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Abstract

The electronic and magnetic properties of silicon carbide nanosheets were investigated
in this study, with particular attention given to the effects of doping with transition metal
atoms and applying an external electric field. Our findings point out that introducing dop-
ants, such as Mn, Co, and Zn, can notably reduce the band gap of the pristine structure
from 2.6 eV to 0.752 eV, 0.261 eV, and 0.898 eV, respectively. Moreover, the inclusion
of Mn and Co dopants results in magnetization. On the other hand, applying a transverse
external electric field up to 7 V/nm leads to a semiconductor-to-metal phase transition.
Although the applied electric field has a minor effect on the Mn-doped structure’s mag-
netic moment, it slightly decreases the magnetic moment of the magnetized Co-doped one.

Keywords Silicon carbide nanosheet - Transition metals - Electronic properties -
Magnetic properties - External electric field - Band structure - Density functional theory

1 Introduction

The dawn of nanotechnology has witnessed the exploration of various materials at the
atomic scale, unveiling their extraordinary properties and potential applications. Among
these materials, two-dimensional (2D) nanosheet structures have gained significant atten-
tion due to their remarkable electronic, optical, and mechanical properties [1-5]. In general,
2D nanosheets are ultra-thin, layered materials with a thickness of just a few nanometers.
These nanosheets exhibit unique properties distinct from their bulk counterparts due to their
reduced dimensionality. The relatively large surface area of 2D nanosheets provides more
active sites for chemical reactions, making them attractive for catalytic applications [4-7].
Since the 2D nanosheets are extremely thin, they are flexible and lightweight. However,
they also exhibit high strength and rigidity, making them ideal for various applications [4,
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8]. In addition to their large surface area, 2D nanosheets show distinctive electronic proper-
ties that make them attractive for use in electronics [9—12].

Graphene, the first 2D material found, attracted considerable attention and has become
the poster child for such materials [13, 14]. Recently, various 2D structures have been dis-
covered due to searches for different materials with unique properties and improved per-
formance. Among them is silicon carbide, the focus of this research, which has excellent
potential for several applications, especially in nanoelectronics, optoelectronics, and sen-
sors [15, 16]. The 2D silicon carbide nanosheet, also known as 2D-SiCNS, is a novel nano-
material class recently attracting significant attention [17-20]. It is a single layer of silicon
(Si) and carbon (C) atoms in a 1:1 ratio arranged in a hexagonal lattice structure. Unlike
graphene, the zero-band gap semiconductor, the 2D-SiCNS exhibits a finite band gap that
can be tuned by varying the thickness, strain, chemical doping, or even creating vacan-
cies [21-23]. Theoretical and experimental studies have shown that the band gap of SiCNS
ranges from 2.0 eV to 3.0 eV, making them fit for optoelectronic and electronic devices
operating at high temperatures, voltages, and frequencies [21, 24].

The 2D-SiCNS can be synthesized using different techniques such as chemical vapor
deposition (CVD), mechanical exfoliation, and sonication-assisted liquid-phase exfoliation
[7, 25, 26]. The desired properties of the resulting SiCNS, such as their thickness, size, and
quality, are considered when selecting a synthesis method. In recent years, a new approach
has been developed to synthesize highly efficient and scalable precursors of SICNS from
heat decomposition at high temperatures [6].

The unique characteristics of 2D-SiCNSs make them attractive for several applications,
such as hydrogen storage, catalytic converters, and optoelectronics [27]. Also, they are
chemically inert, thermally stable, and resistant to oxidation, making them ideal for high-
temperature applications [23]. In addition, SiCNSs have excellent mechanical properties,
such as their high stiffness, strength, and fracture toughness, making them fit for structural
applications [28, 29].

Moreover, SiCNSs have a wide band gap in which their electricity can only be generated
if exposed to high-energy photons or electrons [30]. This property makes them appropriate
for electronic devices requiring high power and temperature stability. Also, the wide band
gap lets them emit and absorb light in the ultraviolet (UV) range, making SiCNSs an ideal
candidate for UV detectors, light-emitting diodes, and other optoelectronic devices [11,
26]. In addition, excellent electrochemical performance and the wide surface area of the
2D-SiCNSs provides more effective energy storage [31], making them attractive for battery
applications and other energy storage devices. Also, the high surface area enables efficient
charge transfer and facilitates chemical reactions, making the SICNSs attractive for use in
heterogeneous catalysis [32].

Overall, the 2D-SiCNSs are an attractive material for various applications. However,
fully understanding and optimizing their potential application in different fields require
further research and investigation. In this study, the properties of 2D-SiCNSs have been
explored, with a particular focus on the effects of doping with transition metal (TM) atoms
and applying an external electric field.
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2 Methodology and Structural Properties

The scope of this study is limited to investigating the changes in the electronic and magnetic
properties of 2D-SiCNS resulting from the introduction of TM atoms under the influence
of an external electric field. The investigation is commenced by modeling a 7x 7 supercell
of 2D-SiCNS using the Cambridge Serial Total Energy Package (CASTEP) code [15, 33].
A schematic representation of the modeled structure, including bond lengths and angles,
and a cross-sectional view of the same structure is shown in Fig. la. Akin to graphene,
the 2D-SiCNS structure exhibits high symmetry and features a planar honeycomb lattice
configuration with alternating Si and C atoms in both (x) and (y) directions, as displayed in
Fig. 1a. The robust covalent bonds between Si and C atoms enhance the material’s stability
as a single-atom-thick sheet.

Each unit cell in the hexagonal pattern in Fig. 1a comprises Si and C atoms, with each
atom being surrounded by three atoms of the opposite type. The Si-C bond lengths in the
hexagonal sheet of SiC are approximately 1.77 A, and the angles of C-Si—C and Si—C-Si
are equal to 120°. Also, the hexagonal arrangement results in two lattice constants, “a” and
“b,* along the (x) and (y) directions, representing the distances between neighboring atoms
in the lattice. In the 2D-SiCNS structure, the lattice constants “a” and “b” are set to be the
same for the SICNS [34, 35]. Along the (z) direction, the lattice constant “c” is set large
enough to avoid potential interaction between the modeled SiCNS and its image formed by
the periodic boundary conditions of the simulation [34, 35].

The equal lattice constants and the hexagonal arrangement of atoms create a six-fold
rotational symmetry around the axis perpendicular to the monolayer plane. A key feature of
the 2D-SiCNS is its full sp2 hybridization, which enables the formation of in-plane strong
bonds and a completely conjugated m electron system [36]. This full sp? hybridization arises
from the Si and C atoms in the lattice sharing electrons, forming covalent bonds between

Osi @c @Mn @co @2zn

Fig. 1 Schematic diagram, bond lengths and angles, and a cross-sectional view of a the pristine and doped
2D-SiCNC with b Mn, ¢ Co, and d Zn
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each other [36]. This results in remarkable mechanical strength, thermal stability, and elec-
trical conductivity of the 2D-SiCNS [37]. The next stage in the study involves doping the
2D-SiCNS with TM atoms. We opted to introduce atoms such as Mn, Co, and Zn into the
structure, as these elements have been shown to exhibit interesting electronic and magnetic
properties. The doping is done by replacing one of the C atoms with a transition metal atom
in the 77 supercell of the 2D-SiCNS. This doping technique is commonly used in compu-
tational studies to investigate the effect of impurities on the material’s properties. The newly
created TM-doped 2D-SiCNS structures are depicted in Fig. 1b—d. As shown, the local
environment around the doping site undergoes alterations in bond lengths since TM atoms
typically possess different atomic radii and electronegativity values compared to C and Si
atoms [38]. As a result, when incorporated into the SiCNS, the bond lengths between Mn,
Co, and Zn atoms and the neighboring Si atoms expand to 1.82 A, 2.046 A, and 2.115 A,
respectively. Nevertheless, these modifications in bond lengths do not influence bond angles
near the TM atom, which accounts for the absence of any protrusions in the cross-sectional
view [39-41].

It is worth mentioning that all the generated structures undergo full optimization using
the generalized gradient approximation (GGA) with a revised Perdew—Burke—Ernzerhof
(RPBE) parameterization, with force acting on each atom limited to less than 0.1 eV/nm
[13, 42, 43]. This study hopes to gain a more thorough understanding of the effects of exter-
nal fields on doped nanosheets, as elaborated in the ensuing discussion.

3 Results and Discussion

In this study, both pristine and M-doped structures undergo a systematic application of an
external electric field with a maximum strength of 7 V/nm. The electric field is applied per-
pendicular to the surface of the nanosheet structure in both positive (+z) and negative (-z)
directions, which are correspondingly referred to as positive and negative fields. After that,
energy calculations were conducted to monitor variations in the band structure and density
of states (DOS) for all optimized geometries.

3.1 Electronic Properties

The electronic properties of 2D-SiCNS are primarily defined by the formation of energy
band structure, particularly the band gap, which is a crucial feature of semiconducting mate-
rials due to its impact on their electronic performance. The energy bands and distribution of
energy states (DOS) for the pristine and the TM-doped structures are depicted in Figs. 2a—c.
Generally, the specific energy band structure and DOS depend on the distinctive atomic
arrangement and bonding characteristics in the given structure. The energy bands represent
the allowed energy levels for electrons and are constructed due to the periodic arrange-
ment of atoms in the structure. In a simplified picture, the energy bands can be classified
as valence and conduction bands. The valence band is the highest energy band loaded with
electrons at absolute zero temperature, while the conduction band lies above the valence
band and usually is empty or partially filled with electrons. The DOS measures the number
of available energy states per unit volume at a given energy level. It provides informa-
tion about the electronic structure of a material, including the distribution of energy states
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Fig.2a Energy bands and the corresponding DOS for the Pristine (black) and Mn-doped (red) 2D-SiCNC
at OE (left pan), +3E and +6E (upper right pans), and —3E and —6E (lower right pans). The blue dotted
line is the Fermi level

within the energy bands. The band gap refers to the energy separation between the valence
and conduction bands that encloses the Fermi level in the energy band structure and DOS
plots. As shown in left pan of Figs. 2a—c, the pristine 2D-SiCNS exhibits a relatively wide
band gap of about 2.6 eV, consistent with the theoretical and experimental findings in the
existing literature [29]. Nevertheless, the introduction of TM atoms significantly alters this
band gap. The red curves in the left pan of Figs. 2a—c indicate that the band gap narrows to
0.752 eV, 0.261 eV, and 0.898 eV when Mn, Co, and Zn specifically replace the C atom in
the 2D-SiCNS, respectively. Interestingly, our research reveals no impact on the band gap
when these TM atoms are used to substitute the Si atom within the 2D-SiCNS structure.
The narrowing of the band gap is ascribed to the creation of impurity states (the new red
curves) within the band gap at the top of the valence band and the bottom of the conduction
band, as seen in the left pan of Figs. 2a—c. The d-orbitals of the TM atoms have the potential
to hybridize with the orbitals of Si and C, creating new energy bands. The extent of this
hybridization is contingent upon the specific TM atoms and their interaction with the SICNS
lattice structure. The development of hybridized orbitals can result in the redistribution of
electronic states, which subsequently alters the band gap of the 2D-SiCNS. Additionally,
introducing TM atoms within the 2D-SiCNS can transfer charge between the TM atoms
and the SiCNS lattice. This charge transfer has the potential to induce a displacement in the
Fermi level, which could cause the energy bands to shift and ultimately result in a modifica-
tion of the band gap. The extent of charge transfer and its influence on the band gap depends
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Fig.2b Energy bands and the corresponding DOS for the Pristine (black) and Co-doped (red) 2D-SiCNC
at OE (left pan), +3E and +6E (upper right pans), and —3E and —6E (lower right pans). The blue dotted
line is the Fermi level

on the difference in electronegativity between the TM atoms and SiC and the oxidation
states of the TM atoms [44]. In order to gain an understanding of the interactions between
atoms and the transfer of electrons, Fig. 3 displays the Hirshfeld electron density difference
distribution for bonding atoms in the pristine and TM-doped SiCNS structures. The electron
density is depicted using a color scheme, where the higher electron density is represented by
blue, and red signifies regions with lower electron density. In the pristine SiICNS structure
(Fig. 3a), the electron distribution is uniform around the C atom, consistent with its elec-
tronegativity. However, when the C atom is replaced by a transition metal (TM) atom, the
electron density distribution around the replaced atom changes, as shown in Fig. 3b—d. The
size of the blue regions around the TM atom decreases, indicating a reduction in electron
density. Conversely, the blue regions around the neighboring Si atoms expand, indicating
an increase in electron density. These changes in electron density distribution suggest that
electron transfer occurs from the TM atoms to the Si atom in the TM-doped SiCNC struc-
ture, resulting in an electron transfer phenomenon.

Moreover, incorporating TM atoms into the SiCNS lattice structure can induce a ten-
sile strain. This strain arises from the significant difference in atomic size and bond length
between the TM on the one hand and Si and C atoms on the other hand. When TM atoms

@ Springer



International Journal of Theoretical Physics (2023) 62:137 Page 7 of 14 137

+ve Electric field

——Pr-SiC
Zn-SiC
+0.3E ©)se +0.6E

b,

S

2 EK/:

2

I

=]

m
Band gap (eV)
Band gap (eV)

25 % . )
; ‘\g>
L] E——— . - _—
) DC?]S (E/‘;cvlmll‘:ﬁv) 5 DU“S IEI‘;C'WDH‘;GW
S s j ] -ve Electric field
Q ——Pr-SiC Pr-SiC
g zn-sic Zn-Sic
> d),, ~ ve03E o), Ve 0.6E
T 1.0 |— 5
s = — —
a = = _—
2 1
— |
05 b - . P
—
> g g \\\1?7/
00 S g Y i |
B )
LR | L—<)
@ . Q ~
25 ] ] o - ,
Ko s 100 150
DOS (Electrons/eV) | > u-rir—:: > rrrrrrrrrrrr
- ]
X

PR %
DOS (Electrons/eV) DOS (Electrons/eV)

Fig. 2c Energy bands and the corresponding DOS for the Pristine (black) and Zn-doped (red) 2D-SiCNC
at OE (left pan), +3E and +6E (upper right pans), and —3E and —6E (lower right pans). The blue dotted
line is the Fermi level

are introduced into the lattice, their larger size and different bonding characteristics cause
the structure to stretch or experience tension. This strain can be visualized as a deformation
of the SICNC lattice structure, depicted in Fig. 1b, c. The strain-induced deformation of the
lattice structure alters the electronic structure and energy bands of the 2D-SiCNS and modi-
fies the band gap.

On the other hand, the findings of this study indicate that the band gap of the pristine
and TM-doped 2D-SiCNS is further reduced upon applying a transverse external electric
field of value ranges between 0 and 7 V/nm. However, our results show that an electric
field of values greater than 7 V/nm results in a structural deformation. The variation in the
band gap under the applied external electric field in both positive and negative directions is
illustrated in Fig. 4. The dark shade of each color indicates the positive field, while the light
shade represents the negative field. As shown from the dark shade, the band gap of the pris-
tine and TM-doped 2D-SiCNS is gradually decreasing as the positive external electric field
increases in the range between 1 and 5 V/nm. However, the band gap is steeply reduced, and
a semiconductor-metal phase transition occurs under the influence of an electric field rang-
ing between 5 and 7 V/nm. The band gap of the pristine and TM-doped 2D-SiCNS behaves
almost the same upon applying a negative external electric field, as shown from the light
shade in Fig. 4.
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Fig. 3 Electron density distribution for a pristine and the doped 2D-SiCNC with b Mn, ¢ Co, and d Zn.
The blue represents higher electron density, and the red indicates lower density

The reduction in the band gap of the pristine 2D-SiCNS, under the influence of an external
electric field, can generally be justified by the Stark effect [45]. This effect occurs when the
electric field causes the energy levels of the valence and conduction bands to split and shift
in opposite directions. Specifically, the electric field increases the valence band’s energy
while decreasing the conduction band’s energy. Consequently, the band gap is reduced,
allowing electrons to transition more easily from the valence band to the conduction band
[11,13,39]. Accordingly, the material exhibits enhanced conductivity when subjected to the
electric field. It is important to note that the response of the band gap to the external electric
field can also be influenced by other factors, such as doping, which interact with the electric
field and further modify the band gap. In the TM-doped 2D-SiCNS, the Stark effect causes
the impurity states to shift the energy in response to the electric field. The impurity states
are localized around the TM atoms and interact strongly with the electric field. As a result,
the impurity states energy shift, reducing the band gap (refer to Figs. 2a and ¢ are examples
of the created impurity states at + 3E and 4+ 6E). The extent of the reduction depends on
the strength, direction of the applied external electric field, and the type of the TM atom, as
predicted in Fig. 4. Also, the interaction between the external electric field and the dopant
atom can lead to a change in its oxidation state. For example, a TM atom with a positive
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shade of each color) applied external electric field on the pristine and Co, Mn, and Zn-doped 2D-SiCNC

oxidation state can be reduced to a lower oxidation state under the influence of the electric
field. This change in oxidation state can affect the electronic configuration of the dopant
atom, leading to a change in its bonding with the surrounding atoms and hence the band
gap of the 2D-SiCNS structure. In addition to the change in oxidation state, the interaction
between the external electric field and the dopant atom can also affect the position of the
localized states within the band gap [46—49]. For example, a positively charged TM atom
may be attracted to the negatively charged side of the electric field, causing the localized
states to move toward the conduction band. This movement of the states can reduce the
effective band gap of the 2D-SiCNS structure, making it easier for electrons to be excited
to the conduction band.

3.2 Magnetic Properties

Generally, the number of spin-up and spin-down electrons in any material with magnetic
properties is imbalanced. This imbalance results from a net magnetic effect directly showing
the material’s magnetic properties. Usually, the DOS is a crucial concept in understanding
the magnetic properties, as it provides information about the distribution of electron states
in a material at various energy levels, thus allowing for the examination of spin-polarized
electron states. Before applying an external electric field, Fig. 5a shows that the DOS of the
pristine SiCNS structure is characterized by symmetric spin-up and spin-down curves, indi-
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cating the absence of intrinsic magnetic properties. The symmetry in the DOS curves is due
to the absence of unpaired electron spins in the pristine SICNS structure, in which C and Si
atoms have filled outer electron shells, leading to a stable and non-magnetic configuration.
Despite being considered non-magnetic materials, it has been found that introducing TM
dopants could induce magnetic properties in SICNS. Figure 5b, ¢ reveal that the spin-up and
spin-down DOS curves of Zn-doped structures are symmetric, while those of Mn and Co-
doped structures are imbalanced. The asymmetry in DOS curves suggests that incorporating
such TM atoms could introduce unpaired electrons, which can interact with the electrons in
the SiCNS lattice structure. This interaction can lead to the formation of magnetic moments
and, consequently, magnetism. Nevertheless, the strength of the magnetism depends on the
nature of the dopant and the interaction between dopant atoms and the SiCNS lattice struc-
ture. For instance, Mn and Co-doped SiCNS exhibit ferromagnetic behavior due to the
strong exchange interaction between the Mn and Co atoms and the SiCNS lattice structure
due to the alignment of its magnetic moments in a parallel configuration. This interaction
leads to the alignment of unpaired electron spins, resulting in a net magnetic moment of
4.499 and 1.517, respectively. However, Zn-doped SiCNS exhibit antiferromagnetic behav-
ior, where the Zn atoms’ magnetic moments are aligned in opposite directions, leading to a
zero net magnetic moment [8, 50]. On the other hand, the variation of the magnetic moment
for Mn and Co-doped SiCNS with the applied external electric field ranges from 1 to 7 V/
nm and in both positive and negative directions are described in Table 1. According to the
table, when subjected to a positive external electric field, the magnetic moment values for
Mn-doped SiCNS vary around 4.522, whereas when exposed to a negative electric field,
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Table 1 The magnetic moment values for both Mn and Co-doped 2D-SiCNS under external electric field
strengths range from 0 to 6 V/nm

E (V/nm) Mn Co
Positive E Negative E Positive E Negative E

0 4.499 4.499 1.517 1.517
1 4.466 4.377 1.189 1.189
2 4.499 4.507 1.188 1.189
3 4.395 4.510 1.187 1.188
4 4.434 4.426 1.139 1.149
5 4.927 4.597 1.197 1.197
6 4.436 4.531 1.147 1.147

the values fluctuate around 4.492. These results suggest that the magnetic moment of Mn-
doped SiCNS remains unaffected by applying an external magnetic field. This behavior can
be attributed to the fact that the magnetic moment of Mn is primarily determined by the spin
of the 3d electrons in the Mn atom, which is not significantly affected by external electric
fields. Table 1 also shows that, when applying an external electric field, whether positive or
negative, there is a slight decrease in the magnetic moment of the Co-doped SiCNS. This
observation suggests that the magnetic features of the Co-doped 2D-SiCNS are tunable
through the external electric field modulation of magnetism. This phenomenon is due to
interactions of the magnetic moment of the Co-doped 2D-SiCNS with the external electric
field, causing changes in electrons’ spin orientations and, thus, a change in the magnetic
moment of the structure. It is worth noting that electric field modulation of magnetism has
potential applications in developing new types of electronic devices, such as spintronics,
which aim to use the spin of electrons to store and process information. By controlling
the magnetic properties of a material with an electric field, it is possible to create devices
that can be programmed and operated electrically without the need for magnetic fields or
currents.

4 Conclusion

The 2D-SiCNS is a new nanomaterial with tunable electronic and magnetic properties by
doping and applying an external electric field. Substituting the C atom in the 2D-SiCNS
with a TM atom like Co, Mn, and Zn can effectively modify the electronic and magnetic
properties of the nanosheet. Introducing each TM atom can narrow the finite band gap of a
pristine 2D-SiCNS, while only Mn and Co can magnetize the structure. However, no such
effect is observed when the above-mentioned TM atoms replace the Si atom within the
2D-SiCNS structure. The impact of an external field range from 0 to 7 V/nm on the elec-
tronic and magnetic properties of the pristine and TM-doped 2D-SiCNS is also examined.
The findings show that the band gap is further decreased, and a transition from semiconduc-
tor to metal occurs within an electric field range of 5 to 7 V/nm. While the magnetic moment
of the Mn-doped structure is not significantly affected, the magnetized Co-doped struc-
ture experiences a slight reduction in its magnetic moment due to the applied electric field.
Overall, the findings of this study demonstrate the potential of silicon carbide nanosheets
as a promising platform for developing advanced electronic and magnetic materials with
tailored properties for various technological applications.
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