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Abstract

In the present research paper, the structural, electronic and thermodynamic properties of the Si;_,C, binary in a super cell consists
of 08, 16 and 32 atoms were studied. The Full Potential-Linearized Augmented Plane Wave (FP-LAPW) method was used within
the Density Functional Theory (DFT); which was performed directly in WIEN2K code.. The exchange and correlation potential
is treated with the local density approximation (LDA). The deviation of lattice parameter was analyzed by the use of Vegard’s
Law depending on the concentration and, therefore, the results seem to obey the Vegard’s law. Moreover, the modified exchange
potential proposed by Becke -Johnson to calculate the gap were applied. The results achieved by the local density approximation
(LDA) and potential of modified Becke -Johnson (MBJ-LDA) was discussed. Difference in the gap was observed especially in
low concentrations y = 0.125; the gap value increases from —0.016 eV to 0.177 eV and when y=0.5 the gap improved from
1.302 eV to 2.272 eV obtained by the LDA and the MBJ respectively; close to the experimental value 2.39 eV. Next, in order to
study the microscopic origin of the bowing gap, Zunger’s approach was introduced. Finally, thermodynamic properties were
calculated as well as the results were discussed. Based on the results, it can be concluded that the values obtained are in a better
agreement with those of other theoretical and experimental data.

Keywords Silicon carbide - Density functional theory - Local density approximation - Modified Becke-Johnson - Alloys -
Electronic properties - Thermodynamic properties

1 Introduction

Silicon carbide (SiC) is one of the promising semiconductors
regarding to its utility in technology and industrial applica-
tions of great frequency and high temperature [1-3]. Quite
recently, considerable attention has been paid to Silicon car-
bide (SiC) because of its potential applications in nano-
electronic devices [4-19], Solar cells [20],Visible-light [21],
photocatalytic activity [21] and Ceramic foam materials [22].

For several years, great effort has been devoted to the study
of binary alloy Si;,Cy, in order to correctly determine and
understand its behavior, with several concentrations especially
in the low concentration of C in the binary Si;,C, [23, 24]
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although, the results are neither satisfactory, nor that substan-
tially close to the experimental outcomes.

Based on the findings in literature presented herein, the pur-
pose of this paper is to look for responses that are consistent
with the hypothesis that binary Si;.yCy is metal in low concen-
tration [25]. Work is carried out to study it’s electronic proper-
ties by calculating the energy gap; the remarkable properties of
the Si;_,C, binary alloys which were ensured by employing the
modified Becke—Johnson (mBJ) exchange potential [26-29].

In this paper, we reported the calculations of the structural
and electronic properties of Si;_yC,, binary alloy with the use
of supercells consists of 08, 16 and 32 atoms to understand
thoroughly the effect of the cell sizes as well as the concen-
tration of C in Si.

Further, we applied the full potential linearized augmented-
plane-wave (FP-LAPW) method as the basis of density func-
tional theory (DFT). In this approach, the local density ap-
proximation (LDA) and the composition dependence of the
structural and electronic properties were used to identify pa-
rameter mesh and energy gap. In addition to this, we
employed the modified Becke -Johnso method (mBJ) to ana-
lyze and compare the energy gaps.
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Table 1 Lattice parameter values, bulk modulus and its first pressure derivative obtained at equilibrium volume of C-Si and Si,_,C, with 08 atoms
super cell using both LDA and VCA compared to experimental and other theoretical works

Y a(Angstrom) a(Angstrom) Other Exp. in B (Gpa) B’
with LDA with (VCA) calculated (Angstrom)
in (Angstrom)

0 5.463 5.463 5.314% 5.429° 74.6654 4.5669
543174 5.431° 99° 4.2°
5.49°

0.125 5.213 5.222 5.218* 106.8791 4.2288

0.25 4.979 4981 4.979* 125.9035 4.2262

0.375 4.69 4.74 4.694* 162.2396 4.03

0.5 4332 4.499 4.329% 229.0839 3.9694

0.625 4.201 4258 4.202% 247.0565 3.9148

0.75 4.033 4.017 4.038% 280.897 3.862

0.875 3.816 3.776 3.821% 3445318 3.8552

1 3.535 3.535 3.540% 3.567° 465.1424 3.6645
3.533¢
3.51° 443° 4.00°

aRéf. [10]

P Réf. [39]

“Réf. [40]

dRéf. [41]

°Réf. [42]

Table 2 Lattice parameter values, bulk modulus and its first pressure derivative obtained at equilibrium volume of C-Si and Si;.,C, with 16 atoms
super cell using both LDA and VCA compared to experimental and other theoretical works

Y a(Angstrom) a(Angstrom) Other Exp. in B (Gpa) B’
withLDA with(VCA) calculated (Angstrom)
in (Angstrom)

0 5.463 5.463 5.431° 74.5105 4.583

99° 42°
0.0625 5.375 5.3425 76.7292 44142
0.125 5.238 5.222 5.238* 103.503 4.2052
0.1875 5.154 5.1015 107.6236 4.1926
0.25 5.062 4.981 5.062% 113.3498 4.1039
0.3125 4.954 4.8605 121.3791 4.2505
0.375 4.663 4.74 4.663* 146.3698 3.9934
0.4375 4.775 4.6195 133.3805 4.1029
0.5 4.668 4.499 4.668" 148.5156 3.5729
0.5625 4.544 43785 161.3879 42828
0.625 441 4258 4.410* 184.8151 3.696
0.6875 4257 4.1375 211.8672 4.0611
0.75 4.138 4.017 4.138% 237.8094 4.9403
0.8125 4.005 3.8965 283.3831 4.5951
0.875 3.853 3.776 3.853* 335.609 4.4863
0.9375 3.681 3.6555 393.0672 3.9728
1 3.535 3.535 3.567° 350.5429 43776

443° 4.00°
AREf. [10]
PRéf. [39]
CRéf. [40]
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Table 3 Lattice parameter values, bulk modulus and its first pressure derivative obtained at equilibrium volume of C-Si and Si,_,C, with 32 atoms
super cell using both LDA and VCA compared to experimental and other theoretical works

Y a(Angstrom) a(Angstrom) Other Exp. in B (Gpa) B’
with LDA with (VCA) calculated (Angstrom)
in (Angstrom)
0 5.402 5.402 - 5.429*5.431° 95.9726 4.1615
99" 4.2°
0.03125 5.357 5.34365625 - 97.614 4.2018
0.09375 5.263 5.22696875 - 103.2196 4.1835
0.5 4.333 4.4685 - 234.3279 4.4948
1 3.535 3.535 - 3.567° 307.9082 4.3257
443° 4.00°
aRéf. [39]
P Réf. [40]

As a result of investigations, this paper aims to de-
scribe correctly the electronic properties such as band
gap in accordance with the current calculations that we
set forth to be used to model the electronic properties of
semiconductors.

The main objective was, thus, to present a full potential
linear augmented plane wave method within DFT to calculate
structural properties and electronic band structure of the devi-
ation of the lattice parameters, and to give some observations
as regards the utilization of the gap relative to Vegard’s law
[30-33].

In this paper, we have compared the obtained results with
the experimental and theoretical investigations. The remainder
of the paper is organized as follows: Section II outlines the
computational details, Section III discusses the structural,

electronic and thermodynamic properties, Results are present-
ed in Section IV, and finally, Section V concludes the paper.

2 Computational Details

To explore the structural, electronic and thermodynamic prop-
erties of Si;_yC, binary alloy. We presented an application of
the method of Full Potential Linearized Augmented-Plane-
Wave (FP-LAPW) [34] that is implemented in WIEN2K code
[35]. Next, we used two approximations to the potential ex-
change and correlation. The first; is the local density approxi-
mation (LDA) parameterized by Perdew and Wang in [36-38]
and the second is the approximation of the modified potential
exchange proposed by Becke-Johnson (mBJ) in [26-29].
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Table 4  The energy band gap of the Si;_,C, binary alloy compared to experimental and other theoretical works
Atom(s) Eg (eV) LDA Ey(eV)MBIJ Ey(eV) Other Experimental
Our work VCA calculated data
Our work
Si 0.578 (—50.6%) 1.295 1.357 0.52%-1.75¢ 117"
(+10.68%)
C 4.763(~13.08%) 5.638 (+2.88%) 5.639 401%5.9¢ 5.48%5.5°
0° 0.591 1.301 1.342 1.05°
0.125° -0.35 0.177 0.24
0.25° 0.012 0.307 0.309
0.375° 0.712 1.478 1.084
0.5 1302 2272 2354 1.31°2.204.3¢ 2.39¢
2268
0.625° 1.521 2233 2172
0.75 1.472 2298 3322
0.875° 2.963 3.822 3.854
12 4763 5.635 5.366 4884
o° 0.591 1.281
0.0625° 0 0.357
0.125° 0.034 0.425
0.1875° 0.044 0.605 0.015
0.25° 0.104 0.816
0.3125° 0.186 0.933 0.229
0° 0.644 1.062 1272
0.03125¢ 0.267 0.862 0.908

a b ¢ gatoms, 16atoms supercell and 32 atoms respectively
9Ref. [25]
“hRef. [5]
TRef. [44]
ERef. [41]

In order to verify the validity of the proposed method, we
carried out several experiments to find out two essential pa-
rameters, which are perfectly described the studied systems.
The first parameter is the product of the muffin-tin medium
Ry ray and Kyax vector (Ryr* Kyax, noted RKyiax)- The
particular choice of muffin tin Ryt rays is performed so that
the interstitial region between the different spheres is rendered
as small as possible in order to ensure a rapid convergence.
Indeed, small values of these rays involved a larger pore re-
gion. However, the latter is processed by planar waves, so that
calculations time will be more important.

The second parameter is the number of special k-points that is
used for integration in the Brillouin zone. In particular, we used
the product Ry;r* Kyax =7 and the Ryr=1.9 (a.u) and 1.8
(a.u) for the Si and C, respectively. Furthermore, the number of
special k-points in the whole Brillouin zone (BZ) was selected as
200.

The optimization is based on the convergence of values
related to the calculation’s properties, The energy convergence
that was chosen as 1mRy through eight iterations is necessary

@ Springer

to achieve the convergence. The Gyax setting =12 (au) !
Basic functions (electronic densities, potential...) are extended
in combinations of spherical harmonics around atomic sites
with a cutoff Ly;ax = 10 and in a series of Fourier in the pore
region, The separation energy of valence and core states (cut-
off energy) was chosen as —6 Ry. The electronic configuration
of Si and C is as follows:

Si: [Ne] 3S23P2 and C: [He] 2S522P2. However, we have
treated the States Si: [Ne] and C: [He] as the states of heart and
the rest, that is to say, Si:3S23P2 and C:2S22P2 as the states of
valence in our calculations.

3 Results and Discussion
3.1 Structural Properties

The properties of the fundamental state of Si,_,C, binary alloy
are obtained; applying a non-relativistic calculation by



Silicon (2020) 12:443-458

447

Fig. 2 a: The band structure for
Si7C1 using LDA and mBJ-LDA
calculation. b: The band structure
for C using LDA and mBJ-LDA
calculation. ¢: The band structure
for Si using LDA and mBJ-LDA
calculation
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minimizing the total energy using the Murnaghan Equation Of
State (EOS).

We first take the cubic crystal structure (diamond structure)
and then derive the procedure. The main objective is to get the
balance of the system. Once the balance is reached, we can
calculate the structural properties. In this way, the calculation
has been carried out for a supercell consists of 08, 16 and 32
atoms with a different concentration value of “y” for each
supercell, equilibrium lattice parameters and bulk modulus B
as well as its first derivative B’, which are discussed and com-
pared with other calculations data investigations as can be
seen from in Tables 1, 2 and 3.

Moreover, it should be noted that the lattice parameters
obtained by this calculation show a good agreement with the
results found in the literature that were demonstrated by either;
the experiments [39] or the other calculations.

L r X W K

It should also be noted that the lattice parameter “a” is
inversely proportional to the component “y” in the Si;_,C,
binary alloy. (see Fig. 1).

To illustrate, a comparison was made using Vegard’s law.
This law is cosidered as an approach that gives deviations
from the linearity of lattice Parameter curve. Where ‘a’ is the
lattice constant which is assumed to be “a” as a function of the
concentration “y”, the lattice Parameter curve. Where ‘a’ is the
lattice constant which is assumed to be binary alloy, the lattice
parameter is written according to Vegard’s law, in the case of
binary alloy, as follows [30-33]:

a(Al_yBy) = (1-y)aa + yap (1)
Where a4 and ap are the crystal parameters of the com-

pounds A and B respectively; a(A;_,By) is the lattice param-
eter of their binary compound A;_,B,.

@ Springer
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Fig. 2 (continued)

We can observe that there is a small deviation between
the lattice parameter calculated by the LDA and that of
Vegard’s Law, with a difference ranged between - 0.002
and 0.04 and between —0.07 and 0.16 in the calculations
of 8-atoms supercell and 16-atoms supercell, respectively.

It is interesting to note that a smaller size of C atoms
incorporated into the lattice of Si;_yC, binary reduces the
average volume of the alloy and hence, it’s not difficult to
demonstrate that our binary alloy is in a very good agree-
ment with Vegard’s Law in terms of the stated values.

Additionally, the modulus of rigidity and its derivatives
is proportional to “y” concentration of the carbon in the
binary alloy. Accordingly, this also indicates that by giv-
ing a rigidity and stability to this binary compound, it is
possible therefore to note that its value is important.

@ Springer
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3.2 Electronic Properties

In this section, we explore the possibility of studying the elec-
tronic properties of Si;,C, binary alloy by highlighting the
importance of energy gaps for optimizing and expanding the
applications of semiconductor devices.

The energy gap is known to be one of the most important
parameters because it is strongly connected to their wave-
length of operation in optoelectronic applications. The bands
structures were calculated according to the directions of high
symmetry in the Brillouin zone of a cubic mesh, and the cal-
culation of the lattice parameters with optimization. Further,
the approach of Vegard’s law and the approximation of mBJ
also has been used in a view of improving the results of the
energy gaps. Accordingly, the silicon and the carbon as well as
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their binary silicon carbide compound are indirect gap semi-
conductors and thus, it has been concluded that the Si;C,
binary alloy also has an indirect gap, in the direction I' — X.

The band structures are calculated using two approximations
LDA and mBJ-LDA, the results obtained for the Si;_,C, binary
alloy and their constituents Si and C are depicted in Table 4.

As can be seen from Fig. 2 (a), (b) and (c)., there is a
displacement with energy spacing in the conduction band. In
contrast, the gap value increases from —0.016 eV to 0.177 eV
for the concentration y=0.125 or (12.5%). The results are
compared with experimental and theoretical data available in
the literature [5, 25, 41, 44]. The results thus obtained, by the
use of the LDA, are underestimate what is predicted and ex-
pected compared to the experience, given the fact that the
DFT-based methods adopt this behavior.

Anticipatively, the gap values calculated using the
LDA 1.302 eV are underestimated and incomparable with

r X WK

those of the experiment 2.39 eV for y =0.5 concentration
or (50%). By contrast, in using the mBJ approximation,
the gaps are significantly improved 2.272 eV; they are
closer to those of the experiment. In fact, the mBJ approx-
imation allows us to calculate the energy gaps with a
precision which overcomes the problem of the failure of
DFT on the gap [41], that has been demonstrated in our
results.

Figure 3 shows the variation of the energy gaps of the Si;_
yCy binary alloy in function of the concentration of “y”.

Based on the above results, we should note that the energy
gap does not increases linearly with concentration. The curves
hence correspond to the quadratic interpolation (Fit) of the
following form:

E(y)=Ey+Ay+By (2)

@ Springer
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Fig. 3 Band gap energies of Si;_ 6
yCy binary alloy as a function of C C
concentration using LDA and N
mBJ-LDA calculation St
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Where B is the disorder parameter of the energy gap, the
results obtained are according to the approximations used:

LDA : E(y) = 0.62-2.97 y + 6.73 )7 (3)
mBJ : E(y) = 0.90-2.02y + 6.43 y* (4)
VCA : E(y) = 0.80-1.34 y 4 5.88 y* (5)

Consider Fig. 4 which depicts the band gap energies of Si;_
yCy binary alloy in function of C concentration obtained by
the fit.

Fig. 4 Band gap energies of Si;_ 6

y concentration

As follows from the figures shown above, it has been
revealed that the bowing parameter is mainly due to differ-
ences between the length of lattice parameters and the fac-
tors of iconicity of the parents of the alloy compounds
[45—47].

To understand and explain the physical origins of the
bowing parameter we have adopted the approach of
Zunger and al [48]. In this approach, the disorder parame-
ter “b” is broken down into three different contributions.
The deformation of the volume “byp”, the charge transfer

yCy binary alloy in function of C
concentration obtained by the fit

Energy band gap (eV)
N w £~

—_
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Table 5 Decomposition of optical bowing into volume deformation
(vd), charge exchange (ce) and structural relaxation (sr) contributions

Y Bvd(eV) Bcee(eV) Bsr(eV) B(eV)

0

0.125 2.105 41.101 —-0.999 42.207
0.25 1.021 21.399 0.006 22.426
0.375 0.651 12.843 —0.656 12.838
0.5 0.456 8.708 0.082 9.246
0.625 0.321 4.924 —-0.036 5.208
0.75 0.194 10.308 0.341 10.844
0.875 —0.020 —37.087 0.004 —37.103

“bcr” and the structural relaxation “bgp”. Considering the
fact that the dependence of the disorder parameter (the
bowing) on the composition which is marginal, the authors
have limited their calculations to the concentration y =0.5.
The overall coefficient of disorder parameter from y =0.5
measure change of the gap, according to the following
form:

AB (as) + AC (asc)—ABysCo.s (deq) (6)

asp and a,c are the lattice parameters of the parent com-
pounds Si and C, respectively; a,, is the equilibrium lattice
constant of the alloy. The reaction (06) is therefore broken
down into three steps yields to:

AB (as5) + AC (asc) 3 AB (a) + AC (a) (7)
AB (a) +AC () 5 ABysCos(a) (8)

SR
ABsCos(a) = ABgsCos(ae) )

To simplify, the first step measures the effect of the
volume deformation (vd) on the disorder parameter. The
corresponding contribution by, represents the relative re-
sponse of the band structure of binary compounds AB and
AC to the hydrostatic pressure, which in this case it ap-
proaches from the change in their settings related to the
individual equilibrium lattice constants to the alloy value
a=a(y) (Vegard’s law).

Else, the second contribution is that of the charge exchange
(ce). The b contribution reflects the effect of the charge
transfer that is due to the behavior at the lattice constant a.
Moreover, the last phase measures the changes due to the
structural relaxation (sr), in passing from the unrelaxed to
the relaxed alloy by bsg and therefore, the total parameter of
disorder b (bowing) is defined as follows:

b = byp + bce + bsr (10)

byp = 2[ eaB(aas)—€ap(a) + eac(aac)—eac(a)] (11)
bCE = 2[ EAB(a) + EAc(G)_ZEABc(a)] (12)
bsg = 4] eapc(a)—eapc (aeq) ] (13)

>Where “e“is the calculated energy gap for the lattice pa-
rameters and the atomic structures indicated, the all terms of
the Egs. (11, 12 and 13) are determined by a calculation of
auto-coherent of band structure for the two approximations
LDA and mBJ. The results thus obtained for these different
contributions the values of the total gap bowing are figured
out in Table 5.

By applying the Zunger’s approach [48]; we can reveal
that the main contribution to the total gap bowing of Si;.
yCy binary alloy is owing to the charge exchange effect and

Table 6  Selection of thermal properties at 300 K: C, and C,, in J/mol K; Debye temperature (K)

Elements C,(J/mol K) Cp(J/mol K) Op (K) Op (K) Op (K)
(at room temperature) (at room temperature) (at room temperature) (at base temperature) (at high temperature)

Si 1.96 1.98 670.49 673.96 660.36
645*

C 6.84 6.85 1823.49 1824.50 1762.78
1860

Si,C, 1.60 1.63 631.56 638.50 604.21

SisC, 1.54 1.57 699.85 706.61 674.17

SisCs 1.42 1.44 804.00 809.56 764.35

SiyCy 1.25 1.27 964.34 969.07 913.48

Si5Cs 1.18 1.20 1039.55 1044.24 980.03

Si,Ce 1.06 1.07 1151.92 1155.97 1083.18

Si,Cy 9.22 9.29 1325.67 1329.31 1240.24

#Ref. [56]

°Ref. [57]
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the difference in electronegativity of the atoms Si (1.9) and
C (2.55). Notwithstanding the fact that the contribution of
the term of deformation of volume by is low, it remains
remarkable because of the difference between the lattice
parameters of the parent compounds Si and C.
Particularly, we may conclude that the term bgp is low
because we have considered that the alloy Si;.,C, is ordered/
in order. The disorder parameter of the alloy Si;_,C, is more
larger in the lower concentrations and gradually decreases as
the value of “y” increases. Comparing the gap of the Sij.,
C, alloy there is a decrease of the pure Si gap by the

@ Springer

addition of C in the low concentrations (y <0.25). Indeed,
this observation has been proved by other researches [25,
49].

Furthermore, we notice that the gap increases with C con-
tent. We interpreted as a matter of fact that the widening (the
energy introduced by alloy disorder) is as a result of differ-
ences in ionic potentials between Si and C. The local distor-
tion of the C atoms from the diamond lattice sites (about 0.14
A rms), and the statistical effects that leading to an inhomo-
geneous broadening of the interband transitions, as research
shows in [47].
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3.3 Thermodynamic Properties

In this work, we review the thermals properties of the C, Si
and their binary alloys Si;_,C,. In effect, we used the compu-
tational package realized in the form of GIBBS [50]program
which is based on the quasiharmonic Debye model [51].In
addition to this, the determination of the thermodynamic prop-
erties is based on the knowledge of the thermal equation of
state (EOS) and the chemical potential G(P,T) by by generat-
ing the GIBBS eq. G*(V, P, T):

This energy is solely in function of the volume, pressure
and temperature only (V, P and T). According to the Debye
model of the state density of phonon (vibration), the contribu-
tion Ay, is as follows:

9 © o e
A(®,T) =T & 2 4 3m(1-¢7) - 13

Where:

© Is the Debye temperature, n is the number of atoms per
unit volume

Q . . . .
G*(V,P,T) = E(V) + PV + A [O(V), T] (14) = Represents the Debye integral for the isotropic solid
Fig. 6 a: The variation of Debye -
temperature with temperature for 700 |
Si at 0—15 GPa. b: The variation
of Debye temperature with 15 GPa
temperature for Si4C4 at 0— r
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Fig. 6 (continued)
h i /B is given by the following function [53, 54]:
oD = (67VEr ) /22 f(o) (1) ~ fo)isgvenby g [53.54]
K M \
2 1400 (1 140\, s
. -13[2(5 - | 18
Where: /(o) o+ (3 22 (18)
M s the molecular weight per unit volume
Bg is the module of the compressibility [52]: We obtain the pressure and temperature equilibrium by the
minimization of the GIBBS function:
oG"(V,P, T
(V) S )
d°E(V P.T
Bs=B(V) =V 7V (17)
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Fig. 7 a: The variation of the 180
bulk modulus with temperature @
for Si at 0-20 GPa. b: The A
variation of the bulk modulus 20 GPa
with temperature for Si;C,4 at 0— 160 |-
25 GPa. c: The variation of the
bulk modulus with temperature I .
for Si,C, at 0-10 GPa. d: The 15 GPa
variation of the bulk modulus 140 |
with temperature for C at 0—
20 GPa = |
5 10 GPa
2 120 |-
[ 5 GPa
100 -
(@)
80 i 1 i 1 i 1 i 1 i 1 1
0 100 200 300 400 500 600
T(K)
340

320 -»»»»»».,"’
’);»
L ;>”>
wowbbbbyb”” ’bpb»»;, 25 GPa
P)»b >
L ");
280 EPPPERR), "’b}p”’ 20 GPa
"”’>>>>> Sl
- >
5260 L dddd TN .""’>> ISGPs
< ””’>>>> e
= 0 »>
ST 2 2 T, "> rby,,  10GPa
4 d IS >y
I "’bp”b >
('S .
Al Ll S 5 GPa
=4 ”"Pbbby, "rreyy,
3 .‘)’
200 - S IS
b;’
180 (b). 1 1 1 M 1 1 1
0 200 400 600 800 1000 1200
T (K)

By resolution of the eq. (14) we can get specific heat at
constant volume, Cv [55]:

36
T e’/r—1
Consider Table 6 below, which depicts the thermal proper-
ties results obtained at different room temperatures.

Cv = 3nk

(20)

3.3.1 The Specific Heat at Constant Volume

Atavery low temperature the expansion is negligible, the curve
starts with a zero slope, then increases sharply from 50 to 500 K
for Si; and from 100 to 1500 for C, and above 500 K for Si and
1500 for C. Also, the specific heat at constant volume C, gets
the linear regime.(see Fig. 5 (a)).

Otherwise, the Carbon has already a heat capacity of 15 J/
mol K at 300 K and the Silicon does not reach a value of
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Fig. 7 (continued)

700 K, when the temperature is much greater than the Debye
temperature. Therefore, the heat capacity at constant volume
is thrice the value of the perfect gas at constant volume Cy and
as such itis, it is the classical limit of Dulong-petit law (C, (T)
=3R);(See Fig. 5 (b)). The results obtained for the compounds
Si and C are very close to the results found in the literature
[56]. For binary Si;_,C, the field of change is maintained
between the heat capacity C, of Si and the C, of C as shown
in Figs. 5(a) and 5(b).

@ Springer

3.3.2 Debye Temperature

The variation of Debye temperature (Op, as a function
of temperature and pressure for Si, C and Si,_,C,, binary
alloy (y=0, 1, 0.125, 0.5) was illustrated in Fig. 6 (a),
(b), (¢) and (d).

As can be seen from these figures, the general behavior of
Op under temperature and pressure for SiyC,4 and Si»C; does
not differ from that of both these compounds; namely, Si and C.
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For different pressure values, we notice that the Debye
temperature is almost constant between 0 and 150 K and be-
tween 0 and 500 k for Si and C, respectively.

Additionally, it decreases linearly when temperature ex-
ceeds 200 K for Si and 600 k for C.

For y=0.125 and y = 0.5 concentration, we reveal that the
value of Debye temperature increases with the concentration.
Substantially, the increase in pressure significantly affects the
rate of change of ©p in temperature.

3.3.3 The Bulk Modulus

The discussed thermal properties are determined in temperature
range from 0 to 600—-650-800-1200 K for Si;C;Si,C; and Si4C,
respectively. In the Fig. 7 (a), (b), (c) and (d), we represent the
variation as a function of temperature and pressure at 0-25 GPa
on bulk modulus B of Si, Si4C4, Si;C,, and C respectively.

The first remark that can be drawn from these figures is that
the bulk modulus displays the same behavior under tempera-
ture and pressure for the compounds Si, C, SisCy4, and Si;C;
Therefore, the bilk modulus is inversely proportional to the
temperature under different pressures range from 0 to 25 GPa.
At a low temperature, the change in the value of B is very
small, at finite temperature intervals below 100 K, 200 K,
150 K and 250 K for Si, C, Si7C1 and Si4C4; respectively.

Contrastingly, the decay of the value of B becomes more
and more important for T> 500 K at the high temperatures.

The results indicate that B values decreases with tempera-
ture at a given pressure and increases with pressure at a given
temperature. As expected, the alloys become more compress-
ible with the rising temperatures.

4 Conclusions

In this study, we have developed an approximate ab initio FP-
LAPW method to investigate the structural and electronic
properties of the Si; C and Si,,C, layer by the use of LDA
and mBJ-LDA approximations. The band gap energies ob-
tained from the calculated band structures are well agreed with
the reported experimental data. For the concentration y = 0.5
and we obtained a gap of 2.272 eV, whereas for the low con-
centration y=0.125 we have a prediction of the gap at
0.177 eV. In addition, we have also determined the origin of
the energy gap with Zunger’s approach; we have performed
the microscopic atomic structure of the alloys.

Our work was completed by a thermodynamic study
through the variation of the heat capacity at constant volume.
The variations of Debye temperature and bulk modulus as
well as the alloy interest thermal properties are also calculated
using the quasi-harmonic Debye model.

Summing up the results, it can be concluded that Si; ,C,
layer has a very low energy and a large band gap and there-
fore, the alloy depends on the band of Si and C components.

This research was concerned with the Si;_,C, that is very
stable at high temperature. However, our results have great
potential for other applications in hard conditions. The find-
ings suggest that this material should be studied further for
possible new electronic applications, and for all other semi-
conductor systems. Clearly, further research on the issue
would be of interest.
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