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Physical Properties of C-Si Alloys in C2/m Structure*
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Abstract Using the first principles calculations based on density functional theory, the crystal structure, elastic
anisotropy, and electronic properties of carbon, silicon and their alloys (Ci2Sis, CsSis, and C4Si12) in a monoclinic
structure (C2/m) are investigated. The calculated results such as lattice parameters, elastic constants, bulk modulus,
and shear modulus of Cis and Sii¢ in C2/m structure are in good accord with previous work. The elastic constants
show that Cis, Siie, and their alloys in C2/m structure are mechanically stable. The calculated results of universal
anisotropy index, compression and shear anisotropy percent factors indicate that C-Si alloys present elastic anisotropy,
and CgSig shows a greater anisotropy. The Poisson’s ratio and the B/G value show that CgSig is ductile material and
other four C-Si alloys are brittle materials. In addition, Debye temperature and average sound velocity are predicted
utilizing elastic modulus and density of C-Si alloys. The band structure and the partial density of states imply that Ci¢

Vol. 68, No. 2, August 1, 2017

and Sii¢ are indirect band gap semiconductors, while Cy2Sis, CsSig, and CySii2 are semi-metallic alloys.
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1 Introduction

Group-1V semiconductors (C, Si, and Ge) have been
the subject of a considered amount of experimental and
theoretical studies due to their special physical proper-
ties and chemical properties.[! =1 Their alloys, C-Si and
Si-Ge, have also been attracted increasingly interest and
been searched over the past decades.'2=20 Tang et al.[%]
found that nt-p-Si structure (belongs to I4;/amd space
group) possesses a direct band gap wider by 0.5 eV than
the indirect one of silicon with diamond structure and
shows anisotropic optical properties and Young modulus.
The bulk modulus (64.4 GPa) and the density (1.9 g/cm3)
are also lower than that of diamond silicon. The mechan-
ical and electronic properties of Si-Ge alloys in Cmmm
structure, P2221 structure, and P45 /mnm structure were
calculated and discussed in Refs. [12-14], respectively.
Damien et al.'® reported a study of carbon and silicon
chiral framework structures (CFSs) properties, as their
band structure calculations show, the band gaps of C-
and Si-CFSs are 5.5 eV and 1.8 eV, respectively. In their
research, silicon presents an unusually low frequency of
higher modes at I point. Li et all'6l discussed a novel
phase carbon possessing a monoclinic of C2/m structure
(8 atoms per cell) identified utilizing an ab initio evolu-
tionary structural search, which indicated that it is sta-
ble over cold-compressed graphite above 13.4 GPa, and
hardness and bulk modulus are 83.1 GPa and 431.2 GPa,
respectively. Tan et al.l'” studied the crystal structural,

elastic anisotropy and electronic properties of C-Si alloys
in the P222; structure, the results show that Sijg is an
indirect semiconductor with a band gap of 0.93 eV and
C-Si alloys are elastic anisotropies. Zhang et al.l'8! inves-
tigated the structural, elastic, and electronic properties of
two new SigC4 and SigCg (belong to P4s//mnm space)
using the first principles calculations. They found that
SigC4 and SiyCg are mechanically and dynamically stable,
and present an elastic anisotropy. In addition, SigC4 and
SiyCg are indirect semiconductors with values of 0.74 eV
and 0.15 eV, respectively. Xing et al.' have explored,
by the first-principles calculations, the mechanical proper-
ties and electronic properties of C2/m carbon, the elastic
constants reveal that C2/m carbon is mechanically stable
according to the elastic stability criteria under pressure,
and their calculations also show that C2/m carbon has a
band gap of 4.197 eV. Fan et al.l*°! optimized and calcu-
lated the structure, elastic constants, Debye temperature
and electronic properties of C2/m silicon, the calculated
results manifest that C'2/m silicon is mechanically stable
and also thermodynamic stable. C2/m silicon is an indi-
rect semiconductor with a narrow band gap of 0.561 eV,
and the Debye temperature is 574 K.

The crystal structure, elastic anisotropy properties and
electronic properties of Ci4 and Sijg in C2/m structure
were predicted in Refs. [19] and [20], respectively, but
these properties of C15Si4, CgSig, and C4Sijo have not
been studied. In this work, the crystal structures of Cyg,
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Siye and their alloys (C12Si4, CsSis, and C4Siy2) in C2/m
phase are built up and optimized utilizing first principle
calculations, the elastic anisotropy indexes, Vickers hard-
ness, average sound velocity, and Debye temperature are
obtained and analyzed. Furthermore, the band gaps and
partial density of states of C-Si alloys are also investigated.

2 Computational Details and Theory

In this paper, all calculations are performed by us-
ing the density functional theory (DFT),[?'=22] inte-
grated in the Cambridge Serial Total Energy Package
(CASTEP) code.[?s] The exchange and correlation are
approximated by the generalized gradient approxima-
tion (GGA) in the form of Perdew, Burke and Ernz-
errof (PBE),?4 PBEsol,[?®! and local density approxi-
mation (LDA) in the form of Ceperley and Alder data
as parameterized by Perdew and Zunger (CA-PZ).[26-27]
The Broyden-Fletcher-Goldfarb-Shanno (BFGS)[?8 min-
imization scheme was used in geometry optimization. The
interactions between the ionic core and valence electrons
were described by the Ultra-soft pseudo-potential. The va-
lence electron configurations of C and Si atoms are 2522p?
and 3s23p?, respectively. For Cig, Siig, and their alloys
in C2/m structure, a plane-wave basis set with energy
cut-off 400 eV, 340 eV, and 400 eV are used, respec-
tively. The k-points in the first Brillouin zonel*’! were

14 x7x9, 12 x6x8, 12x7x8, 13 x7x9, and
13 x7x9 for Cyg, Si1g, C125i4, CgSig, and C4Siy 5, respec-
tively. The self-consistent convergence of the total energy
is 5 x 105 eV/atom, the maximum force on the atom is
0.01 eV/A, the maximum stress within 0.02 GPa and the
maximum ionic displacement within 5 x 10~% A.

3 Results and Discussion

The crystal structures of Cig, Sijg, and their alloys
(C128i4, CsSis, and C4Sijq) are shown in Fig. 1. These
crystal structures belong to monoclinic symmetry, with
the space of C2/m. There are 16 atoms in a conventional
cell and connect to each other through C-C, C-Si, or Si-Si
bonds. After optimization, the calculated lattice param-
eters for C-Si alloys are listed in Table 1, and the calcu-
lated results are in accord with the available referenced
data.[14:19-20,:30=35] Ag Table 1 and Fig. 2 show, the val-
ues of lattice parameters (a, b, and ¢) and volumes have
a growing trend with the Si composition increasing. Be-
sides, from Table 1, for Si-I (space group: Fd-3m), the lat-
tice parameter calculated by PBE method is in agreement
with experimental value compared with PBEsol method
and CA-PZ method, so we will use the obtained results
from the PBE method in the following discussion because

lattice parameters are underestimated in CA-PZ method
compared with PBE method.

Fig. 1 (Color online) Perspective view of the C2/m C-Si alloys. The red and blue balls represent C atoms and

Si atoms, respectively.
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Table 1 The calculated lattice parameters (in A) and 8 (in °

) of Ci6, C12Si4, CsSis, C4Sii2, and Siie in C2/m structure.

PBE PBEsol CA-PZ
C2/m a b c B a b c B a b c B8
Ci6 4.718 5.045 7.147 146.1 4.704  5.030 T7.131  146.1  4.662 6.986 7.068 146.1
4721 5.046*  7.1542 146.12 4.664> 4986 7.070>  146.1°
4726  5.053 7.161 146.1
C128i4 5.895 5.354 8.598 148.9 5.873  5.333 8571 1487  5.774 5.292 8.441 148.6
CgSig 7.727 6.303 10.796 153.4 7.680  6.296 10.748 153.3  7.542 6.207  10.568 153.1
C4Siza 6.686 6.904 10.233 149.5 6.684  6.876 10.236 149.6  6.590 6.777  10.088 149.5
Siig 7.190 7.687 10.928 146.1 7.182 7.660 10.921 146.1  7.075 7.543  10.761 146.1
7.1924 76779 109309  146.1d
Fd-3m-Si  a = 5.460, 5.465¢, 5.402f 5.4298 5.465"  5.466° a = 5.374¢, 5.392f
Exp. 5.430!

aRef. [35]; PRef [19]; “Ref. [34]; 9Ref. [20]; °Ref. [14]; fRef. [30]; &Ref. [31]; PRef. [32]; 'Expl33].

In order to get more information about stability and |
stiffness of crystals, the calculated elastic constants and
the elastic modulus of C-Si alloys in C2/m structure, to-
gether with previous data,[2%3%! which are shown in Ta-
ble 2. There are thirteen independent elastic constants in
a stable monoclinic structure, and these independent elas-
tic constants should obey the following generalized Born's
mechanical stability criteria:(2®]

Cii >0, i=1~6, (1)
[C11 + Cag + C33 + 2(Cra + C13 + Ca3)] > 0, (2)
(C33C55 — C2) > 0, (3)
(C44Cs6 — C3) > 0, (4)
(CapCs3 — C23) > 0, (5)
[C22(C33C55 — C35) + 2C23C25Cs5

— C2,C55 — C2,C33] > 0, (6)

2[C15C25(C33C12 — C13C23) + C15C35(Ca2C13 — C12C53)
+ Ca5C35(C11023 — C12013)] — [C15(Ca2Cs3 — C33)
+ C35(C11Cs3 — CP3) 4 C35(C11Caz — C1y))]

+Cs59 >0, (7)
g = C11C92C33 — C11C223 - 0220123
— C330%, + 2012C13C23 > 0, (8)

4
—=— PBEsol
4 ——CA-PZ
—— PBE
3 -
SO
~
N
2 -
1 -
Ci6  C12Sig  CgSig  C4Sir2 Siie

Fig. 2 The volume V/V; as functions of the numbers of
silicon atoms by PBE, PBEsol and CA-PZ methods.

The independent elastic constants of Cyg, Siijg, and
their alloys (C12Si4, CsSig, and C4Sij2) in C2/m struc-
ture satisfy the above equations. That is to say, these five
crystals in C2/m structure are mechanically stable under
ambient condition. To confirm the dynamic stability of
C-Si alloys in C2/m phase (C12Sis, CgSig, and C4Si;2),
the phonon spectra of C15Si4, CgSig, and C4Siio are dis-
played in Fig. 3. There is no imaginary frequency along
the whole Brillouin zone from the Fig. 3, which indicate
that these alloys are all dynamically stable.

In order to evaluate the relative stability of C-Si al-
loys, the phase diagram is calculated based on the regular-
solution model.l3”] The formation energy AH of C-Si alloys
is defined as follows:

m n

o —
m-+n

AH = Etotal - (9)

where Fioia is the total energy of C-Si alloys, m and n are
The
chemical potentials E¢ and FEg; are the total energy of Cyg
and Sij g, respectively. The formation energy of C-Si alloys
using PBE, PBEsol, and CA-PZ methods are illustrated
in Fig. 4. The formation energies are all positive, and the
alloys might exist at a specified high temperature scale
due to the entropy AH effects considered. The Helmholtz
free energy AG can be expressed as:

Ei?
m+n Si

the number C and Si atoms in a conventional cell.

AG = AE —TAH, (10)

where AF is the internal energy and 7" is the absolute tem-
perature of the surroundings. In addition, for the regular
solution model of alloys, the entropy AH can be defined
as:

n ln( n )+ m ln( m )},(11)
m+n m-+n m+n m+n
where R is the gas constant. As Eqs. (10) and (11) show,
C-Si alloys in C'2/m structure can be synthesized in a high
temperature environment.

AH:fR[
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Fig. 3 The phonon spectra of (a) C12Si4, (b) CsSis, and (¢) CaSii2.

Table 2 The elastic constants (in GPa) of C16, C12Si4, CgSig, C4Si12, and Siig in C2/m structure.

Ci1 Ca2 C33 Cua Cs5 Ces Ciz2 Ciz  Caz  Cis  C (O35 Cus
Ci6 1021 1028 1017 434 491 458 78 118 73 20 57 2 71
Ci6? 1022 1022 1051 482 482 457 78 116 72 26 54 -1 71
C12Sia 425 544 381 115 154 201 188 128 85 44 37 47 82
CgSig 236 385 128 45 56 111 74 97 30 63 28 7 44
Cy4Sig2 211 203 248 78 78 80 76 71 42 -5 6 1 10
Siie 152 152 166 49 58 56 47 45 41 1 12 -5 12
Si1eP 146 146 164 48 53 53 51 47 43
aRef. [35]; PRef. [20].
| respectively.[*® As can be seen from Fig. 5(a), the calcu-
03l —_._O—I];;BB%SOI lated Ch1, Cy2, and Cs3 for Cyg are larger than those of
' —+ CA-PZ C12Si4, CgSig, C4Siy2, and Sijg, which indicates that the
%\ x, 1y, and z axis of C1g are more compressible than those
§ 0.2} of C12S14, CgSig, C4Si12, and Sijg. In addition, with the
&3 composition of Si increasing, C11, Ca2, and Cs3 become
5 ol smaller (except for Cs3 of CgSig).
Bulk modulus B and shear modulus G represent re-
sistance to fracture and plastic deformation, respectively.
0'0016 01'2 Sia 08ISig 045'112 Siig The Voigt-Reuss-Hill approximation®~*1 is adopted to

Fig. 4 The formation energy of C-Si alloys.

The elastic constants Cy1, Coo, and Cs3 represent re-
sistance to linear compression along the x, y, and z axis,

calculate bulk modulus and shear modulus. As Fig. 5(b)
shows, there is a trend that bulk modulus and shear mod-
ulus decrease with the composition of Si increasing, how-
ever, the values of B and G of CgSig are slightly smaller
than those of C4Sijs.
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Hy, is the Vickers hardness. To a certain extent, Hy
can reflect elastic and plastic properties and can be calcu-
lated by the following formula:[*?]

HChen - 2(k2G)0.585 - 3a (12)

in which k is G/B. From Table 3, it can be found that
the Vickers hardness of Cy6 (82.1 GPa) is the largest com-
pared with Cq2Si4 (17.8 GPa), CsSis (7.5 GPa), C4Siio
(13.2 GPa), and Siy¢ (9.7 GPa). The calculated average
C-C bond length for Cy is 1.555 Aand average Si-Si bond
length for Siyg is 2.372 A, while average C-Si bonds length
for C12S1is, CsSis, and C4Sijo are 1.889 A, 1.888 A, and
1.965 A, respectively. As we know, a greater energy is
necessary when a shorter chemical bond is disrupted, in
other words, Ci¢ is the hardest crystal in these five crys-
tals due to C-C bond is the shortest one. Another method
proposed by Lyakhov et al.1*3] is also used to measure the
hardness of a solid. The calculated results are shown in
Table 3. As we can see that the values of Hoganov become

x 102

Elastic constants/GPa

(a)
oL : .

Ci16 C1285i4 CgSig C4Si12 Site

smaller with the silicon increasing, the fact that C-C bond
becomes less with silicon increasing may be explain this
phenomenon. Besides, obviously, there is a deviation be-
tween the results calculated by these two methods for the
same material. This is because the value may be too high
or too low when an empirical formula is used to calculate
the Vickers hardness. Anyhow, Ci¢ is super-hard ma-
terial, while other four materials are not. The Young’s
modulus F is used to provide a measure of the stiffness
of a solid. The larger the value of E is, the stiffer the
material is.[*4) The Young’s modulus E can be calculated
[41]
B 9BG '
3B+G
As shown in Fig. 5(b), with the composition of Si in-
creasing, the value of Young’s modulus E decrease from
998 GPa to 133 GPa, in addition, the trend of F is accord
with that of the bulk modulus B and the shear modulus
G.

by the following equation:

(13)

x 102

o
Elastic modulus/GPa

T T T O
Ci16 C1285i4 CgSig C4Si12 Site

Fig. 5 The elastic constants C;; (in GPa) and elastic modulus (B, G, and F in GPa) of Cy¢, Siie, and C-Si

alloys in C2/m structure.

Table 3 The bulk modulus B (GPa), shear modulus G (GPa), B/G, Young’s modulus E
(GPa), Vickers hardness Hy (GPa) and Poisson’s ratio v (m/s) of the C2/m Cig, Siie and

C-Si alloys.
B G B/G E v Hchen Hoganov
Cis 400 460 0.87 997 0.08 82.1 59.1
3982 4582 0.87% 9932 0.09% 89.1P 59.5P
C12Sig 229 142 1.61 353 0.24 17.8 28.1
CgSig 113 60 1.88 153 0.28 7.5 21.0
Cy48Sit2 115 78 1.47 191 0.22 13.2 16.0
Siie 82 54 1.52 133 0.23 9.7 9.4
82¢ 51¢ 1.60¢ 127¢ 0.24¢

aRef. [35]; PRef. [34]; “Ref. [20].
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The ratio of bulk modulus to shear modulus (B/G) is Ag = Gv —Gr (16)

an indicator that can judge a solid is brittle or not ac- Gv +Gr

cording to Pugh’s theory,[*9] a ductile material has a large AU — 5@ n By 6 (17)

B/G value (B/G > 1.75), while a brittle material has a ~ "Gr  Br ’

small B/G value (B/G < 1.75). Poisson’s ratio v is con-
sistent with B/G, which means the ductile compounds
with a large v (> 0.26) and the brittle compounds with
a small v (< 0.26).146] Poisson’s ratio v can be obtained
from the following formula:[*!]
_ 3B-2G
"ToBB+G)

From Table 3, it can be found that CgSig have the
largest values of B/G (1.88) and v (0.274), which means
CgSig belongs to ductile material. While other four crys-
tals are brittle materials, and Cig has the most brittleness
with the smallest values of B/G (0.87) and v (0.084).

The elastic anisotropy of a crystal is a significant
character for its closely associated with the reasons of
micro-crack in the materials.[*”) Compression and shear
anisotropy percent factor (Ap and Ag) and universal
anisotropy index AY are used to describe the anisotropy
extent, which can be expressed as follows:

(14)

where By (Gy) and Br (Gr) are bulk modulus (shear
modulus) in the Voigt and Reuss approximation, 49! re-

spectively. Ap = Ag 0 means a crystal is elastic
isotropy, while Ag = Ag = 1 represents a crystal shows
the maximum elastic anisotropy.[*8! AUV is a better indi-
cator than Ap and Ag, the larger the value of AV is,
the stronger the anisotropy of crystal shows.[*?) The cal-
culated Ap, Ag, and AY are listed in Table 4, and are
also depicted in Fig. 6(a). As Fig. 6(a) shows, the elastic
anisotropy sequence of these five crystals forms the follow-
ing order: CgSig > Cy2Siy > Sijg > Cy4Sijo > Cyg, in other
words, the value of AV for CsSig (4.925) is larger than that
of other four C-Si alloys, which means that CgSig shows
the greatest anisotropy. Cjg is a slightly anisotropic mate-
rial due to its value of AV is only 0.079. Besides, it can be

found that the values of Ag, Ag, and AY have a similar

By — B

Ap = ﬁ J (15) | trend.

Table 4 Compression and shear anisotropy percent factors (Ap and Ag), universal

anisotropy index (AY), shear anisotropy factors (A, As, and Ajz).

Cie C128Si4 CgSig Cy4Sii9 Sitg

Gy 463 157 79 79 55
GRr 456 127 41 s 53
By 400 239 128 116 82
Br 399 249 98 115 82
Ap 0.002 0.044 0.132 0.003 0.001
Ag 0.007 0.108 0.318 0.013 0.018
AY 0.079 1.302 4.958 0.133 0.187
Aq 0.963 0.832 1.07 0.986 0.863
Ao 1.035 0.816 0.493 0.853 0.992
As 0.967 1.352 0.941 1.227 1.059

To further verify the elastic anisotropy of C-Si al-
loys along diverse orientations, the shear anisotropy fac-
tors are considered in this paper. The shear anisotropy
factors (A;, As, and Aj) provide a measure of degree
of anisotropy in the bonding between atoms in different
planes. For the (100) shear plane between [011] and [010]

directions, A, is defined by the following equality:[5%!

B 4C4y

~ Ci1+C33 —2C13
for the (010) shear plane between [101] and [001] direc-
tions, A, is defined by the following equality:[5°!
B 4C55

~ Cog+ Cs3 — 2Cs3

1 (18)

2 (19)

| for the (001) shear plane between [110] and [010] direc-

tions, As is defined by the following equality:[%
B 4066

~ O+ Cy — 2012

the calculated results are listed in Table 4 and depicted in
Fig. 6(b). Ay = Ay = A3 = 1.0 represents the crystal is
isotropic, while the crystal must be anisotropic if any value

As (20)

of Ay, As, and Ag is not equal to 1.0. A smaller deviation
from 1.0 represents the crystal performs less as anisotropic
material. Figure 6(b) shows that Cyig has a smaller gap
between the anisotropy factors (0.693, 1.035, and 0.967,
respectively) to 1.0, which means that Cqg shows weaker
anisotropic at three shear planes. CgSig shows more ob-
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vious elastic anisotropy in the (010) plane than (100) and
(001) planes, C12Siy shows more elastic anisotropy in the
(001) plane than (100) and (010) planes, C4Sijo shows
more elastic anisotropy in the (001) plane than (010)

plane, while Sijg shows stronger elastic isotropy in the
(100) and (010) planes and weaker anisotropy in the (100)
plane.

Anisotropy factors (Ag, Ag)
Anisotropy factors (AY)

0

T T T T T

Ci16 C1285i4 CgSig C4Si12 Site

Fig. 6

1.4

- 1.2

- 1.0

- 0.8

Anisotropy factors

0.6

T T — 0.4
Ci16 C1285i4 CgSig C4Si12 Site

The universal anisotropic index AY (in GPa), percent anisotropy Ag and Ap (in GPa) and shear

anisotropic factors A1, A2, and As of the C2/m Cig, Sits, and C-Si alloys.

Table 5 Density (p in g/cm?), shear, compressional and
average elastic sound velocities (vs, vp, Um in m/s) as well
as Debye temperature (Op in K).

p Vs Vp Um ©p

Cis 3.362 11692 17353 12764 2099

3.3632, 3.358P  11679° 17332P 12749 2099

C12Sig 3.305 6839 11741 7587 1095
CgSig 2.264 5145 9234 5729 696
C4Sipo 2.663 5411 9073 5989 723
Si1e 2.212 4945 8344 5477 591
2.217¢ 4796 8225 5320 574

aRef. [35]; PRef. [19]; “Ref. [20].

As we know, Debye temperature is an important fun-
damental parameter closely correlated with many physical
properties, such as thermal coefficient, specific heat, dy-
namic properties, and melting temperature.®] The De-
bye temperature ©p can be calculated by the following

Op=—|—(—+

formula:[52
1/3
s [zm( M )} v (21)

where h is Planck’s constant, k; is Boltzmann’s constant,

h 13n NAp

N4 represents Avogadro’s constant, n is the number of
atoms in the molecule, M is molecular weight, p repre-
sents the density, and v, is average sound velocity. v,
can be calculated by the following equation:

=[0G+l @)

| where v; and v; are transverse and longitudinal sound
velocities, respectively, which can be calculated by the
Navier’s equations:!

G
Ut = )
P

v = (B—l—%G)%,

(23)

(24)

where B and G are bulk modulus and shear modulus,
respectively. All of the calculated results are listed in Ta-
ble 5. It can be found that the order of p, vy, v,,, and Op
for C-Si alloys is Cig > Cq2Siy > Cy4Sijp > CgSig > Sijg.
The order of v; is C1g > C12Siy > CgSig > C4Sijo > Silg,
which has a small deviation compared with the order of
P, V¢, Um, and Op. It is obvious that this trend is the
same as the variation trend of the elastic modulus (B, G
and E). Theoretically, a stronger interatomic bonding in-
dicates that a crystal has a larger Debye temperature and
a higher melting temperature. In fact, the bonds between
C atoms are stronger than those of Si atoms, that is to
say, Debye temperature of Cyg must be larger than that
of Sijg in C2/m structure, obviously, this fact is in accord
with the calculated results.

The electric band structure and the partial density of
states of the C2/m C-Si alloys calculated by PBE method
are presented in Figs. 7 and 8, the dashed lines represent
Sije in C2/m structure are 4.20 eV and 0.53 eV, respec-
tively. Besides, the band gaps of C14 and Sij¢ are 4.05 eV
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(4.15 eV) and 0.44 eV (0.46 €V) calculated by PBEsol
method (CA-PZ method), respectively. For Cig, the va-
lence band maximum (VBM) is at Z point and the conduc-
tion band minimum (CBM) occurs along E-C direction,
while the VBM located at Z point and the CBM occurs
along B-D direction for Sijg, so that C14 and Siyg are in-
direct semiconductor. For an indirect band gap semicon-
ductor, there will be phonon emitted during the electronic
and momentum is lost, therefore, the luminous efficacy is
lower than that of a direct band gap semiconductor, that
is to say, C-Si alloys in C'2/m structure are not fit for pho-

6
\/\
KX —S ]
=
I
b>13 4.20 eV
—2 4 - \_\/
4] ARSI DA
VA G Y A B D E >
(a) Cie

N

Energy/eV

; o "
N
2

toelectric devices such as emitting diode. In fact, the true
band gaps are larger than the calculated results due to the
band gaps calculated by DFT are underestimated. As we
can see from Fig. 7, C155i4, CgSig, and C4Sijo are semi-
metallic alloys. The bands of C15Si4 are metallic along
Z-G and A-D direction with low dispersive bands crossing
Fermi level (EF), while bands of C4Si;2 are metallic along
Z-Y and D-C direction with higher dispersive bands cross-
ing Ep. It is worth mentioning that only small band gap
occurs along Z-G direction showing CgSig is also metallic
as well.
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Fig. 7 Electronic band structure of Cig, Siis and C-Si alloys in C2/m structure.

The partial density of states (PDOS) per atom in the | 4i, respectively, and Sil-s represent the s-orbital of silicon

unit cell for 0167 C128i4, CgSig, 0481127 and Si16 in CZ/m
structure are shown in Fig. 8. For Cy5Si4, Cl-s, C2-s,
and C3-s represent the s-orbital of carbon atoms located

at Wyckoff position 85 (in fractional coordinates), 4i, and

atoms located at Wyckoff position 8;5. While —p means
the p orbital of atoms. The following features can be seen
from Fig. 8, in the range of conduction bands of these five

C-Si alloys, the DOS are primary contributed by p states,
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mixed with a little s states, while DOSs are mainly fea- that C2 and C3 play the same role in contributing to the

tured by s orbital near the bottom of the valence band. DOSs. In addition, for Cyg and Sijg, the analysis of the
For CgSig, the dashed blue line (C2-s) and solid blue line

(C2-p) accord exactly with the dashed pink line (C3-s) top of the valence band show that DOSs are mainly com-
and solid pink line (C3-p), respectively, which indicates | posed of p shell.
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Fig. 8 Density of states of Ci¢, Si1e¢ and C-Si alloys in C2/m structure.

4 Summary

In summary, the optimized structural parameters are in agreement with previous work. The elastic constants
indicate that C'2/m structure is mechanically stable. With the composition of Si increasing, the elastic modulus, shear
modulus and Young’s modulus present a trend of decreasing (except for CgSig). According to the Vickers hardness,
Ci¢ is the hardest crystal comparing with other four C-Si alloy. The Poisson’s ratio v and the ratio of the bulk modulus
to shear modulus indicate that CgSig belongs to ductile material, while Cy¢4, C12Si4, C4Si;2, and Siyg belong to brittle
material. The compression anisotropy index, shear anisotropy index and universal anisotropy indexes show that C-Si
alloys have an elastic anisotropy, the elastic anisotropy sequence forms the following order: CgSig > Cq2Si4 > Sijg >
C4Sija > Ci6. The average sound velocities and Debye temperature show a trend of decreasing (except for CgSig)
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as the composition of Si increases. Besides, band structures calculations present that Cq5Si4, CgSig, and Cy4Siio are
semi-metallic alloys.
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