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Abstract:

Silicon carbide is one of the most important semiconductor materials in different science fields because of its
ability to appear in different crystalline arrangements, which affects its properties. Therefore, Theoretical
calculations based on density functional theory (DFT) that performed with CASTEP code were used to investigate
the mechanical and thermal properties of four commonly known silicon carbide polytypes 3C, 2H, 4H, and 6H.
The calculations were compared with the available data from the experiments and the other’s theoretical studies.
Accordingly, the polytypesim effect on these properties was evaluated. The results showed that the four SiC
polytypes satisfy the mechanical stability conditions. In addition, the different stacking sequences of the SiC
tetrahedron gave a rise of diversity in the structure parameters, which caused in variation in the configuration
nature of the bilayers among those polytypes. This difference affected their mechanical and thermal properties.
The calculations showed that the cubic polytype has higher hardness and better toughness followed by 4H
polytype. The 6H-SiC appeared to be the most brittle polytype followed by 2H and 4H. In addition, the 6H and
2H polytypes showed a higher stiffness. The high Debye temperature of SiC polytypes referred to a high heat
capacity, high chemical bonding, and low expansion coefficient. Generally, an inverse relationship appeared
between the thermal properties of SiC polytypes and their hexagonality.
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Introduction
Silicon carbide is a semiconductor compound of two group IV elements, silicon and carbon. The main block of
SiC is a tetrahedron of Si (C) atom bonded to four C (Si) atoms where Si-Si (C-C) distance is 3.08 A" and Si-C
bond length is 1.89 A”". Silicon carbide crystallizes in different polytypes. The close packed structures of SiC
crystals consist of bilayers of Si and C atoms, and each bilayer occupies one of three different positions. There
are two ways to arrange two bilayers with respect to each other. As shown in figure (1), if the orientation of the
tetrahedral in the top layer coincides with that of the bottom layer, then the stacking type will lead to cubic
structure. Whereas if the tetrahedra of the bottom and the top layers are rotated by 60° with respect to each other,
the stacking type will lead to hexagonal structure. Therefor the stacking sequences of these bilayers characterize
the polytype from the other polytypes. Recently, more than 200 polytypes of SiC are known with a same chemical
composition and different stacking sequence where the number of atoms in a unit cell varies from polytype to
polytype influencing its physical and electrical properties. Among these polytypes, there are only few common
polytypes such as 3C with pure cubic structure and 2H, 4H, and 6H with 100%, 50%, and 33% hexagonality
respectively.
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Figure 1. The ways of SiC tetrahedrons to arrange together

Silicon carbide is one of the most intensively studied semiconductors experimentally and theoretically because
of its unique properties. In addition to its ability to appear in different structures with variety in the electronic and
optical properties, SiC polytypes have had a great attention as mechanical materials. To date, many experimental
and theoretical studies were introduced to investigate the SiC properties in order to solve and overcome challenges
that can restrict its applications in the engineering and scientific fields.

In recent years, ab initio calculations of mechanical properties of crystalline solids have reached to a high level of
accuracy where the calculated parameters are very close to the experimentally measured values. Among these
calculations, the elastic constants calculations are the most essential parameters that used to investigate the
mechanical properties because many other mechanical parameters are related to these constants and can be derived
from them [1][2][3].

The elastic constants and moduli give a great information about the bonding characteristic and interatomic
interaction, structural stability of the material, phase transitions, and material strength, where, the elastic properties
describe the nature of the operating forces that acting on the material. As known, there are only three elastic
constants for the cubic structure of SiC, Ci1, Ci2, and Cas, while the crystals with a hexagonal structure have five
independent elastic constants, Ci1, Ci2, Ci3, Cs3, and Cas. According to the obtained values of elastic constants,
we can test the mechanical stability conditions of the crystals where:

The mechanical stability condition of the cubic structure [4][5] is:

C11>0, C44>0, C11>Ci2, (C111+2C12) >0

Whereas the mechanical stability condition of the hexagonal structure [6][7] is:
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C44>0, C11>[C12|, (C11+2C12) C33>2C 132

In addition, elastic constants are used to describe the elastic moduli as expressed in the Voigt- Reuss-Hill (VRH)
approximations where the Voigt represents the upper limit of the polycrystalline constants obtained by assuming
a uniform strain throughout the polycrystal, and the Reuss represents the lower limit of the constants obtained by
assuming a uniform stress throughout the polycrystal. Therefore, the shear modulus is given by G = 1/2(Gv+Gr),
and Bulk modulus is given by B = 1/2(Bv+BRr).

Young and shear moduli are considered as significant parameters and better correlated with hardness and stiffness
than Bulk modulus, where, the material with low young modulus has low stiffness. The brittleness of the material
can be characterized by Poisson’s ratio, where the brittle material has a low Poisson’s ratio. The ratio of the bulk
modulus to the shear modulus (B/G) can characterize the ductility and brittleness of the material where the bulk
modulus represents the resistance to fracture and the shear modulus represents the resistance to plastic
deformation. In general, the material can be described as a brittle material when B/G is low (< 1.75) and a ductile
material when B/G is high (> 1.75) [8][9][10][11]. Recently, the Cuchy Pressure (C.P. = Ci2 — C44) was applied
to identify the ductility where the positive value of C.P. refers to a ductile material while the negative value refers
to a brittle material [12].

The thermal properties of SiC polytypes were evaluated by calculating Debye temperature (@p ). Debye
temperature correlates the elastic properties of the crystal with its thermodynamic properties such as thermal
conductivity, specific heat, lattice enthalpy, and thermal expansion coefficient.

Debye temperature of solids can be calculated from the averaged sound wave velocity that integrated over several
crystal directions and obtained using the shear modulus and bulk modulus [13][14] where:

Op-2hVm/(a,Kg)
Where % and Kg are Plank’s and Boltzmann’s constants, 4o is the unit cell parameter, and Vm the speed of the
sound which can be calculated from the relation:

Vin = { [1/3] [V + AV P

Where Vi and V, are the transverse and longitudinal velocities respectively, and both can be calculated using
Naviers’ equations from bulk and shear moduli and the mass density [15] where:

Vi=(G/p)”? and  Vi=[(3B+4G)3p]"

The Computation Process

The present first-principles calculations were performed using the Cambridge Serial Total Energy Package
(CASTEP) code within the plane-wave pseudopotential approach, and the exchange-correlation energy was
approximated using Perdew-Burke-Ermzorhof generalized gradient approximation (PBE-GGA) functional. The
calculations were performed for the contributions from valence electrons (2S2 and 2P2 for C, and 3S2 and 3P2
for Si) in order to achieve more accuracy and reduce the computational cost and complexity.

The Brillion zone (BZ) of these crystals was obtained using Monkhorst-Pack method where the cubic crystal (3C)
SiC of (621) atoms with a 5x5x5 mesh was built with F43m space group while the hexagonal crystals (2H, 4H,
and 6H) SiC of (525, 681, and 548) atoms respectively with a 5x5x2 mesh were built with P63mc space group.
This method divides the Brillion zone into an equally spaced grid of K points, so the symmetry operation of the
crystal reduces integrations in K space.

Throughout the calculations of the mechanical properties of the crystals, the cut-off energy was 310 eV, the
maximum stress was zero GPa, the maximum displacement was 0.002 A°, and the maximum force was 0.05
eV/A°. Geometry optimizations were performed by the conjugate gradient method where all the atoms were
allowed to relax during the optimization.

Focusing on the most common SiC polytypes (3C, 2H, 4H, & 6H), the elastic properties of the perfect SiC crystals
were calculated, and then the effect of the hexagonality on the SiC polytypes properties was investigated.

Results And Discussion

The elastic constants, bulk modulus (B), young modulus (Y), shear modulus (G), Pugh’s ratio (B/G), Poisson’s
ratio (v), and Debye temperature (6p) of SiC polytypes were computed (in GPa) and presented in table (1). The
obtained values showed a reasonable agreement of the present calculations with the results estimated by
experiments and theoretical computations. Experimentally, the present values of the elastic constants of 3C, 4H,
and 6H were comparable of those of Feldman [16], Kamitani [17], and Djemia [18].
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Table 1. The calculated elastic constants and moduli in (GPa) and Debye temperature of SiC polytypes using

DFT
Elastic 2H 4H 6H 3C
Constants
Cu 490 512 485 378
Ci2 88 99 88 122
Cis 37 48 37 -
Css 520 552 529 -
Cus 147 160 159 243
B 202 219 203 207
Y 472 290 466 318
G 188 197 192 179
B/G 1.074 1.112 1.057 1.156
v 0.144 0.154 0.14 0.164
®p 1145 1152 1168 1131

According to the obtained elastic constants and low Poisson’s ratio, the four structures of SiC polytypes are stable
and satisfy the mechanical stability conditions. The Poisson’s ratio as shown in figure (2) refers to that the cubic
polytype 3C has the highest ratio among the polytypes whereas the 6H-SiC has the lowest ratio which means that
6H-SiC is the most brittle polytype followed by 2H and 4H. The calculated values of Young, bulk, shear modulus,
and the B/G ratio, as presented in figure (3), shows that the cubic polytype has somewhat the higher values, which
indicates that it has higher hardness and better toughness followed by 4H polytype whereas the 6H and 2H
polytypes show a higher stiffness with small differences. The shorter bonds, bigger bulk and shear modulus of
4H-SiC also indicate of its hardness comparing to the other hexagonal polytypes. The calculated bulk and shear
modulus and Poisson’s ratio showed a good agreement with those of Carnahan, R. D. [19] and Munro, R. G. [20].
Comparing to the others computations, our calculated values of elastic constants and moduli of 3C-SiC showed a
reasonable agreement with Vashishta [21], Lu [22], Lebga [23], and Fan [24] results. The evaluated elastic
constants and moduli of the hexagonal polytypes were found in great agreement with the obtained values of Huang
[25], Umeno [26], Pizzagalli, L. [27], and Yao [28].
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Figure 2. The calculated Poisson’s ratio of the four SiC polytypes.
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Figure 3. The calculated Pugh’s ratio of the four SiC polytypes.

The thermal properties of the SiC polytypes can be evaluated from the Debye temperature. Debye temperatures
of the most crystals are around 200-400K. The SiC polytypes showed high Debye temperatures, which implies to
a high heat capacity, high thermal conductivity, and a high chemical bonding that refers to a hard material with a
large wave velocity, and a low expansion coefficient. In addition, the calculated values imply to the inverse
relationship between the hexagonality and the thermal properties of the hexagonal SiC polytypes as shown in
figure (4) where the highest Debye temperature was obtained by 6H polytype.
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Figure 4. The relationship between Debye temperature and the hexagonality of SiC polytypes

The obtained values of Debye temperature were comparable of the obtained values by Zywietz [29] and Islam
[15].

Conclusion

The calculations based on Density functional theory were employed to investigate the mechanical and thermal
properties of SiC polytypes, and the influence of the stacking sequence on these properties. The stacking sequence
of the bilayers creates diversity in the bond’s length and angles, which affects the lattice structures of the
polytypes, and thus the mechanical and thermal features. The calculated elastic constants and modules referred to
the high hardness and toughness of the cubic SiC comparing to the hexagonal SiC polytypes. Among the three
SiC hexagonal polytypes, 4H-SiC with 50% hexagonality showed higher hardness and toughness whereas the
other two polytypes showed a higher stiffness. According to the calculated values of Debye temperature, the SiC
polytypes have great thermal properties. The concluded observations improve the dependence of the calculated
mechanical and thermal properties of the SiC polytypes on the hexagonality. Our results showed a good agreement
with the experimental results and other theoretical calculations. According to the achieved results, SiC polytypes
have notable features and manufacturing ability with a high potential in devices applications.
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