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The configurations of 10 types of metal-doped silicon carbide (SiC) systems were
investigated by the first-principles calculations. The dopants include eight types of 3d-
series transition metal atoms, one semi-metal Ge atom, and one other metal Al atom. For all
the metal-doped SiC systems, the steadiest doping sites are fixed at the substituted Si site,
while the Ti-SiC system exhibits themost potent binding activity. The properties of these new
systems vary with the doping atoms. The SiC- and Al-SiC systems convert to magnetic
metals. The Ti- and Ge-SiC systems remain non-magnetic semiconductors, while the V-, Cr-
, Mn-, Fe-, Co-, and Zn-SiC systems turn into magnetic semiconductors with magnetic
moments related to the valence electron number of dopants. Partial charge transfers from
the metal atoms to the adjacent C atoms accompanied the change in the electron-emitting
capacity of the new systems. Thework function achieves theminimumof 3.439 eV in theCo-
SiC system, just 71.6% of the original SiC system. Our analysis indicates that the potent
binding energy of the Ti-SiC system is due to the complete bonding states between the
transition metal Ti and the adjacent C atoms. The magnetism evolution in semiconducting
metal-doped SiC is attributed to the occupationmode of the hybridization orbitals nearby the
Fermi level, which are determined by the coupling of the 3d orbital of transition metal atoms
and the defect states of the vacancy atoms. The adjustable magnetic and electronic
properties of the metal-doped SiC systems provide a flexible method in designing more
suitable SiC-based spintronics and field electron-emitting devices.
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INTRODUCTION

Two-dimensional silicon carbide (2D SiC) has become the hot spot (Mélinon et al., 2007; Castelletto
et al., 2014) of 2Dmaterials (Li and Kaner, 2008; Luo et al., 2021; Cui et al., 2022) for the virtues, such
as the high thermal capacity (Hsueh et al., 2011; Chowdhury et al., 2017) and the graphene-like
planar structure (Eddy and Gaskill, 2009; Susi et al., 2017; Ferdous et al., 2019). The high thermal
capability makes 2D SiC competent not only as high-power electronic and optoelectronic devices
(Zhang and Cui, 2022a) but also in high-temperature circumstances and quantum information
processing (Chabi and Kadel, 2020). The two-dimensional structure induces unique optical and
electronic properties which are essential in optoelectronics (Stankovich et al., 2006; Bratschitsch,
2014; Sun et al., 2017a; Cui et al., 2021a; Sun et al., 2021), catalysis (Komsa et al., 2012; Ziletti et al.,
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2015), spintronic devices (Wang et al., 2018; Li et al., 2021),
energy conversion (Pospischil et al., 2014; Cui et al., 2020a; Sun
et al., 2020; Sun and Schwingenschlo€gl, 2020), and gas sensing
(Lin et al., 2013; Kooti et al., 2019; Cui et al., 2020b). The success
in the wet exfoliation of 2D SiC accelerates the further
investigation of the SiC-based system (Chabi et al., 2021).

The previous studies on other 2D materials and dopants
provide many predictive references (He et al., 2010; Tang
et al., 2018; Cui et al., 2020b; Cui et al., 2021b). In non-metal
doped SiC (NM-SiC), the sp2 hybridization orbitals of NM atoms
form more robust coupling interactions, inducing the magnetism
of the systems (Bekaroglu et al., 2010). When the transition metal
(TM) atom is doped in 2D material, the occupation mode of d
hybridization orbitals of TM atoms determines the magnetism of
the systems (Santos et al., 2010; He et al., 2014a; He et al., 2014b;
Sun et al., 2017b; Yuan et al., 2020; Cui et al., 2021c). All these
results indicate that the electronic and magnetic properties of 2D-
SiC can be adjusted by the doping of atoms effectively. Although
SiC systems have been studied while doping some TM and NM
atoms, the discussion on the law of universality is relatively few,

especially the effects of the valence electron number of the dopant
on magnetism are seldom discussed (Luo et al., 2017; Luo and
Shen, 2018; Wu et al., 2019). In this work, the configurations of
10 types of the metal-doped SiC systems were investigated. The
doping atoms include not only eight 3d-series TM atoms but also
one semi-metal atom and one other metal atom. The electronic
and magnetic performances were investigated at the most stable
structures systematically. The high stability in Ti-SiC was
explained by the complete bonding states between the Ti atom
and the neighboring C atoms because of the same valence
electron number with the substituted Si atom. The magnetism
evolution in transition metal-doped SiC was attributed to the
occupation mode of hybridization orbitals nearby the Fermi level.

COMPUTATIONAL DETAILS

The first-principles theory calculations are based on the density
functional theory and executed by the Vienna Ab initio
simulation package (VASP) (Kresse and Furthmüller, 1996)

FIGURE 1 | (A) Top and side views of the crystal structure and (B) the energy band structure of intrinsic 2D SiC.

TABLE 1 | Doping site, binding energy (Eb), charge transfer (C), magnetic moment (Mtotal), and bandgap (Eg) of the metal-doped SiC systems.

Metal style Doping Site Eb (eV) C (e) Mtotal (μB) Eg (eV)

3d-series transition metal Sc SSi −11.341 −1.525 0.512 0
Ti SSi −18.625 −1.534 0 2.583
V SSi −14.723 −1.291 1.003 2.574
Cr SSi −13.293 −1.171 2.003 2.681
Mn SSi −12.783 −1.070 3.001 2.257
Fe SSi −12.014 −0.979 4.509 2.331
Co SSi −4.942 −0.596 5.004 2.572
Zn SSi −5.931 −0.832 1.984 0.112

Other metal Al SSi −11.323 −2.201 0.492 0
Semi-metal Ge SSi −12.411 −1.245 0 2.516
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and Perdew–Burke–Ernzerhof functions (PBE) (Perdew et al.,
1996; Kresse and Joubert, 1999). Projector-augmented wave
(PAW) schemes (Kresse and Joubert, 1999) are employed in
the electron–ion interaction. To expand the Kohn–Sham orbitals,
the cut-off energy for plane-waves basis is set to 550 eV. To
minimize the interaction between the metal atoms, a 4 ×
4×1 supercell with one vacancy atom is selected,
corresponding to a 3.125% doping concentration. To eliminate
the molecular interactions between layers, a vacuum layer of 15 Å
height was constructed along the normal direction of the SiC
plane. The first Brillouin zone was structured with a 3 × 3 ×
1 k-point grid (Grimme et al., 2010). The final stable system is
achieved until all the particles experience enough relaxation, the
Hellmann–Feynman force on each atom is less than 0.01 eV/Å,
and the total energy change is lower than 10–5 eV/atom. The
magnetic and electronic properties of the metal-doped SiC
systems are explored in their steadiest configurations.

RESULTS AND DISCUSSION

Our calculation shows that the pristine SiC exhibits a two-
dimensional planar structure with a lattice parameter of
3.10 Å, as depicted in Figure 1. The 2D SiC system is a direct
band semiconductor with a band gap 2.5 eV, whose band edge of
the conduction band and the valence band are both located at the
K point. These calculation results are similar to those of the other
groups (Luo et al., 2017; Chabi et al., 2021), which demonstrates
the correctness of our method.

The practical application of 2D materials is based on the
structural stability, which is evaluated by the binding energy of
the new system:

Eb � Emetal+ SiC − (ESiC + Emetal), (1)
where Eb represents the binding energy of the metal-doped SiC
system. Emetal+SiC, ESiC, and Emetal denote the energies of the final

FIGURE 2 | Band structures of the metal-doped SiC systems: (A) Sc-SiC, (B) Ti-SiC, (C) V-SiC, (D) Cr-SiC, (E)Mn-SiC, (F) Fe-SiC, (G) Co-SiC, (H) Zn-SiC, (I) Al-
SiC, and (J)Ge-SiC. The green and the pink lines represent the spin-up and the spin-down component of the energy levels, respectively. The Fermi level is shifted to zero.
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metal-doped SiC, the original SiC with one vacancy, and the
doping atom. Negative binding energy indicates that the metal-
doped SiC system is more stable than the original SiC system with
one vacancy. The most possible configuration corresponds to the
structure with the largest binding energy.

In our work, the doping atoms include not only the eight
3d-series transition metal atoms but also one semi-metal Ge,
and one other metal Al atom. The binding energies for metal-
doped SiC system are investigated at the two possible
symmetry sites, the Si-substituted site SSi and the
C-substituted site SC, as depicted in Figure 1A. Our
calculation shows that all the doping atoms exhibit more
powerful bindings when doped at the site SSi, and the systems
with the maximum of binding energies are listed in Table 1.
All these systems exhibit binding energies larger than 4.9 eV,
indicating that these substitutional doping atoms are very
favorable in thermodynamics for the original system with the

vacancy atom. The semi-metal Ge and other metal Al atoms
present weaker bindings with the SiC systems than the TM
atoms do. The binding energy achieves the maximum of
18.625 eV in the Ti-SiC system, presenting a monotonous
decrease with the increase in the atomic number from the 3d-
series TM atom Ti to Co. The most robust binding in the Ti-
SiC system is because the Ti atom substitutes the Si atom with
the same number of valence electrons and reconstructs the
complete bonding states with the adjacent C atoms. Potent
coupling forms between the 3d hybridization orbital of Ti
atoms and the neighboring defect states of C atoms. As the
electron number of the dopant increases, the energy of the
TM-SiC system decreases, and the coupling degree of the
hybridization orbitals nearby the Fermi energy level reduces,
diminishing the binding energy of the corresponding system,
which agrees with the results in 4d TM atom-doped graphene
(Santos et al., 2010). The larger binding energy of 12.411 eV

FIGURE 3 | Evolution of the occupationmode of the hybridization orbitals nearby the Fermi level for the transitionmetal-doped SiC systems. The purple double lines
represent the electronic states with E-symmetry, while the short line point represents the electronic states with A-symmetry. The green and the orange arrows denote the
spin-up and the spin-down components, respectively. The distances between the lines reflect the energy variation between the energy levels.

FIGURE 4 | Spin-polarized charge density of the metal-doped SiC system. The green and the pink areas represent the spin-up and the spin-down regions,
respectively. The isovalue is set to 0.001 e/Å3.

Frontiers in Materials | www.frontiersin.org July 2022 | Volume 9 | Article 9566754

Zhang and Cui 2D SiC

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


in Ge-SiC is also attributed to the complete metal-carbon
bonding states, while the less binding energy relative to Ti-
SiC is due to the lower orbital hybridization degree in Ge-SiC.

Figure 2 illustrates the energy band structures of the
10 metal-doped SiC systems. All these energy band
structures are similar to those of the original SiC system,
with several impurity energy levels appearing in the forbidden
band. In the Al- and Sc-SiC systems, the spin-up and spin-
down components of the SiC energy levels intersect with the
Fermi level, and the corresponding Al- and Sc-SiC systems
turn into the magnetic metals. Considering the energy levels
intersected by the Fermi level are the hybridization result of
the impurity levels and the vacancy states of C atoms, the Cr-,
Fe- and Co-SiC systems remain the properties of
semiconductors. The corresponding bandgaps are
calibrated by the nearest electronic states above and below
those impurity energy levels. The metal-doped SiC system
exhibit an adjustable band gap: 2.583 eV (Ti), 2.574 eV (V),
2.681 eV (Cr), 2.257 eV (Mn), 2.331 eV (Fe), 2.572 eV (Co),

0.112 eV (Zn), and 2.516 eV (Ge), respectively. Among them,
the Ge- and Ti-SiC systems are still non-magnetization for the
consistency of the spin-up and the spin-down components of
energy levels, while the other 3d-series transition metal-doped
SiC systems exhibit the behaviors of magnetic semiconductors
for the asymmetry in the spin-up and the spin-down
components of energy levels, as shown in the V-, Cr-, Mn-,
Fe-, Co-, and Zn-SiC systems.

To estimate the magnetism of TM-SiC roughly, a
hybridization orbital model of E.J.G. Santos (Santos et al.,
2010; Sun et al., 2017b) was employed based on the energy
band structure. Considering that the energy of 4s orbitals of
metal atoms is much higher than the Fermi level, the contribution
of 4s orbitals is neglected. When the 3d-series transition metal is
doped in SiC, the 3d orbitals of TM atoms split into one A and
two twofold-degenerate E levels, while the p orbitals of the
vacancy C atom split and form two A and one twofold-
degenerate E levels. Magnetic coupling occurs between the
electron states of 3d TM atoms and the localized defect states

FIGURE 5 | Charge density difference of the metal-doped SiC system. The green and the pink areas represent the loss and the obtained charge, respectively. The
isovalue is set to 0.001 e/Å3.
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of the C atom. Based on A or E irreducible representations, the
coupling just occurs under the same irreducible representation.
The corresponding band structures of TM-SiC are schemed in
Figure 3, where the energy values are calibrated by the first-
principles calculations and orbital theory. It can be seen that the
energy of systems decreases with the valence electron number,
accompanying the change in the energy variation between energy
levels. Electrons occupy the energy levels from low-energy to
high-energy gradually, while the hybridization orbitals are filled
based on the Hund’s rule. When Ti atom is injected, the four
valence electrons of the Ti atom form complete bonding states
with the defect states of the C atoms, and the corresponding Ti-
SiC exhibits no magnetism. With the increase in the valence
electron number along the 3d Ti atom to Co atom, the electrons
of TM atoms fill the hybridization orbital with the same spinned
direction, and the magnetism moments increase with the valence
electron number. When all the hybridization orbitals are
occupied with the same spin-polarized charge, the system
presents the largest magnetism, as depicted in Co-SiC. With
the further increase in the valence electron number, the
remaining electrons start to fill these hybridization orbitals
with an opposite spinned direction, and the magnetism of
system decreases, as shown in the Zn-SiC system. The
occupation mode of the hybridization orbitals nearby the
Fermi level determines the magnetism of the TM-SiC system.
Based on this simple principle, the magnetism moments of the
transition metal-doped SiC can be acquired roughly, about 0 μB
(Ti), 1 μB (V), 2 μB (Cr), 3 μB (Mn), 4 μB (Fe), 5 μB (Co), and
2 μB (Zn).

The spin-polarized charge distributions near the metal atom
are calculated, as illustrated in Figure 4. It can be seen that the
three surrounding C atoms of the TM atom-doped SiC make
equal contribution to the spin-polarized charge distribution. In
the Sc- and Al-SiC systems, the spinned-polarized charge density

exhibits a long-range distribution, even the atoms far away make
a strong contribution, similar to the results shown in the GeC
adsorbed by the F or Cl atom (Zhang and Cui, 2022b). However,
Fe atom makes a decisive effect on the spin-polarized charge
distributions of Fe-SiC, and the contributions of the adjacent C
atoms are hard to be seen. In the V-, Cr-, Mn-, and Co-SiC
systems, the TM atoms make more dominant effects than the
adjacent C atoms. The magnetic moments of the metallic Sc- and
Al-SiC systems are further calculated 0.512 μB (Sc) and 0.492 μB
(Al), while the magnetic moments in semiconducting TM-SiC are
0 μB (Ti), 1.003 μB (V), 2.003 μB (Cr), 3.001 μB (Mn), 4.509 μB
(Fe), 5.004 μB (Co), and 1.984 μB (Zn), respectively. Although
there is a 0.5 μB variation in the Fe-SiC system, the magnetic
moments of the other six TM-SiC systems are consistent with the
forecasting results in Figure 3 as well, which demonstrates the
validity of the hybridization orbital model.

To investigate the change in the electronic properties of metal-
atom–doped SiC, the charge transfer between doping and the
adjacent atoms is studied. The charge density difference (CDD) of
metal-doped SiC is calculated by the Bader charges (Henkelman
et al., 2006; Sanville et al., 2007),

Δρ � ρTotal − (ρSiC+ρNM), (2)
where Δρ is the difference in the charge density, ρTotal, ρSiC, and
ρNM represent the charge densities of the metal-doped SiC, the
pristine SiC, and the metal atom, respectively.

The charge density difference of metal-doped SiC is illustrated
in Figure 5. It can be seen that the metal atoms act as charge
donors, transferring some charges to the adjacent C atoms. The
charge transfers are F02D1−.525|e| (Sc), F02D1−.534|e| (Ti),
F02D1−.291|e| (V), F02D1−.171|e| (Cr), F02D1−.070|e| (Mn),
F02D0−.979|e| (Fe), F02D0−.596|e| (Co), F02D0−.832|e| (Zn),
F02D2−.202|e| (Al), and F02D1−.245|e| (Ge), respectively. New
metal-carbon bonds are formed to achieve the stability of the
metal-doped SiC systems. The systems with semiconducting
properties (the V-, Cr-, Mn-, Fe-, Co-, Zn, and Ge-SiC
systems) exhibit relatively weak transfer charges than those
with the metallic properties (the Sc- and Al-SiC systems).
Among the semiconducting doped SiC systems, the most
robust metal-carbon bonds are formed in the Ti-SiC system
for the larger binding energy than the others, while Co-SiC
exhibits weaker metal-carbon bonds for the smaller binding
energy.

The formation of the new metal-carbon bonds induces the
change in the systemwork function, leading to the variation in the
electron-emitting capacity. A weakmetal-carbon bond indicates a
smaller work function and a stronger electron-emitting capacity.
The work functions of the conventional 2D field electron
emission devices are about several eV (Yu et al., 2009; Jiao
et al., 2012; Cai et al., 2014; Soo et al., 2014), such as 4.50 eV
(phosphorene), 4.60 eV (graphene), 4.90 eV (boron nitride), and
5.15 eV (MoS2). In our work, the calculated work function of the
pristine SiC is 4.80 eV, while the metal-doped SiC systems change
from 3.439 to 5.158 eV, as depicted in Figure 6. Although the
work function increases in the Al- and Zn-SiC systems, it
decreases in the Sc-, Ti-,V-, Cr-, Mn-, Fe-, Co-, and Ge-SiC

FIGURE 6 | Work function of the intrinsic SiC and metal-doped SiC
systems.
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systems. The minimum work function of 3.439 eV is in the Co-
SiC system, just 71.16% of the pristine SiC. The adjustment on the
work function causing by metal dopants expands the application
of the SiC-based system in the field emission devices.

CONCLUSION

We investigated the structural, electronic, and magnetic
performances of 10 metal-doped SiC systems. The doping
metal atoms include eight 3d-series transition metals, one
semi-metal Ge, and one other metal Al atom. Our calculations
indicate that the steadiest doping sites for all metal-doped SiC
systems are located at the substituted Si site. Ti-SiC presents the
most stable configuration for the largest binding energy.
Although the Ti- and Ge-SiC systems remain nonmagnetic
semiconductors, the Sc- and Al-SiC systems convert to
magnetic metals, and the V-, Cr-, Mn-, Fe-, Co-, and Zn-SiC
systems turn into magnetic semiconductors whose magnetic
moments are related to the valence electron number of
dopants. With the doping of the metal atoms, particle charge
transfers from the metal atoms to the adjacent C atoms, causing
the variation in the work function. Except for the increase in the
Zn- and Al-SiC systems, the work function of the other metal-
doped SiC systems decreases and achieves the minimum of
3.439 eV in the Co-SiC system, just 71.6% of the original SiC
system. Our analysis indicates that the intense binding energy in

the Ti-SiC system is due to the complete bonding states between
the transition metal Ti and the adjacent C atoms. The magnetism
in 3d TM-SiC is attributed to the occupation mode of the
hybridization orbitals contributed by the coupling of 3d
orbitals of the TM atom and the defect states of the vacancy.
The adjustment on the electronic and magnetic performances by
metal atoms extends the applications of SiC, especially in the
design of field emission and spin electronic devices.
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