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Exploring novel two-dimensional carbon-based materials with superior properties is of special
importance for applications in nano-optoelectronics. Here, based on theoretical calculations, a silicon—
carbon (Si,C) monolayer is explored, offering desirable properties with strain and surface functionalization.
The pristine Si,C monolayer is dynamically unstable, but a small tensile strain of +2.5% and fluorination can
make it more dynamically stable. The pristine Si,C monolayer is a direct semiconductor with a moderate
bandgap, whose gap and exciton binding energy can be continuously tuned by strain engineering. Also, the
tensile strain (fluorination) on the Si,C monolayer can induce a variation in optical transitions, thus resulting
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in a significant red-shift (blue-shift) of the optical absorption spectrum. In short, the Si,C monolayer under
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1 Introduction

Group IV non-metal elements (C, Si) in the periodic table are
fascinating. Hexagonal graphene composed of C atoms has
attracted extensive interest owing to its high electron mobility
(>2 x 10° em™* V' s71),! extraordinary stiffness,” and high
electron conductivity.® Unlike graphene, hexagonal silicene is a
buckled structure with a buckling height of about 0.47 A,*
which is also expected to have outstanding properties.””
However, both graphene and silicene have a Dirac cone at the
Fermi level, suggesting their semimetal characteristics, which
is a significant disadvantage for their use in optoelectronic
devices. To achieve bandgap in graphene, carbon atoms of
graphene were partially substituted with silicon atoms to form
a new two-dimensional (2D) silicon carbide (named siligra-
phene), which has been regarded as a feasible method. Theo-
retical studies'®™ have shown that siligraphenes with local
minimal energies (such as SiC,, x = 1, 2, 3, 5, 6, and 7) exhibit
graphene-like configurations. Compared to graphene, due to the
ionic features of the Si-C bonds, most of these siligraphenes are
verified to be direct or indirect semiconductors with moderate
bandgaps. Previously, the bandgaps of siligraphenes have been
predicted to be ~1.13 eV for SiC,," ~0.78 eV for SiCg,"* ~1.09 eV
for SiC,,"" and ~2.90 eV for SiC."° Among these siligraphenes, 2D
SiC, has been synthesized by a reaction between exfoliated
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tensile strain and fluorination is unique, making it a promising candidate for nano-optoelectronics.

graphene and a silicon source.'® Until 2023, the honeycomb SiC
monolayer had also been successfully produced by annealing thin
films of transition metal carbides grown on 4H-SiC."”

Motivated by the recently synthesized 2D SiC and SiC,, we
also predicted a siligraphene (Si,C monolayer) using first-
principles calculations. However, the Si,C monolayer is dyna-
mically unstable. Thus, we adopted strain and surface functio-
nalization to investigate its behavior, which are experimentally
achievable methods. In fact, atomically thin monolayers endow
them with outstanding mechanical flexibility."®*° Previous
experimental reports have shown that graphene has an intrin-
sic strength of 130 GPa, which can sustain a tensile strain of
~25%.”" Theoretically, silicene can sustain a tensile strain of
~18% at the ultimate tensile strength point.”> The MoS,
monolayer is broken when the in-plane tensile strain is up to
~11% (broken strength of ~23 GPa).”> Monolayer phosphor-
ene can withstand a tensile strain of up to 30% along the
armchair direction.* These indicate that 2D materials can offer
a platform for strain engineering applications. Also, the strain
on 2D materials can tune their properties.>>?° In addition,
for the mechanical strain in 2D materials, some developed
methods, like atomic force microscopy-based nanoindenta-
tions,?* high-resolution transmission electron microscopy
fracture,”” (piezoelectric) substrate-assisted tensile tests,®>°
and micromechanical device-based tensile tests,*® provide a
platform for realizing tensile strains.

On the other hand, chemical functionalization®' (like fluor-
ination and hydrogenation) on 2D materials is also a mature
technology, which has been realized in graphene®*** and
germanene.*** As a result, we applied biaxial tensile strain

This journal is © The Royal Society of Chemistry 2024
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and fluorination on the Si,C monolayer to investigate its
stability and electronic and optical properties by employing
density-functional and many-body perturbation theories. These
calculations showed that biaxial tensile strain and fluorination
can greatly enhance its dynamical stability and tune its opto-
electronic properties. The rest of this paper is organized as
follows. In Section 2, the computational methods and details
are described. In Section 3, the calculation results show
the stability and electronic and optical properties of the Si,C
monolayer under biaxial tensile strain and fluorination. Finally,
the main findings are summarized in the conclusions.

2 Computational methods and details

The Quantum Espresso®® and Yambo®” codes based on density-
functional and many-body perturbation theories were applied to
optimize the structure and calculate the electronic and optical
properties of the observed systems. The Perdew-Burke-Ernzerhof
(PBE) functional®® within the generalized gradient approximation,
cutoff energy of 60 Ry for the plane-wave expansion, and a k-point
mesh of 18 x 18 x 1 for sampling the Brillouin zone were
considered to optimize the structures. The interaction between
valence electrons and ions was described by norm-conserving
pseudopotentials.®® The convergences of 10”° Ry for the energy
and 10~* Ry per a.u. for the atomic force were checked. A vacuum
space of 24 A was used to eliminate the coupling between adjacent
cells along the lattice vector ¢ direction. The phonon band
structures of the systems were calculated using density functional
perturbation theory’® and the acoustic sum rule was used for the
vibrational frequencies at the G point.

The Go,W, method**** was used to determine the quasi-
particle band structures of the systems. An energy cutoff of
60 Ry for the response functions, a box-shaped truncated Cou-
lomb potential after 28 a.u. along the ¢ direction, a response cutoff
of 12 Ry, and 1040 bands were used to obtain the convergence of
the quasi-particle bandgap. Based on the G,W, results, the
Tamm-Dancoff approximation®® was considered in the Bethe-
Salpeter Hamilton. Excitation energies and exciton wave functions

were obtained by solving the Bethe-Salpeter equation (BSE):****

(Eg(]) — ES‘P> A5, + Z <Dck|Keh|n’c’k’>A§,(,,k, =845, (1)

k'v'¢

where Q°, A3, and K" are the excitation energy, the amplitude of
the electron-hole pair, and screened coupling between the elec-
tron and hole, respectively. Eight higher valence bands and
sixteen lower conduction bands were used to calculate excitonic
states. A k-mesh of 18 x 18 x 1 was interpolated to 36 x 36 x 1 to
acquire converged optical spectra.

3 Results and discussion

3.1 Structural, electronic, and stable properties of the Si,C
monolayer

Fig. 1a shows the optimized configuration of the Si,C mono-
layer with a hexagonal structure, in which a unit cell includes

This journal is © The Royal Society of Chemistry 2024
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two C atoms and four Si atoms. The relaxed Si,C monolayer has
a lattice constant a (b) of 5.801 A, which is much higher than
that (5.027 A) of a previously reported SiC, monolayer with a
similar lattice structure.?® The hexagonal honeycomb configu-
ration is different from that of silicene with a buckling struc-
ture but is similar to that of planar graphene. The Si-Si and
Si-C bond lengths (si-si, lsi-c) were calculated to be 2.207 A
and 1.812 A, respectively. They are similar to those in silicene
(Lsi_si = 2.280 A)**” and the SiC, monolayer (Is;.c = 1.802 A).*®
Fig. 1b shows the calculated quasi-particle band structure of
the Si,C monolayer, in which the valence band maximum
(VBM) and conduction band minimum (CBM) are both located
at a high-symmetry G point, suggesting that it is a direct
semiconductor. The estimated quasi-particle bandgap is 1.470 eV,
which is very much desirable for applications in optoelectronic
devices like photovoltaic and photocatalytic devices. The quasi-
particle bandgap can correctly reflect the electronic energy gap of
the semiconducting material due to the full consideration of
electron-electron coupling. It is also worth noting that the quasi-
particle bandgap calculated by the G,W, method is much larger
than that obtained by the PBE method (0.678 eV). This is because
the reduced electronic screening in the semiconducting monolayer
can significantly enhance the Coulomb coupling between elec-
trons. However, the PBE method does not completely consider
Coulomb coupling, and thus seriously underestimates the electro-
nic gap of the semiconducting monolayer. In fact, for the other
semiconducting monolayers, this phenomenon has been reported
previously, e.g., for Ga,STe (~1.91/0.94 eV for G,W,/PBE),*®
phosphorene (~2.00/0.83 eV for GoW,/PBE),"*° and MosS,
(~2.82/1.60 eV for G,W,/PBE)."" As a result, the quasi-particle
bandgap based on the G,W,, method is adopted as an electronic
energy gap in this work.

In addition, the dynamical stability of the Si,C monolayer is
examined by computing phonon dispersion, as presented in
Fig. 1c. Three acoustic branches (ZA, TA, LA) and fifteen optical
(O) branches of the Si,C monolayer are shown in Fig. 1c. The
out-of-plane phonon mode (ZA) partially shifts to the negative
frequency zone, with only a very small range near the G point.
The maximum negative frequency is about —8.1 cm™ " along
the G-M direction. Usually, negative frequencies less than
—10 cm ' can be neglected. However, a prominent optical
phonon mode (marked by a red solid line) also falls in the
negative frequency zone. The maximum imaginary frequency
can be as large as about —91.6 cm™ " at the G point, indicating
that the pristine Si,C monolayer is dynamically very unstable.
Although a negative optical branch is found, the phonon
frequencies of the highest four optical branches can reach
values in the range of 800-1000 cm ', suggesting a strong
atom bond in the Si,C monolayer. Further, the calculated
density of phonon states indicates that the imaginary optical
phonon mode originates from the contribution of the Sil
atom (marked in Fig. 1a), as shown in Fig. 1d. The imaginary
optical phonon mode could be directly related to the bonding
nature around the Si1 atom, where Si-Si sp>like hybridization
is observed. Usually, Si-Si bonds in silicon materials are
formed by sp® hybridization (bulk silicon) or mixed sp®/sp®
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Fig. 1 (a) Top/side view, (b) quasi-particle band structure, (c) phonon spectrum, and (d) density of phonon states of the optimized Si,C monolayer.

hybridization (silicene).”” This suggests that the Si,C mono-
layer with Si-Si sp>like hybridization is in a metastable state.
The highest four optical modes are contributed by Si-C bond-
ing. Although the Si,C monolayer has a desirable gap, struc-
tural stability is a prerequisite for the development of Si,C
monolayer-based optoelectronic devices. Thus, the elimination
of the imaginary optical phonon mode in the pristine Si,C
monolayer should be considered first. Here, biaxial strain and
surface functionalization are used to investigate the Si,C
monolayer. The corresponding discussions are presented in
Sections 3.2-3.4.

3.2 Strain effects on stability and electronic properties of the
Si,C monolayer

Usually, biaxial compressive strain can easily induce an ima-
ginary frequency in two-dimensional materials. Here, only the
biaxial tensile strains are considered to investigate the dyna-
mical stability of the Si,C monolayer. Fig. 2 exhibits the phonon
spectra of the Si,C monolayer under biaxial tensile strains (0) of
+1 to +8%. The biaxial tensile strain ¢ can be realized by
stretching the lattice constant, ie. 6 = (ay — a)/a, where a;
and a are the lattice constants of the strained and pristine
systems, respectively. With an increased ¢, the maximum
negative frequency in the Si,C monolayer can be decreased
from —70.2 em " (6 = +1%) to —34.7 cm™ ' (§ = +2%) and the
negative optical branch is slowly lifted up. When the tensile
strain is as high as +2.5%, the imaginary frequency is elimi-
nated fully, as shown in Fig. 2c. During the fabrication of the
Si,C monolayer, a biaxial tensile strain of +2.5% can be
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generated when it is deposited on different substrates. When
the tensile strain is further increased from +2.5% to +8%, no
imaginary frequency is found in the Si,C monolayer and the
highest four optical phonon modes are softened compared to
the pristine structure, as seen in Fig. 2d-f. As a result, a
relatively small biaxial tensile strain on the Si,C monolayer
can significantly improve its dynamical stability.

In fact, two-dimensional materials can withstand very large
tensile strains before they are cracked.’” For example, graphene
and silicene can reach fracture tensile strains of approximately
+30% and +19% at room temperature,®>>* respectively. Thus, a
wide tensile strain range of 0 to +19% is applied to the Si,C
monolayer. The strain energy (Es.) in the Si,C monolayer is
investigated first, as shown in Fig. 3 (red solid pentagrams).
The critical tensile strain was observed at 6, = +18%. Below the
critical strain value, Es. constantly increases with an increased
d, followed by a parabolic shape, indicating that a hexagonal
honeycomb configuration can be retained in the tensile strain
range of 0 < § < +18%. When the strain is higher than +18%,
E,. suddenly decreases, indicating that the strained Si,C mono-
layer enters the plastic region (irreversible deformation) from
the elastic region. In addition, the derivative curve of Eg with
respect to 0 is also depicted in Fig. 3 (blue solid circles). The
first-order derivative dEg(0)/dd reaches a maximum value at
0, = +15% (indicated by the black arrow in Fig. 3); then it slowly
decreases when ¢ is further increased, indicating that the
structure can be further expanded by a small tensile strain
and becomes unstable. Fig. S1 of the ESI{ shows the calculated
phonon spectra of the Si,C monolayer at tensile strains of

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc00401a

Published on 28 mars 2024. Downloaded on 2025-01-09 12:54:37.

View Article Online

Paper Journal of Materials Chemistry C
(@) 1000 (b) 1000 (©) 1000
+1% 2% I +2.5%
~ &? -~ & - T ——
E 8004 aﬁ IE soo.é ‘4§ E 800'< =§
~ :, ~
'6. P ‘s.
2 600 g 6001 — £ 6001
= = =
g g g
£ 400+ 2 4004 & 4001
= = =
] S 2
£ 200 5 200 Mty S 200 —
£ = = £ —
04 04 04
K K G M K K G M K
(d) 1000 (©) 1000 () 1000
+3% +5% +8%
= L e =
= 800+ 800 4 800 4
A e ——
e z. p— = e — ——
Z' 600 &' 6004 Z 6001 Q
: e -
- o = - 4
£ 4001 £ 400 & 491
H g 5
£ 200+ ‘ £ 2001 ——— £ 200
= = —1 =
- -  — B
0- 0 0
K M K K

Fig. 2 Phonon spectra of the Si,C monolayer under different tensile strains: (a) +1%, (b) +2%, (c) +2.5%, (d) +3%, (e) +5%, and (f) +8%.
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Fig. 3 Variable strain energy Es of the Si,C monolayer and its derivation
with respect to tensile strain . E¢c is defined as the total energy difference
between the strained and pristine systems, namely, Ese = Eiotal(0) — Erotal(0).

0 = +15% and +16%. The outstanding imaginary phonon
frequencies at a tensile strain of +16% were observed, suggest-
ing that the system remains in the metastable configuration in
the tensile strain range of +15% < ¢ < +18%.

The second-order derivative of E. is also calculated, which
can throw light on the strength of the two-dimensional system.
It is closely related to the in-plane stiffness (C). In the elastic

1 d®E
Sy d?”’
where S, is the equilibrium surface area of the pristine Si,C
monolayer. The in-plane stiffness of the Si,C monolayer is
predicted to be about 135 N m~ ', which is lower than those
of the other honeycomb monolayers like SiC, (393 N m™*),*¢
graphene (340 N m™*),>" and SiC (166 N m™').>® However, it is
much higher than that of silicene (62 N m™') with a broad
strain adjustment.> The size of the in-plane stiffness in the
Si,C monolayer indicates that it can be manipulated by strain

strain range, C is defined via the expression®>>® C =

This journal is © The Royal Society of Chemistry 2024

engineering in the experiment, thus tuning the physical proper-
ties of the Si,C monolayer for use in different optoelectronic
devices.

Fig. 4a displays the mutable quasi-particle energy bandgaps
of the Si,C monolayer under different biaxial tensile strains of
¢ = 0 to +8%. With enhanced tensile strain, the quasi-particle
bandgap decreased almost linearly from 1.470 eV (0 = 0) to
0.986 eV (0 = +8%) at the G,W, level. The linear dependence of
the quasi-particle bandgap on the strain originates from the
deformation potential, ie. the strain-induced band down-
shifting.””*® In fact, this phenomenon has also been reported
previously for semiconducting silicon and germanium.>>®® The
direct nature of the bandgap of the strained Si,C monolayer is
retained in the observed strain range, as seen in Fig. 4b-d.
Due to the increase of the tensile strain, the distance between
the neighboring atoms becomes large, which directly leads to
the reduction of the orbital overlap between the neighboring
atoms, inducing a change of the orbital energy. The partial
charge densities of the VBM and CBM of the Si,C monolayer
are also exhibited under different strains (6 = 0, +3%, and
+8%), as shown in Fig. S2 of the ESLT It can be clearly seen
that the CBM has been significantly influenced, while the
VBM is almost unchanged. The remarkable charge change of
the CBM can move the CBM down, thus reducing the bandgap
of the Si,C monolayer with increasing tensile strain. It is also
worth noting that the third conduction band at the G point is
very sensitive to tensile strain, as indicated by the black dotted
circle in Fig. 4b and c. When the strain is higher than +8%, the
third conduction band becomes the CBM and the bandgap
further decreases to zero at 6 = +12% (as shown in Fig. S3 of
the ESIt). The following discussion will focus on the optical
properties of the Si,C monolayer under moderate tensile
strains of 0 to +8% due to the suitable bandgap applied in
optoelectronics.
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Fig. 4 (a) Quasi-particle energy bandgap as a function of tensile strain ¢ for the Si,C monolayer. (b)-(d) Quasi-particle band structures of the Si,C

monolayer at tensile strains of +3%, +5%, and +8%.

3.3 Strain effects on the optical properties of the Si,C
monolayer

Compared with the bulk, atomically thin two-dimensional
monolayers have significantly enhanced electron-electron
(e-e) and electron-hole (e-h) couplings. At present, the GoW, +
BSE method has been regarded as an optimal method to obtain
the exact optical properties of the monolayers, where the G,W,
and BSE methods can perform well with the e-e and e-Z
couplings, respectively. Based on the quasi-particle band struc-
tures, the incident light frequency-dependent dielectric con-
stant ¢ (o) of the Si,C monolayer can be obtained by solving the
Bethe-Salpeter equation. ¢ (w) is made up of the real part ¢, (o)
and imaginary part &, (w), i.e., ¢ (@) = & (v) + iy (0). & (@) is
referred to as the dissipation channel for the transition, which
results in the optical absorption peaks, thus determining the
optical absorption of the system. In addition, the depolarization
effects in the 2D material are very significant for the incident
polarized light vertical to the surface of the 2D material (i.e. the
lattice vector ¢ direction); that is the optical absorption for the
in-plane polarized light is far greater than that of the out-of-plane
polarized light. This was also verified in the Si,C monolayer, as
shown in Fig. S4 of the ESI;} thus, only the optical properties were
investigated for polarized light parallel to the surface (along the
lattice vector a, as shown in Fig. 1a).

Fig. 5a shows the ¢, (w) of the pristine Si,C monolayer using
the GoW, + BSE and G,W, + RPA methods along the lattice
vector a. Compared with that of the GoW,, + RPA (excluding the

5920 | J Mater. Chem. C, 2024, 12, 5916-5925

e-h coupling), the optical spectrum from the G,W, + BSE shows
a significant red-shift, suggesting the importance of e-h cou-
pling in the Si,C monolayer. It also exhibits a broad absorption
range from near-infrared to near-ultraviolet light (0.5-4 eV). For
a direct semiconductor, the first absorption peak is particularly
meaningful. The position of the peak, i.e. the excitation energy
E.., is known as the optical gap of the system and can be
measured experimentally. For the Si,C monolayer, the first
absorption peak with a maximum oscillator of 1 is located at
an energy of E.. = 0.849 eV (below the G,W, bandgap Eg 6w, =
1.470 eV), corresponding to a bright bound exciton state.
In light of the oscillator strength selection rule, the first
absorption peak is confirmed to originate from the VBM —
CBM vertical transition at the G point. Thus, the binding energy
(Eep) of the bright bound exciton is predicted to be 0.621 eV by
the energy difference between Eg. w, and the excitation energy
Eeey L€ Eep = Eg.g,w, — Eee- Such a significant binding energy of
excitons is useful for effectively confining both photogenerated
electrons and holes, greatly slowing down their recombination,
thus increasing the light utilization efficiency. This is a very
huge advantage compared to that of the semiconducting bulk
(Iess than 50 meV)**"62,

Next, the strain-dependent optical properties of the Si,C
monolayer are also evaluated for potential application in
optoelectronics. Fig. 5b shows the ¢, of the Si,C monolayer in
the biaxial tensile strain range of 0 < J < +8%, in which the
first absorption peak is found at 0. 849 eV, 0.713 eV, 0.628 eV,

This journal is © The Royal Society of Chemistry 2024
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0.10 eV is adopted in these curves.

Table 1 Excitation energy (Eee), exciton binding energy (Eep), and exciton
radius (Re,), corresponding to the first absorption peak in the strained Si,C
monolayer. Eg_g w, is the quasi—particle.energy bandgap at the GoWg level.
Units of energy and radius are eV and A, respectively

Strain Eee Eg 6w, Eep Rer

0 0.849 1.470 0.621 31.36
+3% 0.713 1.298 0.585 33.47
+5% 0.626 1.184 0.556 36.25
+8% 0.511 0.986 0.475 43.51

0.511 eV for tensile strains 6 = 0, +3%, +5%, and +8%,
respectively. The first absorption peak is dramatically red-
shifted by approximately 0.338 eV under a tensile strain of
+8%. Such a red-shift of the absorption curve causes a signifi-
cant enhancement for near-infrared light, which should be
attributed to the decreased bandgap. The first absorption peaks
in the strained systems are formed by the VBM-CBM vertical
transition at the G point. The binding energies of the bright
bound excitons corresponding to the first absorption peaks are
also calculated to be 0.585 eV (0 = +3%), 0.556 eV (0 = +5%), and
0.475 eV (0 = +8%), as listed in Table 1. The estimated E., is
reduced by 146 meV from 0.621 eV (6 = 0) to 0.475 (6 = +8%),
indicating that E.,, can be tuned by the tensile strains and first
bright bound exciton still has high stability at a large tensile
strain of +8%.

Further, these bright bound excitons in the strained Si,C
monolayer are also investigated. The normalized squared
exciton wave function |(re,rn)|> is obtained by |y(re,mm)) =
3 AS W ac(re) Wk (1), where 7. and ry, are the real-space electron
cvk

and hole coordinates, respectively. The calculated hole (red
solid sphere) is located at the center of a supercell with
dimensions 30 x 30 x 1. Fig. 6 presents the real-space dis-
tribution of the electron. It can be clearly seen that the bright
bound exciton in the pristine Si,C monolayer is more spatially
localized than those in the strained Si,C monolayer. The esti-
mated exciton radii (R.,) are about 31.36 A, 33.47 A, 36.25 A,
and 43.51 A for 6 = 0, +3%, +5%, and +8%, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Top view of real-space electron probability distribution corres-
ponding to the first bright bound excitons in the strained Si,C monolayer:
(@ 0=0,(b) 6 =+3%, (c) 6 = +5%, and (d) 6 = +8%. The red solid sphere
represents the hole position. To clearly see the electron distribution, all
atoms are marked by gray spheres.

I
=

@ 8=+3%

8=+8%

This indicates that a larger binding energy of an exciton can
induce a smaller extended electron distribution in real space;
thus, a weaker electronic screening is found in a smaller,
strained system. This also suggests that the electron-hole pairs
in the relatively large strain are easier to separate. As a result,
the separated electrons and holes in the strained Si,C mono-
layer could be applied to improve the performance of optoelec-
tronic devices based on the Si,C monolayer.

To further exhibit the light-harvesting ability of the Si,C
monolayer for the sunlight under the biaxial tensile strain, the
light absorption coefficient is also calculated by the following
equation:*?

1
2

V2 { e (w) + 2 (o) *81(“’)] 2)

c

a(w) =

where c is the velocity of light in a vacuum. As shown in Fig. 7,
the light absorption intensity can be higher than 10> cm™*
for the energy range of 0.5-4 eV, indicating a strong light
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Fig. 7 Light absorption coefficient a(w) of the Si,C monolayer under
different tensile strains (0, +3%, +5%, +8%) as a function of photon energy
(hw). The incident solar irradiance at air mass 1.5G is considered for
comparison.

absorption ability from the near-infrared to near-ultraviolet
region for the observed strained systems. For the pristine
(+8% strained) Si,C monolayer, the maximum absorption
intensity was 2.01 x 10”7 (1.66 x 107) cm™ " at a photon energy
of 2.21 (1.83) eV. Compared to infrared light, visible light,
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which accounts for about 43% of sunlight, is much more active
in the observed strained systems. The absorption coefficients in
the visible light region are also comparable to those of other
light-harvesting monolayers, like Pd,Se;:** ~10° ecm ™, fluori-
nated CP5:*®* ~10° em™, MoSi,N,:°® ~10° cm™. As a result,
strained Si,C monolayers can be considered as candidates for
optoelectronic devices owing to their effective utilization of
sunlight.

3.4 Fluorination effects on stable, electronic and optical
properties

The optimized configuration of the fully fluorinated Si,C
monolayer (SiyC,F¢) is shown in Fig. 8a, where the lattice
constant a/b is 5.829 A and Is;_g; (Isi_c) is 2.356 (1.928) A. These
lattice parameters are higher than those of pristine Si,C mono-
layer. Due to full fluorination, the planar configuration was
transformed to the buckled configuration. The buckled Si,C,F¢
is similar to previously reported fluorinated silicene and fluori-
nated graphene.”” The Si-F and C-F bond lengths are predicted
to be about 1.611 A and 1.456 A, respectively, which are very
close to those in fluorinated silicene and fluorinated graphene
(1.620 A; 1.390 A).*” Although Si,C,Fs is a buckling structure,

(|1 I ———— e
K G M K

Fig. 8 (a) Top and side views and (b) phonon spectrum of the fluorinated Si,C monolayer (Si4CxFg).
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Fig. 9 (a) Quasi-particle band structure and (b) imaginary part (e;) of the dielectric function of Si4C,Fs. The dashed line indicates the position

corresponding to the quasi-particle bandgap.
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(a) Top and side views of real-space electron probability distribution corresponding to the first bright excitons in SizC,Fe. Yellow indicates

electron distribution. The supercell used is 24 x 24 x 1. (b) Light absorption coefficient a(w) of Si4CoFg as a function of the photon energy (hw).
The incident solar irradiance at air mass 1.5G is provided for comparison. The two dashed lines indicate the visible-light region.

the hexagonal lattice is still retained. Compared to the pristine
Si,C monolayer, the different lattice parameters of Si,C,Fs
can cause different phonon dispersions and band structures.
Fig. 8b exhibits the calculated phonon spectrum of Si,C,Fs, in
which the negative frequencies induced by the Sil1 atom in the
pristine Si,C monolayer were eliminated by fluorination. This
indicates that Si,C,Fs is dynamically stable, suggesting that
fluorination is an effective way to enhance the dynamical
stability of the Si,C monolayers.

Fig. 9a shows the quasi-particle band structure of Si,C,Fg, in
which it is still a direct-gap semiconductor at the G point. The
estimated gap is 3.739 eV, which is much larger than that of the
pristine Si,C monolayer (1.470 eV). It is between 7.010 eV for
fluorinated graphene and 2.760 eV for fluorinated silicene.*’
Such a large gap can induce large absorption of incident near-
ultraviolet light, as shown in Fig. 9b. Compared with that of the
pristine Si,C monolayer, the optical spectrum of Si,C,Fs was
blue-shifted significantly due to the large electronic bandgap.
The first absorption peak is located at 2.806 eV, and originates
from the VBM — CBM vertical transition; thus, a bright bound
exciton is formed. The exciton binding energy was estimated to
be 0.933 eV, which is significantly higher than that of the
pristine Si,C monolayer (0.621 eV). This can induce a relative
localization of electrons, thus resulting in a small exciton
radius of 11.03 A, as shown in Fig. 10a. In addition, the
absorption coefficient can attain a value of 10" cm™" for near-
ultraviolet light, as seen in Fig. 10b. These results indicate
that Si,C,Fs can be used in optoelectronic devices based on
wide-gap semiconductors like ultraviolet photodetectors and
Sensors.

4 Conclusions

In conclusion, the structural stability, quasi-particle band
structures, and optical properties of Si,C monolayers were
systematically investigated under tensile strain and fluorina-
tion. The pristine Si,C monolayer had a moderate in-plane
stiffness of 135 N m™", ensuring that it could be manipulated
experimentally by strain engineering. A biaxial tensile strain
between +2.5% and +15% can maintain the dynamical stability

This journal is © The Royal Society of Chemistry 2024

of the structure. The quasi-particle bandgap of the Si,C mono-
layer at the G,W, level could be linearly tuned from 1.470 eV
(0 =0) to 0.986 eV (6 = +8%), even becoming a semimetal at a
tensile strain of +12%. The increased tensile strain leads to a
significant red-shift of the optical absorption spectrum, thus
enhancing the absorption for the near-infrared light. The
pristine Si,C monolayer had a large exciton binding energy of
0.621 eV, suggesting that the photogenerated electrons and
holes could not be easily recombined by external perturbations.
More importantly, when the tensile strain is increased to +8%,
the binding energy of the bright bound exciton corresponding
to the first absorption peak only decreased by 146 meV, indi-
cating that the observed exciton is still stable in the relatively
large tensile strain range. In addition, fluorination can cause a
large quasi-particle bandgap of 3.739 eV with direct charac-
teristics and a considerable exciton binding energy of 0.933 eV
in the Si,C monolayer. These results are very important for the
application of Si,C monolayers in nanoelectronic and optoelec-
tronic devices.
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