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Abstract: With the ever-increasing interest in low-dimensional materials, it is urgent to understand
the effect of strain on these kinds of structures. In this study, taking the CF,Si monolayer as an
example, a computational study was carried out to investigate the effect of tensile shear strain on this
compound. The structure was dynamically and thermodynamically stable under ambient conditions.
By applying tensile shear, the structure showed a strain-driven transition from a semiconducting to a
metallic behavior. This electronic transition’s nature was studied by means of the electron localization
function index and an analysis of the noncovalent interactions. The result showed that the elongation
of covalent bonds was not responsible for this metallization but rather noncovalent interactions
governing the nonbonded bonds of the structure. This strain-tuned behavior might be capable of
developing new devices with multiple properties involving the change in the nature of chemical
bonding in low-dimensional structures.

Keywords: ab initio calculations; tensile strain; electronic transition; topological analysis of bonds

1. Introduction

Strain is ubiquitous in solid-state materials; it can be caused by the melt growth of
the material [1], due to the quantum effect driven by the structure [2], or simply by an
external application. One fundamental transformation induced by this strain is the change
in bonding and structural pattern [3]. Strain applied to a versatile low-dimensional material
and also a bulk counterpart could combine several intriguing mechanisms that are still in
their infancy. For example, we could obtain the conjunction of metallic (a compound with a
vanishing electronic band gap) and semiconducting regions on a monolithic catalytic MX;
nanosheet that could be used to make electronic devices [4,5]. Furthermore, as is the way
with pressure, the application of external strains on such structures can become radically
different from what they are at ambient pressure, as shown in recent examples with the
giant piezoelectricity induced by the mean of pressure in monolayer tellurene [6] and the
experimental study showing evidence of an electronic phase transition in molybdenum
disulfide [7].

Two-dimensional silicon carbide, a famous member of the 2D family, has been studied
extensively owing to its distinctive electronic, optical, and mechanical properties. This
quality pushed an increase in the synthesis of new structures based on this material.
For instance, graphitic SiC [8], planar SiC, silagraphene with tetracoordinate Si [9], pla-
nar graphitic SiC, [10], carbon-rich SiCs [11], g-SiC;, [10], pt-SiCy [9], SiCe-SW, SiCap-b,
SiCy-p [12], quasi-planar tetragonal SiC and SiC; [13], penta-SiC; [14], a series of silagra-
phyne [13], silicon-rich Si3C [12], and the recently reported tetrahex SiC [15] have been
experimentally synthesized. All these structures show covalent bonding with strong C-Si
bonds. In this contribution, we are aiming to analyze the effect of strain on a buckled
geometry, namely the CF,5i structure. Its network also has fluorine atoms on its surface,
which functionalizes the C-F bonds and improves structural integrity, surface activity,
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and processability, opening up new opportunities for catalytic applications. Such a func-
tionalization not only inherits the C-F bonds but also brings about a promise to alter
the planar SiC structure, transforming the hybridization from sp? to sp®, and enhancing
dispersion, orientation, interaction, and electronic properties [16].

An in-depth understanding of the relationship between chemical structure and macro-
scopic behavior holds the key to rationalizing the design of new synthetic routes address-
ing a certain property [17-19]. One of the best possible strategies to unravel these trans-
formations is to look at the bonding patterns, especially in the electronic population [20,21].
Such a link can be analyzed by the so-called localization index as the localization tensor (LT),
the localized-electrons detector (LED) [22,23], and the electron localization function (ELF) [24].
With this in mind, in this paper, we look at how the bonding pattern changes from the
ambient condition to the highly strained structure. The main goal is to see if the buck-
led structure of CF;Si behaves like its planar or bulk SiC counterpart when subjected
to no hydrostatic strain/stress deformations. In this manner, the band gap of the title
structure can be effectively manipulated through various strategies, including mechanical
strain application. The task requires, however, access to the more stable ambient structure.
For this purpose, a brief analysis of dynamical, thermal, and thermodynamic stability is
done by the density functional theory method. The effect of tensile strain is also analyzed
within this strategy. The result gives us insight into whether the modulation vanishing
of the electronic band gap is caused by the change in the structure or also a result of the
change in the bonding trend.

2. Computational Details

The study of the bonding pattern of ground or strained material required first an
analysis of its stability. This task was carried out by means of the density functional
theory (DFT), as implemented in the Vienna ab initio simulation package (VASP) [20,25,26].
The projector augmented-wave (PAW) [27] method was employed. Furthermore, the kinetic
energy cutoff for the plane-wave basis was converged at 500 eV. We used the exchange
potential of Perdew—Burke-Ernzerhof (PBE) [28] weighted by the DFT-D3/B] approach of
the Becke-Jonson damping [29,30], which simulates the van der Waals (vdW) interactions
between the adjacent layers. Here, we used a 2 x 2 x 1 supercell with a 20 A vacuum along
the c-direction. A Monkhorst-Pack grid of 12 x 12 x 1 k-points was considered. Structural
optimizations were deemed to be converged when all the forces reached their convergence
below F;,; = 10 eV/A. The mechanical properties were estimated within the stress—strain
methodology carried through the VASPKIT toolkit [31].

For the calculations of the phonon dispersion of a system, we utilized the direct
method as implemented in VASP and interfaced in the Phonopy open-source package [32].
The phonon frequencies were investigated in a 3 x 3 x 1 supercell within a self-consistent
way by alternating between the DFT calculations of the Hellmann-Feynman forces acting
on atoms displaced from their equilibrium positions and the calculations of improved
phonon frequencies and atomic displacement vectors. To achieve calculation convergence,
we selected displacements of 0.05 Aas appropriate values. All the topological analyses were
carried out with the TOPCHEM2 package [33] using very fine grids of size 300 x 300 x 100.

3. Results and Discussion
3.1. Optimized Structure and Its Stability

The structure under investigation has a space group P3m1 with a trigonal shape
(T1), see Figure 1, which means that the lattice parameters 2 and b are equal. As a result,
the optimized lattice parameter was limited to the a parameter, which was calculated to be
3.16 A. Unfortunately, no experimental data were available to compare with it. As a result,
it was necessary to examine the structure’s stability as well as its growth conditions.
In terms of thermodynamic stability, the chemical potentials of the constituent atoms of
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the CF,Si low-dimensional structure obeyed several restrictions based on the energetic
equilibrium as follows:

Apc +2App + Aps; = AE(CESi) = —1.44 eV
ZA]/lSi < AE(Siz) =0.64eV
2Apc < AE(Cy) = —0.01eV )
2Apc +20ur < AE(CoF) = —091 eV
Apc +2Apur < AE(CE) = —1.39 eV
2Apr +2Apug; < AE(FSiy) = —1.77 eV

where Auc, Aug, Apsi, AE(Sip), AE(Cy), AE(CE,), AE(F,Sip), and AE(C,F,) are the chem-
ical potentials for the computing elements, and AE(CF,Si) corresponds to the investigated
low-dimensional structure

We present the resulting limiting conditions and the intersection points bounding the
stability region in Table 1. Figure 2 shows its corresponding diagram. According to this
diagram, the title structure competes mainly with the F,Si; and C,F; monolayers. We can
stipulate this conclusion by taking a number of equations into consideration, considering
the constraints to building this structure.
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Figure 1. (a) The top and (b) the side views of CF;S5i in its low-dimensional structure.
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Figure 2. Chemical potential’s phase diagram, showing the region of stability of CF;S5i in terms of
the excess chemical potentials. (Color online) Variation in Ay formation enthalpy as a function of
chemical potential, shown within the stability region for the formation of low dimensional CF;Si.
Points A, B, C, and D are shown only in order to delimit the zone of stability.
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Table 1. The limiting inequalities applied to the independent variables Ay and Apg;. The point
column lists the intersection points bonding the stability region. The corresponding values of the
dependent variable Ay and the relevant competing phases are also given. All energies are in eV.

Limiting Inequalities Point (Apc, Apsi, Aur) Competing Phases
Apc + Aps; > —1.4405 A(—0.4550, —0.9855, 0.0000) CE;Si, G F;

—Apc + Apg; < —0.3295 B(—0.0050, —0.5355, —0.4500) CF,

2Apuc + Apg; < —0.0100 C(—0.0050, —0.3345, —0.5505) F»Siy

Apc — Apg; < 0.5305 D(—0.5555, —0.8850, 0.0000) CE,Si, F,Sip

Apc > —1.4405

Apic < 0.0000

Aps; < 0.0000

Apg; > —1.4405

According to all of the above equations and the diagram in Figure 2, the CF,S5i growth
is preferred for intersection points bounding along points A (Si-poor, C-rich, F-rich) where
the CF,Si competes. We also analyzed the dynamical stability of the low-dimensional
structure in the title. This task was done via the calculation of the phonon dispersion
spectrum displayed in Figure 3a. Due to the absence of an imaginary frequency, we can
clearly see that the structure is mechanically stable. The shape of the plot seems to share the
general scheme of 2D chalcogenide structures. We can note some anomalies in the form of
longitudinal acoustic branches, the signature of weak interplanar interactions. According
to [34], these acoustic modes have a linear dependence in the q-space near the I' point. The
modes at the center of the I point, according to the crystal point group, obey the formula
I' = 4A; + 4E, where L'joustic = A1 + E and Tppiic = 3A1 + 3E. The E mode denotes the
double degenerated one. The analysis of the activity of each mode shows that they are both
Raman and infrared ones. The calculated wavenumbers for each mode are gathered in
Table 2.

Table 2. Calculated modes of 2D CF,Si. Raman (R) and infrared (IR) modes are indicated.

Symmetry w (cm™1) Activity
Aq 494.5 IR/R
Aq 939.2 IR/R
Aq 970.0 IR/R
E 137.2 IR/R
E 171.7 IR/R
E 797.0 IR/R

At the same time, the phonon density of state gathered in Figure 3 shows that the
acoustic branches were mainly formed from the lighter atoms, namely the F one, and the
branches at high frequency originated from the carbon one. To assess more information on
the mechanical properties of the studied structure, we also evaluated the elastic constants of
CF,Si. The results are shown in Table 3. The mechanical stability of the 2D CF,Si monolayer
can be examined by using the elastic constants C;;. For symmetry reasons, we had only
two elastic stiffness components, C1; and Cyp, the Cgq = (C11 — Cy2)/2. Because CFSi
is bidimensional, the Born criteria of mechanical stability should satisfy the conditions
Cq1 > 0 and Cgs > 0 [35-37]. According to the calculated results of Cl-]-, the mechani-
cal stability was satisfied, implying that the investigated structure would eventually be
mechanically stable in its low-dimensional structure.

Table 3. Calculated lattice parameters, elastic components, and elastic modulus of CF,Si monolayer.

a (A) Ci1(Nfm)  Cpp(N'm)  E(N/m) Gy (N'm) K (N/m) v
3.16086 118.543 22410 114.306 48.067 70.477 0.189
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According to the results of this table, and due to its buckled nature, the compound
was rather rigid and had comparable properties to its SiC counterpart in the 2D honeycomb
structure [21]. The application of strain on the 2D-5iC honeycomb structure showed a
stable structure until 17% of compression. CF,Si in fact manifested comparable dynamical
properties as TH-SiC, and TH-SiC structures. Cqq (119.7 N/m) and Cj, (26.5 N/m) had
values that were close to TH-SiC; ((T) and (H) stand, respectively, for tetragonal and
hexagonal structures). The main small difference was mainly due to the F atom bonded in
the out-plane direction of the Si-C bonds. As a result, the structure was less covalent than
a TH-SiCy, TH-SIC, or h-S5iC monolayer and then more ductile along the shear direction.
Furthermore, the shear modulus of CF,Si was 17% lower than that of TH-SiC5 [38]. This
allowed a precise application of strain along the shear direction.
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Figure 3. (a) Phonon dispersion plot and its corresponding (b) phonon density of states of CF,Si

monolayer in cm™1.

3.2. Low-Dimensional CF,Si Structure under Shear Tensile Strain

Starting with the fully relaxed 2D crystal structure CF,Si, we simulated the shear
tensile strain by decreasing the value of the 7 angle from 120° to 98° (see Figure 4a,b).
The tensile strain was defined as ¢ = (6 — 6y) /6y x 100%, where 6 and 6, are the lattice
constants of the strained and relaxed structure, respectively. After the application of such a
strain, the structure was fully relaxed, keeping the volume and lattice parameters constant,
but allowing the relaxation of the internal atomic coordinates. The shear strain was applied
step by step until € reached a value of 98° of the initial y = 120° angle.

To gain a better understanding of the structure’s trend under shear deformation, we
plotted the evolution of the C-Si bonds as a function of 6 in three directions in Figure 4b.
The linear compressibility of the d; and d; axial bonds was correlated. They gave a value
of xk = 1.6 x 1072 GPa~!, where the lateral direction d3 had a linear compressibility of
k = 3.7 x 1073 GPa~!. According to this result, we believe that the enlargement of the
d, C-Si bonds under shear compression was responsible for the increase of most high-
frequency modes and was a consequence of the change in the band-gap nature. Qual-
itatively, under the harmonic approximation, the stretching mode was proportional to
frequency w~2/3 [39]. Thus, according to our mode assignment, the strongest Raman active
mode related to the carbon atoms, and located at a wavenumber of 970.1 cm ™!, increased
to 1354.86 cm ™! under a shear deformation of 18%. This result implied that the structure
was rather compressible under shear deformation.
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Figure 4. (a) Schematic representation of the pristine and strained (deformed) structure of CF,Si
monolayer. (b) Calculated strain dependence of C-Si bond distances. di, dy represent the axial bonds
and dj the lateral bonds.

In a subsequent step, we analyzed the effect of an imposed strain on the electronic
band gap of the investigated structure. The result is gathered in Figure 5. The calculation
of the band gap of the unstrained structure within the Heyd-Scuseria—Ernzerhof hybrid
density functional (HSE06) [40] gave a value of 3.31 eV, whereas the PBE gave a band gap
of 1.94 eV. The plot shows that with the increase of tensile strain, the band gap decreased
and vanished for a strain of 18% on the structure. The new Si—-C-5i reached a value of 98°,
and this behavior (semiconductor-to-metal transition) was also shown in the application
of a zigzag strain on the 2D-SiC [21]. As a result, we suspect a corresponding electronic
transformation on the CF,Si structure.

2

E (eV)

o
g

98 100 102 104 106 108 110 112 114 116 118 120
angle (degree)

Figure 5. Evolution of the band gap as a function of gamma angle. The inset shows the 3D-ELF
isosurface of the structure at (a) (unstrained) 0% and (b) (strained) 18% of the tensile strain.

In order to understand this electronic transformation, we analyzed the nature of both
Si—C and C-F bonds for strained and pristine structures. For this task, we performed the
electron localization function (ELF) designed by Becke and Edgecombe [24] according to
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the method proposed by Savin et al. [41]. The ELF topology gives a partition into localized
electronic domains known as basins. They are used to rationalize the bonding schemes.
The synaptic order of a valence ELF basin is determined by the number of core basins
with which they share a common boundary. The basins’ spatial locations are very close
to the valence-shell electron-pair repulsion domains [42]. According to Savin et al. [41],
in the DFT framework, the ELF can be understood as a local measure of the excess of local
kinetic energy of electrons, t,(7). This quantity is computed by subtracting the bosonic
contribution, |Vp(7)|?/8, from the kinetic energy density of the system, (7). A rescaling of
it with respect to the homogeneous electrons gas provides the core of the ELF, x(7):

x(7) = 7 = - ©)

where cr is the Fermi constant. Accordingly, the regions of electron pairing would have a
small x value. In order to inverse this relationship and map it in a closed interval, the final
function was defined as follows:

o 1

1) = T2 ®)

The ELF partition shown in the inset of Figure 5 depicts two cases: the top for pristine
structure, which depicts three disynaptic basins ELF-V(Si, C) built at isosurface = 0.95.

These basins had similar shapes and populations (see Table 4), while both basins
V(Si,C) and V(C,Si) had #(¥) = 0.96 and their population was approximately equal to
two electrons, indicating their covalent nature. Table 4 also indicates the existence of a
monosynaptic basin V(F) with an ionic nature ((7) = 0.79), plus a small disynaptic V(C,
F) basin (17(7) = 0.85), with a weak electronic population. This behavior was a result
of the strong polarization between the in-plane Si-C and C-F bonds. While the charge
density (p) in the covalent bonds was weak, the ionic one in V(F) was strong. On the other
hand, the strained structure showed deformed electronic basins. In the strained structure,
the covalent disynaptic V(C, 5i) basins also appeared, as well as new monosynaptic ones,
for instance, a V(Si) basin with a small #(7) = 0.5, as well as three polarized ionic V(F)
basins, where we could show an increase in the electron population. We could also
show an increase in the metallicity of the bonds and an extension of the charge density.
The asymmetry in the bond population and the electronic volume of the emerged basins
were attributed to the strong distortion of the strained structure.

A deeper analysis can untangle this behavior with both the 1D ELF profile and the
NCI index. In Figure 6a,b, we displayed the ELF profile of Si-C-F, of unstrained and
strained structures in black, the deformed Si—-C-F bond of a strained structure in red,
and also the lateral direction of Si-C-F of both structures in blue. The 1D ELF profile
confirmed that the Si—-C bond was covalent and C-F ionic, but it also confirmed the existence
of a metallic plateau in the lateral direction of Si-C—F showing a region of very low ELF
values with a small hill around #(7) = 0.5. The same trend was noticed whilst studying
the bulk SiC under strain [20]. In fact, in the application of tensile strain, the Si-C bond
length built from the unit cell of the CF;Si structure became different. This distortion
enhanced the noncovalent interactions in the nonbonded Si and C direction. Given the
relevance of this result, we used the same tool as in [20]. The noncovalent interactions’
(NCI) isosurface is presented in Figure 6c,d. The noncovalent domain seemed to increase
from the unstrained to the strained structure in the nonbonded Si—-C-F direction. This
region, in fact, did not play any meaningful role in the cohesion of low-dimensional CF,Si,
but rather in the stability and the enhancement of the polarization of bonds. This could be
shown in the region of blue surrounding the distorted Si-C bonds of the strained structure,
which explained the increase in ionicity and metallicity.
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Table 4. Electron localization analysis of a basin of bonding of the CF,Si monolayer. V(Q), g,
bond metallicity (0/V(p)), and p stand, respectively, for basin volumes of disynaptic V(X,Y) and
monosynaptic V(X) bonds, electronic charges of the bond, calculated bond metallicity and electronic
density charge (p), and ELF (3, —3) basin.

Bond

Basin V(Q) (Bohr®) g (Electrons) ELF Metallicity p (At.o e
Units)
(p/V (p))

pristine

V(C,Si) 67.784 —2.1654 0.9617 —0.4906 0.12872651
V(5i,C) 71.167 —2.2023 0.9617 —0.4906 0.12872651
V(F) 57.249 —2.4110 0.7945 —1.2574 2.07097897
V(ECQ) 3.137 —0.7520 0.8466 0.2796 0.37723410
strained

V(C,Si) 19.022 —1.9622 0.9608 —0.3428 0.23750961
V(C,Si) 35.711 —0.6928 0.9252 —0.5682 0.07178674
V(5i,C) 33.542 —1.4756 0.9236 —0.5340 0.09279469
V(C,Si) 33.642 —1.4252 0.9175 —2.4263 0.10376149
V(Si) 52.592 —2.2627 0.4977 —0.3529 2.07237211
V(F) 73.435 —3.3421 0.8837 —0.5505 0.06132580
V(F) 42.653 —3.3972 0.8746 —0.5486 0.05989116
V(F) 48.171 —1.9589 0.8696 0.2769 0.37582815
V(ECQC) 3.124 —0.7088 0.8478 0.2791 0.37814979
(c)
&g/ .
e o
C) } OF
c D‘P
/S(rong interactions
o o

1 15 2 2,5
Radial distance from the nucleus

Figure 6. Left, one-dimensional ELF profile of bonds for (a) pristine and (b) strained CF,Si monolayer.
The black, blue, and red correspond, respectively, to Si-C-F, deformed Si-C-Si for strained structure,
and Si—-C-F lateral direction. Right, the noncovalent interactions index NCI = 0.3 isosurface of
(c) pristine and (d) strained structures.

Finally, to investigate the relationship between conductivity and shear effect on the
low-dimensional CF,S5i structure, we used the semiclassical Boltzmann transport theory
with a fixed relaxation time approximation to predict the electrical conductivity (¢). This
task was done by the use of the BoltzTraP code [43]. We note that, as the procedure was
related to the band structure calculation, we took care to increase the grid of the calculation
by the use of 37 x 37 x 1 k-points. Figure 7 gives the ¢/ T (T being the relaxation time) at
300 K as a function of the carrier concentration for both pristine (0%) and strained (18%)
structures. We can see that the tensile shear strain increased in both the p- and n-type
doped systems. In fact, the increase in ¢ coincided with that of the band gap. Therefore, the
electrical conductivity was efficiently tuned by the strain via band structure engineering.
It was noted that the p-type doped region was more affected due to the closing of the
band gap.
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Figure 7. Calculated electrical conductivity of pristine (0%) and strained (18%) structures at ambient
temperature. The electrical conductivity was calculated with respect to the relaxation time 7. The
transporting directions are not distinguished here.

4. Summary

We showed in this contribution that when the CF,Si low-dimensional structure was
submitted to the application of tensile strain along the shear direction, an electronic transi-
tion occurred from the semiconducting phase with a wide electronic band gap to a metallic
one with a vanishing band gap. A first attempt to understand this transformation was
made within the density functional method calculation, by calculating the stability and
mechanical properties of the investigated structure. Furthermore, to understand this mech-
anism, we used the inherent topological bonding. This task allowed us to understand
that this transition was a response to the new repartition of the electronic population and
an enhancement of weak noncovalent interactions along the nonbonded directions of the
unit cell. Overall, such interactions could be responsible for the relative stability of the
structure and also play an important role in controlling the nature of the electronic wave
function describing the computed structure. The increase of electric conductivity as a
function of strain stipulated the poor performance of the CF,Si low-dimensional structure
as a thermoelectric system.
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