and, for
more details, Supporting Information Figures S2 to S12). The
dependence of the work function on the pressure is shown in the
Supporting Information (Table S4 and Figure S13). This
information allows one to see how the changes of hybridization
from sp® to sp? in the case of a monolayer (sp® to sp*d in the case
of 2 and 3 layered films) will affect electronic properties.
Increasing the pressure leads to an increase of the slope of the
Dirac cone (Figure 4a). More significant changes of electronic
DOS were observed for the AA silicon film as it undergoes
complete structure changes (Figure 4b). In this case the sp®
hybridization of silicon atoms changes to sp’d. At 0 GPa the
DOS of Sil and Si2 atoms differ from each other, as the atoms
are symmetrically inequivalent and have different numbers of
chemical bonds. Pressure increases lead to equality of DOS for
both atoms (Figure 4b). The structure of the film becomes flat,
and Sil and Si2 atoms become symmetrically equivalent. A
similar situation is observed in the case of an AAA silicon film
(Figure 4c), where uniaxial compression leads to changes of
hybridization from sp® to sp>d. This structure becomes flat at a
pressure higher than 15 GPa.

At the end of this work, we simulate the experimental
conditions that might be present in the diamond anvil cells. To
do this, we have partially compressed the xy-plane by half of the
applied pressure along the z-axes and compared the dihedral
angle previously obtained for a full uniaxial pressure along the z-
axes. We have also compared these results with those obtained
by applying hydrostatic pressure performed by us. Initially, we
have investigated monolayer silicene, and the results showed the
impossibility to obtain flat monolayer silicene when we do not
apply full uniaxial pressure. This is reflected in the DOS on
changing the conductivity (see Figure S1 in the Supporting
Information). Furthermore, we have investigated the band
structures of monolayers, AA bilayers, and AAA trilayers (see
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Supporting Information Figures S17—S19). The silicene
monolayer showed Dirac cones in the K-point of the Brillouin
zone similar to those that are seen in a graphene monolayer, and
the Fermi velocity that we have measured is on the order of ~10°
m/s, in line with literature results’®™° and of 1 order of
magnitude smaller than Fermi velocity of a graphene monolayer
(i.e, ~10° m/s), also with pressure (see Figure Sb).

Detailed examination of the band structures of the AA bilayer
and AAA trilayer (see Supporting Information Figures S18 and
S$19) reveals that for the AA bilayer under pressure the top of the
valence band and the bottom of the conduction band close to
Fermi level are clear (this means that they are not crossed by
other bands close to the Fermi level). Thus, we estimated their
overlap (see Supporting Information Table $6), which is seen to
decrease with pressure from 0.1632 eV at S GPa to 0.0526 eV at
1S GPa. At variance, the band structure of the AAA trilayer at
different pressure close to the Fermi level is quite complicated,
and a simple analysis is not possible. Anyhow, we have then
considered the work function, which is defined as the difference
between the electrostatic potential under vacuum and the Fermi
energy (W =V — Eg), as a function of different types of pressure
for monolayer, AA, and AAA films (see Figure S, while the
respective values are shown in Supporting Information Table
SS). Silicene shows an increasing W with pressure for different
layers (see Figure S). Indeed, in the middle layer of AAA three-
layer the full change of silicon hybridization from sp” to sp°d at
15 GPa determines a rapid increase of W. Similar increase of W
makes silicene multilayer feasible to be used as an FET pressure
Ssensor.

Since the electronic DOS of monolayer silicene is highly
sensitive to applied compression, we have also studied the
evolution of the DOS for AA and AAA silicene films at different
pressure conditions, as these structures are the most realistic
from the experimental point of view.
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As shown previously, uniaxial compression transforms both observed when we apply partial uniaxial and hydrostatic
AA and AAA layers to flat multilayered films, but this is not pressures. For the AA layer the number of nonequivalent
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atoms is reduced from two to one under uniaxial compression.
This is shown also by the DOS (see Figure 6 and Supporting
Information Figures S7, S8, and S9), where one can see that
DOS for Sil and Si2 atoms becomes similar starting from 5 GPa,
because the AA is flat already at 2 GPa. This is not observed in
the case of partial uniaxial and hydrostatic types of compression
(orange and green colors in Figure S), giving a different
conclusion.

For the AAA film the number of nonequivalent atoms is
reduced from three to two under uniaxial compression (the
structure becomes flat). In the case of a uniaxial pressure of 15
GPa the AAA film is completely flat and the DOS of Sil and Si2
atoms becomes similar due to the fact that they have distorted
sp® hybridization, while Sil” has an sp*d hybridization, thus a
different DOS with respect to the other two (see Figure 7 and
Supporting Information Figures S10, S11, and S12). Partial
uniaxial and hydrostatic compression types do not lead to such
behavior of the DOS (see orange and green colors in Figure 7).

The different behavior of the electronic DOS will influence
the conductivity of the films. Such behaviors for uniaxial (i.e., our
approach), partial uniaxial (i.e, diamond anvil cell), and
hydrostatic compression confirmed the validity of our approach
to assess how a 2D material responds to pressure on a surface,
filling the gap of currently available experimental techniques.

CONCLUSION

Our approach has shown that anisotropic pressure can be
fruitfully employed to study 2D materials under pressure, for
different experimental settings. Removing the vacuum can be
done by adding atoms of an inert gas such as helium. Such a
buffer layer can be arranged to preserve the symmetry of the
studied 2D materials to simplify calculations, being inert
anyhow.

The study of electron density of silicene (monolayer and
multilayers) within Bader’s theory, in vacuo and under pressure,
allowed us to understand the Si hybridization as a function of
pressure. This study explained that multilayer silicene is more
stable with pressure due to the availability of d-orbitals passing
the Si hybridization from sp3 to sp3d. At variance, the
counterpart graphene converts to diamond due to the
unavailability of d-orbitals for carbon. This mean that silicene
thin films can successfully be employed as FET pressure sensors
due to the variation of electronic distribution and generated
charge displacement (piezoelectronic property). Silicene can be
extensively employed as pressure-sensitive materials also due to
the low-cost processing technologies such as large-area
manufacturing technology. Thus, silicene thin films will provide
an ideal solution for realizing practical FET-based pressure
sensors.

METHOD AND COMPUTATIONAL DETAILS

In our work we optimize the cell parameters and atomic
positions under fixed anisotropic stress. Such stress can be either
hydrostatic, purely uniaxial, or with residual in-plane stress
accompanying the dominant out-of-plane stress. The stress
tensor, 6, with components 6, is obtained using the stress
theorem®" and is written explicitly as

1 JE
Q deyp

O'aﬁ

where € is the primitive cell volume, E is the energy per cell, and
€4p is the Cauchy infinitesimal strain tensor. The Broyden—
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Fletcher—Goldfarb—Shanno (BFGS) optimization algo-
rithm>>~> is used to find the primitive cell and atomic positions
that deliver that target stress. A smearing scheme applied to the
electronic kinetic energy allows one to get smooth energy curves
as a function of lattice parameters and angles.”*™>" Norm-
conserving pseudopotentials*”*® are chosen with respect to the
projector augmented wave (PAW) function.®®> This choice
allows us to avoid overlap between the pseudopotential spheres
of different atoms under pressure.

At the beginning we build the initial guess structure with one,
two, and three monolayers of Si, leaving enough space to
generate three layers of atomic He (thickness of the He layer is
10 A) generated while preserving the trigonal geometry for the
primitive silicene cell, with a P3 space group. Thin films
containing two and three layers of silicon were considered to
have different stackings: AA and AB for bilayers of Si (diamond
and lonsdaleite types of structures) and AAA and ABC for
trilayered films. We apply pressure along the z-axis to all 2D and
3D structures from 0 to 15 GPa (i.e, 0.5, 1, 1.5,2.0,2.5, 3,4, S, 6,
7, 8, 9, 10, 15 GPa) with different in-plane stress states
(hydrostatic, zero stress, or half the z-stress) and fully optimize
the geometry at each step. The last optimized geometry of the
previous step is the input for the next pressure step. To study the
evolution of electronic properties with pressure due to the
change of Si hybridization, we calculate the electronic DOS of
optimized layers at each step and compare them with the DOS of
bulk silicon (with both diamond and lonsdaleite structures).
The DOS is obtained using the same level of theory employed
during the optimization through the tetrahedron method for
Brillouin zone integration® using I'-centered 48 X 48 X 4
wavevector meshes. Furthermore, for the layers for which we
have computed the DOS we have also computed band structures
at different pressures using the same level of theory and I'-
centered 6 X 6 X 2 wavevector meshes, producing band
structures for the Brillouin zone path '-M—K-T".

From 0 to 15 GPa we have analyzed the Laplacian of electron
density within Bader’s theory to evaluate the initial Si
hybridization.*****~%° We searched the CPs**~* of function
L = —V?p in the valence shell charge concentration to determine
the atomic hybridization based on electron density distribution.
Subsequently, we performed the same analysis at high pressure,
only for the flat layers, to verify the achievement of ideal sp*
hybridization of Si with pressure.

Structure relaxations and total energy calculations were
performed using the norm-conserving (NC) pseudopoten-
tials*”*® and the generalized gradient approximation (GGA)
using the Perdew—Burke—Ernzerhof (PBE) exchange—correla-
tion density functional’® as implemented in Abinit ver. 9.0.4.”"
The NC pseudopotentials with four and two valence electrons
for silicene and helium, respectively, were used to describe the
electron—ion interactions. The optimization convergence cutoff
is 5.0 X 107> Ha/bohr for the maximum net force on atoms,
while the self-consistent-field convergence criterion is based on
the residual potential cutoff equal to 107> Ha. A plane wave
energy cutoff of 50 Ha and a Fermi—Dirac smearing of electronic
occupations equal to 0.001 Ha ensured the convergence of total
energies. The I'-centered k-point meshes of 6 X 6 X 2 for silicene
films and 6 X 6 X 6 for bulk silicon were used for Brillouin zone
sampling. The crystal structures were visualized using VESTA
software.”” Bader’s analysis was performed using the CRITIC2
program.”?
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