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1 Introduction

Tailoring electronic and optoelectronic properties
of 2D-SiC via defects and doping: a first-principles
study toward efficient white light-emitting diodes

Md. Mahfuzul Haque 22° and Sajid Muhaimin Choudhury (2 *2

The advent of graphene catalyzed extensive exploration into two-dimensional (2D) materials, owing to their
extraordinary electronic, mechanical, and optical properties. Among these, two-dimensional silicon carbide
(2D-SiC) has emerged as a compelling candidate for next-generation optoelectronic devices due to its
inherent planar structure, robust mechanical strength, high exciton binding energy, high thermal stability,
and wide band gap. In this work, we present a comprehensive first-principles investigation into the
effects of intrinsic point defects including vacancies and antisites as well as substitutional doping with
various single foreign atom (e.g., As, Bi, Ga, Ge, In, P, Pb, Sb, Sn, Te, Ca, K, Mg) on the electronic and
optical properties of 2D-SiC. Using density functional theory (DFT), we demonstrate that the direct band
gap of pristine 2D-SiC is preserved in the presence of key defect types and dopants, affirming its
suitability for efficient light-emitting applications. Building upon these findings, we propose a novel light-
emitting diode (LED) architecture utilizing defect, doping-tailored 2D-SiC as the active emissive layer.
Simulated optical and electrical performance metrics, including power spectral density, current—voltage
characteristics, luminous power, light extraction efficiency, and CIE color coordinates, confirm the
feasibility of achieving high-performance white light emission through strategic RGB color mixing. These
findings confirm the capabilities of defect and dopant-engineered 2D-SiC as a high-performance
material platform for adjustable light emission within the visible spectrum, which highlights its
appropriateness for incorporation into cutting-edge optoelectronic devices and solid-state lighting
applications.

nanoelectronics applications.*® For a two-dimensional material
to be viable in electronic devices, the presence of a finite and
tunable band gap is crucial. To mitigate this constraint, many

The extraction of a single graphene layer from graphite in 2004*
marked a significant milestone in materials science, sparking
a surge of interest in the exploration of additional two-
dimensional (2D) materials. These fundamentally thin mate-
rials have attracted significant interest due to their remarkable
physical, optical, and electronic properties.>® 2D materials are
highly desirable for next-generation technologies due to their
exceptional characteristics, which make them ideal for appli-
cations in flexible electronics, nanoelectronics, and
optoelectronics.**® The unique features of these materials, such
as lower scattering rates of charge carriers, improved carrier
mobility, and higher conductivity, make them more effective
than bulk silicon in the operation of electronic devices, which is
fundamental to the modern semiconductor industry.**
Despite graphene's remarkable properties, its intrinsic zero
band gap remains a fundamental drawback for its use in
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ways have been investigated to produce a band gap in graphene.
Various strategies have been explored, including chemical
doping, application of in-plane strain, surface functionalization
(e.g., hydrogenation), and molecular adsorption."?* In
aresearch, Denis et al.** demonstrated that the incorporation of
substitutional impurities including aluminum, silicon, phos-
phorus, and sulfur into monolayer and bilayer graphene may
successfully induce a band gap.

A promising method involves substituting alternate carbon
atoms in graphene's hexagonal lattice with silicon atoms,
forming a two-dimensional silicon carbide (2D-SiC) monolayer.
This structure retains a planar form and demonstrates a band
gap of around 2.557 €V, as forecasted by density functional
theory (DFT) calculations employing the generalized gradient
approximation with the Perdew-Burke-Ernzerhof (GGA-PBE)
functional.** The emergence of the band gap is attributed to
the difference in electronegativity between Si and C, which
induces partial ionic character in the otherwise covalent
bonding network. Moreover, the dynamic stability of the 2D-SiC
has been repeatedly confirmed using phonon dispersion and
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associated analysis in several theoretical studies.*** A planar
SiC monolayer is generated by sp> hybridization between Si and
C atoms, in contrast to the sp® hybridization observed in bulk
SiC phase.”**® Theoretical investigations have validated that
ultrathin wurtzite structures, including SiC, BeO, GaN, ZnO,
and AIN thin films, are capable of undergoing phase change
(from sp® to sp®) while maintaining stability. Freeman et al.*'
reported that materials such as SiC and ZnO tend to favor
a graphitic-like configuration when reduced to just a few atomic
layers, as this structure becomes the most energetically favor-
able in the ultrathin limit. This theoretical insight was subse-
quently validated through experimental work on ultrathin films
of ZnO, AIN, and MgO.*>* The dimensional transition from
bulk to monolayer leads to a contraction of the Si-C bond
length from about 1.89 A to 1.79 A, while the bond angle
increases from 109° to 120°.>%**" This alteration reflects the
planar hexagonal lattice structure typical of two-dimensional
materials. The decrease in dimensionality and the onset of
quantum confinement effects lead to unique electronic and
optical properties in monolayer SiC, positioning it as an
intriguing option for cutting-edge nano-electronic and opto-
electronic applications.**** Moreover, 2D SiC has been docu-
mented to demonstrate remarkable mechanical strength,
positioning it among the stiffest two-dimensional materials
following graphene and hexagonal boron nitride.*> The wide
band gap, combined with excellent thermal and mechanical
properties, renders monolayer SiC especially appealing for
applications in high-power and high-temperature electronic
devices.*®

2D-SiC has gotten a lot of attention as a possible base for
nano-electronic and optoelectronic devices because it is very
thermally stable, strong, has a wide bandgap, and allows
carriers to move easily. So far, most theoretical investigations
have focused on the electrical and optical properties of mono-
layer 2D-SiC. Singh et al.*” used HSE06 simulations to get very
accurate measurements of the electrical and optical character-
istics of pristine monolayer SiC. Recent advancements have
been achieved in the synthesis of two-dimensional SiC struc-
tures within the experimental domain. Lin et al*® effectively
created quasi-two-dimensional SiC flakes with thicknesses
under 10 nm by facilitating a reactive interaction between
silicon quantum dots and graphene. Despite the quasi-2D-SiC
flakes not being atomically thin, the authors noted alterations
in the electrical structure indicated of quantum confinement.
Further advancement was achieved by Chabi et al,* who
utilized a catalyst-free carbothermal reduction method to
produce 2D-SiC nanoflakes with average lateral dimensions
around 2 pm and thicknesses reduced to approximately 2-3 nm,
corresponding to about seven to ten atomic layers. Yang et al.*
used the chemical vapor deposition (CVD) approach to create
multi-layer 2D-SiC films and ultra-thin 2D-SiC layers (8-10 nm
thick). Through the use of a wet exfoliation technique, Chabi
et al. were able to successfully revive 2D-SiC from hexagonal
SiC.”® A recent study by Polley et al.** highlighted the successful
growth of a large-area, atomically thin epitaxial monolayer of
SiC featuring a honeycomb lattice using the “bottom-up” solid
state fabrication technique. The findings indicate that, in
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contrast to numerous other 2D materials that experience envi-
ronmental instability, this experimentally synthesized 2D-SiC
monolayer exhibits environmental stability and remains intact
at room temperature. At the same time, there have been
significant improvements in defect and dopant engineering, as
well as the integration of several types of 2D materials for
optoelectronic uses including light-emitting devices.*** The
results show that the configurations studied in this study can be
used in real life, and they also give a good reason for more
theoretical research on 2D-SiC-based LED.

Ion implantation is a well-established and precise technique
widely used for doping in semiconductor materials. This
approach involves the acceleration and precise direction of
dopant ions into the host lattice, specifically two-dimensional
silicon carbide, facilitating meticulous placement at desig-
nated lattice sites.”® The concentration and distribution of
dopants can be precisely controlled through ion implantation,
a recognized technique for selective doping in semiconductors.
The introduction of dopant precursors during the development
phase of CVD enables the generation of doped two-dimensional
SiC layers.***”*® This method not only proves to be optimal for
large-scale manufacturing but also facilitates uniform doping
throughout the process.

Defects such as dopants, vacancies, antisites, and intersti-
tials are recognized for their essential influence in substantially
modifying the electronic and optical properties of 2D materials.
The significant quantum confinement in two-dimensional
systems leads to a notable difference in the interaction
between defected and host wave functions compared to what is
seen in bulk three-dimensional materials. He et al.** and Bezi
Javan® looked at how isolated point defects and light-element
dopants like nitrogen and boron affect magnetic characteris-
tics and localized electronic states. There hasn't been enough
research on how different types of intrinsic defects, like
vacancies and antisites, and a variety of substitutional dopants
affect the optical transitions and emission properties of 2D-SiC.
This study presents a thorough first-principles examination of
the electronic, and optical characteristics associated with
different defect types in a monolayer of SiC. Utilizing first
principle DFT, we conduct a thorough examination of the
impacts of intrinsic point defects, including vacancies and anti-
sites, alongside substitutional doping with foreign atoms such
arsenic (As), bismuth (Bi), gallium (Ga), germanium (Ge),
indium (In), phosphorus (P), lead (Pb), antimony (Sb), tin (Sn),
tellurium (Te), calcium (Ca), potassium (K), and magnesium
(Mg). In addition, we explore more complex defect configura-
tions involving coupled defect types, such as vacancy-dopant
and antisite-vacancy pairs. This thorough examination
provides important insights into the impact of different defects
on the electronic and optical properties of 2D-SiC, emphasizing
its potential for advanced device applications like light-emitting
diodes (LEDs). A foundational objective of this study is to
evaluate how vacancy and anti-site defects, along with substi-
tutional doping, affect the band structure of 2D-SiC. Deter-
mining monolayers that maintain a direct band gap through
these modifications is essential for efficient photon emission,
which is a necessary condition for LED technology. Based on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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our findings, a novel LED architecture is proposed where defect-
modified 2D-SiC acts as the primary emissive layer.

2D-SiC, a lot of work has been done on other two-
dimensional materials, such as transition metal di-
chalcogenides (TMDs), black phosphorus (BP), and 2D perov-
skites, to make light-emitting technologies for the next
generation.®** These materials have changeable optical
bandgaps, strong excitonic effects, and high quantum efficien-
cies. Yu et al.** showed that localized strain fields could be used
to precisely tune the spectra of single-photon emitters in WSe,
monolayers. However, these strain-engineering methods often
need complicated fabrication processes, which limits their
ability to be used in larger integrated devices. Sheng et al.®
showed that using high-quality CVD-grown 2D materials, they
made an asymmetric structure of monolayer WS,. This struc-
ture made red-light-emitting LEDs that worked well and could
be seen glowing under both forward and reverse bias. This
method shows that optoelectronic platforms based on 2D
materials are becoming more and more possible.

Defect and doping engineering are a scalable and stable way
to change the emission properties of 2D semiconductors. Point
defects, such as vacancies and grain boundaries, can make mid-
gap states and change the paths that radiative recombination
takes.®®®” Controlled addition of point defects to vertical
heterostructures has been shown to improve out-of-plane
charge transport, which in turn improves interlayer exciton
dynamics and optoelectronic performance.®® Adding compo-
nents like nitrogen or aluminum to a material can change its
band structure and carrier concentration in a way that improves
charge injection and transport in light-emitting devices.®*%”
Recent improvements in photo-induced doping make it
possible to change the type and density of carriers, which makes
optoelectronic systems based on 2D materials more flexible.*

Graphene and TMDs are 2D materials that are used as
functional interlayers and dopants in real-world LED designs
like OLEDs, QLEDs, and PeLEDs. These materials make it easier
for charges to enter, change work functions, and stop excitons
from dying, which all make devices last longer and work
better.” Even if the results in several two-dimensional systems
are promising, 2D-SiC has not been fully studied for emission
tuning and white-light generation using systematic defect or
doping procedures.

Earlier simulation endeavors, including those conducted
by Islam et al. showed effective blue light emission through the
development of a 2D-SiC-based multi-quantum well structure
utilizing SILVACO TCAD tools.” The design utilized 4H-SiC as
the quantum barrier and GaN as the electron-blocking layer,
aiming to improve carrier confinement and recombination
efficiency. In a similar vein, Rashid et al. introduced an LED
model that incorporates 4H-SiC and 6H-SiC layers, assessing
performance metrics including luminous power, current-
voltage behavior, and spectral characteristics under different
structural conditions.” Expanding upon these established
frameworks, we employed monolayer pure 2D-SiC, defected 2D-
SiC, and doped 2D-SiC as active layers in the proposed LED to
determine their emission characteristics within the visible red,
green, and blue spectrum. This study uses first-principles DFT

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

calculations and TCAD-based device modeling to look at how
inherent point defects and substitutional doping affect the
optoelectronic properties of monolayer 2D-SiC. This work looks
at different types of intrinsic point defects and different types of
substitutional point dopants in a systematic way to figure out
how they change the electronic band structure and optical
absorption properties. Through a color mixing approach, we
proposed that integrating these individual red, green, and blue
LEDs into a single chip could enable white light emission. This
design shows that defect- and dopant-engineered 2D-SiC can be
used as a tunable, stable, and scalable base for future solid-state
lighting applications. Furthermore, we analyzed the power
spectral density, light extraction efficiency, luminous power,
CIE chromaticity coordinates, and current-voltage characteris-
tics of the proposed LED, providing comprehensive insight into
its optical and electrical performance.

2 Methodology
2.1 Computational method

In this study, we investigated the optical and electrical proper-
ties of 2D-SiC under pristine, defect-induced, and doped
conditions using first-principles-DFT method in conjunction
with a norm-conserving pseudopotential.”®’* The Perdew-
Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA)®>”® framework was used to
describe the exchange-correlation interactions the computa-
tions were conducted using the simulation software Quantum
Espresso.”” The data input consisted of several crucial initial
configurations, including charge cut-off energy, Brillouin zone
grid, lattice constants, crystal topologies, and kinetic energy. In
the process of optimizing the structure, a Monkhorst-Pack grid
with dimensions of 8 x 8 x 1 is employed. Furthermore, elec-
tronic properties are calculated by sampling the Brillouin zone
using a k-grid of 16 x 16 x 1.7® The kinetic energy cut-off for the
plane-wave basis set was set to 400 Ry. Atomic relaxation
continued until the residual forces on each atom were less than
0.01 eV A™" and the threshold for convergence for the total
energy is set at 1.0 x 10-6 eV.” The complex dielectric function
was calculated to determine the absorption characteristics of
the material, including peak wavelengths in the visible range.
The optical properties were determined using a Monkhorst-
Pack k-mesh grid with size of 8 x 8 x 1.7** The 4 x 4 x 1
supercell of the 2D SiC monolayer were built using periodic
boundary conditions, as shown in Fig. 1(a). A total of 32 atoms
were utilized to include various materials dopants, antisite
defects, double vacancy defects, or single vacancy defects in the
2D SiC monolayer. In investigations of defects in two-
dimensional materials, the supercell size is often used
because it strikes a good balance between the cost of computing
and the ability to mimic localized point defects while reducing
artificial interactions.*”*”%

We used the GGA-PBE functional and the independent-
particle approximation to figure out the optical properties,
which include the imaginary part of the dielectric function and
the absorption spectra. It is well known that GGA functionals
usually underestimate bandgaps and leave out interactions
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between electrons and holes. This method is a useful and reli-
able way to test a lot of different point defect and dopant setups.
The bandgap for pristine 2D-SiC was found to be 2.57 eV, which
is in line with the experimental results reported by Polley et al.>*
and with the results of earlier theoretical investigations that
used hybrid functionals.” This constancy comes from
a balancing act: the PBE's underestimating of the bandgap is
offset by the fact that excitonic binding is not included in the
optical spectra. This makes the absorption onset a good esti-
mate. Using GW+BSE or hybrid functionals with time-
dependent DFT to make more precise computations would
give better estimates of excitonic transitions, radiative lifetimes,
and optical sensitivity.

The GGA-PBE functional was also used in this study to look
at the electrical characteristics of both pristine and modified
2D-SiC. The estimated bandgap for pristine monolayer 2D-SiC is
2.57 eV, which is quite close to what was found in experi-
ments>*>* and supports earlier hybrid functional calcula-
tions.*” This agreement confirms that the procedure is
consistent and supports its usage for systematically looking at
different point defect and dopant setups. The band structure of
pristine 2D-SiC, determined using HSEO06, is presented in the
electrical results section.

This work looks at how intrinsic point defects and substi-
tutional dopants affect 2D-SiC. All of the defect and dopant
configurations were put in on purpose to make the situations
seem authentic. Engineering materials at the atomic level is
a common way to improve the properties of semiconductors for
use in optoelectronic applications.***® The choice of point
defects and dopants is based on theory and backed up by

29338 | RSC Adv, 2025, 15, 29335-29366
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experiments.*”*> We looked at intrinsic defects including
silicon vacancy (Vs;), carbon vacancy (Vc), silicon-carbon di-
vacancy (Vsic), and antisite defects like Sic, Cg;, and Si < C.
Defects in SiC often happen when it grows in a non-
stoichiometric way, when it is ion irradiated, when it is ther-
mally annealed, or when it is treated with plasma. Existence has
been shown to be present in bulk and two-dimensional SiC
systems, affecting electronic structure, trap states, and radiative
recombination, as shown in previous research.®*** Point defects
can also be intentionally introduced to tailor the electrical and
optical properties of the material.

A single carbon vacancy, denoted as V¢, was introduced into
the monolayer SiC structure by removing one carbon atom, as
illustrated in Fig. 1(b). Similarly, a silicon vacancy (Vs;) was
created by removing a single Si atom from the lattice, as shown
in Fig. 1(c). To investigate more complex defect structures, two
types of double vacancies were also considered. The removal of
two carbon atoms resulted in the formation of a double carbon
vacancy, V,c (Fig. 1(d)), while the removal of two silicon atoms
produced a double silicon vacancy, V,s; (Fig. 1(e)). A combined
vacancy involving the simultaneous removal of one silicon and
one carbon atom led to the formation of a dual vacancy labeled
as Vs;ic, as shown in Fig. 1(f).

Antisite defects were also examined in this study. Replacing
a silicon atom with a carbon atom yielded the antisite defect Cs;
(Fig. 1(g)), while substituting a carbon atom with a silicon atom
formed the Sic defect (Fig. 1(h)). The exchange of positions
between neighboring silicon and carbon atoms resulted in
a double antisite defect, designated as Si < C, as depicted in

Fig. 1(i).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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We chose thirteen substitutional dopants because their
atomic size is compatible with silicon, their electronegativity is
different, and they have been shown to work in similar mate-
rials in experiments. These dopants include As, Bi, Ga, Ge, P,
Pb, Sb, Sn, In, Te, Ca, K, and Mg, producing the respective
configurations: Asg;, Bis;, Gasj, Ges;, Psi, Pbsi, Sbs;i, Sns;, Ins;, Tes;,
Cas;, Ksi, and Mgg;, as illustrated in Fig. 2(a)-(m). Additionally,
nitrogen and boron doping were achieved by replacing a carbon
atom with one nitrogen or one boron atom, resulting in N¢
(Fig. 2(n)) and B (Fig. 2(0)), respectively. Phosphorus, arsenic,
and antimony are all group V elements. Gallium, indium, and
boron are all group III elements. To broaden the chemical range
and see how they affect localized electronic states and light
emission, calcium, magnesium, potassium, tellurium, bismuth,
lead, and tin were added. Researchers have added a lot of
dopants to SiC, GaN, and ZnO using methods like ion implan-
tation, molecular beam epitaxy, and chemical vapor deposition.
Phosphorus and arsenic are known to provide shallow donor
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levels in 4H-SiC,*>*® while gallium and indium have been used
to make SiC and ZnO p-type conductors.®”*® High-temperature
growth and implantation have made it possible to dope
magnesium and calcium.*>** Bismuth and tellurium have been
used to change the optoelectronic properties of chalcogenide
semiconductors and two-dimensional materials.'***> The types
of defects and dopants used for this study are a good mix of
what can be done with computers and what is useful in exper-
iments. This choice gives us a strong basis for looking at how
2D-SiC can be changed for possible uses in solid-state lighting.

2.2 Device modelling

In this work, we propose a novel LED structure employing 2D
SiC as an active layer under three different conditions: pristine,
defect-engineered, and doped. The performance of this LED is
strongly influenced by the band gap of the 2D SiC layer. Our
proposed 2D SiC-based LED may be manufactured by inte-
grating epitaxial growth,'* a solid-state joining process,'** with
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v v v 9 v
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© © 0 © ©
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Fig.2 The structural configuration of point doping in a monolayer of SiC: (a) Asg;, (b) Bis;, (c) Gas;, (d) Ges;, (€) Ing;, (f) Ps;, (9) Pbg;, (n) Sbg;, (i) Sns;, (j)

Tesi, (k) CaSi, (l) Ks“, (m) MgSir (n) Nc, (O) Bc.
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Fig. 3 A schematic of SiC-based light-emitting diode: (a) 3D view; (b) cross-section of the front view.

diffusion bonding,'” a state-of-the-art methodology for con-
structing SiC devices.’®® Fig. 3 shows the basic schematic
diagram of the proposed structure. To model the fabrication
process, we considered the diffusion welding technique, which
involves applying high temperature and pressure to bond thick
wafers of different materials. As illustrated in Fig. 4, this
method is used to join two dissimilar material wafers under
elevated thermal and mechanical conditions. Following this
concept, we performed microscale simulations of the proposed
SiC-based single quantum well (SQW) LED structure using
various 2D SiC active layers. These simulations were carried out
using the SILVACO TCAD software suite.

In our simulated device, we have implemented the diffusion
welding approach to directly link the N-type 4H-SiC thick wafer,
rather than using epitaxial layers for deposition. Following this,
a thin intrinsic layer of two-dimensional silicon carbide (2D SiC)
in its pristine, doped, or defect-engineered form was deposited
onto the N-type 4H-SiC substrate to form a layered structure. In
the last stage, consisting of an N-type 4H-SiC and an intrinsic
epilayer, was combined with a thick P-type 4H-SiC wafer using
the same method as the diffusion bonding strategy. The simu-
lated light-emitting diode has been constructed using heavily
doped P-type and N-type 4H-SiC layers, with concentrations of 1

x 10'"® em™ because it is a standard value used in high-
performance SiC optoelectronic devices. The concentrations
are in line with what is usually achieved using experimental
methods like ion implantation or in situ doping during chem-
ical vapor deposition (CVD).'*”'*® After that, the dopants are
activated by high-temperature annealing at temperatures above
1600 °C. Adding phosphorus and nitrogen to 4H-SiC has made
it N-type doped, with carrier concentrations between 10" and
10" ecm™3, as shown in studies of implantation and diffu-
sion.***'* Using hot-wall CVD techniques, it has been shown
that P-type doping with aluminum can reach similar levels."**'"*
The concentration of doping has a big effect on how well
a device works. Higher doping levels improve carrier injection
and conductivity, which lowers series resistance. But this can
also cause more free-carrier absorption, Auger recombination,
and band tailing linked to dopants, all of which could make it
harder to get light out. On the other hand, lower doping
concentrations may help with light extraction, but they often
make carrier injection and current density lower. The chosen
concentration of 1 x 10"® ecm ™ strikes a good balance between
improving electrical qualities and making sure there is a lot of
visual output.

The Basic Processing of Diffusion Bonding

Work Pieces
Pressed under
High Pressure

and Temperature

Combine Work
Pieces to form
Undetachable joints
without melting.

1t

(a)

Work Pieces
Force

/M/

(b)

Fig. 4 Process diagram for diffusion welding (a) two wafers bonded together at high heat and pressure; (b) wafers 1 and 2 bonded directly

together at high pressure 1%
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In addition, we have taken into account the option of using
a direct bonding procedure in our simulations, as this method
may also be used for very thin layers of materials."” By
combining epitaxial growth, a cutting-edge technology for
fabricating SiC devices,'*® with diffusion bonding, a solid-state
joining method, we can potentially manufacture our
proposed 2D SiC-based LED. The central focus of this study is to
investigate the impact of the active layer composition whether
pristine 2D SiC, defected 2D SiC, or doped 2D SiC on the
device's performances. For establishing electrical connectivity,
ideal materials were assumed for both the anode and cathode
contacts, ensuring optimal charge injection and extraction. This
assumption makes the study easier by only looking at carrier
injection and recombination in the active region and not
contact resistance. Charge injection can be affected by contact
barriers and interface states. These factors will be included to
future simulations to help us better understand how devices
work.'*

A variety of appropriate physical models relevant to LEDs
were applied in the simulations. The POLARIZATION command
within the MODEL statement of SILVACO TCAD was used to
implement and activate the polarization model effectively.
Carrier mobilities in the simulation were clearly shown for the
bulk 4H-SiC and monolayer 2D-SiC areas. The Caughey-
Thomas equation was used to simulate the mobility of P-type
and N-type 4H-SiC layers, which depends on the amounts of
doping."*'* The degradation of mobility in 4H-SiC layers due
to doping was modeled using the Caughey-Thomas empirical
relation, which is automatically activated upon enabling CON-
MOB. This approach is often used for SiC-based devices, and
experiments show that it works. In the 2D-SiC active layer,
constant values of electron and hole mobilities were utilized,
based on the first-principles results obtained from our calcu-
lations. The values are displayed in Table 1.

In this study, we used advanced physical models from Sil-
vaco Atlas to precisely represent how the LED structure behaves
when light is present. The Fermi model could use Fermi-Dirac
statistics for carrier distributions, which is more accurate than
Boltzmann statistics, especially when there is a lot of doping or
the temperature is low. The consrh model is used in SILVACO
TCAD included Shockley-Read-Hall (SRH) recombination,
which takes into consideration trap-assisted electron-hole
recombination through defect states in the bandgap. To look at
non-radiative recombination at high carrier densities, the auger
model was turned on. This made it possible to model energy
transfer from recombining carriers to a third carrier instead of
photon emission. The optr model added optical recombination
mechanisms, which made it possible to model radiative
processes that are important for light emission in LEDs. Also,
spontaneous emission was thought to be able to catch photon
production from direct electron-hole recombination. We
employed the Lorentz model to account for spectral broadening
in the emitted light. We applied a Lorentzian line shape to make
the device's emission spectrum look like it really is. These
models worked together to make sure that the LED's transport,
recombination, and emission phenomena were all fully and
physically true.
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3 Results

3.1 Electronic properties

Fig. 5(a) illustrates that the pristine 2D SiC possesses a direct
bandgap, with the conduction band minimum (CBM) and
valence band maximum (VBM) located at the K point. The
calculated bandgap for the pristine structure is 2.57 eV, which
aligns well with values reported in previous studies.** To
investigate the impact of vacancy defects on the electronic
structure, several defect configurations were considered, as
shown in Fig. 5(b)-(f). The carbon vacancy (V) was introduced
by removing a single carbon atom from the relaxed 4 x 4 x 1
supercell. The resulting structure exhibits an indirect bandgap
of 1.13 eV, with transitions occurring between the M and K
points, as shown in Fig. 5(b). The silicon vacancy (Vs;) config-
uration, formed by removing one silicon atom, exhibits an
indirect bandgap of 2.21 eV, with the CBM located at the K point
and the VBM at the I" point (Fig. 5(c)).

For divacancy configurations, the carbon divacancy (Vyc),
obtained by removing two carbon atoms, shows an indirect
bandgap of 0.9531 eV with the CBM at I and the VBM at K
[Fig. 5(d)]. The silicon divacancy (Vas;), formed by removing two
silicon atoms, reveals a direct bandgap of 0.64 eV at the I" point
[Fig. 5(e)]. The silicon-carbon divacancy (Vsic), formed by
simultaneously removing one silicon and one carbon atom,
exhibits an indirect bandgap of 0.95 eV, with the CBM at I" and
the VBM at K [Fig. 5(f)].

Antisite defects were also explored by substituting a silicon
atom with a carbon atom (Cg;), a carbon atom with a silicon
atom (Sic), and by interchanging the positions of a silicon and
a carbon atom (Si < C). The corresponding electronic band
structures are depicted in Fig. 5(g)-(i). The Cs; and Si < C
configurations both show direct bandgaps at the K point, with
calculated values of 1.99 eV and 1.41 eV, respectively. In
contrast, the Sig structure presents an indirect bandgap of
2.00 eV, with the CBM at I" and the VBM at K.

The effects of substitutional doping at the silicon site were
examined using elements such as As, Bi, Ga, Ge, In, P, Pb, Sb,
Sn, Te, Ca, K, and Mg. Fig. 6(a)-(m) show the band structures of
these doped configurations. Dopants including As, Ga, In, Pb,
Sn, Ca, K, and Mg yield direct bandgaps at the K point. The
respective bandgap values are 1.96 eV (Ass;), 2.50 eV (Gag;),
2.47 eV (Ing;), 2.50 eV (Pbg;), 1.38 €V (Sng;), 1.84 eV (Cag;), 2.48 €V
(Ksi), and 2.31 eV (Mgg;). In contrast, Bi, Ge, and Sb dopants
result in indirect bandgaps, where the CBM is located at I and
the VBM at K. The corresponding bandgaps are 2.00 eV (Big;),
2.51 eV (Geg;), and 2.01 eV (Sbg;), as shown in Fig. 6(b), (d) and
(h), respectively.

Doping at the carbon site with nitrogen (N¢) and boron (Bg)
were also analyzed. The N structure shows an indirect bandgap
of 2.54 eV with the CBM at I' and the VBM at K (Fig. 6(n)),
whereas the B¢ configuration yields a direct bandgap of 2.14 eV
at the K point (Fig. 6(0)).

The effective mass of charge carriers is a key parameter in
semiconductors, as it directly influences the carrier mobility
and, consequently, affects the photoelectric and thermoelectric

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04586j

Open Access Article. Published on 20 August 2025. Downloaded on 1/23/2026 4:41:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances

L. () Pristine

Energy E-E, (eV)

Energy E-E, (eV)

Energy E-E, (eV)

Energy E-E, (eV)

Energy E-E, (eV)

Energy E-E, (eV)
= o
Energy E-E, (V)

Energy E-E (eV)

Fig. 5

I K M [

(a) The electrical band diagrams of a pristine 2D-SiC monolayer; the electrical band diagrams of single vacancy defect in a monolayer of

SiC: (b) V¢, (c) Vs;; the electrical band diagrams of double vacancy defect in a monolayer of SiC: (d) Vac, (€) Vas;, (f) Vsic; the electrical band
diagrams of antisite defect in a monolayer of SiC: (g) Cs;, (h) Sic, (i) Si < C.

performance of the material."** In this section, we report the
calculated effective masses of electrons and holes for pristine
and defect-engineered 2D-SiC, for which, to the best of our
knowledge, no prior comprehensive data exist.

The effective masses of holes and electrons were estimated
by performing second-order parabolic fitting of curves at the
conduction band minimum and the valence band maximum,
respectively. Effective masses of carriers:

1 1 &E(k)
m* 2 ok?
where m* denotes the effective mass, & is the Planck constant,
E(k) is the energy as a function of wave vector k. The effective
masses are normalized with respect to the free electron mass m.

For the pristine SiC monolayer, the effective electron and
hole masses at the band extrema were computed to be
my, = 2.54m, (at the K point) and m, = 1.78m, (at the K point),
respectively. Low effective masses correspond to high carrier
mobility, making such defect structures promising candidates
for photovoltaic applications due to their potential for efficient
charge transport.””'** On the other hand, higher effective
masses result in lower carrier mobility, which can be advanta-
geous for thermoelectric applications, where reduced mobility
contributes to more effective conversion of waste heat into
electrical energy."**'"”

Subsequently, we determined the electron mobility and hole
mobility of SiC in the various conditions by the following
equations:

© 2025 The Author(s). Published by the Royal Society of Chemistry

et
p=—
m*

The relaxation period t for semiconductor solids generally
ranges from 10" to 104121821 I this work, the mobility
computation has utilized a value of 7 of 102,

To investigate the impact of structural defects on charge carrier
transport, we extended our calculations to various defect and
doping configurations. The effective masses and carrier mobility
were calculated for both defective and doped 2D-SiC systems,
specifically focusing on those configurations that exhibit a direct
band gap. The extracted values are summarized in Table 1.

3.2 Optical properties

This section presents a detailed examination of the optical
characteristics of pristine 2D SiC and its variations incorporating
point defects and dopants. The examination highlights essential
parameters relevant to optoelectronic applications, such as the
real and imaginary parts of the dielectric constant, refractive
index, absorption coefficient, and electron energy loss function.

The absorption spectra don't include excitonic corrections,
which are known to affect how two-dimensional materials
respond optically. Even though this is a problem, we still want
to compare how different defect and dopant systems affect
optical behavior. The predicted optical gap for pure 2D-SiC is
about 2.6 eV, which is in line with experimental photo-
luminescence measurements. This shows that PBE is enough
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for looking at qualitative trends. The good agreement is prob-
ably due to the fact that the computed spectra don't include
exciton binding energy and the bandgap underestimate was
canceled.

29344 | RSC Adv, 2025, 15, 29335-29366

The complex dielectric function is defined as ¢(w) = &;(w) +
ie, (w), where ¢;(w) represents the real part, and ¢,(w) denotes
the imaginary part.”*'** The behavior of the real part of the
dielectric function, ¢;(w), offers critical insights into how light
interacts with SiC, particularly in terms of its propagation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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characteristics and electronic polarizability. The real part of the
dielectric function, &,(w) reflects how the material responds to
incident electromagnetic waves, governing both dispersion and
energy storage in the system. The low-frequency or long wave-
lengths limit of ¢;(w) as w approaches 0 indicates a relatively
high static dielectric constant of about 3.9, suggesting signifi-
cant polarization effects in the in-plane direction of the pristine
SiC, as shown in Fig. 7(a). This high value suggests robust
dielectric screening and pronounced responsiveness to external
fields. Across the visible spectrum, from roughly 850 nm down
to 480 nm, ¢(w) displays a gradual increase in magnitude,
peaking near 410 nm. This trend implies enhanced optical
activity and a resonant interaction with photons in this range. A
decrease in ¢ (w) is observed with a further reduction in wave-
length, indicating enhanced light-matter interaction and
a possible increase in optical absorption processes. This
parameter turned negative in the ultraviolet (UV) region,
implying a potential for plasmonic behavior in that region.
Moreover, the presence of distinct peaks in ¢;(w) corresponds to
allowed interband transitions, likely originating from energy
states near Van Hove singularities in the electronic band
structure.” These optical transitions highlight the intrinsic
anisotropy and dipole-allowed excitations within the material.

View Article Online

RSC Advances

Taken together, the high static dielectric response, strong
visible-range activity, and spectral features of ¢;(w) affirm that
SiC is a promising platform for optoelectronic applications,
particularly those operating in the infrared and visible regimes.

In the case of single vacancy defects, the carbon vacancy (V¢)
configuration demonstrates a relatively high &;(w) value at low
frequencies, indicating enhanced dielectric screening and
elevated electronic polarizability, as illustrated in Fig. 7(b).
Conversely, the silicon vacancy (Vs;) configuration exhibits
a negative ¢;(w) value, suggestive of metallic or plasmonic
behavior, as depicted in Fig. 7(b).

Double vacancy structures, including V,c, V,si, and Vgic,
exhibit elevated &(w) values in the low-frequency regime, as
illustrated in Fig. 7(d)-(f), reflecting pronounced static polariz-
ability and effective dielectric screening at long wavelengths. As
the excitation wavelength decreases, ¢ (w) transitions to nega-
tive values, indicating the onset of plasmonic behavior and
a metallic-like optical response at higher photon energies. The
transition from robust dielectric properties in the infrared and
visible spectra to negative permittivity in the ultraviolet spec-
trum highlights the promise of these defect-engineered 2D-SiC
for adjustable optoelectronic and plasmonic uses.
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Antisite defects exhibit distinct dielectric behavior depend-
ing on the atomic configuration. The Cg; defect shows a negative
&(w) value at very long wavelengths, indicating a metallic or
plasmonic optical response, as shown in Fig. 7(g). In contrast,
the Sic and Si < C configurations demonstrate high &;(w)
values in the same spectral range, suggesting enhanced static
dielectric screening and elevated in-plane polarizability, as
presented in Fig. 7(h) and (i), respectively.

Doping significantly alters the dielectric response of 2D-SiC.
In particular, dopant configurations such as Asg; (Fig. 8(a)), Bis;
(Fig. 8(b)), Ges; (Fig. 8(d)), Ps; (Fig. 8(F), Sby; (Fig. 8(h), Sns;
(Fig. 8(1)), Tes; (Fig. 8(j)), and N¢ (Fig. 8(n)) exhibit notably high
values of the real part of the dielectric function, &;(w), in the low-
frequency or long-wavelength regime. This behavior indicates
strong static polarizability and efficient dielectric screening,
underscoring the doped structures' responsiveness to external
electric fields in this spectral region. At higher energies,
particularly within the ultraviolet range, ¢(w) transitions to
negative values. This shift suggests the onset of plasmonic
activity and a metallic-like optical response. The observed
transition from a high positive dielectric constant at low ener-
gies to negative values at higher excitation energies reveals the
potential of these doped SiC systems for tunable optoelectronic
and plasmonic applications.

In contrast, doped configurations such as Gas; (Fig. 8(c)), Ing;
(Fig. 8(c)), Pby; (Fig. 8(g)), Cag; (Fig. 8(K), Ky (Fig. 8(1), Mg,
(Fig. 8(m)), and B, (Fig. 8(0)) exhibit negative values of the real
part of the dielectric function, ¢;(w), in the long-wavelength or
low-frequency region. This behavior suggests a response similar
to metallic or plasmonic characteristics, potentially arising
from oscillations of free carriers or low-energy collective exci-
tations. Furthermore, Gag;, Ing;, Pbg;, and Cag; configurations
display positive ¢;(w) values within the shorter visible wave-
length range, while Kg;, Mgs;, and B¢ show sustained positive
values across a broader region of the visible spectrum. The
continued presence of positive permittivity in the visible range
further confirms the semiconducting nature of these materials,
strengthening their applicability in optoelectronic and photonic
devices.

The imaginary part of the dielectric function, ¢,(w), is closely
associated with the optical absorption characteristics of
a material. It indicates the extent to which light is absorbed
when it interacts with the material. As such, ¢,(w) provides
valuable insight into the electronic bandgap, which is linked to
the energy of interband transitions occurring near the Fermi
level. These transitions significantly influence the absorption
properties of the material. Fig. 9(a) presents the variation of
&y(w) for pristine SiC. As shown in the graph, several prominent
peaks appear near the energies corresponding to band transi-
tions. Notably, the main absorption peak for pristine SiC occurs
at a wavelength of around 380 nm. There has some prominent
peak in UV region. This peak corresponds to strong interband
transitions near the high-symmetry points of the Brillouin zone
and reflects a high joint density of states.

For single vacancy defects, the carbon vacancy (V) configu-
ration exhibits a relatively low value of the imaginary part of the
dielectric function, é¢,(w), in the high wavelength range,
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indicating minimal optical absorption in the infrared and near-
visible regions, as shown in Fig. 9(b). In contrast, the silicon
vacancy (Vs;) configuration demonstrates a significantly higher
&(w) response within the same spectral range, as shown in
Fig. 9(c). The significant absorption observed at low photon
energies indicates strong optical transitions close to the band
edge, probably due to notable excitonic.

Double vacancy structures, including V,c, V,si, and Vgic,
exhibit non-zero value of the imaginary part of the dielectric
function, &,(w), in the high wavelength region, as shown in
Fig. 9(d)-(f), respectively. This behavior indicates increased
optical activity at photon energies below the bandgap of the
pristine material, which is likely due to the presence of localized
defect states within the bandgap. These configurations also
display notable absorption peaks in the ultraviolet and visible
regions, reflecting strong defect-related optical transitions. The
observation of these peaks indicates that double vacancies
create optically active defect states in the bandgap, potentially
enabling radiative recombination processes. Similarly, antisite
defect configurations such as Cg;, Sic, and the Si < C exchange
defect also show a non-zero é&,(w) response in the high-
wavelength region, further indicating sub-bandgap optical
activity, as shown in Fig. 9(g) and (h). While all three defects
exhibit pronounced absorption features in the ultraviolet
region, the Si < C configuration additionally shows significant
absorption peaks in the visible range. The results indicate that
double vacancies and antisite defects play a crucial role in
affecting the optical characteristics of 2D-SiC, offering potential
for the regulating of its optoelectronic properties for specific
applications.

Doped SiC structures such as Geg;, Sng;, Tes;, and N exhibit
an imaginary part of the dielectric function, &,(w), that remains
close to zero, as shown in Fig. 10(d), (i), (j) and (n), respectively.
This behavior reflects the wide bandgap nature of the material
and the absence of low-energy electronic transitions. In
contrast, dopants such as Asg; (Fig. 10(a)), Bis; (Fig. 10(b)), Gas;
(Fig. 10(c)), Ing; (Fig. 10(e)), Ps; (Fig. 10(f)), Pbs; (Fig. 10(g)), Sbs;
(Fig. 10(h)), Cag; (Fig. 10(k)), Kg; (Fig. 10(1)), Mgs; (Fig. 10(m)),
and B¢ (Fig. 10(0)) result in a pronounced increase in &(w),
indicating the formation of additional electronic states within
or near the bandgap. These states promote optical transitions at
sub-bandgap energies, leading to enhanced absorption in the
low-photon-energy region. A significant rise in ¢,(w) is observed
at shorter wavelengths, with a strong absorption peak evident in
the ultraviolet region for all doped configurations. This peak is
attributed to interband transitions occurring near high-
symmetry points in the Brillouin zone.

The refractive index serves as an essential optical parameter,
detailing the propagation of light through a material and
shaping its interaction with electromagnetic radiation. The
refractive index of 2D-SiC is indicating of its intrinsic electronic
structure and the robust in-plane bonding that exists between
silicon and carbon atoms. The refractive index of 2D-SiC in its
pristine, defect, and doped form is notably high within the
visible spectrum, as illustrated in Fig. 11 and 12, varying with
photon energy and polarization direction. The increased
refractive index suggests a significant electronic polarizability

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 The real part of the dielectric spectrum of point doping in a monolayer of SiC: (a) Ass;, (b) Bis;, (c) Gas;, (d) Ges;, (€) Ing;, (f) Ps;, (g) Pbs;, (h) Sbs;,
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and is closely associated with its moderate direct band gap and interactions that are dominated by the surface. We can see that
strong optical absorption across the ultraviolet to visible spec- in Fig. 11 and 12, the refractive index is influenced by structural
trum. The optical response of 2D-SiC exhibits increased modifications such as defects and single atom doping, pre-
tunability, attributed to its reduced dimensionality and senting opportunities to tailor its optical characteristics for
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(@) The imaginary part of the dielectric spectrum of a pristine 2D-SiC monolayer; the imaginary part of the dielectric spectrum of single

vacancy defect in a monolayer of SiC: (b) V¢, (c) Vs;; the imaginary part of the dielectric spectrum of double vacancy defect in a monolayer of SiC:
(d) Voe, (€) Vas;, (f) Vsic: the imaginary part of the dielectric spectrum of antisite defect in a monolayer of SiC: (g) Cs;, (h) Sic, (i) Si & C.

specific applications. These properties make 2D-SiC a prom-
ising candidate for integration in nanoscale photonic and
optoelectronic devices, including light-emitting diodes.

The absorption coefficient of pristine 2D-SiC, as shown in
Fig. 13(a), becomes non-zero at the onset of the wavelength
range, indicating the beginning of optical absorption from the
visible region. This behavior corresponds to the material's
bandgap of approximately 2.57 eV. The position and intensity of
the absorption peaks are influenced by both the electronic band
structure and lattice vibrations. The absorption edge is
primarily determined by the bandgap energy, while the peak
positions are also affected by excitonic interactions. A notable
absorption maximum occurs near 180 nm.

Symmetry within the crystal structure plays a critical role in
governing the selection rules for optical transitions. Materials
with higher symmetry often restrict allowed transitions,
resulting in fewer or weaker absorption features. Conversely,
lower-symmetry structures can relax these selection rules,
enabling stronger or more numerous optical transitions. In the
case of 2D-SiC, the reduced symmetry permits enhanced optical
transitions, which manifest as several strong absorption peaks
in both the ultraviolet and visible regions. Furthermore, strong

29348 | RSC Adv, 2025, 15, 29335-29366

excitonic effects in 2D-SiC contribute to the appearance and
shifting of these prominent absorption features.

The optical absorption spectra shown in Fig. 13 and 14
clearly reveal that defective SiC monolayers exhibit redshifted
absorption onsets relative to the pristine monolayer. This
redshift in absorption is primarily attributed to defect-induced
states within the bandgap, which effectively narrow the optical
gap. In the cases of vacancy type defects as shown Fig. 13(b)-(f),
absorption starting from higher wavelengths (0 eV), resulting in
metallic-like behavior. On the other hand, antisite type defects
(Fig. 13(g) and (h)) where defect states are situated close to the
CBM or VBM, the absorption spectra remain largely similar to
the pristine monolayer with the first absorption peaks appear-
ing in the visible range.

For doped SiC systems such as Asg (Fig. 14(a)), Big;
(Fig. 14(b)), Ges; (Fig. 14(d)), Ps; (Fig. 14(f), Pbs; (Fig. 14(g)), Sbs;
(Fig. 14(h)), and Sng; (Fig. 14(i)) the absorption spectra remain
largely similar to the pristine monolayer and their initial
absorption peaks also lie in the visible region. In contrast, the
doped SiC structures such as Gag; (Fig. 14(c)), Ing; (Fig. 14(e)),
Tes; (Fig. 14(7)), Cas; (Fig. 14(K), Ks; (Fig. 14(1)), Mgs; (Fig. 14(m)),
N¢ (Fig. 14(n)) and B¢ (Fig. 14(o)) absorption starting from
higher wavelengths (0 eV), resulting in metallic-like behavior.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These structures also exhibit strong absorption peaks within the  for applications in solar-driven photocatalysis and visible-light
visible spectrum. LEDs. Additionally, the presence of absorption peaks in the IR

The observed strong absorption in the visible region high- region indicates suitability for IR LEDs, with potential uses in
lights the potential of these defective and doped SiC structures communication, sensing, and remote-control devices. The wide

© 2025 The Author(s). Published by the Royal Society of Chemistry
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absorption coverage spanning UV, visible, and IR regions
further highlights the applicability of these materials in diverse
optoelectronic technologies.

The electron loss function (ELF) represents the amount of
energy lost by electrons as they pass through a dielectric
material. It provides critical information about the material's
electronic structure, especially regarding energy dissipation and
collective excitations such as plasmons. The peak positions and
their intensities in the ELF spectrum reflect various electronic
transitions and are closely related to the bandgap of the mate-
rial. The ELF can be derived from the dielectric function using
the standard relation involving the real and imaginary parts of
the dielectric constant.

Fig. 15(a) presents the ELF for pristine 2D SiC. A strong peak
appears near 105 nm, indicating a significant energy loss due to
plasmon resonance. This feature is linked to the dielectric
constant of the material and reveals its response to external
electric and optical fields. Several prominent peaks are also
observed in the ultraviolet (UV) region, for types of 2D SiC
structure as shown in Fig. 15 and 16, suggesting that major
plasmon excitations and energy losses occur in this range.

29350 | RSC Adv, 2025, 15, 29335-29366

In the visible spectrum, the ELF displays moderate peaks,
which correspond to interband electronic transitions. These
transitions provide insight into the band structure and optical
gap of 2D SiC. In the infrared region, the ELF decreases,
showing that the material becomes more transparent and
exhibits less energy loss in the infrared region.

Additionally, the presence of smaller energy peaks in the ELF
may be attributed to phonon interactions and lower-energy
excitations, hinting at underlying electron-phonon coupling
mechanisms. Understanding these features is essential for
exploring the electrical and optical characteristics of 2D-SiC,
which has promising potential for applications in optoelec-
tronics, high-power devices, and nanoelectronic systems.

3.3 Device performance

Now, we analyzed the various characteristics of our proposed
LED device. Throughout this analysis, 2D SiC was utilized as an
active layer under different conditions, including pure, defect,
and doped states. We have already analyzed the electrical and
optical characteristics of pure SiC, defected SiC, and doped SiC.
Table 1 provides a comprehensive overview of the electrical
properties, optical characteristics, and device performance for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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various active layers. In this context, blue light (1) is designated
as 450 nm, green light (1,) as 550 nm, and red light (4;) as
650 nm."* Since LED technology is optimized for materials with

P Y "
100 200 300 4

00 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

© 2025 The Author(s). Published by the Royal Society of Chemistry

100 200 300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

, (e) Ing;, (f) Ps;, (9) Pbg;, (h) Sbg;, (i) Sn;, (J) Tes;, (k)

a direct band gap, we focused on those materials exclusively.
Afterward, we changed the active layer of our proposed LED by
using defected SiC, and doped SiC. In order to create a white
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LED, it is necessary to obtain structures that are capable of
emitting blue, green, and red light. Subsequently, we deter-
mined the specific active layer that is accountable for producing
visible light in our proposed LED. We found these structures
through analysis of the power spectral density curve. Following
the examination of the power spectral density curve, we proceed
to analyze the remaining attributes of our proposed LED,
focusing solely on the structures accountable for emitting blue,
green, and red light.

3.3.1 Power spectral density. At constant 5 V, power spec-
tral density in TCAD was measured with respect to wavelength.
The simulated emission spectra are not symmetrical; they have
a wider low-energy tail and a sharper high-energy cutoff. This
phenomenon is caused by using Lorentzian broadening in the
optical model, as well as the energy-dependent joint density of
states and the Fermi-Dirac carrier distribution. The likelihood
of radiative recombination changes over the energy spectrum,
which causes the spectral profile to be asymmetric. The
observed asymmetry is in line with electroluminescence spectra
seen in several light-emitting devices that use semiconductors.

Initially, the model created by pure SiC was employed as an
active layer in our proposed device, and the corresponding
power spectral density curve is depicted in Fig. 17(a). Fig. 17(a)

29352 | RSC Adv, 2025, 15, 29335-29366

indicates that the peak intensity occurs at a wavelength of
480 nm. Subsequently, a single antisite defect in SiC (Cs;) was
employed as the active layer, with the peak power spectral
density observed at 620 nm. Thereafter, a double antisite defect
in SiC (Si < C) was utilized as the active layer, exhibiting
a maximum power spectral density intensity at 868 nm. Using
Ing; as the active layer gave the highest power spectral density at
504 nm, which is close to green light. However, by utilizing Cag;
as the active layer, we achieved the highest power spectral
density at a wavelength of 534 nm, resulting in the emission of
green light. We obtained the maximum power spectrum density
at 628 nm and 613 nm, which emit near red light, when we
employed Asg; and Pg; as the active layer, respectively. However,
the maximum power spectral density, which is red light, was
observed at 668 nm when Kg; was utilized as the active layer.
Based on our power spectral density analysis as shown in
Fig. 17(b), by using the pristine SiC, Cag;, and Kg; as an active
layer of our proposed LED should be capable of producing blue,
green, and red light, respectively.

3.3.2 Energy band and radiative recombination. The
simulated band structure of the proposed LED, incorporating
pristine SiC, Kg;, and Cag; as an active layer, has been analyzed
under an applied input voltage of 5 V. The corresponding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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results are illustrated in Fig. 18(a). On the other hand, the
radiative recombination rates for the proposed LED utilizing
pristine SiC, Kg;, and Cag; are presented in Fig. 18(b).

3.3.3 IQE. Fig. 19(a) illustrates the internal quantum effi-
ciency (IQE) of the proposed LED. The IQE characteristics

© 2025 The Author(s). Published by the Royal Society of Chemistry

depicted in Fig. 19(a) indicate that the pristine SiC-based LED
exhibits the highest internal quantum efficiency among the
three configurations. In contrast, the Cas; based LED shows
a little reduced IQE, whereas the Kg; based LED shows the
lowest IQE.
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3.3.4 Light extraction efficiency. Each electron injected
into the active region of an ideal LED results in the emission of
a single photon. An electron, being a charged particle, produces
a photon which is a particle of light. Photons generated within
the active region must be able to escape the LED die. An ideal
LED would achieve zero-loss extraction efficiency by emitting all
of the photons generated in the active zone into space. However,
in a practical LED, not all the power generated in the active
region is emitted into the surrounding environment. The high
refractive index of semiconductors contributes significantly to
this reduced extraction efficiency.

The effectiveness of light extraction is characterized as:

amount of photons released into space in a second

amount of photons released from the active area in a second

Pou/(hv)

N Pim/(hy)

Here, P;, is the amount of light that the active area emits, and
the optical power that is released into space is denoted as Poy;.
The simulation assumes that the structure is level and smooth

or,

29354 | RSC Adv, 2025, 15, 29335-29366

and that the emission is directed straight out from the surface.
The study didn't take into account things like waveguiding,
substrate absorption, and surface roughness, which made the
estimation of LEE too perfect. We got the optical constants for
4H-SiC, namely the refractive index (n) and the absorption
coefficient (a), from well-known experimental data.**'**'*> We
used first-principles calculations in this study to find the optical
constants for 2D-SiC.

The higher refractive index of materials within the active
layer might result in light confinement, leading to the reab-
sorption of emitted photons. If the substrate can absorb light at
the same wavelength as the emission, some of the emitted light
may be reabsorbed by the substrate, thus degrading the overall
efficiency and performance of the LED. Additionally, when light
encounters a metallic contact surface, a portion of it may be
absorbed by the metal. Furthermore, total internal reflection,
often referred to as the trapped light phenomenon, further
constrains the amount of light that can exit the semiconductor.
Methods include adding layers with an intermediate refractive
index or texturing the surface, which can help reduce these
losses by increasing optical out-coupling.'**?

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Absorption and the imaginary component of the dielectric
function (&,) also have a major impact on the LED structure's light
extraction efficiency (LEE). An increase in the absorption coeffi-
cient inside the active region causes a decrease in LEE due to an

© 2025 The Author(s). Published by the Royal Society of Chemistry

increase in photon losses. In addition, absorption is directly
affected by the imaginary component of the dielectric function
(e2), with a greater ¢, value indicating more absorption losses and
reduced LEE. Therefore, in order to increase LEE in SiC-based

RSC Adv., 2025, 15, 29335-29366 | 29355
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LEDs, it is vital to optimize the characteristics of the material in
order to improved refractive index matching and obtain low
absorption. The point doping approach significantly modifies the
optical characteristics of materials, leading to decreased optical
losses and a notable improvement in LEE relative to their pristine
forms. After analyzing the optical properties of pristine SiC, Kg;,
and Cag;, we can see that Kg; gives the best optical characteristics.
This improvement indicates that Kg; is the most suitable candi-
date for optimizing LEE in the proposed LED configuration.

We determined the light extraction efficiency of our
proposed structure as shown in Fig. 19(b). A fixed bias of 5 V is
used in these computations for the simulated LED structure.
Notably, the efficiency is only 10.27% when utilizing pristine
SiC as the active layer. However, employing Cag; as an active
layer results in a significant enhancement of our extraction
efficiency, with an increase of 16.04%. When Kg; is used as the
active layer, the extraction efficiency is doubled to a value of
22.57% compared to when pristine SiC is employed as the active
layer.

The computed LEE values provide us an idea of how well
different 2D-SiC layouts can radiate. In practice, these values

29356 | RSC Adv, 2025, 15, 29335-29366

can be increased even more by optimizing photonic structures.
Dielectric mirror back reflectors, microlens arrays, graded-index
encapsulation, and surface patterning are some of the ways to
improve light outcoupling by reducing total internal reflection.
Adding optical enhancements to future simulations and device
fabrication will help us get a better idea of how much light can
be extracted from real LED systems.

3.3.5 [I-V characteristics. In our proposed LED configura-
tion, we utilized pure 2D-SiC, Cag;, and Kg; as an active layer to
examine their effects on the relationship between anode voltage
and anode current density. The relevant outcomes are depicted
in Fig. 20(a). Fig. 20(a) demonstrates that when utilizing pris-
tine SiC, Cag;, and Kg; as the active layer, all exhibit nearly
identical characteristics in terms of anode voltage versus anode
current density. The current exhibits a higher value when pris-
tine SiC is utilized as the active layer. Conversely, when we
employ Cag; as the active layer, it exhibits a relatively lower
current.

Alittle difference in current density is apparent based on the
individual material utilized. When pristine 2D-SiC acts as the
active layer, the device has the maximum current density over

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04586j

Open Access Article. Published on 20 August 2025. Downloaded on 1/23/2026 4:41:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
100 25
5Pristine (®)

—_ Cac
X g si
= 804 =204 [ [*®
1) =
s 2
5 v |—=— Pristine o 16.04
E e0q | Cag; £ 151

A 1]
g Ksi c
2 ]

P 10,27
§ a0 B 104 e
Fi s
o X
g -
E 20 -E, 5 -
£ ]
0- T . T T T T 0 =
0.0 0.2 04 0.6 0.8 1.0 1.2 S

Pristine

Anode Current (KA)

Fig. 19 (a) Variation of internal quantum efficiency as a function of anode current for the proposed LED utilizing pristine SiC, Ks;, and Cag; as an

active layer; (b) the light extraction efficiency of proposed LEDs.

& 1.2 |—=—pristine @ 30d [ Ppristine] b)
g Cag Cag;
-~ —h—K & —*—K
g 1.0+ Ks / £ 254
= L
> =
-
: -— X
0.8 - =204
g 3
e 0.6 - o 1.5+
(2]
:
5 044 £1.0+
Q
P e
B 0.2 0.5+
c
<
0.0 T T T T T 0.0 4 T T T T T T
0 1 2 3 4 5 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Anode Voltage (V) Anode Current Density, J, (KA/cm?)
CIE 1931
09
0.8 =
0.7 4
0.6
500
0.5
>
0.4
0.3
0.2
0.1
0.0

0.0 0.1 0.2 0.3 04 0.5 0.6

0.7 0.8

Fig. 20 (a) Anode voltage versus anode current density characteristics of the proposed SiC-based LED, illustrating its electrical behavior. (b)
Relationship between current density and luminous power output, indicating the electroluminescent efficiency of the device. (c) CIE 1931
chromaticity diagram showing the emission color coordinates corresponding to different active layers, including pristine SiC, Ks;, and Cas;. The

plot highlights the color tunability of the LED through specific dopant incorporation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 29335-29366 | 29357


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04586j

Open Access Article. Published on 20 August 2025. Downloaded on 1/23/2026 4:41:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

the examined voltage range. Conversely, substituting the active
layer with Cag; yields a somewhat diminished current density,
indicating a disparity in charge carrier transport qualities or
interfacial features between the electrode and the active mate-
rial. An intermediate level of current conduction is indicated by
the behavior of Kg;, which is found to fall between these two
scenarios.

3.3.6 Luminous power. An analysis has been conducted on
the relationship between power output and anode current
density in our suggested LED, while maintaining a fixed bias
voltage of 5v. The active layer materials used in this analysis
were pristine SiC, Cag;, and Kg;. To examine the luminous
electric power of the LED, it is necessary to have information on
the current density (J5). The relationship between current
density and the luminous power output is presented in
Fig. 20(b). Fig. 20(b) shows that when pristine SiC is employed
as the active layer in our suggested LED, the increase in lumi-
nous power is slightly higher compared to using Kg; or Cag;.
However, compared to pristine SiC, Cas; used as the active layer
in our proposed LED, the luminous power increases slightly less
when Kg; is used.

3.3.7 CIE. The suggested LED structure utilizes pristine 2D-
SiC as an active layer, resulting in light emission within the
wavelength range of 440 nm to 485 nm. The emitted light
exhibits a narrow line width and falls within the precise blue
color region, as depicted in Fig. 20(c). On the other hand, the
proposed LED design has a Cag; layer as the active material,
which enables the emission of light in the wavelength range of
478 nm to 539 nm. The light that is produced has a very small
range of wavelengths and is located specifically in the green
portion of the electromagnetic spectrum, as seen in Fig. 20(c).
By employing Kg; as an active layer, the proposed LED structure
is able to emit light with a wavelength range of 580 nm to
674 nm. Fig. 20(c) shows that the emitted light has a short line
width and is exactly in the red color area.

3.3.8 White LED combinations. The single and multichip
types are the two primary categories that represent the fabri-
cation technology of white LED at present.®> We proposed
a single-chip design in which the three monochromatic light
radiations produced by the green, blue, and red LEDs are
combined to produce white light, as seen in (Fig. 21). An
inherent benefit is in the ability to modify the necessary light
color to suit various requirements. In all the LEDs, we employed
2D SiC as the active layer. Specifically, we utilized pure 2D SiC
for the blue LED, Cag; for the green LED, and Kg; for the red LED.
The area size of each LED is determined by a thorough analysis
of the power spectral density graph. Here, we alter the width to
vary the area of the LED, but the length remains the same. The
width of the red, green, and blue LED is represented by the Wy,
Wg and Wy symbols, respectively. Our suggested LED chip has
a width of 1 um, with red, blue, and green LEDs having widths
of 0.4, 0.34, and 0.26 pm, respectively (Fig. 21).

3.4 Roadmap for experimental implementation

The results of this study are based only on theoretical calcula-
tions, but improvements in the synthesis and characterization
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of materials make it possible to test these results in the real
world. Researchers made monolayer 2D-SiC utilizing bottom-up
methods including chemical vapor deposition (CVD) and solid-
state reactions on SiO,/Si and h-BN substrates.**** Recent
advances in both theory and experiment have made it much
easier to understand and manage point defect and doping in
two-dimensional materials used in electronics and
optoelectronics. Da et al.'*® showed that it is possible to make
freestanding monolayer SiC in graphene nanopores in
a controlled way by using electron irradiation and in situ heat-
ing. This is a new way to build planar 2D heterostructures with
atomic accuracy.' This study looks at many types of defects
and dopants, including as vacancies, antisites, and substitu-
tional atoms. These can be added to an experiment via focused
ion beam (FIB) implantation, plasma exposure, or controlled
chemical doping. These methods have been used in the past to
make point-level changes in 2D materials with spatial
accuracy. %!

Yoo et al.*** looked at a number of electrical doping methods
for 2D semiconductors, including substitutional, chemical, and
charge-transfer methods. These methods have worked well in
materials like graphene and transition metal dichalcogenides
(TMDs)."** Wang et al.*** came up with a modulation doping
method that lets defects in nearby encapsulation layers provide
or take free carriers. This makes it possible to do n- or p-type
doping in 2D heterostructures without damaging them. Xu
et al'® showed that high-energy ion implantation with
a protective PMMA layer could dope 2D materials such as MoS,
with phosphorus. This worked well for doping while causing
less harm to the lattice structure.

Defect engineering is very important for controlling the flow
of light and carriers. Chen et al.** found that adding group IIIA
elements to 2D material such as WS, monolayers increases the
quantum yield of photoluminescence and makes it easier to
change the polarity of carriers. This helps make optoelectronic
devices that work well and stay stable. Jiang et al®® say that
methods like electron beam irradiation, plasma treatment, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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chemical doping make it easier to fine-tune defect patterns in
2D materials, which makes them work better."*” Wang et al.***
showed how to make ordered silicon vacancy arrays in SiC
systems using a scalable, maskless focused ion beam approach.
These arrays are photostable single-photon emitters that work
better at lower doses. Telkhozhayeva and Girshevitz**® looked at
how the parameters of an ion beam and how it interacts with
a substrate affect the production of defects in 2D materials.
They came up with rules for making defects in a controlled and
repeatable way.'** Mohseni et al.** came up with a way to make
SiC by employing aluminum precursors to make silicon vacancy
and divacancy quantum defects directly. They changed the
settings to increase the number of paramagnetic defects, which
was confirmed by electron spin resonance studies.™ Jin et al.'**
used cathodoluminescence to study silicon vacancies in 4H-SiC.
This confirmed that these point defects are optically active.'*****
At the same time, Beke and Gali*** showed how to turn bulk SiC
containing vacancies into nanoparticles, which is a process that
can be used for quantum applications.

To check the chemical states of dopants and defects, X-ray
photoelectron spectroscopy (XPS) is used to look at the struc-
tural and optical implications of these changes. Photo-
luminescence (PL) and Raman spectroscopy are good at finding
changes in band structure and emissions caused by faults.
High-resolution transmission electron microscopy (HRTEM)
makes it possible to see lattice distortions and the quality of
surfaces directly.**'*> Doped 2D-SiC layers can be transferred
onto conducting substrates or directly grown on wide-bandgap
semiconductors such as GaN or 4H-SiC for device fabrication. It
is possible to establish metal connections to create LED struc-
tures oriented either horizontally or vertically. Recent investi-
gations on 2D-SiC's light-emitting applications show that
current-voltage (I-V) analysis and electroluminescence (EL)
measurements can be used to characterize these devices.”**¢'%”

The simulations assume perfect ohmic connections and
don't take into account excitonic effects, temperature fluctua-
tions, or interface trap states. Also, the defect modeling based
on supercells uses defect densities that are higher than what is
usually seen in experiments. Advanced simulations and exper-
imental testing will look at these things in the future. The
results of the computer simulations are very useful for guiding
actual work on optoelectronic devices made of 2D-SiC with
dopants and defects.

The proposed white LED has three individual LED placed on
top of each other. Each one is responsible for giving off red,
green, or blue light. The intrinsic portion of each LED has
a single layer of 2D-SiC that is point doped to emit certain
wavelengths: K-doped 2D-SiC for red, Ca-doped 2D-SiC for
green, and pure 2D-SiC for blue. The P-type and N-type zones are
made up of strongly doped 4H-SiC, which has carrier concen-
trations of about 1 x 10'®* cm™. Ion implantation or in situ
doping during epitaxial growth are the most common ways to
reach doping levels.'****$*>* Photolithography and dry etching
are used to make dielectric trenches, like SiO,, that separate the
three emission zones. This is a common approach used in high-
resolution LED arrays."*>*** Selective area growth or transfer
printing is used to make 2D-SiC monolayers, which lets the
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doped layers be arranged in space accurately.**™** Each LED
unit has a top transparent electrode, like indium tin oxide (ITO)
or graphene, and a bottom electrode that all pixels share. Gra-
phene films or Ag nanowires are examples of current-spreading
layers that can be used to make light emission more even and
reduce resistive losses.'*>'*>'%* This setup makes it possible to
put all three main emission colors on a single chip, which
makes a small and adjustable white LED possible. The design
uses fabrication methods that have already been used in the
fields of 2D materials, micro-LEDs, and heterogeneous
optoelectronics.

4 Conclusion

The recent experimental demonstration of monolayer 2D-SiC
growth and advancements in 2D-3D heterostructure device
fabrication show that the material systems and device concepts
proposed in this study can be tested in the lab.’»*%%57% The
fact that our theoretical results match up with recent events
shows how important the proposed RGB white LED design is. It
also shows how important it is for future study to keep using
combined simulation-experiment methods. The primary
objective of this study is to investigate the electrical and optical
properties of two-dimensional silicon carbide (2D-SiC) under
various structural configurations, including the pristine form,
systems with antisite and vacancy defects, and doped with
different foreign elements. Initially, we aim to identify which of
the modified 2D-SiC retain a direct band gap upon the intro-
duction of such defects or dopants. Our results show that
pristine 2D-SiC possesses a direct band gap of 2.57 eV. More-
over, single atom doping in SiC, such as calcium (Ca) and
potassium (K) preserves this direct band gap nature, indicating
that controlled doping strategies can be employed to modulate
the material's electronic properties, thus making it a promising
candidate for optoelectronic applications, particularly in LEDs.
To further explore the device-level performance, we utilized the
SILVACO TCAD platform to conduct the simulations of LED
structures incorporating 2D-SiC in pristine, defective, and
doped forms. The simulation results confirm that the designed
LEDs are capable of emitting light across the visible spectrum,
specifically in the blue, green, and red regions, thereby enabling
the generation of white light. Among the configurations
studied, the LED based on pristine SiC exhibits the highest
luminous intensity and maximum power spectral density. In
contrast, the Kg; LED demonstrates the highest light extraction
efficiency (LEE), underscoring its potential for improved optical
output in practical applications.
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