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Abstract

Point defects in 2D monolayer SiC have played important roles in en-

hancing its performance for high-power electronic applications. Despite the

fact that several point defects in 2D monolayer SiC have been reported, the

impact of group III dopants has not been well understood. In this study, we

employed hybrid density functional theory to investigate group III dopants

(B, Al, Ga, In, and Tl) in 2D monolayer SiC. The BC is the most ener-

getically favorable, whereas TlC is the least favorable. At low temperature,

the BC exhibits high concentration, and the BSi exhibits negligible concen-

tration. The GaSi shows relatively low concentrations at 250–300 K and

technologically significant levels at high temperature. The GaC is increas-
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ingly relevant at high temperatures and the TlC and TlSi show vanishingly

small concentrations up to ∼ 800 K, with only minor activation at high

temperature. Group III dopants substituted at the C-sites generally induce

mid-gap states, with their Fermi levels located near the middle of the band

gap. In contrast, when substituted at the Si sites, these dopants do not induce

mid-gap states. Instead, the dopant-induced states close to the Fermi level,

leading to p-type behavior. Moreover, C-site substitution often induces local

magnetic moments and breaks spin symmetry between the spin-up and spin-

down states, whereas Si-site substitution result in symmetric, non-magnetic

behavior. This study provides theoretical insights into the potential use of

group III dopants in 2D monolayer SiC as a means to modify its electronic

and magnetic properties for applications in nano- and microelectronic devices

that can operate in high-temperature and harsh environments.

Keywords: Dopant, formation energy, charge transfer, magnetic moment,

density of states, defect concentration

1. Introduction

Bulk SiC is a semiconductor with many known polytypes [1]. Among

the widely studied polytypes are 2C, 3C, 4H and 6H [1, 2, 3, 4]. The 2C,

3C, 4H, and 6H have received significant attention due to their relatively

wide band gaps compared to other polytypes [5]. The thermal, electronic,

optical, structural and spectroscopic properties of the 2C, 3C, 4H, and 6H

bulk SiC polytypes have been extensively reported in numerous studies [1,

3, 4, 6, 7]. Compared to other structural materials, Si, and wide band-gap

semiconductors, SiC exhibits low density and thermal expansion coefficient,
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high thermal conductivity and mechanical strength, a high elastic modulus

with resistance to creep deformation and excellent chemical stability [1, 8].

Although SiC has long been known in its bulk form, it has recently been

synthesized in a layer form [9, 10].

Since the discovery of graphene, a gapless layered material with remark-

able electronic and mechanical properties, there has been growing interest in

exploring other two-dimensional (2D) materials, such as MoS2, WS2, TiS3

and WTe2, among others. [11, 12, 13, 14, 15]. Many of these layered mate-

rials exhibit hexagonal honeycomb crystal structures [16, 17, 18, 19, 20, 21,

22, 23, 24]. Similarly to its bulk counterpart, 2D SiC exhibits a wide band

gap of 2.54-3.26 eV [10, 25, 26, 27] making it a promising candidate for ap-

plications in power electronics, optoelectronics and devices operating under

harsh environmental conditions [27]. Since the synthesis of 2D monolayer

SiC, several studies have been conducted. Recent experimental investiga-

tions into its mechanical properties have confirmed the structural stability of

2D monolayer SiC [28].

The study of point defects is receiving increasing attention due to their

ability to modify the intrinsic properties of semiconductors, thereby enhanc-

ing their performance [29, 6, 7, 30]. Several types of point defects have been

reported in bulk SiC [2, 6, 7, 31, 32, 33, 34]. The insights gained from study-

ing various semiconductors with defects are enormous. For example, point

defects are used to adjust the band gap, enhance electrical conductivity, and

control electron-hole interactions in semiconductors [2, 34, 35]. However,

caution must be taken when introducing point defects in semiconductor, as

they may lead to deep-level defects and create recombination centers due
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to the presence of mid-gap states [2, 31, 34]. Therefore, it is important to

understand the influence of point defects in semiconductors.

Group III dopants are important point defects commonly used to achieve

p-type conductivity in semiconductors [36, 37]. Elements such as boron, alu-

minum, gallium and indium have been extensively used to dope semiconduc-

tors (silicon (Si) [38], germanium (Ge) [39, 40], silicon carbide (SiC) [41, 42],

gallium nitride (GaN) [43]), due to their ability to act as electron acceptors.

Several studies on point defects in bulk SiC have been reported [1, 3, 4, 6,

7, 31, 32]. In particular, the B atom has been shown to be energetically

favorable at both Si and C sites, although its stability strongly depends on

the growth conditions and temperature [41]. SiC can be efficiently doped

to exhibit both n-type and p-type conductivity [41]. For example, doping

of 3C-, 2H-, 4H- and 6H-SiC with n- and p-type materials leads to shifts of

energy levels in both the conduction and valence band regions [44]. Gong

et al. reported that doping SiC with group III elements enhances its pho-

toelectric performance by improving carrier scattering mechanisms [45]. In

addition, when silicon carbide nanotubes (SiCNTs) are doped with group III

elements, their electrical conductivity exhibits a temperature-dependent be-

havior. Specifically, the conductivity tends to decrease as the temperature is

elevated above 200 K [45]. Analysis of the absorption behavior of Al, In, and

Ga in SiC indicates that these dopants preferentially occupy Si sites, exhibit-

ing greater energetic stability at these positions [46]. The optical properties

of SiC nanotubes (SiCNTs) doped with B, Al, Ga and In have also been

investigated. In the wavelength range of 250–620 nm, the absorption peak of

the dopants on the C-cites was found to be broad and low in intensity, while
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that of the dopants on Si-cites was sharp and high in intensity [36]. These

findings suggest that doping SiCNTs with B, Al, Ga and In can significantly

enhance its potential for use in photodetection and photosensitive semicon-

ductor devices [36]. Incorporation of dopants B, Al, Ga, and In has been

shown to improve the electronic properties of semiconductors such as Ge, Si,

and SiC [47, 48, 49]. However, improper incorporation of B, Al, In, and Ga

can negatively affect semiconductor performance if not properly controlled

at different temperatures. In the case of 2D monolayer SiC, the impact of

these dopants on the structural, electronic and magnetic properties of the

material remains largely unexplored. Furthermore, the concentration of the

B, Al, In, and Ga dopants in 2D monolayer SiC at low and high temperature

are still not well understood.

In this study, we used hybrid density functional theory to calculate the

electronic, magnetic, and charge transfer properties of group III dopants (B,

Al, In, and Ga) in 2D monolayer SiC. The concentrations of the defective

systems at low to high temperatures were examined. The introduction of

group III dopants into 2D monolayer SiC distorted its crystallinity. The

formation energies of B, Al, In, and Ga dopants in 2D monolayer SiC are

relatively low. Although Al atoms consistently act as donors regardless of

the substitution site, the B, Ga, In, and Tl dopants tend to gain electrons

from neighboring host atoms. When substituted at C sites, the B, Al, In,

and Ga dopants induced magnetic moments in the 2D monolayer SiC lattice.

The findings of this study are significant, as they offer valuable insights into

the synthesis of doped 2D monolayer SiC for applications in high-power,

high-temperature modern electronic devices.

5



2. Computational Details

DFT simulations of the structural, electronic, and magnetic properties

of group III dopants in a 2D monolayer SiC were performed using the Vi-

enna Ab initio Simulation Package (VASP). The projector augmented-wave

method pseudopotential was used to effectively separate the chemically active

valence electrons from the core electrons [50]. The Perdew-Burke-Ernzerhof

functional within the generalized gradient approximation (GGA) was used

for the exchange–correlation [51]. However, to achieve improved electronic

properties, the hybrid functional of Heyd–Scuseria–Ernzerhof (HSE06) was

employed [52]. For the HSE06 functional, we used a mixing parameter of

25% and a screening parameter of 0.2 Å−1. To perform defect simulations,

a 6×6×1 supercell containing 72 atoms was constructed from the relaxed

unit cell of the 2D monolayer SiC . The relaxed lattice constants of the

unit cell were a = b = 3.08 Å, which is in agreement with previous stud-

ies [53, 54]. The out-of-plane lattice constant was set to c = 20 Å, which is

a vacuum layer introduced to prevent interlayer interactions due to periodic

boundary conditions. The Brillouin zone of the supercell was sampled using

a Monkhorst–Pack k-point grid of 4×4×1. The energy cut-off was set to

400 eV. The total energy convergence criterion was set to 10−6 eV, and the

atomic forces acting on the atoms were relaxed until they were less than 0.001

eV/Å. Group III impurities were subsequently substituted into the relaxed

supercell, either at Si or C lattice sites, and structural relaxation was carried

out. The density of states (DOS) was calculated using a denser k-point grid.

Bader analysis was performed to evaluate the electron charge transfer.

The defect concentration (DefectC) under equilibrium conditions is a
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function of the formation energy Eform, and is given as;

DefectC = N(defect−sites) × exp

(
−Eform

kBT

)
, (1)

where Ndefect−sites is the possible number of sites that a defect can occupy,

kB is the Boltzmann constant and T is the temperature in Kelvin. The

formation of defects is essential to determine whether a particular defect can

form with favorable energy. Therefore, the formation energies of group III

dopants in the 2D monolayer SiC were calculated as

Eform = Edefect
total − Epristine

total + µhost
i − µdopant

k (2)

where Edefect
total , and Epristine

total , are the total energy of the defective and pristine

systems, respectively. The µhost and µdopant are the chemical potential of the

host atoms of type ith and the dopants of type kth. The chemical potentials

of the group III atoms were calculated on the basis of their most stable

elemental phases, using the energy per atom. However, for the chemical

potentials of Si and C, we derived them from the formation enthalpy of SiC

(∆H f(SiC)), calculated as

∆H f(SiC) = µbulk
Si + µbulk

C − µbulk
SiC , (3)

where µbulk
Si and µbulk

C are the chemical potentials of bulk Si and C, re-

spectively. The µbulk
SiC is the total energy per formula unit of bulk SiC used

as a reference for equilibrium. However, the chemical potentials of Si (µSi)

C (µC) must be carefully calculated to avoid the formation of secondary

phases, which could lead to thermodynamic instability. Therefore, appro-

priate constraints should be applied as µSi + µC = µbulk
SiC . To avoid pre-
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cipitation of elemental Si or C, the following conditions must be imposed

as µSi ≤ µbulk
Si and µC ≤ µbulk

C . Hence, for Si-rich (C-poor) conditions

(µSi = µbulk
Si ), the µC = µbulk

SiC − µbulk
Si . For the C-rich (Si-poor) conditions

(µC = µbulk
C ) the µSi = µbulk

SiC − µbulk
C

3. Results and Discussion

3.1. Structural Properties of Group III Dopants in 2D Monolayer SiC

Table 1 lists the bond lengths between the impurity atoms and their

nearest-neighbor host atoms. Figure 1 displays the relaxed geometry of the

pristine 2D monolayer SiC, BSi and AlC. The relaxed pristine S-C bond

length is 1.79 Å, which is in close agreement with previous studies [55, 56].

Table 1: The bond length between impurity (X) atoms and their nearest neighbour C or

Si atom in Å.

XC X-Si XSi X-C

BC 1.93 BSi 1.64

AlC 2.21 AlSi 1.93

GaC 2.19 GaSi 1.96

InC 2.31 InSi 2.11

TlC 2.32 TlSi 2.18
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(a) (b) (c)

Figure 1: The relaxed geometry structures of the (a) Pristine 2D monolayer SiC (b) BSi,

and (c) AlC. The blue, brown, purple and green spheres represent the Si, C, B and Al

atoms, respectively.

.

The bond length increases down the group from B to Tl, as listed in

Table 1. The BSi formed the shortest bond (1.64 Å), indicating strong bond-

ing. In contrast, the Tl and In atoms at either site (C or Si) introduce

bond lengths exceeding 2.1 Å. The Tl-Si and Tl-C bonds exhibit greater

lattice distortion due to the large atomic radius mismatch between Tl and

the host atoms (Si or C). This mismatch introduces significant lattice distor-

tion, which alter defect energetics as will be discussed later. The differences

between the relaxed pristine Si-C bond and the X-Si bonds are 0.17, 0.42,

0.40, 0.52, and 0.53 Å, for B, Al, Ga, In, and Tl, respectively. However,

the deviations in bond lengths between Si-C and X–C are relatively smaller

than those of the X–Si bonds. For instance, the B-C, Al-C, Ga-C, In-C, and

Tl-C bonds are shorter than the relaxed pristine Si-C bond by 0.15, 0.14,

0.17, 0.32, and 0.39 Å, respectively. The shorter X-C bonds (from Si-site

doping) compared to X–Si bonds (from C-site doping) arise from the smaller

size and higher electronegativity of C. This enhances bond strength, influ-

9



encing defect stability, lattice distortion, and electronic structure, thereby

playing a critical role in tailoring the properties of 2D monolayer SiC for de-

vice applications. While we have not explicitly studied electronic potential

constants and mechanical strain, previous studies have shown that lattice

mismatch, particularly the substitution of a large dopant for a smaller atom,

can induce significant strain [57, 58]. Furthermore, this strain can increase

defect formation energy [59, 60]. In another report, it was argued that the

introduction of such strain renders the formation of the dopant energetically

unfavorable [61]. Therefore, in our study, the relatively large bond distances

compared to those in pristine Si–C could induce strong lattice distortion and

impact the formation energy.

3.2. Formation Energy of Group III Dopants in 2D Monolayer SiC

The formation energies of group III dopants in 2D monolayer SiC, substi-

tuted at either on the C or Si lattice sites, as a function of the chemical poten-

tial varying between the C-rich and Si-rich limits, are shown in Figure 2. The

C-rich and Si-rich conditions define the allowable range of chemical poten-

tials for 2D monolayer SiC. The intersection of the formation-energy curves

indicates the chemical potential at which each dopant’s preferred substitu-

tion site changes. If the formation energy lies below the intersection toward

the C-rich side, the dopant is more energetically favorable at the C site. In

contrast, above the intersection, toward the Si-rich limit, the Si site becomes

more energetically favorable. Each crossing point in Figure 2 represents a

stability boundary that marks where XC and XSi defects become thermody-

namically competitive. As shown in Figure 2, the dopant site preference is

tunable through growth conditions, and different defect configurations may
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coexist near this boundary.

Figure 2: Formation energy phase diagram of group-III dopants in 2D monolayer SiC as

a function of normalized chemical potential (0 = C-rich, 1 = Si-rich). Solid lines indicate

C-site substitution, and dashed lines indicate Si-site substitution. All energies are in eV

.

Table 2 displays the formation energies of the substitutional dopants in

2D monolayer SiC under C–rich (Si–poor) and Si–rich (C–poor) chemical

potential growth conditions. The B dopant is more energetically favorable

at the C site under C-rich conditions. For instance, the formation energy of

BC is 0.19 eV, representing a significant improvement compared to Ref. [55],

where a value of 4.00 eV was reported under applied strain. As reported

in Ref. [55], the explicit inclusion of strain in the 2D monolayer SiC leads

to an elevated formation energy of the BC defect, in contrast to the present

results, where the effect of strain on formation was not considered. The BC

and BSi dopants are more spontaneous in their formation in 2D monolayer
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SiC under C-rich and Si-rich growth conditions, respectively. The BC with

relatively low formation energy can be incorporated under moderate growth

conditions. In SiC nanotubes, the formation energy of BC (3.43 to 3.77

eV) [62] is higher, whereas that of BSi (-0.54 to -0.26 eV) is lower compared

to the 2D monolayer SiC. Under Si-rich growth conditions, Al, Ga, In, and Tl

dopants are more energetically favorable when substituted on the Si lattice

site. However, under C-rich (Si-poor) conditions, Al, Ga, In, and Tl are less

energetically favorable.

Table 2: The formation energy (Eform) in eV of group III dopant (X) at C and Si sites in

2D monolayer SiC under C-rich and Si-rich conditions.

XC XSi

C-rich Si-rich C-rich Si-rich

BC -0.19 10.85 BSi 7.76 0.84

AlC 2.23 13.26 AlSi 7.04 0.13

GaC 1.16 12.20 GaSi 7.31 0.39

InC 3.17 14.21 InSi 8.68 1.77

TlC 3.92 14.96 TlSi 10.21 3.30

The AlSi dopant under Si-rich conditions is more energetically favorable;

however, its formation energy is 0.26 eV lower than that of GaSi under the

same Si-rich chemical potential conditions, which also remains energetically

favorable. A similar behavior has been reported in bulk SiC [63], 4H-SiC [63]

where Al is also more energetically favorable at the Si site. However, the

formation energy of AlC in 2D monolayer SiC is lower than that of the 4H-

SiC[63]. The formation energy of AlSi (0.12 eV) is relatively lower than the
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value of approximately 0.90 eV reported in Ref. [56]. The Al dopant im-

proved stability and increased the likelihood of incorporation on the Si site

during material growth, which may improve device performance. The least

stable dopant is the Tl when substituted at the C site. The formation energy

increases down the group. implying that larger atoms (In, Tl) are energeti-

cally less favorable as dopants in 2D monolayer SiC. In all, While XC is the

most energetically favorable under C-rich chemical potential, XSi is the most

energetically favorable under Si-rich chemical potential conditions. From

this point and further, the discussion will focus exclusively on dopants under

their most energetically favorable chemical growth conditions; unfavorable

conditions will not be further considered.

3.3. Defect Concentrations

In bulk SiC, defect evolution and stability have been extensively stud-

ied [7]. High-temperature annealing has been used to gain a deeper under-

standing of deep-level defects [7, 31]. The equilibrium defect concentration

equation (Equation 1) was used to calculate the defect concentrations of

group III dopants in 2D monolayer SiC. In this study, we used the calculated

formation energies to determine the concentrations of group III dopants in a

2D monolayer SiC over a temperature range of 250 to 1500 K. The plots of

the defect concentrations are shown in Figure 3.

The BC defect exhibits a high defect concentration at 250 K. However, as

the temperature increases, the concentration of BC decreases exponentially,

as shown in Figure 3a. When the temperature is between 600–1000 K, the

concentration of the BC shows steady decline at a slower rate. This shows

that the BC is exothermic and thermodynamically favorable at lower temper-
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atures. Furthermore, at 1500 K, the defect concentration of BC drops. The

concentration of the BSi at 250 K is ∼2.80 10−2 cm−2 (see Figure 3c). As

the temperature increases to 600 K, the defect concentration of the BSi rises

to around 2.11×108 cm−2. Increasing the temperature to 1500 K, the BSi

concentration increases significantly to 3.61×1012 cm−2. This suggests that

the BSi can become active during high-temperature (600-1500 K) annealing.

This maximizes the potential of the BSi to be considered as an effective p-type

dopant in 2D monolayer SiC, and provides guidance for high-temperature

processing. In contrast to the BC, the BSi is endothermic, with significant

defect concentrations emerging only at elevated temperatures.
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(a)

(b) (c)

Figure 3: Defect concentrations of group III dopants in monolayer 2D SiC; (a) BC, (b)

dopants on C lattice site and (b) dopants on Si lattice site.

In bulk 4H–SiC and 6H–SiC, studies have shown that the B typically sub-

stitutes on the C-site. Furthermore, its concentrations is up to ∼ 1018–1020

cm−3 under doping conditions [64, 65, 66]. Whereas the BSi is less favorable

in bulk SiC due to size mismatch, unless grown under high-temperature or
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non-equilibrium conditions. In this study, the results of the BC which is dom-

inant at low temperatures and that of the BSi which only becomes relevant

at high temperature, is consistent with the trend observed for that of the

bulk 4H–SiC and 6H–SiC [64, 65, 66].

The AlC has a low defect concentration throughout the temperature range

(250-1200 K) (see Figure 3b). As the temperature increases from 250 to 500

K, the concentration of the AlC is ∼7.97×10−8 cm−2 at 500 K. Furthermore,

at 1500 K, the concentration reaches ∼7.71×107 cm−2. This is a signifi-

cant increase compared to temperatures between 250–1200 K. Although the

concentration of the AlC remains relatively low, however, at 1500 K, it ap-

proaches typical dopant levels. This suggests that high-temperature process-

ing could enable some incorporation of Al at C-site, potentially contributing

to defect-assisted doping. However, given its lower stability compared to the

AlSi, the AlC remains less favorable as a primary dopant in 2D monolayer

SiC. The defect concentration of the AlSi increases moderately with temper-

ature. The AlSi exhibits a strong temperature dependence characteristic of

thermally activated processes. For example, as the temperature increases,

the defect concentration of AlSi increases exponentially, as shown in Fig-

ure 3c. The AlSi concentration is ∼5.75×1012 cm−2 at 250 K. This shows

that a significant fraction of Si sites can be occupied by Al atoms in thermal

equilibrium. Furthermore, as the temperature is elevated from 600 K to 1000

K, the AlSi concentration continues to increase, howbeit at a slightly slower

rate. At 600 K, the concentration of the AlSi reaches 1.94×1014 cm−2. This

saturation-like behavior suggests that the defect formation may approach a

limit dictated by available lattice sites or solubility constraints. Furthermore,
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at high temperature (1500 K), we observed that the concentration of AlSi is

at its peaks (8.78×1014 cm−2). The Al is likely to substitute Si-sites effi-

ciently even at elevated temperatures, leading to the achievement of a p-type

doping in 2D monolayer SiC [67]. However, care must be taken because at

increasingly high temperature, there may be an introduction of scattering

centers as well as trap states by the excessive AlSi if not controlled. There-

fore, thermal processing steps must be carefully controlled to avoid excess

doping [68]. A comparison of this study with that of the bulk 4H–SiC and

6H–SiC shows some similarities. For instance, in bulk 4H–SiC and 6H–SiC,

AlSi in contrast to AlC is more energetically favorable and it acts as a shallow

acceptor as well as an efficient p-type dopant [69, 70, 71]. This is consis-

tent with the result of this study where the AlSi exhibits significantly higher

concentrations across the temperature range compared to that of the AlC.

Furthermore, the AlC shows much lower stability and concentration in both

bulk and 2D cases, only reaching meaningful levels under high-temperatures

(above 1200 K). As observed in bulk 4H–SiC and 6H–SiC, the incorpora-

tion of Al at C-sites remain minimal unless promoted by non-equilibrium or

high-temperature processing [68, 72]. Therefore, both in bulk SiC and 2D

monlayer SiC, AlSi emerges as the more energetically favorable and responsi-

ble for p-type doping, while AlC remains only relevant under extreme growth

or annealing conditions.

At low temperatures (≤ 300 K), the GaC defect concentration is negligi-

ble. As an example, between 250–350 K, the concentration of GaC is around

∼ 10−9 to ∼ 10−2 cm−2. This suggests that the GaC is practically absent and

has negligible impact on material properties. As temperature increases above
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400 K, the concentration of the GaC reaches ∼ 2.44× 102 cm4.32× 105 cm−2

at 600 K. This rise strongly shows the presence of strong thermal activation

on the GaC. At higher temperatures between 700–1000 K, GaC concentra-

tions grow to significant levels (∼ 107–109 cm−2), suggesting that thermal

activation strongly favors the defect formation. At elevated temperature of

1500 K, the concentration of the GaC reaches ∼ 3.04 × 1011 cm−2. This

suggests that the GaC could significantly influence electrical behavior. The

GaC shows strong temperature dependence, but precise control over its con-

centration and distribution is essential to prevent unwanted compensation

effects or defect clustering at high temperatures. As shown in Figure 3c, the

GaSi exhibits a low concentration (below 107 cm−2) at 250 K. This suggests

negligible electronic or structural impact. However, as the temperature in-

creases, the concentration of GaSi rises continuously. For example, at room

temperature (300 K), the concentration of the GaSi is ∼109 cm−2, and at

600 K it reaches ∼1012 cm−2. This is a strong evidence that the GaSi in

2D monolayer SiC can be effective at moderate processing increasing tem-

peratures. Furthermore, between 700 K and 1000 K, the GaSi concentration

increases rapidly. This implies that the GaSi is thermodynamically favor-

able at elevated temperatures. This makes GaSi a significant defect species

during high temperature synthesis, where defect-mediated properties such as

p-type conductivity are enhanced. As observed for the AlSi, the GaSi may

also contribute to defect clustering at 1500 K due to its high concentration.

For instance, at 600–1500 K, the concentration of GaSi reach technologically

significant levels (> 1012–1014 cm−2), which could influence material prop-

erties. The behavior of the GaSi is consistent with defect formation driven
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by thermal activation. In bulk SiC, Ga substitutes preferentially at the Si

site and acts as an acceptor [73, 74]. The Reported concentrations in bulk

doping experiments is ∼ 1017–1019 cm−3 [74, 75]. However, the GaC is rare

in bulk due to its poor stability. Our present results are consistent with the

trend of Ga doped bulk SiC where the GaSi is strongly favored and thermally

activated, while GaC remains negligible until very high temperatures.

The InC defect exhibits a low concentration across the entire temperature

range up to 1000 K. Even at 1500 K, its concentration remains around 104

cm−2, indicating that the InC may not spontaneously form under equilibrium

conditions. This behavior is consistent with the significant size mismatch be-

tween In and C atom. However, under non-equilibrium conditions, such as

ion implantation, irradiation, ion-beam synthesis, or plasma environments,

there is a possibility that InC may still form and be observable in 2D mono-

layer SiC. In contrast, the InSi defect shows a strong temperature-dependent

behavior, with its concentration increasing exponentially with temperature.

At room temperature (300 K), the concentration is extremely low, below

(∼10−1 cm−2). However, at 800 K, the concentration of the InSi increases

to ∼104 cm−2. Although still relatively low, this represents a significant

rise. At 1500 K, the concentration of the InSi reaches ∼109 cm−2, suggesting

that this defect could become relevant under elevated temperature. For bulk

4H–SiC and 6H–SiC, reports show that In atom incorporation is difficult.

Experimental studies show that the solubility of In atom is extremely low

(< 1013 cm−3) under equilibrium conditions [76]. This findings are consistent

with this present study where InC is negligible, while InSi becomes relevant

only at very high temperatures. Furthermore, in the bulk 4H–SiC and 6H–
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SiC, In atom tends to occupy Si sites under extreme growth conditions, but

the resulting concentrations are still orders of magnitude lower than those of

B or Ga [77].

The TlC has low defect concentrations at low temperatures. For instance

between 400-800 K, the concentration of the TlCm is almost zero. This shows

that the TlC is practically non-existent under equilibrium conditions even up

to 800 K. This could be attributed to the large atomic size mismatch between

Tl and C. As the temperature is elevated beyond 1000 K, the concentration

of the TlC increased to ∼ 10−5 cm−2. The concentration of the TlC becomes

substantial at 1500 K (∼ 1.61× 102 cm−2). This trend suggests that the TlC

is strongly thermally activated. That is the TlC may only form in measurable

quantities under high-temperature conditions or non-equilibrium processing,

such as ion implantation or plasma-assisted growth. The TlSi defect shows

negligible concentrations at low temperatures. For instance, the concentra-

tion of the TlSi is ∼ 10−6 cm−2 at 800 K. This suggests that the TlSi is

extremely unlikely to form spontaneously under equilibrium conditions. As

in the case of TlC, the TlSi behavior is consistent with the significant size

and mismatch between Tl and Si. As temperature increases, the concen-

tration of the TlSi rises. For example, at 900 K, the concentration of the

TlSi is ∼ 8.00 × 10−4 cm−2. The defect becomes more significant at higher

temperatures. For instance, at 1000 K, the concentration of the TlSi rises to

∼ 5.60 cm−2, and at 1500 K, it reaches ∼ 1.96 × 104 cm−2, indicating that

the defect could significantly influence material properties at very high tem-

peratures. In this study, it is important to note that the predicted high- or

low-temperature concentrations of group-III substitutions in 2D monolayer
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SiC are purely theoretical estimates obtained from thermodynamic defect

statistics. Since no experimental measurements of group-III dopant concen-

trations in 2D monolayer SiC have been reported, these predictions may

serve as useful information for future molecular beam epitaxy–grown-grown

or chemical vapor deposition-grown samples.

3.4. Partial Density of States of Dopants in Monolayer 2D SiC

To provide insights into how the dopant influences the electronic proper-

ties of 2D monolayer SiC, the partial density of states (PDOS) of all defective

systems were studied. Figure 4 displays the plot of the PDOS of the B, Al,

Ga, In and Tl dopants in 2D monolayer SiC. The PDOS of the pristine 2D

monolayer SiC shows similar behavior with already existing results in the lit-

erature [56, 78]. For example, the Fermi level of the pristine system is pinned

to the valence band maximum (VBM). This shows that the 2D monolayer

SiC is a p-type semiconductor. The PDOS for BSi did not induce any signifi-

cant mid-gap state as shown in Fig 4b. The Fermi level is pinned directly to

the VBM. The p orbitals of C, B, and Si atoms induce states near their Fermi

level. The BSi slightly reduces the band gap of the host 2D monolayer SiC

by approximately 0.20 eV. In the PDOS, the BC defect introduces mid-gap

states originating mainly from the p orbitals of B and C atoms. Strong or-

bital hybridization results in significant overlap of these orbitals. The Fermi

level is pinned to the valence band, which is dominated by p orbitals of B

and C, while the conduction band minimum (CBM) remains weakly popu-

lated. The CBM of BC is primarily populated by the p orbitals of Si. The

induced mid-gap states are highly asymmetric, suggesting spin polarization.

This behavior is promising for spin-dependent device applications and further
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reduces the band gap of the host 2D monolayer SiC.

(a) (b)

(c) (d)

(e) (f)

Figure 4: The plots of the PDOS for the (a) Pristine (b) BC and BSi, (c) AlC and AlSi,

(d) GaC and GaSi (e) InC and InSi (f) TlC and TlSi. The vertical dash line is the Fermi

level, set to zero.
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The AlC induces strong mid-gap states in the host, with the Fermi level

located within these states (see Fig 4c). The induced mid-gap states act

as traps and can serve as recombination centers. Moreover, AlC introduces

strong spin polarization in the mid-gap region. These states are predomi-

nantly contributions from the p orbitals of the participating atoms (Al, Si

and C). Due to the large symmetry breakdown, the spin-up component lies

at the Fermi level, while one of the spin-down components is shifted by about

1.00 eV above it. In contrast, AlSi does not exhibit sufficient spin polarization,

behaving instead as a non-magnetic defect, as will be discussed later. Impor-

tantly, the Fermi level of AlSi is pinned to the VBM, consistent with p-type

semiconductor behavior. The valence band of the AlSi is densely populated,

with only a few induced states near the CBM. This suggests the possibility

of electron excitation from the VBM, leaving behind holes. Furthermore, the

limited number of states near the CBM indicates reduced electron trapping

in the conduction band region. Consequently, AlSi effectively enhances hole

concentration, which is beneficial for improving conductivity in semiconduc-

tors. The GaC, as shown in Figure 4d, induces strong mid-gap states in the

host, providing clear evidence of trap states that could lead to recombination

centers. The Fermi level of GaC is located almost halfway between the VBM

and CBM. Furthermore, the band gap of the host is reduced due to the in-

duced mid-gap states. Strong orbital hybridization was observed for the GaC.

The GaC behaves as a magnetic material, since the spin-up and spin-down

states are asymmetrically positioned within the band gap. In contrast, the

GaSi preserves the p-type semiconductor of the 2D monolayer SiC, with its

Fermi level pinned directly to the VBM. The introduction of Ga at the Si
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site produces fewer induced states in the band gap, and the host maintains

a band gap of about 2.80 eV. This suggests that 2D monolayer SiC largely

retains its semiconducting nature, preserving its electronic integrity, which is

an important characteristic for electronic applications. GaSi can effectively

introduce holes into the valence band without significantly distorting the

band gap. Specifically, its Fermi level is strongly populated with orbitals

from Ga and C p orbitals, while the CBM is only slightly populated with p

orbitals from Si atoms.

InC induces strong asymmetric mid-gap states, suggesting spin polariza-

tion. The Fermi level of InC lies directly on these mid-gap states as shown

in Fig. 4e, which could act as traps and lead to recombination centers. If

not properly controlled, this may limit carrier lifetimes and negatively im-

pact device efficiency. However, InC could be useful in applications where

spin-dependent characteristics are essential and can be carefully managed.

The VBM and CBM of InC are sparsely populated by the p orbitals of In

and Si atoms. Additionally, InC reduces the band gap of the host, with

multiple orbital states induced within it. InSi, on the other hand, has its

Fermi level pinned directly to the VBM, signifying that the material behaves

as a p-type semiconductor. This suggests that In atom substitution at the

Si-site introduces acceptor-like states, effectively generating holes in the va-

lence band. The VBM of the InSi is densely populated with orbitals from

the participating atoms. Furthermore, when doped with In on Si site, the

band gap of the 2D monolayer SiC remains well preserved. This minimizes

the risk of carrier trapping and the formation of recombination centers, as

no significant mid-gap states are induced. Therefore, InSi doping is advanta-
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geous for tuning 2D monolayer SiC into a p-type semiconductor, making it

attractive for electronic applications where minimized trap states are critical.

As shown in Figure 4f, TlC induces strong mid-gap states. The band gap of

the 2D monolayer SiC is reduced. The induced mid-gap states are highly

asymmetric, indicating the presence of spin polarization. This suggests po-

tential applications in spintronics devices, where spin-dependent transport

is important. Strong orbital hybridization is observed between the partici-

pating atoms. Both the CBM and VBM are heavily populated with orbitals

from the Tl, Si and C atoms. The mid-gap states primarily originate from

the p orbitals of Tl and C atoms. In contrast, for TlSi, the Fermi level is

pinned to the VBM, with no significant induced mid-gap states. The VBM

of TlSi is heavily populated, whereas the CBM is sparsely populated. Unlike

the TlC, the band gap of the 2D monolayer SiC is minimally affected. TlSi

could be useful for engineering p-type 2D monolayer SiC semiconductors.

3.5. Magnetic and Electronic Charge Transfer of Dopants in Monolayer 2D

SiC

Table 3: The magnetic moment (µ) in Bohr and charge transfer between the impurity

atom (X) and its nearest neighbour atom.

XC µB e Dis (Å) XSi µB e Dis (Å)

BC 1.01 -1.79 0.98 BSi 0.00 1.71 0.41

AlC 1.07 1.74 0.72 AlSi 0.00 2.17 0.67

GaC 1.05 -0.27 1.05 GaSi 0.00 1.14 0.85

InC 1.00 -0.25 1.18 InSi 0.00 1.03 1.02

TlC 0.94 -0.67 1.24 TlSi 0.00 0.71 1.11
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Table 3 lists the calculated magnetic moments in Bohr magnetons (µB),

charge transfer (e), and displacement in Å between group III impurity atoms

(B, Al, Ga, In, Tl) and their nearest-neighbor C or Si atoms in monolayer

2D SiC. Group III dopants at the C site (XC) induced magnetic moment of

approximately 1.00 µB for all dopants. While the BC defect induces the high-

est magnetic moment, the TlC defect induces the lowest; however, it is still

significant enough to alter the magnetic properties of the host monolayer 2D

SiC. The magnetic moment characteristics of dopants suggest their potential

relevance for spintronics applications. In contrast, the substitution of group

III dopant on the Si site results in a non-magnetic state (0.00 µB).

To understand the origin of magnetism in group III doped 2D monolayer

SiC, we examined the atomic orbitals and magnetic moment contributions

of the dopants and their nearest neighboring Si atoms, as listed in Table 4.
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Table 4: Atomic orbital populations and magnetic moments for B, Al, Ga, In, and Tl

substituted on C lattice sites and their nearest Si (Si1,Si2, and Si3) atoms in 2D monolayer

SiC.

System Atom s (e) p (e) p/s s (µB) p (µB) Total (µB)

BC B 0.44 0.81 1.80 0.01 0.12 0.13

Si1 0.70 0.93 1.32 0.00 0.00 0.00

Si2 0.70 0.92 1.31 0.00 0.00 0.00

Si3 0.70 0.93 1.32 0.00 0.00 0.00

AlC Al 0.57 0.68 1.21 0.00 0.10 0.10

Si1 0.71 0.93 1.32 0.00 0.00 0.00

Si2 0.70 0.93 1.32 0.00 0.00 0.00

Si3 0.71 0.93 1.32 0.00 0.00 0.00

GaC Ga 0.84 0.96 1.14 0.00 0.13 0.13

Si1 0.71 0.93 1.31 0.00 0.00 0.00

Si2 1.58 2.43 1.54 0.00 0.00 0.00

Si3 1.56 2.44 1.56 0.00 0.00 0.00

InC In 0.90 1.07 1.19 0.00 0.12 0.12

Si1 0.71 0.93 1.31 0.00 0.00 0.00

Si2 0.70 0.93 1.33 0.00 0.00 0.00

Si3 0.71 0.93 1.31 0.00 0.00 0.00

TlC Tl 1.08 1.12 1.04 0.00 0.12 0.12

Si1 0.71 0.93 1.31 0.00 0.00 0.00

Si2 0.71 0.93 1.31 0.00 0.00 0.00

Si3 0.71 0.93 1.31 0.00 0.00 0.00

The induced total magnetic moment of 1.01 µB in BC arises primarily from
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the B atom. The B atom contributes a partial magnetic moment of 0.13 µB,

mainly from its p-orbital, while the surrounding Si atoms (Si1, Si2, and Si3)

possess zero magnetic moments. The partially filled p-orbital of B introduces

spin polarization, consistent with the emergence of a magnetic moment in

B substituted on lattice site of C in 2D monolayer SiC. This behavior orig-

inates from differences in electronic configuration and hybridization. The B

atom, having fewer valence electrons and a partially filled p-orbital, retains

an unpaired electron that contributes to the magnetic moment. In contrast,

the neighboring Si atoms exhibit a more symmetric s–p electron distribution,

resulting in fully paired spins and negligible net magnetism. The higher p/s

ratio in B (1.80) compared to Si atoms (1.31–1.32) further indicates enhanced

p-character, promoting spin polarization and localization of the magnetic mo-

ment. For both AlC and GaC, the magnetic properties are dominated by the

dopant atoms. In AlC, the atomic partial magnetic moment analysis shows

that the largest single-site moment is located at the Al atom, with a value

of 0.10 µB arising primarily from its p-orbital. Several Si atoms exhibit only

small magnetic moments (0.01–0.03 µB), while the nearest-neighbor Si atoms

carry essentially zero spin, confirming that the magnetism originates from the

Al dopant, among others. This behavior is as a result of the lower valence

electron count and smaller p/s ratio (1.21) of Al, which leaves an unpaired

electron in the p-orbital that induces spin polarization. A similar trend is

observed in GaC, where the total magnetic moment is likewise concentrated

on the Ga atom. The Ga contributes approximately 0.13 µB, mainly from its

partially filled p-orbital, while the surrounding Si atoms (Si1, Si2, and Si3)

display negligible magnetic moments (0.00 µB), and more distant Si atoms
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exhibit only minor partial moments (0.01 µB). The magnetism in GaC, arises

from an unpaired electron in the Ga p-orbital. Although Ga has a slightly

lower p/s ratio (1.15) than the neighboring Si atoms (1.31–1.56), it retains

sufficient p-character to localize spin and generate the observed magnetic

moment. For both AlC and GaC, the surrounding Si atoms form strong sp3-

like covalent bonds with adjacent C atoms, leading to symmetric electron

distributions, fully paired spins, and negligible contributions to the net mag-

netism. The total magnetic moments of InC (1.00 µB) and TlC (0.94 µB) are

predominantly localized on their respective dopant atoms. For both cases,

In or Tl contributes approximately 0.12 µB, arising mainly from the par-

tially filled p-orbital, as listed in Table 4. The surrounding Si atoms (Si1,

Si2, and Si3) exhibit negligible magnetic moments (0.00 µB), indicating that

the magnetism originates from the dopant site among others. In both InC

and TlC, the partially occupied p-orbital of In or Tl atom hosts an unpaired

electron that induces spin polarization, giving rise to the observed magnetic

moments. Although In and Tl form bonds with the nearby Si atoms, they

retain an unpaired valence electron in the p-orbital, which localizes the spin

and produces magnetism. Meanwhile, the neighboring Si atoms form strong

sp3-like covalent bonds with adjacent C atoms, leading to symmetric s–p

hybridization, fully paired spins, and negligible contributions to the overall

magnetic moment.

The spin density distributions shown in Fig. 5, particularly for Al, B, Ga,

In, and Tl substituted at the C lattice site, reveal that the induced magnetism

is highly localized around the impurity atoms. Only very weak contributions

are observed on the nearest-neighbor Si atoms, with little spin polarization
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extending to other surrounding atoms. For instance, the dominant magnetic

moments of BC, AlC, GaC, InC, and TlC are primarily carried by the p-orbitals

of the B, Al, Ga, In and Tl, respectively. Very interesting observation is that

the spin polarization decays rapidly beyond the first and second nearest-

neighbor atoms to the dopant, confirming the strongly localized nature of

the induced magnetism. This localization correlates strongly with p-p orbital

hybridization between the dopant and neighboring Si atoms, which mediates

the magnetic interaction and governs the spatial extent of the spin density.

The dopant p-orbitals hybridize strongly with the p-orbitals of adjacent Si

atoms, thereby driving spin polarization in the immediate vicinity.

To further understand their interaction with the host lattice, we con-

ducted a charge transfer analysis to determine how the substitutional atoms

donate or accept electrons from their nearest neighboring atoms. Fig 5 shows

the plot of the spin-density of substituted group III dopants in 2D monolayer

SiC.
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(a) (b)

(c) (d)

(e)

Figure 5: The spin-density plots for group-III substitutions in the 2D SiC monolayer: (a)

Al, (b) B, (c) Ga, (d) In, (e) Tl. The yellow regions represent positive spin density, where

spin-up electrons dominate, while the blue regions indicate negative spin density, where

spin-down electrons dominate.

Dopants substituted at the C site behave as acceptors, accepting electrons

from the nearest Si atom, whereas when placed at the Si site, they donate

electrons to the neighboring C atom. In particular, B and Al at the C site

exhibit significant charge transfers of 1.79 e and 1.74 e, respectively, which

make them the major electron recipients from nearby Si atoms (see Figs 5a
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and 5b). However, when B and Al are substituted at the Si site, they donate

electrons to their nearest neighboring C atoms, resulting in positive charge

transfers. In fact, all dopants at the Si site act as electron donors, exhibiting

positive charge transfer values. This donor behavior shows a clear trend of

decreasing electron donation strength from Al (2.17 e) to Tl (0.71 e), which

aligns with the increasing atomic size and decreasing electronegativity down

the group.

We further examine the local distortions caused by the dopants (see Ta-

ble 3) which provides a mechanistic link between lattice mismatch and defect

energetics. Defects at the Si site exhibit lower displacement than those at

the C site, particularly for lighter dopants such as B and Al. However, the

displacement increases with the atomic radius of the dopant. Dopants with

radii significantly larger than those of host atoms can cause substantial local

lattice distortion. It is interesting to know that C-site dopants show larger

displacements than Si-site dopants, increasing systematically with atomic ra-

dius (0.98–1.24 Å for C-site and that of the Si-site 0.41–1.11 Å). The charge

transfer between the impurity and neighboring atoms correlates with these

distortions, indicating that larger dopants induce both significant local lattice

strain and electronic redistribution.

At present, there are no experimental reports on group-III doped 2D

monolayer SiC. Therefore, the results presented in this study are theoretical

predictions that can guide and benchmark future synthesis and characteri-

zation of group-III dope 2D monolayer SiC. While the mechanical stability

of pristine 2D monolayer SiC via phonon calculation has been studied [28],

the influence of substitutional group-III dopants on elastic properties such
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as the in-plane elastic modulus, fracture strength, or phonon stability re-

mains experimentally unexplored. Therefore, understanding how substitu-

tional group-III dopants modify the mechanical properties of 2D monolayer

SiC is an important direction for future studies.

4. Summary

Hybrid density functional theory was used to study the impact of B, Al,

Ga, In and Tl dopants in monolayer 2D SiC. The structural, electronic, mag-

netic, and defect concentration properties of the aforementioned dopants in

2D monolayer SiC were predicted. The group III dopants substituted in 2D

monolayer SiC modulated the original orderly crystal structure, causing the

atoms in the flat 2D layer to experience different degrees of lattice distor-

tion. The BC is the most energetically favorable under the C-rich condition.

However, when substituted on Si-sites (BSi), its formation energy under the

Si-rihc condition increases to 0.84 eV. In general, the formation energies in-

crease down the group, regardless of whether the dopants occupy C or S lat-

tice sites. Except for Al, all dopants behave as acceptor when substituted on

C-sites. In contrast, when they are substituted on Si sites, they act as donors.

In their most favorable chemical growth conditions, the defect concentration

shows that the AlSi defect concentration exhibits strong temperature depen-

dence behavior of thermally activated processes. The AlSi on the other hand

is significantly active at high temperatures. While the BC is exothermic

and thermodynamically favorable at lower temperatures, the GaSi is ther-

modynamically favorable at elevated temperatures. The GaC is increasingly

dominant due to enhanced thermal activation. The InSi defect exhibits a
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pronounced temperature-dependent behavior, with its concentration expo-

nentially increasing as the temperature increases. At low temperatures, BC

is the most probable defect, while at high temperatures, GaSi dominates and

is the most thermodynamically favorable. In contrast, InC, TlC, and TlSi

are the least likely to form under equilibrium conditions. Dopants substi-

tuted on Si-lattice sites behave as non-magnetic materials. The B, Al, Ga,

In, and Tl when substituted at the C lattice sites are good candidates for

spin-dependent power electronic devices, as they induce varying degrees of

magnetic moments in the host 2D monolayer SiC material. The results of

this study are crucial as they provide useful information for the experimental

synthesis of group III dopants in 2D monolayer SiC. Furthermore, our results

offer valuable insights into defect control in 2D monolayer SiC, which could

be beneficial for applications in high-power electronic devices. Furthermore,

the results of this study provide theoretical insight that can inform and sup-

port future experimental synthesis of group III-doped 2D monolayer SiC. In

the future, we will focus on evaluating the ionization energies and defect lev-

els induced by group II dopants in 2D monolayer SiC through charged-defect

calculations. Furthermore, detailed studies on lattice strain, phonon disper-

sion, and related mechanical properties will be addressed in future work.
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