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concentration. Our comprehensive analysis encompasses structural properties,

https://doi.org/10.4236/wjcmp.2024.142004  lattice constant and band gap energy of 3C-SiC were found to be 4.373 A and
1.36 eV respectively, which is in agreement with previous research (Bui, 2012;
Muchiri ef al, 2018). Our results show that B doping narrows the band gap,
enhances electrical conductivity, and influences charge transfer interactions.
The charge density analysis reveals substantial interactions between B dopants
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1. Introduction

Silicon carbide (SiC) is a wide-band gap semiconductor material that is widely used
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in electronic and optoelectronic devices due to its unique physical and chemical
properties [1]. It is a crystalline ceramic consisting of silicon and carbon atoms
arranged in a repeating crystal lattice [2]. The bond between silicon and carbon
is predominantly covalent, though it exhibits some degree of ionic character. The
molar mass of SiC is 40.10 g/mol [3]. It is a simple chemical in which the silicon
atom is joined to the carbon atom by a triple bond, leaving both atoms with a pos-
itive and negative charge. It is produced synthetically using the Acheson technique,
which involves mixing pure silica sand (SiO,) with finely ground coke (carbon)
and heating the mixture to extremely high temperatures in an electric furnace.
The separation between carbon atoms is 0.308 nm, and the space between them
is 0.189 nm for silicon [4].

Silicon carbide (SiC) is an established yet increasingly important semiconduc-
tor, offering superior physical properties ideal for advanced power devices. SiC
devices show great promise for high-temperature and radiation-resistant opera-
tion [4]. It also shows great promise as a platform for quantum technologies [5].
Specifically, numerous point defects have been both predicted and demonstrated
to produce a solid-state material capable of quantum coherence, with individually
addressable spin states [6].

The current research interests in this semiconductor material in electronics, it
is due to its high thermal conductivity, high electric field breakdown strength,
and high maximum current density, which makes it more promising than the
common silicon for high-powered devices. It can also be used to design materials
with proper band gaps [7]. Its elevated breakdown fields and reduced vulnerabil-
ity to radiation and thermal influences offer substantial benefits in scenarios in-
volving high temperatures or radiation exposure [8]. Silicon carbide finds appli-
cation in various fields, notably in solar cells because of its exceptional stability.
However, the inherent high band gap of pure SiC prompts exploration into non-
stoichiometric silicon carbide variants to adjust the band gap for optimal absorp-
tion of solar radiation [9]. The cubic phase of SiC (3C-SiC) distinguishes itself by
showcasing heightened thermal conductivity and breakdown field strengths when
contrasted with other polytypes. This characteristic renders the cubic phase excep-
tionally suitable for advancing high-performance electronic devices [10]. It has
also been utilized in constructing photonic cavities exhibiting remarkable quality
factors, many researchers use the first-principles study to investigate the struc-
tural and electronic properties of 3C-SiC. It was reported that it has a wide band
gap of about 2.502 eV, which indicates its semiconducting nature [11]. The in-
terest in doped 3C-SiC has surged, opening up exciting possibilities for future
electronic applications [8].

Also, in this research, we consider point defects as they play a crucial role in
determining the concentration of charge carriers and influencing the electrical
properties of semiconductor materials used in microelectronic devices [12]. In
the case of SiC, p-type doping is achieved by introducing elements from the IA
group of the periodic table. The p-type dopants commonly used are aluminum and

boron. However, the introduction of dopant atoms such as boron and nitrogen
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can alter the electrical properties of 3C-SiC, making it suitable for p-type semi-
conducting applications [13]. However, the effect of substitutional point defects
of boron B on the electrical properties of 3C-SiC crystal has not been fully explored
using first-principles methods.

The optimal arrangement of p-type dopants in SiC, as well as the material’s sta-
bility under different doping conditions, has been investigated using first-principles
analysis [14]. Further research has focused on understanding the conductivity
mechanism of p-type dopants, specifically the significant role of boron in enhanc-
ing the material’s conductivity [15].

We found that B substitutes the most favorably at a Si lattice site than at a C
site, [14]. When the carbon atom is replaced by a boron atom in the 3C-SiC, the
band gap of the B-SiC transforms from an indirect band gap to a direct band gap
with band gap shrink as compared to other p-type. Petrenko in 2016, suggested
that boron replacing carbon as impurity is a hyper-deep acceptor, which acts as the
electron trap rather than increases the p-type conductivity.

To gain a comprehensive understanding of the electronic properties of 3C-SiC,
it is essential to investigate the distribution of electrons within the crystal’s
atoms, as it directly impacts the charge transfer mechanism. Surprisingly, the re-
viewed literature has given less attention to this aspect, prompting the need for
further exploration to improve our understanding of the electronic properties of
3C-SiC.

Also, the literature that discusses the electronic properties of the 3C-SiC fo-
cuses mostly on the band gap and density of state, without discussing the charge
density that reveals information about the charge transfer mechanism in the
material. This research attempts to systematically investigate the structural and
electronic properties of B p-type doping in 3C-SiC, with a focus on an impurity
concentration of 12.5%. Specifically, in addition to the properties mentioned, we
will examine the bond length, bond angle, and charge density after the impuri-
ties are added to the crystal structure and investigate the effect of the impurities
in the favorable lattice site on the electronic properties of the semiconductor ma-

terial.

2. Materials and Methods

This research used the following material for analysis: Quantum Espresso V. 7.1
open source application packages, on the Linux Ubuntu operating system, to help
implement the DFT and pseudopotential in practice for results analysis while
Xcrysden was used to visualize the crystal structures.

To determine the defect properties in crystals, we performed the first-principles
calculations. For this purpose, we used the density functional theory (DFT) im-
plemented in Quantum ESPRESSO package qge. 7.1 [16]. The effective ionic poten-
tials were approximated by the projector-augmented wave (PAW) method. The
exchange-correlation energy of electrons was evaluated in the generalized gradient
approach (GGA) within the perdew-burke-ezrope (PBE) scheme. The Brillouin-

zone integrations were performed using special k-point sampling of the Monk-
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horst-Pack scheme. In all calculations, we used a converged energy cut-off of 45 Ry
and k-points 6 x 6 x 6 for the virgin and defective supercell.

We also performed geometry optimizations to determine the equilibrium crys-
tal structure of the pure and defective supercell. The convergence criteria for the
self-consistent field (SCF) cycle set to a maximum energy tolerance of 10°°
eV/atom, and the maximum force and stress tolerance of 10 > eV/A and 0.1 GPa,
respectively. The analysis of the electronic properties was performed using the
band structure and charge density calculations. Finally, the structural and elec-
tronic properties of the pure and defective supercell were compared to evaluate
the effects of the doping impurities.

3. Result and Discussion

A. Properties of defect-free 3C-SiC

The converged values of k-points and kinetic cut-off energy were used to further
calculate variable relaxation to obtain the optimized value of the lattice constant of
the 3C-SiC. The optimized value of the lattice constant was found to be 4.373 A
which is in agreement with the result 4.381 A presented in the literature [16].

The primary parameters used in this project are listed in Table 1. However, to
gain more confidence in using these data on the calculations, several different
material properties such as the bond length, bond angle, and bulk modulus of
bulk 3C-SiC were also studied. The results of the bond length, bond angle, and
bulk modulus are shown in Table 2. The calculated result was compared with
data from other simulation works as listed in Table 2.

The value of the charge density cutoff energy in Table 1 was used as 8 times
the value of the wave function cutoff energy for any calculations that used the

plain argumentative wave (PAW) pseudo potentials [17].

Table 1. The optimized primary parameters for calculating the ground state properties of
3C-SiC.

. Wave function Charge density . Lattice constant
SiC system k-point o
cutoff energy (Ry)  cutoff energy (Ry) (Angstrom A)
8 atoms/cell 50 360 6X6X6 4.3733

Table 2. The lattice parameter and bond length in angstrom, bond angle in degrees, bulk
modulus in GPa and band gap in eV.

Reference Present work  Muchiri et al (2018) Bui (2012)
Lattice parameter (Angstrom A) 4.3733 4.3574 4.3815
Bond length9 (Angstrom A) 1.983 L
Bond angle (Degrees °) 109.472 109471 -
Bulk modulus (GPa) 191.8 198.2 210
Band gap (eV) 1.3689 1.34 1.40
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The electronic band structure of 3C-SiC was also investigated at high symme-
try points of the zinc-blende Brillouin zone. The computed electronic band gap
energy was found to be 1.36 eV, which is comparable to other theoretical data that
used a similar computational approach as shown in Table 2. The band structure
of the pure 3C-SiC as illustrated in Figure 1, revealed the semiconducting nature
of the material. The band gap was measured from the top of the valence band at
the zone center to the bottom of the conduction band at the X-axis. An indirect
band gap from the I'-point to the X-point was observed, which is in agreement
with theoretical data. The Fermi level was normalized by subtracting the energy
from the Fermi energy value to make it a reference energy level. The band gap
energy calculated for 3C-SiC was lower than the experimental data, which could
be attributed to the tendency of density functional theory to underestimate the
electron-electron interactions and suffer from a self-interaction error. This result
implies that the parameters used for bulk SiC calculations were reliable. Vari-
ous band gap correction methods such as hybrid functionals B3LYP and HSE06
can be used to improve the performance of DFT calculations in determining the
band gap energy of materials [18].

In 3C-SiC, silicon (Si) and carbon (C) atoms form a repeating lattice structure.
The charge density calculation allows us to visualize and understand how elec-
trons are distributed around the atomic nuclei. Studying the charge density will
give more insights into the charge transfer mechanisms, bonding nature, and elec-
tronic properties of 3C-SiC. It helps in understanding the behavior of the semi-
conductor material and its potential applications in various fields, such as elec-
tronics, optoelectronics, and power devices.

The analysis of the charge density, as depicted in Figure 2, provides valuable
insights into the charge transfer mechanism in 3C-SiC and determines the re-
gions of high and low electron density within the crystal. Specifically, it reveals

that a significant portion of the valence electrons tends to accumulate near the
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Figure 1. Band structure of pure 3C-SiC.
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Figure 2. Charge density of defect free 3C-SiC.
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carbon atom. This is because carbon lacks p states in the core, which means no
constraints are preventing the valence p states from accumulating near the car-
bon nuclei. In other words, electro-negativity which is the tendency of an atom
to attract an electron to its nucleus, for C is much higher than that of Si (2.55 and
1.90 respectively). Consequently, electrons can easily flow from silicon to carbon,
resulting in a higher electron density near carbon atoms. This observation aligns
with the conclusions drawn by other researchers [19].

B. Structural properties of B-doped 3C-SiC

To prevent the defect-defect interaction we modeled the 3C-SiC unit cell to a
2 x 2 x 2 supercell for all defect calculations. After B was doped in the 3C-SiC
crystal structure we ran variable cell relaxation calculations to allow the atoms to
relax to the most stable equilibrium state in their various lattice position and
enable getting optimized geometry of the 3C-SiC structure. We observed that the
lattice constant was 4.2492 A after doping B, less than the initially observed from
the pure 3C-SiC. Also, the new bond length and bond angle were observed to be
1.5875 A and 109.471 Degrees respectively. The value of the bond length was found
to correlate with the lattice constant as expected. This is because the Si has an
atomic radius of 1.554 while the B is 1.274, which is smaller than the former.

The geometric deformation of the 3C-SiC structure when B substitutes Si re-
sulted in to decrease in the supercell volume. When B is doped into the 3C-SiC
crystal structure, it results in a decrease in the lattice constant, indicating a strong-
er bond formation. This suggests that B atoms can effectively substitute Si atoms
in the crystal lattice without causing significant structural changes.

C. Electronic properties

1) Band structure

Compared to those of pure 3C-SiC, the band structures of B-doped 3C-SiC
exhibit more complicated energy levels. According to the valence band maximum
and the conduction minimum level, some impurity bands are moving a little bit
closer to the Fermi level. At the gamma point of the band, the structure is both
the top of the valance band and the bottom of the conduction band. It is a direct
band structure as illustrated in Figure 3, which is similar to what has been ob-

served in the reviewed literature.

DOI: 10.4236/wjcmp.2024.142004

40 World Journal of Condensed Matter Physics


https://doi.org/10.4236/wjcmp.2024.142004

A. A. Dauda et al.

B-doped 3C-SiC band structure

SN S
B A
PN A A
\_>

/

high symmetry points

Figure 3. Band structure of boron-doped 3C-SiC.
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Figure 4. Charge density of B-doped 3C-SiC.

The introduction of this dopant in 3C-SiC leads to a reduction in the energy se-
paration between the conduction band minimum and valence band maximum. As
a result, new energy states emerge within the band gap of 3C-SiC. These additional
energy states facilitate the movement of electrons from the valence band to the
conduction band, ultimately resulting in enhanced electrical conductivity [20].

The enhanced conductivity makes it attractive for power electronics, field-effect
transistors (FETs), and high-frequency devices operating at high temperatures.
B-doped 3C-SiC can potentially outperform silicon-based devices in these applica-
tions due to its superior thermal and electrical properties.

2) Charge density

In Figure 2, an inhomogeneous charge distribution within the Si-C bond along
the (110) plane is depicted. This observation confirms the previously reported
bonding characteristics between Si and C atoms in 3C-SiC, as anticipated [16].
Furthermore, Figure 4 illustrates minimal interaction between the C and Si atoms
situated between the layers, represented by the red separation. The charge den-
sity along the (110) plane was established for the defect 3C-SiC system. The calcu-
lations were done with B-point defects and showed a significant interaction be-
tween the dopant and the surrounding C atoms as observed in Figure 4, compared

to the defect-free crystal as observed in Figure 2.
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The charge density analysis demonstrates that B doping exhibits a more pro-
nounced interaction between the dopant and surrounding C atoms. This suggests
that B atoms have a stronger influence on the charge transfer mechanism and

bonding nature within the crystal structure.

4. Conclusions

The convergence tests led to optimized parameters for accurate calculations. The
properties of pure 3C-SiC were successfully determined, aligning with previous
studies. The band structure calculations revealed a direct band gap of 1.36 eV, in-
dicating that 3C-SiC is a semiconductor. The density of states analysis confirmed
the band gap and provided information about the available electronic states. The
charge density analysis showed the distribution of electrons around the atomic
nuclei and indicated the charge transfer mechanism in 3C-SiC.

B doping leads to a reduction in the band gap, enhanced electrical conductivi-
ty, stronger charge transfer interactions, and a significant contribution from B or-
bitals in the conduction band. Tailored B doping can create materials with specific
light absorption or emission properties, potentially enabling light-emitting diodes
(LEDs) or solar cells based on 3C-SiC. By manipulating the band gap through dop-
ing, 3C-SiC could be engineered for efficient light emission or absorption in de-
sired wavelengths.

The examination of charge density in addition to what other researchers have
done on 3C-SiC provided valuable insights into the spatial distribution of elec-
tric charge within the material and its implications for charge transfer, bonding,
and electronic properties. This contributes to the understanding of the behavior
of electrons in the crystal lattice of 3C-SiC and its relevance to various applica-
tions. Additionally, exploring the impact of different doping concentrations, com-
binations of impurities, and other impurities on the properties of 3C-SiC would

provide further insights into the material’s behavior.
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