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Defect-driven tunable electronic and optical properties of two-dimensional silicon carbide

Arushi Singh,1,* Vikram Mahamiya ,2,3,4,† and Alok Shukla 1,‡

1Department of Physics, Indian Institute of Technology Bombay, Powai, Mumbai 400076, India
2National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

3Department of Physics, Karpagam Academy of Higher Education, Coimbatore 641021, Tamil Nadu, India
4Centre for Computational Physics, Karpagam Academy of Higher Education, Coimbatore 641021, Tamil Nadu, India

(Received 16 August 2023; accepted 20 November 2023; published 15 December 2023)

Recently, an atomic-scale two-dimensional silicon carbide monolayer has been synthesized [Polley et al.,
Phys. Rev. Lett. 130, 076203 (2023)], which opens up new possibilities for developing next-generation electronic
and optoelectronic devices. Our study predicts the pristine SiC monolayer to have an “indirect” band gap of
3.38 eV (K → M ) and a “direct” band gap of 3.43 eV (K → K ) calculated using the HSE06 functional. We
performed a detailed investigation of the various possible defects (i.e., vacancies, foreign impurities, antisites,
and their various combinations) on the structural stability, electronic, and optical properties of the SiC monolayer
using a first-principles-based density-functional theory (DFT) and molecular dynamics (MD) simulations. A
number of physical quantities, such as the formation energy, electronic band gap, and the effective masses of
charge carriers, have been calculated. We report that the SiC monolayer has a very low formation energy of
0.57 eV and can be stabilized on TaC{111} film by performing the surface slab energy and interfacial adhesion
energy calculations. Nitrogen doping is predicted to be the most favorable defect in silicon carbide monolayer
due to its very low formation energy, indicating high thermodynamic stability. The analysis of the electronic band
structure and the density of states shows that the additional impurity states are generated within the forbidden
region in the presence of defects, leading to a significant reduction in the band gap. An interesting transition from
semiconducting to metallic state is observed for NC and AlSi defective systems. For the pristine SiC monolayer,
we find that the conduction band is nearly flat in the M → K direction, leading to a high effective mass of
3.48mo. A significant redshift in the absorption edge, as well as the occurrence of additional absorption peaks
due to the defects, have been observed in the lower energy range of the spectrum. The calculated absorption
spectra span over the visible and ultraviolet regions in the presence of defects, indicating that the defective SiC
monolayers can have potential optoelectronic applications in the UV-visible region.
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I. INTRODUCTION

The successful exfoliation of a graphene monolayer from
graphite in 2004 [1] triggered a significant spike in the
research activity of finding other possible two-dimensional
(2D) materials. Due to their superior physical, chemical,
and electronic properties [2,3], 2D materials stand out as
a new category when it comes to the possible commercial
application [4,5] in the manufacture of flexible electronic,
nanoelectronic, and optoelectronic devices of the next genera-
tion [6–9]. Their peculiar properties, such as lower scattering
rate of charge carriers, higher carrier mobility, and conduc-
tivity [10,11], make these materials more efficient than bulk
silicon in the operation of electronic devices, which is the
basis of the current semiconductor industry. However, the zero
band gap of graphene [12] is the key issue which limits its po-
tential application in nanoelectronics. Having a suitable band
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gap is essential for a 2D material to be a candidate for device
applications. Therefore many techniques have been employed
to open the band gap of graphene, such as chemical doping,
in-plane strain, functionalization with hydrogen, molecule ad-
sorption [13–19], etc. Denis et al. [20] demonstrated that the
band gap of monolayer and bilayer graphene can be opened
with aluminum, silicon, phosphorus, and sulfur substitutional
impurities. One approach to opening the band gap of graphene
is to replace every second C atom with a Si atom. The re-
sulting SiC monolayer has a stable planar structure with a
band gap of 2.53 eV (using the generalized gradient approx-
imation – Perdew-Burke-Ernzerhof functional, GGA-PBE),
as reported in various density functional theory (DFT) based
studies [21,22]. The electronegativity difference between Si
and C atoms causes polarization of the covalent bonds in the
monolayer, giving it a partly ionic character leading to the
opening of the band gap. Also, the dynamical stability of the
2D-SiC monolayer has been confirmed in several previous
reports [23–25]. A planar SiC monolayer sheet is formed due
to the sp2 hybridization between Si and C atoms as compared
to the sp3 hybridization in bulk SiC phase [26,27]. Theoret-
ical studies have also confirmed that the ultrathin wurtzite
structures such as SiC, BeO, GaN, ZnO, and AlN thin films
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can undergo phase transformation (sp3 to sp2) and remain
stable. Freeman et al. [28] demonstrated that wurtzite struc-
tures such as SiC and ZnO adopt a graphitic structure when
thinned down to very few atomic layers, as it is the most
stable structure for ultrathin materials. Later, this theoretical
prediction was experimentally verified for ultrathin ZnO [29],
AlN [30], and MgO films [31,32]. Due to the phase trans-
formation from bulk SiC to a single layer of SiC, the Si-C
bond length is reduced from 1.89 Å to 1.79 Å, and the bond
angle increases from 109◦ to 120◦ [27,33,34], consistent with
its honeycomb structure. Due to the reduced dimensionality
and quantum confinement along one direction, monolayer SiC
is expected to exhibit exotic optical and electronic properties
which may find potential application in the modern-day elec-
tronics industry [35–37]. As reported in the literature [38],
the 2D-SiC has excellent mechanical properties and is found
to be one of the stiffest 2D materials after graphene and
h-BN. The SiC monolayer is highly suitable for its applica-
tion in high-power and high-temperature devices due to its
relatively wide band gap and superior physical and thermal
properties [39].

In terms of experimental efforts, Lin and co-workers
[40] were able to synthesize disordered quasi-2D-SiC flakes
(thickness < 10 nm) through the reactive interaction be-
tween silicon quantum dots and graphene. Although these
quasi-2D-SiC flakes were not atomically thin, the authors
did observe changes in the electronic structure indicative
of quantum confinement. Chabi et al. were able to push
down the average thickness of 2D-SiC nanoflakes (average
size ∼ 2 µm) to 2–3 nm (which estimates between seven to
ten atomic layers) by a catalyst-free carbothermal method
[41]. Very recently, Polley et al. [42] reported to have
successfully grown an atomically thin large-scale epitaxial
monolayer of honeycomb SiC by employing the “bottom-
up” solid-state fabrication technique. They found that, unlike
many other 2D materials that suffer environmental insta-
bility, this experimentally synthesized 2D-SiC monolayer
is environmentally stable and does not degrade at room
temperature.

It is well known that the defects (dopants, vacancies, anti-
sites, interstitials, etc.) are unavoidable during fabrication or
postprocessing of materials. These defects play a crucial role
in significantly tailoring the electronic and optical characteris-
tics of the 2D material. Due to the quantum confinement effect
of both host and defected wave functions in 2D materials,
the impact of defects on the electronic and optical properties
may considerably differ from their three-dimensional (3D)
bulk counterpart. In this paper we undertake a systematic
study of structural stability, electronic, and optical proper-
ties of some favorable defects in 2D-SiC monolayer utilizing
first-principles-based DFT and MD simulations. We have in-
vestigated the point defects (i.e., vacancy, antisites), foreign
impurity defects (i.e., boron, phosphorus, nitrogen, and alu-
minum doping), and complex defects (i.e., doping-vacancy,
antisite-vacancy), which are a combination of the aforemen-
tioned defects.

The remainder of this paper is organized as follows. In the
next section we briefly describe our computational approach,
followed by the presentation and discussion of our results in
Sec. III. Finally, in Sec. IV we present our conclusions.

II. COMPUTATIONAL METHODS

All the calculations presented in this work have been
performed within the framework of the first-principles DFT
as implemented in the Vienna Ab initio Simulation Package
(VASP) code [43,44]. In this approach the electron-ion inter-
actions are described using the projected augmented wave
(PAW) [45] method with the energy cutoff set at 500 eV.
The screened hybrid functional of Heyd–Scuseria–Ernzerhof
(HSE06) [46,47] with 25% of the Hartree–Fock exchange and
0.2 Å−1 screening parameter has been employed for accurate
band structure calculations. The Brillouin zone is sampled
using the Monkhorst-Pack scheme, with an automatically gen-
erated k-point mesh of 5 × 5 × 1, and 7 × 7 × 1 for relaxation
and single-point energy calculations, respectively. The con-
vergence threshold for the forces felt by atoms is chosen to
be 10−2 eV/Å, and for the total energy minimization, it is
10−5 eV. For performing calculations on defective configu-
rations, a 4 × 4 supercell of SiC monolayer is chosen. A
vacuum space of 15 Å is kept along the z axis to eliminate
the interactions between the periodic images of the supercell.
The surface matching for the SiC monolayer and TaC{111}
slab is performed using the Zur and McGill algorithm [48],
which builds the lowest area supercell that matches the surface
area of two lattices. In the slab and interface calculations,
both lattice vectors and atomic positions are optimized. The
van der Waals dispersion corrections are employed by using
Grimme’s DFT-D3 method [49]. We have also considered
dipole corrections in the calculation of the total energies of
the surface slabs. The structural integrity at room temperature
for the pristine as well as the defect-induced monolayer is ver-
ified by performing ab initio molecular dynamics simulations
(AIMD) [50]. The AIMD simulations are performed in two
consecutive steps: First, the system is kept in a microcanonical
ensemble (NVE) for 6 ps of time duration using time steps of
1 fs each while the temperature is raised from 0 to 300 K.
Next, we kept the system in a canonical ensemble (NVT) at
300 K for 6 ps of time duration by employing a Nose–Hoover
thermostat. For optical calculations, the frequency-dependent
imaginary part of the dielectric function is obtained from the
momentum matrix elements between the occupied valence
bands and the unoccupied conduction bands, while the real
part follows from Kramers-Kronig relations [51].

III. RESULTS AND ANALYSIS

The valence shells of C and Si have electronic configura-
tions of (2s2, 2p2) and (3s2, 3p2), respectively. Thus, in the
planar structure of the SiC monolayer, both the atoms par-
ticipate in sp2–pz hybridization so that the nearest-neighbor
atoms (C and Si) are bonded together by σ bonds (Fig. 1),
while the pz orbitals of each atom give rise to the π/π∗
bands corresponding to the valence/conduction bands of
the system. Our calculations started by relaxing the pris-
tine SiC monolayer, leading to the optimized bond length of
1.79 Å and optimized Si-C-Si (and C-Si-C) bond angle equal
to 120◦ [Fig. 1(a)], fully consistent with the previous the-
oretical studies [27,33,38,52]. The nature of the band gap
in SiC monolayer is debatable in the reported literature so
far. The “direct” band gap has been predicted by Lin et al.
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FIG. 1. (a) Optimized structure of 4 × 4 supercell of SiC monolayer with Si-C bond length of 1.79 Å, and Si-C-Si (and C-Si-C) bond
angles 120° [the blue (brown) spheres denote the Si (C) atoms, and the monolayer is assumed to lie in the xy plane]. (b) �-M-K-� path in the
corresponding reciprocal space and the (c) calculated HSE06 electronic band structure of a primitive cell of 2D-SiC monolayer.

[53] and Ferdous et al. [54] using SIESTA [55] and QUANTUM

ESPRESSO [56,57] simulation codes, respectively, employing
the GGA-PBE exchange-correlation functional. Wu and Guo
[22] and Sun et al. [58] have also predicted a “direct” band
gap for the SiC monolayer using the LDA and GGA-PW91
functional, respectively, as implemented in VASP. However,
Hsueh and co-workers [24] reported that the band gap is “indi-
rect” using the local density approximation (LDA) functional
and transforms to “direct” upon employing GW self-energy
corrections. Lü et al. [59] have also claimed an “indirect” band
gap using LDA and GWA functionals as implemented in the
ABINIT code [60]. Sahin et al. [38] also reported an “indirect”
band gap based on their LDA calculations. It is commonly
known that LDA/GGA functionals underestimate the band
gaps in most materials. Therefore, to obtain a more accurate
estimate of the band gap of the SiC monolayer, we decided
to perform calculations using the hybrid functional HSE06.
For this purpose we used the geometry optimized using the
PBE functional and performed HSE06-based band structure
calculations on the primitive cell of SiC monolayer containing
two atoms. We found an “indirect” band gap of 3.38 eV
(K → M ) and a “direct” band gap of 3.43 eV (K → K ) in
the SiC monolayer, as demonstrated in Fig. 1(c). For the sake
of comparison, we have also computed the band structure
using the PBE functional (see Fig. S1 [61]) and found that the
system exhibits an indirect band gap of 2.55 eV (K → M ) and
a direct one of 2.56 eV (K → K ). Upon comparing the two
band structures, we conclude that they differ quantitatively
with the HSE06 band gaps, being ≈0.8 eV larger; however,
their qualitative features are very similar.

Due to the slight difference in the relative energies in the
conduction band edge at the K and M points of the Brillouin
zone, the nature of the band gap and the related properties can
be easily tuned with the introduction of various types of de-
fects, impurities, strains, etc. Hassanzada et al. [62] proposed
that the Stone-Wales–related defects could be promising hosts
for single-photon quantum emitters. The paramagnetic color
centers are connected to silicon vacancy-related defects, as
reported by Mohseni and co-workers [33]. The effects of vari-
ous substitutional impurities, adatoms, and vacancy defects on
magnetic properties have been investigated by Bekaroglu et al.
[63]. Despite a fair number of studies on 2D-SiC monolayer,

a comprehensive study of the stability of various defective
structures and their electronic and optical characteristics is
still lacking. Therefore we present here a detailed investiga-
tion of the structural stability and optoelectronic properties
of SiC monolayer with following types of defects: (i) substi-
tutional defects, where a dopant X can replace one Si atom
or a dopant Y can replace one C atom, i.e., XSi or YC; (ii)
vacancy, where either a Si or C atom or both the atoms are
missing from their respective sites, i.e., VSi or VC or VSi−VC;
(iii) antisites, where a Si atom is present at the C atom site or
vice versa, i.e., SiC or CSi; (iv) antisite-vacancy, a combination
of both (ii) and (iii), where either a C or Si atom is missing
from their respective sites, forming a vacancy defect, while at
the same time, C atom is present at the Si site or vice versa,
i.e., SiC−VSi/C or CSi−VSi/C; and (v) doping-vacancy, a com-
bination of both (i) and (ii), i.e., XSi−VSi/C or YC−VSi/C. The
ground-state geometries of these defects in a 4 × 4 supercell
of SiC monolayer are presented in Fig. 2.

We have divided the remainder of this section into four
parts to discuss the effects of defects on (a) structural stability,
(b) electronic structure, (c) effective mass of charge carriers,
and (d) optical properties.

A. Stability of defects in 2D-SiC monolayer: Ab initio atomistic
thermodynamics and molecular dynamics calculations

In this section we first probe the thermodynamics of var-
ious defect-induced SiC monolayer systems by calculating
their formation energies in both Si-rich and C-rich environ-
ments, which is crucial in supporting the experimental work
to improve the setup conditions during the growth of the
2D-SiC monolayer. The structural stability of the defective
systems is probed by performing AIMD simulations at room
temperature.

The formation energy of monolayer SiC is obtained using
the formula �HF = μSiC − (μSi + μC), where μSiC is the
chemical potential of the monolayer SiC unit cell, while
μSi(μC) denote the chemical potential of the stable phase of
Si (C). The calculated formation energy of the monolayer is
found to be 0.57 eV, which is in excellent agreement with the
values reported in the literature [62]. The low positive value
of formation energy indicates that the SiC monolayer is a
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FIG. 2. Relaxed ground-state geometry of point defects of monolayer SiC considered in this work. Simple defects: (a) BC, (b) PSi, (c) NC,
(d) AlSi, (e) CSi, (f) SiC, (g) VC, and (h) VSi. Complex defects: (i) VSi−VC, (j) SiC−VC, (k) CSi−VSi, (l) CSi−VC, (m) PSi−VC, (n) PSi−VSi, (o)
BC−VC, (p) BSi−VC, (q) NC−VC, (r) NC−VSi, (s) AlSi−VC, and (t) AlSi−VSi (all the defective monolayers are assumed to lie in the xy plane).

metastable phase of silicon carbide and hence could be stabi-
lized experimentally. To investigate the role of substrate in the
growth of SiC monolayer, we have performed substrate-film
adhesion energy calculations using the first-principles DFT,
combined with the substrate interface theory. Experimentally,
an epitaxial monolayer of 2D SiC was recently synthesized
on ultrathin rocksalt cubic TaC{111} surface of thickness
∼3 nm, which was accommodated on a 4H-SiC substrate
[42]. We have extracted a 3.3-nm-thick {111} Miller surface
of rocksalt cubic TaC from the bulk TaC cubic halite and
performed the full geometry optimization and self-consistent
field calculations. The surface slab energies of TaC{111} slab
and SiC monolayer are calculated using Eq. (1) [64,65]:

σ = 1

2A
[Eslab − (NEBulk + nμi )], (1)

where Eslab and EBulk are the total energies of the surface slab
and bulk units, N , n, A, and μi are, respectively, the number of
formula units, number of extra atoms in surface slab, surface
area, and chemical potential of elementary atoms. μC, μTa,
and μSi are calculated from their stable bulk phases under
both Ta-rich and C-rich conditions, since the monolayer SiC is
grown on the TaC film. The surface energy of monolayer SiC
is found to be 11.55 J/m2, computed with respect to the stable
4H phase of SiC. The surface energies of the 3.3-nm-thick
TaC{111} slab (σTaC{111}) with C and Ta terminations
provided in Table I. We found that Ta-terminated TaC{111}
slabs have lower surface energy compared to C-terminated
TaC{111}, which is consistent with the previous slab energy

calculations of various rocksalt transition-metal carbide facets
by Quesne et al. [66]. Next, we construct two interfaces of
TaC{111} slab and SiC monolayer corresponding to the C
and Ta terminations of TaC. The silicon carbide monolayer
is kept at a distance 2 Å above the metal carbide’s surface,
and the optimized distance between the C(Ta) terminated
TaC{111} and Si atom of monolayer SiC is 2.36 Å (2.72 Å).
The optimized structures of the TaC{111}-SiC interface, with
the C and Ta terminations presented in Figs. 3(a) and 3(b).
We report a small lattice mismatch of 1.87% in the interface
structures composed of TaC{111} 3.3-nm-thick film and SiC
monolayer. Next, we calculate the bonding strengths of the
atoms present at the TaC{111}-SiC interface and the interface
stability by calculating the interfacial adhesion energy (Eadh )
using Eq. (2) [67]:

Eadh = 1

A
[ETaC{111}−SiC − ESiC − ETaC{111}]. (2)

Here, ESiC, ETaC{111}, and ETaC{111}−SiC are the total energies
of the SiC monolayer, TaC{111} slabs, and TaC{111}-SiC
interfaces, respectively, and A is the lateral interface area.
The adhesion energy for the TaC{111}-SiC monolayer was
found to be –1.44 J/m2 and –2.05 J/m2 for C and Ta-
terminated TaC{111} facets. The negative values of adhesion
energies imply that TaC{111} substrate can stabilize the
SiC monolayer. The adhesive energy of the Ta-terminated
TaC{111}-SiC interface is less than that of the C-terminated

235311-4



DEFECT-DRIVEN TUNABLE ELECTRONIC AND OPTICAL … PHYSICAL REVIEW B 108, 235311 (2023)

TABLE I. Surface (σ ) and interfacial adhesion (Eadh) energy of TaC{111} facet and SiC monolayer with different termination and chemical
environments.

σTaC{111} (J/m2) Eadh(J/m2)

Ta-termination C-termination
Ta-termination C-termination

C-rich Ta-rich C-rich Ta-rich

3.10 1.98 5.26 6.34 –2.05 –1.44

TaC{111}-SiC interface, because Ta-terminated TaC{111}
facet is more stable than the C-terminated TaC{111}.

The cohesive energy of an isolated pristine SiC monolayer
is calculated as EC = ESiC

T − (ESi
T + EC

T ) in terms of the opti-
mized total energy of the unit cell of SiC monolayer and total
energies of isolated Si and C atoms, respectively. The calcu-
lated cohesive energy is found to be –11.87 eV, indicating the
high stability of the material.

We investigated the relative stability of various possible
defects under investigation by computing their formation en-
ergies. The formation energy of a neutral defect, EF (D), is
calculated using Eq. (3) [68,69]:

EF (D) = Etotal(D) − Etotal(host ) +
∑

i

niμi. (3)

Above Etotal(D) and Etotal(host ) represent the total energies
of the optimized structures of the defective and pristine mono-
layers, respectively. ni is the number of atoms removed from
(ni > 0) or added to (ni < 0) the SiC monolayer to form a
defect, and μi is their corresponding chemical potential. The
chemical potential μi depends on the chemical environment
of the system; therefore we have calculated the formation en-
ergies of defects in both Si-rich (C-poor) and C-rich (Si-poor)
growth conditions. μi of the constituent atoms are calculated
from their stable bulk phases. The calculated formation ener-
gies of various possible defective systems considered in this
work are shown in Fig. 4 for both Si-rich (C-poor) and C-rich
(Si-poor) growth conditions.

Here, the formation energy is calculated using the finite-
size supercell methodology, where a defect is introduced in
a suitably large simulation supercell to minimize the defect-
defect interaction, which can have a significant impact on the
defect formation energy. For charged defects, the interactions

between the periodic images of defects are significant due to
the presence of long-range electrostatic potential term that
converges very slowly as a function of supercell size. How-
ever, for neutral defects, which are explored in this work,
the defect-defect interactions are negligible. Therefore the
formation energy converges fairly quickly with the increasing
supercell size. As a result, the simulations employing smaller
supercells can yield fairly precise estimates for the formation
energy of the neutral defects. In this work we have computed
the defect formation energy using a (4 × 4) supercell and
also compared it with the formation energy obtained using
different supercell sizes, i.e., (3 × 3), (5 × 5), and (6 × 6)
(Fig. 4). We found that the trend in the formation energy of
various defects considered in the present study remains unaf-
fected by the different supercell sizes (Fig. 4). Additionally,
the formation energy is very well converged for the majority
of the defects, which makes the (4 × 4) supercell size a
suitable choice to further study the defect properties.

The calculated theoretical formation energy of the NC de-
fect is the lowest for the C-rich growth condition, indicating
that this defect is most likely to be found in the SiC mono-
layer. The defect formation energy of VC is lower than that
of VSi, which is similar to the case corresponding to the
bulk 4H-SiC phase [70]. The formation energies of NC−VSi,
AlSi−VSi, PSi−VSi, and CSi−VSi are greater than those of
NC−VC, AlSi−VC, PSi−VC, and BSi−VC. The greater forma-
tion energies associated with the Si vacancy are expected,
because the Si atom is heavier than the C atom, and hence will
be difficult to remove. Another point that can be noted is that
the formation energy of the CSi-type defect is lower than the
SiC-type defect, because C atoms prefer the sp2 configuration
more than the Si atom does. Among the dopant-type defects,
AlSi and BC have greater formation energies than NC and PSi,

FIG. 3. Interface model optimized structures of 3.3-nm-thick TaC{111}-SiC monolayer for (a) C-terminated TaC{111} slab and (b) Ta-
terminated TaC{111} slab.
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FIG. 4. Defect formation energies (in eV) calculated for (3×3), (4×4), (5×5), and (6×6) supercell in Si-rich (C-poor) and C-rich (Si-poor)
growth conditions for various possible neutral defects in the 2D-SiC monolayer.

which can be attributed to the atomic size and electroneg-
ativity of the dopant atoms. To further reveal the thermal
stability of pristine and defective systems at room temper-
ature (300 K), we performed ab initio molecular dynamics
(AIMD) simulations. The maximum bond length variation
is found to be around ∼4.5% for a pristine SiC monolayer,
which is not significant and corresponds to only 0.08 Å. It has
been observed that for the doped, antisite, vacancy, and com-
plex defect cases, the maximum bond length fluctuations are
∼4.4%, 5.0%, 6.6%, and 6.1% for NC, SiC, VSi, and NC−VSi

defects, respectively. Thus, we conclude that both the pristine
as well as defective SiC monolayers are stable at room tem-
perature.

B. The influence of defects on the electronic structure
and magnetic properties

This section is devoted to the analysis of the electronic
band structure and electronic density of states (DOS) of var-
ious structures under investigation. As a benchmark test for
comparison, we first investigated the electronic band structure
of a 4 × 4 supercell of the pristine SiC monolayer. Notably,
more bands populate the Brillouin zone because of the band
folding caused by a larger number of atoms in the supercell
as compared to the primitive cell. We also examined the spin-
polarized atom-projected electronic density of states (PDOS)
to explore the contribution of each atom and orbital to the
valence and conduction bands in the proximity of the Fermi
level. The p orbital of the C atom clearly dominates the va-

lence band, whereas the Si atom’s p orbital mostly contributes
to the conduction band as seen in Fig. 5(b).

To elucidate the role of defects on the electronic structure
of defected 2D-SiC, we have performed band-structure and
PDOS calculations using hybrid HSE06 functional (refer to
Figs. 6 and 7). It is interesting to note that the additional
defect states are generated near the Fermi level for BC- and
PSi-type defects as compared to the pristine monolayer [see
Figs. 6(a) and 6(b)]. This leads to a significant reduction in the
band gap (Eg), which becomes 1.15 eV for BC and 0.90 eV
for PSi, respectively. The strong peak of the p orbital of the
dopant atom, i.e., B (P), is observed near the Fermi level
for BC (PSi) defected systems as shown in Figs. 7(a) and
7(b), which confirms that these additional states in the band
structure are arising due to the dopant atom.

However, for NC (AlSi) defects, as shown in Figs. 6(c)–6(d)
(band structure) and Figs. 7(c)–7(d) (PDOS), the Fermi level
lies near the bottom (top) of the conduction (valence) band
within the continuous density of states and hence shows the
interesting defect-induced transition from the semiconducting
to metallic state. The metallicity is basically due to the shift
of the Fermi level of the supercell caused by an extra valence
electron in case of NC and one less electron in case AlSi as
compared to the pristine supercell. From Figs. 7(c) and 7(d)
it is obvious that the dominant contribution to the PDOS near
the Fermi level is due to the p orbital of the Si (C) atom for
NC (AlSi) defects.

For the antisite defects, i.e., CSi and SiC defects, only one
defect state corresponding to the p orbital of C and Si, respec-

235311-6



DEFECT-DRIVEN TUNABLE ELECTRONIC AND OPTICAL … PHYSICAL REVIEW B 108, 235311 (2023)

FIG. 5. The calculated (a) band structure and (b) atom-projected PDOS of the 4 × 4 supercell of the SiC monolayer. The Fermi level has
been set to zero.

tively, is found in the midgap region [see Figs. 6(e), 6(f) and
7(e), 7(f)]. Therefore the system is expected to behave as an
n-type (p-type) semiconductor under the presence of CSi (SiC)
defects with the reduced band gap (Eg) of 2.66 eV (2.58 eV).

In the case of a single C (Si)-atom vacancy, i.e., VC (VSi),
the atoms nearest to the vacancy defect have an unpaired elec-

tron that forms an unsaturated covalent bond and causes the
impurity bands to emerge in the forbidden region, exhibiting
a band gap (Eg) of 1.40 eV (0.34 eV) [see Figs. 6(g) and
6(h)]. A detailed examination from PDOS [Figs. 7(g) and
7(h)] clearly demonstrates that the p orbital of Si (C) atoms
for VC (VSi)-type defects are the primary cause of the impurity

FIG. 6. Electronic band structures calculated using HSE06 for various defects under investigation. Simple defects: (a) BC, (b) PSi, (c) NC,
(d) AlSi, (e) CSi, (f) SiC, (g) VC, and (h) VSi. Complex defects: (i) VSi−VC, (j) SiC−VC, (k) CSi−VSi, (l) CSi−VC, (m) PSi−VC, (n) PSi−VSi, (o)
BC−VC, (p) BSi−VC, (q) NC−VC, (r) NC−VSi, (s) AlSi−VC, and (t) AlSi−VSi.
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FIG. 7. Atom projected density of states (PDOS) calculated using HSE06 for various defects under investigation. Simple defects: (a) BC,
(b) PSi, (c) NC, (d) AlSi, (e) CSi, (f) SiC, (g) VC, and (h) VSi. Complex defects: (i) VSi−VC, (j) SiC−VC, (k) CSi−VSi, (l) CSi−VC, (m) PSi−VC, (n)
PSi−VSi, (o) BC−VC, (p) BSi−VC, (q) NC−VC, (r) NC−VSi, (s) AlSi−VC, and (t) AlSi−VSi.

states. The result contrasts with the bulk 4H-SiC phase [70],
where impurity states created due to a single Si or C atom
vacancy cross the Fermi level, inducing the metallicity in the
system. The midgap defect states are also observed in the
electronic structure of the VSi−VC double vacancy, mainly due
to the p orbital of the C atom, as is obvious from Figs. 6(i) and
7(i). This leads to the reduced band gap (Eg) of 1.90 eV.

The symmetric character of PDOS suggests the non-
magnetic nature of the pristine SiC monolayer [Fig. 5(b)].
However, some defects can induce a net magnetic moment
due to imbalanced up and down spin channels, as observed
in Fig. 6. For BC, PSi, and NC defects, the total magnetic
moment induced in the defective system is 0.35μB, 0.39μB,
and 0.28μB, respectively (refer to Table II), while for AlSi,
CSi, and SiC defects the system remains nonmagnetic, which
is consistent with the results reported by Bekaroglu et al. [63].
In the case of single defects, i.e., VC and VSi, the magnetic mo-
ment is comparatively higher, which is 0.93μB and 1.99μB,
respectively. In Table II we have listed the resulting net mag-
netic moment corresponding to various defective systems.

The complex defects (i.e., antisite-vacancy and dopant-
vacancy) have a qualitative impact on the electronic structure
of the system. The PDOS curve for the SiC−VC defect in-
dicates that the defect states hybridize with the valence and
conduction bands in the system [see Fig. 7(j)], leading to a
reduced band gap (Eg) of 2.34 eV, while the defect states near
the Fermi level for CSi−VSi and CSi−VC [see Figs. 7(k) and
7(l)] arise mainly due to the p orbitals of the Si and C atoms,
resulting in a smaller band gap (Eg) value of 0.59 and 1.34 eV,

respectively. An overlapping is observed between the p orbital
of P and Si atoms for the PSi−VC (Eg = 0.69 eV) defect,
which indicates a strong hybridization between them. The
additional impurity states due to the p orbital of the B atom
are observed for BC−VC and BSi−VC defects, as shown in
Figs. 6(o) and 6(p), resulting in a significant reduction in band
gap (Eg) to 1.26 and 1.49 eV, respectively. For NC−VC (Eg =
1.13 eV) and AlSi−VC (Eg = 1.32 eV), the defect states arise
mainly due to the p orbitals of the Si atoms, with a very
small contribution from the p orbitals of the C atom, as is
evident from Figs. 7(q) and 7(s). The additional impurity
electronic states due to the p orbital of the C atom domi-
nate on both sides of the Fermi level for PSi−VSi, NC−VSi,
and AlSi−VSi type defects [see Figs. 7(n), 7(r) and 7(t)],
with a reduced band-gap value of 0.39, 0.14, and 0.98 eV,
respectively. For all the cases of complex defects consid-
ered in this article, the semiconducting nature of the material
remains intact.

We observed an interesting nonmetal-to-metal transition
for NC and AlSi defects. It is important to investigate if the
metallic nature of NC and AlSi defective systems is sustained
under different defect densities. Therefore we have performed
density-of-states calculations employing the HSE06 func-
tional using different supercell sizes, i.e., (3 × 3), (5 × 5), and
(6 × 6), and compared the results with a (4 × 4) supercell. For
the NC (AlSi) defect, the Fermi level crosses the conduction
(valence) band for all supercell sizes, indicating the metallic
nature of these materials remains intact in the relatively dense
and dilute limits of such defects. We found that the conduction
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TABLE II. The electron and hole effective masses calculated at their band extrema and the total magnetic moment of the pristine and
defective 2D SiC structures (μB and mo represent the Bohr magneton and rest mass of an electron, respectively).

Defect-induced system Electron effective mass (mo) Hole effective mass (mo) Total magnetic moment (μB )

Pristine SiC monolayer 0.32 0.48 0.00
BC 1.85 0.60 0.35
PSi 0.65 0.96 0.39
NC 1.59 0.61 0.28
AlSi 1.17 0.50 0.00
CSi 0.57 0.45 0.00
SiC 0.45 0.75 0.00
VC 1.07 0.57 0.93
VSi 1.24 1.93 1.99
VSi−VC 0.14 0.73 0.00
SiC−VC 0.77 2.04 0.00
CSi−VSi 0.92 0.45 0.95
CSi−VC 3.90 1.91 0.97
PSi−VC 3.31 0.49 0.29
PSi−VSi 1.36 3.20 1.56
BC−VC 0.62 0.66 0.50
BSi−VC 3.29 6.87 0.42
NC−VC 0.48 0.73 1.30
NC−VSi 0.23 0.25 1.51
AlSi−VC 0.18 0.84 0.52
AlSi−VSi 1.13 1.39 0.52

and valence band edges for NC and AlSi defects are adequately
converged with different supercell sizes, as shown in Fig. S2
[61], implying a (4 × 4) supercell is an appropriate choice to
study such defects in the SiC monolayer.

C. Effective mass of charge carriers

The effective masses of electrons and holes in
semiconductors are important because they determine the
mobilities of the charge carriers, subsequently influencing
their photoelectric and thermoelectric properties [71]. In this
section we present our calculations of the effective masses
of charge carriers on pristine and defective SiC monolayers.
We have computed the effective mass of electrons and holes
using the parabolic approximation around the band extremas
according to Eq. (4) [72].:

m∗
k = h̄

(
d2E (k)

dk2

)−1

k=K0

mo, (4)

where mo is the rest mass of the electron, h̄ is the reduced
Planck constant, k is a wave vector in the first Brillouin zone,
E (k) is the corresponding Kohn-Sham eigenvalue, and K0

denotes the location of the band extremum. The calculated
value of electron and hole effective masses for pristine SiC
monolayer at its band extrema, i.e., me

M and mh
K , are found to

be 0.32mo and 0.48mo, respectively. However, interestingly,
it can be noticed that the electron effective mass along the
high-symmetry directions, i.e., me

M→K and me
M→� , are found

to be 3.48mo and 0.26mo, respectively. This is due to the
decrease in the band dispersion along the M → K direction,
which results in a higher effective mass. Furthermore, the
hole effective mass is found to be 1.38mo (mh

M→K ) and
0.56mo (mh

M→� ), respectively. These results suggest that the

charge carriers are more mobile along the M → � direction
as compared to the M → K direction.

To understand the influence of defects on the mobilities
of charge carriers, we have carried out the effective mass
calculation for the defected systems as well. The calculated
values of the electron and hole effective masses at the band
extremas for the pristine, as well as various defected systems
under the scope of this work, are listed in Table II. For BC (PSi)
defective systems, the electron and hole effective masses of
1.85mo (0.65mo) and 0.60mo (0.96mo), respectively, were
obtained at the conduction (valence) band extrema. For the
CSi (SiC) defect case, the electron effective mass is calculated
to be 0.57mo(0.45mo), while the hole effective mass is found
to be 0.96mo(0.48mo). The electron effective mass for VSi −
VC double vacancy is 0.14mo, which is substantially lower
than the value 1.07mo(1.24mo) of the single-vacancy VC (VSi)
defect. On the other hand, the value of the hole effective mass
for the VSi−VC defect (0.73mo) is higher than that of the VC

defect (0.57mo). Exceptionally low electron effective mass
values of 0.14mo and 0.18mo are obtained for the VSi−VC and
AlSi−VC defects, respectively, which are comparable to the
bulk silicon electron effective mass, estimated to be ∼0.16mo

[73,74]. A low effective mass leads to a pronounced carrier
transport property, indicating the high potential of such ma-
terials in photovoltaic applications [75,76]. For the double
defects CSi−VC, PSi−VC, and BSi−VC, the electron effective
masses are much higher than m0, suggesting their applica-
tions in thermoelectric devices aimed at converting otherwise
wasted heat into electric power [77].

D. Influence of defects on the optical properties

In this section we present and discuss our results on the
optical absorption spectra of the pristine and defective SiC
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FIG. 8. (a) The real part of dielectric ε1(ω), (b) refractive index n(ω), and (c) absorption coefficient α(ω), plotted for pristine SiC
monolayer.

monolayers with the aim of understanding the influence of
defects on their optical properties. Our findings give insights
into the rich electronic and optical properties of this newly
synthesized SiC monolayer for its potential application in
electronic and optoelectronic devices of the next generation.
For this purpose we have computed the frequency-dependent
real ε1(ω) and imaginary ε2(ω) part of the dielectric functions
using the orbitals and the band structures obtained from the
GGA-PBE calculations. The imaginary part was computed
by performing the sum over the conduction-band states, while
the real part was obtained from the imaginary part using the
Kramers–Kronig (KK) relationship. Thus these calculations
were performed within the independent-electron model,
ignoring the excitonic effects that arise due to the electron-
hole interactions. To include the influence of excitonic
effects, one must perform calculations using approaches such
as the time-dependent density-functional theory (TDDFT)
or the Bethe-Salpeter equation (BSE), that take into account
the quantum many-particle effects. However, the purpose
behind the present calculations is to obtain a semiquantitative
understanding of the influence of defects on the optical
properties, for which we feel that the independent-electron
approach is sufficient. The following equations (5) and (6)
are used to compute the relevant refractive index and optical
absorption of the system with respect to the photon energy:

n(ω) =

⎡
⎢⎣

√
ε2

1 (ω) + ε2
2 (ω) + ε1(ω)

2

⎤
⎥⎦

1
2

, (5)

α(ω) = 2ω

c

⎡
⎢⎣

√
ε2

1 (ω) + ε2
2 (ω) − ε1(ω)

2

⎤
⎥⎦

1
2

. (6)

For the pristine SiC monolayer, absorption starts at around
2.23 eV, with its first absorption peak at 2.87 eV, followed by
a second absorption peak at 3.41 eV for the light polarized in
the xy plane (‖-polarized), i.e., with the electric field of the
radiation E ‖ x or y directions Fig. 8(c). We also note that
for the ‖-polarized light, the optical response of the pristine
monolayer is fully isotropic, i.e., the same for both x and y
polarization directions. While for the z-polarized light (E ‖ z,
or ⊥-polarized), the absorption starts at a higher energy of

4.30 eV, followed by the first absorption peak at 4.81 eV,
which is expected for two-dimensional materials since more
energy is required to excite electrons in a direction perpen-
dicular to the plane of the material because of the stronger
confinement in that direction. Several other peaks are lo-
cated in the ultraviolet region of the spectrum, indicating a
number of transitions from the valence band to the con-
duction band. The dominant peak corresponding to the
maximum absorption is observed at 8.09 eV (‖-polarized) and
10.41 eV(⊥-polarized). Table III shows the first and the most
intense absorption peak values for the pristine SiC monolayer
and the bands that contribute to the single electron transition
corresponding to the peak. In order to determine the conduc-
tion bands involved in these transitions, we compared the ex-
citation energies of the first and the most intense peaks of the
absorption spectra with the energy difference between highest
valence band (v) and the nth conduction band (c + n), calcu-
lated using the PBE-GGA band structures (see Fig. S3 [61]).

We found that the transition occurs at the � point for the
first and most intense peaks for the ⊥-polarized light, while
the transition is at K and � points, respectively, for the first
and the most intense peaks in case of ‖-polarized light.

The static dielectric constant ε1(0) and the refractive in-
dex n(0) are found to be 3.85 (1.93) and 1.96 (1.39) for
‖-polarized (⊥-polarized) light, as shown in Figs. 8(a) and
8(b). For the photon energy ranges 3.6–5.6 eV and 8.1 eV
and higher for the ‖-polarized light, the refractive index (n)
of SiC monolayer is found to be less than that of the glass
(< nglass), indicating comparatively higher transmission and

TABLE III. Calculated first and most intense absorption peak
energy values for the pristine SiC monolayer from optical absorption
spectra. ν and c correspond to the valence- and conduction-band
maximum, while c + n corresponds to the nth conduction band above
the lowest conduction band c.

Peak locations (eV)
Peak

‖-polarized ⊥-polarized

First peak 2.87 (ν → c) 4.81 (ν → c + 14)
Most intense peak 8.09 (ν → c + 41) 10.41 (ν → c + 59)
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FIG. 9. Optical absorption spectra of the SiC monolayer with simple defects: (a) BC, (b) PSi, (c) NC, (d) AlSi, (e) CSi, (f) SiC, (g) VC, and
(h) VSi.

hence low absorption. While for the ⊥-polarized light, higher
transmission will be observed for the energy range 0.0–4.3 eV.

As can be seen from calculated optical absorption data
(Figs. 9 and 10), the optical absorption for the defective SiC
monolayers starts at much lower energies as compared to the
pristine one. The reason behind the onset of absorption at
lower energies in the defective systems is the presence of
defect levels in the midgap region that effectively reduce the
optical gap in these materials. For the ‖-polarized light, the
absorption starts at around 0.36 eV for BC and PSi defects due
to the additional impurity states generated above and below
the Fermi level. The first absorption peak is observed in the
infrared (IR) region of the spectrum at 0.89 and 0.74 eV
for BC and PSi defects, respectively. For NC and AlSi, the
defect states appear at the Fermi level (Fig. 7) and hence
the absorption starts at 0 eV, indicative of the metallic nature
of these systems. The first peak is found at 0.20 eV for NC

and AlSi defects. Similarly, due to the impurity states being
very close to the Fermi level, the onset of absorption starts
again near zero photon energy for VC and VSi defects, with
the first absorption peak at 0.17 and 0.38 eV, respectively. A
number of defect states appear above and below the Fermi
level, which leads to more than one absorption peak within a
small energy interval in the IR region of the spectrum. It could
be noted that a slight anisotropy in the optical absorption in
the xx and yy direction is observed for the VC defect. For the
cases of CSi and SiC, the defect states appear close to the
conduction- and valence-band minimum, respectively. Thus
the absorption spectrum does not change significantly as com-
pared to the pristine monolayer, with the first absorption peaks
at 2.24 and 2.17 eV, respectively. Furthermore, no significant
changes are observed in the optical absorption spectrum for
the ⊥-polarized light for the systems with simple defects as
compared to the pristine monolayer.

Next we discuss the absorption spectra of monolayers with
complex defects. For the ‖-polarized light, the absorption
starts at around 1.17 eV, leading to the first absorption peak
at 1.63 eV for the VSi−VC defect. For CSi−VSi, PSi−VSi, and
NC−VSi defects, the absorption starts near 0 eV, owing to
their very low band gap. Their first absorption peak is ob-
served at 0.40, 0.36, and 0.54 eV, respectively. The absorption
spectra of the SiC−VC defect is similar to the pristine case,
with the first absorption peak shifted to 2.67 eV. A sharp
absorption peak occurs at 1.13 and 1.10 eV for PSi−VC and
BC−VC defects. Broad absorption peaks at 1.44, 1.72, and
0.18 eV corresponding to BSi−VC, NC−VC, and CSi−VC de-
fects, respectively, indicate several one-electron transitions
from occupied energy states to unoccupied energy states
within that energy interval. AlSi−VC and AlSi−VSi have new
absorption peaks at ∼1.99 and 0.54 eV, respectively, while
the second absorption peak splits into more than one peak,
indicating multiple transitions. Notably, a small anisotropy in
the optical absorption is observed for the ‖-polarized light
with respect to x and y polarization directions for all the
complex defects under consideration. For the ⊥-polarized
light, no additional absorption peaks or shift of absorp-
tion peaks is observed, except that a significant decrease
(0.54 times) in the peak strength is noticed for the SiC−VC

defect.
As is known, materials which show absorption in the visi-

ble region are suitable for photocatalysis using sunlight. Thus
these defective systems can be utilized for photocatalysis.
Several defective systems showed absorption peaks in the IR
region of the spectrum, which makes them crucial for the
rational design of IR LEDs for their application in sensing,
communication devices, remote control, etc. The optical ab-
sorption spectra of defective systems also cover a wide range
of visible and UV regions, indicating that these materials
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FIG. 10. Optical absorption spectra of the SiC monolayer with complex defects: (a) VSi−VC, (b) SiC−VC, (c) CSi−VSi, (d) CSi−VC, (e)
PSi−VC, (f) PSi−VSi, (g) BC−VC, (h) BSi−VC, (i) NC−VC, (j) NC−VSi, (k) AlSi−VC, and (l) AlSi−VSi.

can have important applications in optoelectronic devices in
a broad frequency range.

IV. CONCLUSION

In this paper we presented a systematic and detailed
first-principles DFT-based study of the stability, electronic
structure, and optical properties of both pristine and defective
SiC monolayers. A variety of single- as well as double-atom
defects were considered employing 4 × 4 supercells, and their
influence on a number of properties, such as the band gap,
effective electron and hole masses, and optical absorption
spectra were studied. The negative adhesion energy of SiC
monolayer on C- and Ta-terminated TaC{111} film indicates
that SiC monolayer can be stabilized upon metal carbide film.
Furthermore, by calculating the formation energies of all the
defective configurations, within both the Si- and C-rich con-
ditions, we demonstrated that the defective structures can be
easily synthesized.

To summarize, we found that the electronic structure and
optical properties of the SiC monolayer can be tuned in a
variety of ways by introducing defects in a controlled manner.
By analyzing the calculated theoretical formation energies of
various defects, we predict that the NC defect could be natu-
rally present in silicon carbide monolayer even during growth

due to its very low formation energy. The formation energy
related to Si-vacancy defects is found to be higher as com-
pared to C-vacancy-related defects. This behavior is expected
since the Si atom has a greater atomic mass than the C atom
and will be difficult to remove. We also verified that the trend
in formation energy remains the same with different defect
concentrations. The structural solidity at room temperature
for defected systems has been verified by employing ab initio
molecular dynamics simulations. The in-depth analysis of the
electronic band structures and the atom-projected density of
states showed that the additional impurity states are generated
within the forbidden region of pristine silicon carbide in the
presence of defects. These impurity states lead to the dramatic
reduction in the band gap, which can improve the electrical
conductivity of the material. An interesting transition from
semiconducting to metallic is observed for NC and AlSi de-
fective systems. Furthermore, we also calculated the electron
and hole effective masses, which are the fundamental char-
acteristics of a semiconductor. We observed that the electron
effective mass for pristine silicon carbide monolayer is signif-
icantly higher (∼ 3.48mo) along the M → K direction, which
will lead to better thermoelectric performance. Interestingly,
the electron effective mass at the band extrema for VSi−VC and
AlSi−VC defects is found to be very low, which is comparable
to the bulk silicon effective mass. Such low-effective-mass
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materials are suitable for high-speed electronic devices. The
real and imaginary parts of the frequency-dependent dielectric
function have been used to calculate the refractive index and
optical absorption coefficient. In terms of the onset of optical
absorption, both the pristine and defective monolayers ex-
hibit significant anisotropy with respect to the light polarized
parallel to the plane of the monolayer as compared to the per-
pendicularly polarized light. This can be seen as a structural
fingerprint in the optical response, which can be used for the
detection of the monolayers employing optical spectroscopy.
Further, it has been found that the absorption edge shifts
towards the lower energy range of the spectrum for defect-

induced systems as compared to its pristine counterpart. The
additional absorption peak is observed at 0.89 and 0.74 eV
for BC and PSi defects (‖-polarized light), respectively. While
for CSi and SiC defects, the first absorption peak shifts to 2.24
and 2.17 eV (‖-polarized light), respectively, since the defect
states are generated very close to the conduction band and va-
lence band, respectively. Therefore these nanosystems exhibit
excellent ability of optical absorption in the near-infrared and
visible regions of the spectrum, making them viable for future
photovoltaic and optical devices. Our results will help to speed
up the understanding of defects in 2D SiC monolayer to be
realized experimentally in the near future.
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