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The SiC; siligraphene (g-SiC,) is a novel 2D nanomaterial with a
graphene-like structure. Based on theoretical calculations, we have
systematically investigated the structure, stability, electronic and
optical properties of g-SiC; siligraphene. The calculated results
reveal that g-SiC; siligraphene is a semiconductor with a direct
band gap of 1.13 eV, which can be easily tuned by applying biaxial
strain or a perpendicular electric field. Such a g-SiC; siligraphene
shows superior sunlight optical absorbance and is better than
g-SiC; siligraphene and single-layer black phosphorus (phosphor-
ene) in near infrared and visible photon ranges, thus holding great
potential for photovoltaics applications as a light donor material.

The superior electronic and mechanical properties displayed
in graphene have made it highly desirable for fabrication of
optoelectronic devices." However, it is well-known that the
semimetallic nature of graphene (as well as its silicon counter-
part silicene) significantly restricts its widespread applications
due to the impossibility in turning off electrical conduction
below a certain limit,> which makes the opening up and
tuning of the band gap in graphene (or silicene) extremely
necessary.”® So far, graphene or graphene-like two-dimen-
sional (2D) nanomaterials with medium range band gaps (i.e.,
1.0-2.0 eV) that are highly desirable for field effect transistors
and solar cells are still practically difficult to realize.” Consider-
ing the good compatibility, silicon is widely used for the semi-
conducting of graphene.®*'> Stimulated by the theoretical
investigations and the experimental fabrication of single-
layered SiC,"*'* more attention has been devoted to the design
of novel 2D silicon-carbon compounds.”> ' Notably, the
theoretical prediction and experimental observation of 2D
g-SiC, siligraphene”?° have revealed that the incorporation of
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silicon into the graphene honeycomb lattice is an effective
approach to obtain graphene-like nanomaterials with variable
electronic and optical properties, and the obtained sili-
graphene has gained extensive scientific interest.'®*"??

Recently, Shi and co-workers reported the stability and elec-
tronic properties of 2D Si,C;_, (0 < x < 1) monolayers mixing
carbon and silicon atoms.'® They found that stoichiometry
and bonding structure of the 2D Si-C monolayers can greatly
affect the electronic properties. For example, with the same
stoichiometry, pt-SiC, is metallic but g-SiC, is a semiconductor
due to their different bonding structures.””'®> From graphene to
2D-SiC, the band gap of siligraphene can vary in the range of
0-3 eV, independent of the increasing content of silicon.'®
Among them, g-SiC, has exhibited great potential as a novel
donor material in excitonic solar cells.” And another sili-
graphene, 2-SiC; can serve as a topological insulator (TI) superior
to graphene.”! Based on the previous investigations,'®'® we
find that a novel stable siligraphene g-SiC; also shows remark-
able optoelectronic properties. The structure, stability, elec-
tronic and optical properties of g-SiC, have been exploited
based on ab initio calculations. Such a g-SiC; siligraphene is a
semiconductor with a direct band gap of 1.13 eV, and is
superior in light absorbance, which makes it promising as a
donor material for optical devices. The molecular structure,
stability, electronic and optical properties are discussed in
detail. It is believed that the g-SiC- siligraphene can serve as a
novel 2D material for optoelectronic applications with great
potential.

The geometry optimizations and electronic property calcu-
lations were carried out by the Vienna ab initio simulation
package (VASP).>*** The projector-augmented-wave (PAW)>’
potentials were employed to describe the electron—-ion inter-
actions. The generalized gradient approximation parametrized
by Perdew, Burke, and Ernzerhof (GG-PBE)*® was chosen as the
exchange-correlation functional. Due to the fact that the DFT
functional significantly underestimates the band gap,”” the
screened exchange hybrid density functional by Heyd,
Scuseria, and Ernzerhof (HSE06)*®?° was also adopted to
obtain more accurate band gap (E,) values.

This journal is © The Royal Society of Chemistry 2016
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(a)

Fig. 1 (a) The optimized unit cell of g-SiC; siligraphene with the
specific atomic composition (in green) and bond lengths (in blue).
(b) The unit cell outlined as black lines in periodical structure. (c) The
charge density projected on the g-SiC; siligraphene. (d) The charge
density difference (Ap) of g-SiC; siligraphene. Isosurface value is set as
0.015 e A~3; blue: Ap > 0, green: Ap < 0.

The unit cell of g-SiC; siligraphene (see Fig. 1a) belongs to
the P6m2 (no. 187) symmetry group, with the PBE-optimized
a = 5.288 A. All the atoms in g-SiC, siligraphene are strictly in-
plane, without any buckling. As shown in Fig. 1b, there is one
silicon atom and three different types of carbon atoms (named
C1, C2 and C3) per unit cell. The silicon atom trigonally co-
ordinates with the neighbouring carbon atoms (C1) with a
Si-C distance of 1.69 A and C-Si-C bond angle of 120°. The
Si-C bond is significantly shorter than that in 2D-SiC
(1.78-1.79 A),">* revealing a strong tendency for sp> hybridiz-
ation. There is a hexagonal ring consisting of C1 and C2 atoms
with a uniform bond length of 1.436 A. However, unlike gra-
phene, this hexagonal ring is not a regular hexagon, resulting
from the different electronegative effects of Si and C3 atoms.
Additionally, we calculated the total charge density and charge
density difference of g-SiC, siligraphene to better analyse its
structural characteristics, as displayed in Fig. 1c and d. The
total charge density of g-SiC; siligraphene reveals a delocalized
big © bonding in the 6 C-domain composed of C1 and C2
atoms. The Bader charge analysis®®?*' performed on g-SiC,
indicates that Si atoms loses 2.61 |e| per atom, the C2 atoms
lose 0.11 |e| per atom, while the C1 atoms obtain 0.92 |e| per
atom and the C3 atoms obtain 0.20 |e| per atom. It is clear
that the charge mainly transfers from Si to C1 atoms via the
Si-C bonding interaction, and the central C3 atom derives less
charge from C2 atoms, in accordance with Fig. 1d.

The stability of g-SiC; siligraphene has been confirmed in
the previous work'® [named (2, 0) structure according to its
superlattice vector]. Here we performed more detailed calcu-
lations to verify it. First, the binding energy of g-SiC; sili-
graphene is calculated as 7.07 eV per atom, lower than that of
graphene (8.66 eV per atom) but higher than the reported
g-SiC, siligraphene (6.46 eV per atom)” and g-SiCj; siligraphene
(6.70 eV per atom)'® (see Table 1). This is mainly due to the
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Table 1 Comparison of the symmetry, binding energy, band gaps,
optical band gaps (Eg"‘), as well as exciton binding energy of graphene,
silicene, single-layered SiC (SL-SiC) and the reported siligraphenes. The
exciton binding energy is defined as the difference between the energy
of the optical band gap and the quasiparticle band gap

Binding Band Exciton
Symmetry  energy gap E?  binding
group (eV per atom)  (eV) (eV)  energy (eV)
Graphene  P3m1 8.66 0 NA NA
g-SiC;, PEm2 7.07 0.76° 1.0  0.55
1.13°
1.55°
2-SiC; P6/mmm 6.70 0 NA NA
g-SiC, P62m 6.46 0.60° 0.75  0.657
1.09°
1.38°
SL-SiC P6m2 5.99 2.56% 3.25 1.17%
2.90”
4.42°
Silicene P3m1 3.93 0 NA NA

“Calculation results based on PBE. ?Calculation results based on
HSEO06. °Calculation results based on GoW,. Data of g-SiC,” and
SL-SiC*” are obtained from relevant references.

fact that the Si atom tends to adopt a sp>~sp® hybridization to
form the buckled pattern as silicene, which is greatly different
from the pure sp® hybridization in graphene, leading to the
phenomenon that the more Si atoms in planar siligraphene,
the lower the stability. Then, the dynamical and thermal stabi-
lity of g-SiC; siligraphene was also checked by phonon calcu-
lations and molecular dynamics, respectively. As shown in
Fig. S1 of the ESL our calculated phonon dispersion exhibits
no negative frequency, indicating that the g-SiC, siligraphene
is dynamically stable. The snapshots of the g-SiC, supercell
under different temperatures after 5 ps of the first principles
molecular dynamics (FPMD) simulation are presented in
Fig. S2.t The ecrystalline structure of g-SiC, siligraphene
remains stable when the temperature is 2000 K and begins to
decompose at a temperature of 3000 K. When the temperature
rises to 3500 K, the crystalline totally deteriorates. Based on
the FPMD results, the melting temperature of g-SiC, is esti-
mated between 3000 K and 3500 K, indicating very high
thermal stability, which is close to g-SiC, siligraphene (with a
melting point of 3000-3500 K)**> and is higher than pt-SiC,
siligraphene (about 800-100 K)."

In addition, to check the elasticity of g-SiC, siligraphene,
the elastic constants have been calculated. The calculation
results generate ¢;; = 139.5 GPa and ¢;, = 43.5 GPa as indepen-
dent elastic constants. In comparison, the calculated elastic
constants of SL-SiC are ¢;; = 89.5 GPa and ¢, = 26.4 GPa.
Considering that the SiC NTs have been intensively
investigated®>* and experimentally prepared already,>**® the
larger elastic constants guarantee the feasibility that g-SiC,
siligraphene can even be rolled into nanotubes.

Although its atomic composition is close to graphene,
g-SiC; siligraphene is a semiconductor with a direct band gap
(E4) of 0.76 eV (PBE) or 1.13 eV (HSE06), thus holding great
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Fig. 2 (a) Band structure of g-SiC; siligraphene based on GGA-PBE (left
panel) & HSEO06 (right panel) calculations, respectively. Fermi level is set
as zero. (b) Projected density of states (PDOS) of g-SiC; siligraphene.

potential for optoelectronic and transistor applications.*® The
band structure displayed in Fig. 2a indicates that both the
valence band maximum (VBM) and conduction band
minimum (CBM) locate at the K point, showing a preferable
efficiency of light absorption. Near the Fermi level, there are
two separated bands consisting of hybridized = and n* orbitals
from Si and C atoms, which can be verified by the projected
density of states (PDOS) (Fig. 2b). It has been suggested that
the broken symmetry induced by the Si doping is responsible
for the opening up of the band gap in g-SiC,."® As we can see
in Fig. 1b, due to the electronegativity and atomic radius
difference between C and Si atoms, the introduction of Si
atom into the plane leads to a much shorter bond length of
C1-C2 (1.436 A) than that of C2-C3 (1.554 A), leading to a dis-
tortion in the honeycomb lattice. The electron density pre-
sented in Fig. 1c and d also implies a broken electron
conjugation in g-SiC, siligraphene. For g-SiC;, when all the
carbon rings are marked out, there are still isolated C and Si
atoms excluded from conjugated rings (Fig. 3a), which are not
conjugated with each other and thus leading to the broken
conjugation framework and the opening up of the band gap.
In comparison, within the metallic g-SiC3;, whose CBM and
VBM make contact with each other at the Fermi level, all the
carbon and silicon atoms participate in the formation of the
conjugation system consisting of C and Si rings (Fig. 3b),
respectively. The synergetic conjugation between C and Si
atoms guarantees the good conductance of electrons and
enables g-SiC; to be a good conductor. So we can speculate
that the broken conjugation is responsible for band gap
opening in g-SiC; siligraphene, which helps in designing other
siligraphenes with similar properties.
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Fig. 3 Structural analysis of (a) g-SiC; and (b) g-SiCs 3 X 3 supercells.
The blue hexagonal rings mark the carbon rings and the red hexagonal
rings mark the silicon rings. The isolated C and Si atoms excluded from
conjugated carbon rings are indicated in red circles in (a).
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Fig. 4 (a) The electronic band gap of g-SiC; as a function of applied
strain. Positive and negative values mean tensile and compressive strain,
respectively. The red solid line represents the fitted linear relation in the
form of Eg = ac + f, with a = —=0.029, = 1.15. (b) The electronic band
gap of g-SiC; under a perpendicular electric field that applies along
both the —Z and +Z directions.

To make g-SiC; siligraphene more practical when applied
in future electronic devices, we have investigated the modu-
lation on the electronic band gap of g-SiC; by applying biaxial
strain (¢) within the in-plane x- and y-direction simultaneously,
or applying an external electric field perpendicular to the xy
plane. The HSEO6-calculated band gap of 1.13 eV is used as
the neutral value when the applied strain is 0% or the external
electric field strength is 0 V A™%. The corrected value is 0.36 eV
(band gap difference between PBE and HSEO06 results). As
shown in Fig. 4a, a linear relationship between the applied
biaxial strain and band gap is revealed. The linear fitting indi-
cates that the band gap of g-SiC; is inversely proportional to
the strain. Under the tensile strain, the band gap decreases
with the increasing strain, while when applying the compres-
sive strain, the band gap increases with the increasing strain.
When the ¢ ranges from —10% to 10%, the band gap can be
tuned in the range of 0.88-1.47 eV, which well satisfies the

This journal is © The Royal Society of Chemistry 2016
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demand of donor materials for solar cells with high energy-
conversion efficiency.*®

The variation of the band gap induced by the vertical elec-
tric field is also shown in Fig. 4b. As we can see, the orien-
tation of the electric field has little influence on the band gap
changing. It is obvious that the band gap of g-SiC; sili-
graphene is not sensitive to low electric field strength. However,
when the electric field strength increases to 0.7 V A™", the
band gap dramatically decreases and leads to an electronic
phase transition from a semiconductor to a conductor when
the electric field strength is larger than 0.9 V A~ It means
that g-SiC; siligraphene works as a stable semiconductor when
the external electric field strength is low (<0.7 V A™") and can
be rapidly converted to a conductor as soon as the field
strength increases up to 0.9 V A~'. This special conversion
between semiconductor and conductor points to the possi-
bility of an all-electrical field controlled memory device based
on g-SiC; siligraphene.*’

We expect that incorporating silicon atoms into the gra-
phene honeycomb lattice at a low concentration can improve
graphene’s light absorption efficiency and further extend gra-
phene’s application in photoelectronic devices. The direct
band gap of 1.13 eV of g-SiC; siligraphene indicates a prefer-
able efficiency of light absorption. Since DFT and HSE06
wrongly describe the reduced charge screening and the
enhanced electron-electron correlation in the low-dimensional
system, the GW calculations, as implemented in BerkeleyGW
package,*"*> were performed without self-consistency in the
Green’s function and the screened Coulomb interaction (Go,W,
approximation) in combination with the random phase
approximation (RPA) or Bethe-Salpeter equation (BSE) calcu-
lations to calculate the quasi-particle band gap and the light
absorbance (4) with or without electron-hole (e-h) inter-
actions. The g-SiC; siligraphene has an enlarged band gap of
1.55 eV, with a GW correction to the PBE band gap by about
0.79 eV. The light absorbance with electron-hole interaction
obtained via GW plus Bethe-Salpeter equation (GW + BSE) is
shown in Fig. 5. The first prominent peak corresponds to a
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Fig. 5 The absorbance spectrum of g-SiC; siligraphene (with and
without electron—hole interaction), g-SiC; siligraphene, as well as phos-
phorene (along the armchair direction), overlapped to the incident
AML1.5 G solar flux.
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bright exciton with an exciton binding energy of 0.55 eV, locat-
ing at 1.0 eV (defined as the optical band gap, Eg"), showing
the most ideal optical band gap among the reported sili-
graphenes (Table 1). The exciton binding energies in g-SiC,,
¢-SiC,, and SL-SiC show a linear scaling as a function of the
quasiparticle gap (see in Fig. S37), in agreement with the pre-
vious finding in pure or chemical functionalized or strained
2D materials.”> Compared with the widely investigated g-SiC,
siligraphene and phosphorene,***> g-SiC, siligraphene has an
enhanced light absorbance with an average value beyond 10%
of near infrared and visible photon energies in the 0.7-3.0 eV
range of key relevance for photovoltaics. The superior light
absorbance against the sunlight can be apparently inferred by
the greater overlap with solar flux than phosphorene, as
depicted in Fig. 5. The features above can also be quantified
by the absorbed photon flux J,ps:

00

Jan =e | Alwlpn(p)

g

Here A(w)is the monolayer absorbance of the 2D materials,
whose calculation details can be found in the ESLt J,,(E) is the
incident photon flux (units of photons/(cm? s eV)), and E is the
photon energy. Japns is expressed as the equivalent short-circuit
electrical current density (units of mA c¢m™*) when every
photon is converted to a carrier extracted in a solar cell, repre-
senting the upper limit for the contribution of the donor
material to the short-circuit current in a solar cell.*®
The calculated J,,s in g-SiC, siligraphene is 4.64 mA cm™2,
obviously larger than that in g-SiC, siligraphene
(4.06 mA cm %) and phosphorene (3.15 mA cm™2),"” and also
larger than the reported graphene and transition metal
dichalcogenide (TMD) monolayers (2-4.5 mA cm >).*® The
extraordinary sunlight adsorption performance suggests that
g-SiC, siligraphene is a promising donor material for the
photovoltaics applications.

In this article, the structure, stability, electronic and optical
properties of the novel 2D nanomaterial g-SiC; siligraphene is
systematically investigated by theoretical calculations. The
¢-SiC; siligraphene has a graphene-like honeycomb lattice and
shows superior structural, dynamical and thermal stability.
Unlike graphene, the g-SiC; siligraphene is a semiconductor
with a direct band gap of 1.13 eV, which can be attributed to
the broken conjugation system. Strain and vertical electric
field both have good tunability of the band gap of g-SiC; sili-
graphene. Such a g-SiC; siligraphene shows superior sunlight
optical absorbance, larger than g-SiC, siligraphene and single-
layer black phosphorus (phosphorene) in near infrared and
visible photon ranges, thus enabling it to be promising for
applications in next-generation flexible optoelectronic devices
as a donor material. And its sensitivity to a high-strength elec-
trical field also makes it possible to function as an electrical
field controlled memory device. These interesting results may
stimulate further efforts on siligraphene based optoelectronic
materials.
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