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The new structures, Cmc24 -Si;P2X (X=S, Se, Te, and Po), are predicted, and their mechanical, electronic and
optical properties are investigated with the density functional theory, by first principles calculations. The elastic
constants of the four compounds are calculated by the stress-strain method. The calculations of the elastic
stability criteria and phonon dispersion spectra imply that they are mechanically and dynamically stable at zero
pressure. The mechanical parameters, such as shear moduli G, bulk moduli B, Young's moduli E and Poisson’s
ratios v are evaluated by the Voigt-Reuss-Hill approach. The Cmc21 -SiP,S has the largest hardness due to the
largest Young's modulus in the four compounds, and it is a covalent crystal. The anisotropies of their mechanical
properties are also analyzed. The band structures and densities of states, which are calculated by using HSEQ6,
show that Cmc24 -Si;P2X compounds are indirect bandgap semiconductors, and the values of the band gaps
decrease with increasing atomic number from S, Se, Te, to Po. In addition, the longitudinal sound velocity and
transverse sound velocity for Cmc2q - Si;P2X have been investigated. The dielectric constant, electron energy
loss, refractive index, reflectivity, absorption and conductivity are analyzed to gain the optical properties of
SipPoX.

Key words: Cmc2; - SipP2X (X=S, Se, Te, and Po), first principles, mechanical properties, electronic properties,
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1. Introduction

Silicon compounds, such as silicon dioxide, silicon nitride and silicon oxynitride, have aroused
considerable interest in ceramic materials and electronic industry for their excellent physical and chemical
properties. Si;N,O is an engineering material that at temperatures up to 1600°C still maintain excellent
oxidation resistance, and high flexural strength without significant degradation at temperatures up to
1400°C [, [2]. The early works studied the ground state properties of orthorhombic-Si;N,O(Cmc2;)
structure, i.e., electronic structure, elasticity, stability and optical properties [3H7]. Liu et al. researched
the ground state, dielectric constants, and elastic stiffness of orthorhombic-Si;N,O with various intrinsic
point defects [8]]. Zhen Zhu et al. proposed IV-VI compounds as isoelectronic counterparts to layered
group V semiconductors, which have significantly broadened the scope of group IV semiconductors. The
electronic band structure shows that SiSP; is an indirect bandgap semiconductor [9]]. Lv et al. researched
dielectric properties, vibrational and ideal strength of Si;N,O ceramic using the first principles [[LO].

In our previous works [[11], based on the similar properties of nitrogen and phosphorus, the structures
of Si;P,0 and Ge;P,0 were derived, and their mechanical and electronic properties were studied under
high pressure. The physical and chemical properties of group-VA (O, S, Se, Te, Po) are similar, according
to the structure of Si;N,O (Cmc2;), the Cmc2; —SipP,X compounds are predicted. By consulting the
literature, theoretical and experimental investigations on them have not been carried out up to now.

In this paper, the structure parameters, mechanical, electronic and optical properties of Cmc2; —Si; P, X
are calculated by using the density functional theory (DFT) method based on plane waves and pseudo-
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potentials. The stabilities of these structures have been proved through independent elastic constants and
phonon dispersion spectra.

2. Calculation methods

For Cmc2; -Si,P,X (X=S, Se, Te, and Po), the structures are optimized and the properties are pre-
dicted using the DFT method with the generalized gradient approximations of Perdew-Burke-Ernzerhof
(GGA-PBE), in the Cambridge Serial Total Energy Package (CASTEP) code [[12| [13]]. CASTEP adopts
the DFT plane-wave pseudo-potential method, which is used for first principles quantum mechanics
calculations that can simulate a wide range of material properties including a structure at the atomic
level, vibrational properties, electronic response properties, spectroscopic features etc.

For Cmc2 —Si;P,X, the energy cut-off values are set to 700 eV, which determines the number of
plane waves, the k-point samplings with 9 X 9 X 8 in the first irreducible Brillouin zone [14]]. For the ge-
ometry optimization, the value of self-consistent field tolerance threshold is taken as 5.0 x 10~/ eV/atom.
The convergence accuracy is set as ultrafine. The convergent value of total energy difference is less than
5.0% 107 eV/atom. The maximum force on the atom and the maximum stress are set to be 0.01 eV/A and
0.02 GPa. The phonon calculations are carried out within the harmonic approximation, using the linear re-
sponse approach based on the density functional perturbation theory (DFPT) calculation, to determine its
phonon dispersion spectra [[15,|16]]. In addition, the hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional
is used in order to get more accurate electronic properties since GGA-PBE functional underestimates the
bandgap energy of most semiconductors [17} [18]].

The elastic constants are calculated using the stress-strain methods. The number of steps for each
strain is set as 6 during the strain calculations, and the maximum strain amplitude is 0.003. In order to
analyze the mechanical stabilities and calculate the mechanical moduli of Cmc2; —Si;P,X, the elastic
constants and other mechanical properties are calculated with GGA-PBE. For an orthorhombic crystal
system, the elastic stability criteria are as follows:

Cij>0(=0,1,23,45,6), Ci1 +Ci2 +C33 +2(Ci2 + C13 + Cp3) > 0,

Ci1+Cp—-2C12>0,Ci1+C33-2C13>0, Cj1 +C33 —2C3 > 0. 2D

Based on the nine independent elastic constants, for Cmc2; — Sip P, X structures, the shear modulus (G),
bulk modulus (B), Poisson’s ratio (v) and Young’s modulus (£) are obtained with the Voigt-Reuss-Hill
approximation [19]]. For orthorhombic lattices, the moduli of Reuss shear (Ggr) and the Voigt shear (Gv)
are expressed as follows [20]

15

Gr = , (2.2)
4(S11 + S22+ 833) —4(S12 + S13 + $23) + 3 (Saq + Ss5 + Se6)
1 1
Gy = T (Cli+Cp+C3-Cn—Ci3—Cx3) + 3 (Cas + Cs5 + Cgp) . (2.3)
The Voigt bulk modulus (By) and the Reuss bulk modulus (Bgr) can be given by
1 2
By = ) (Ci1 +Cn + C33) + ) (Cr2 + C13 + Ca3), (2.4)
By = ! (2.5)
BT (811 + S + S33) +2(Si2 + Si3 + S3)° '
The relationship between C;; and S;; is given by
[Si;] = [C];} (2.6)

The actual polycrystalline moduli can be calculated by the Voigt and Reuss moduli, they are shown
as [21]

B = %(BV + BR), (27)
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G = % (GV + GR) . (2.8)

Young’s modulus, E, is the ratio of the stress and strain, which represents the stiffness property
of a material. Poisson’s ratio, v, can offer further information about the bonding force feature. The
larger Poisson’s ratio reflects a better plasticity. Young’s modulus and Poisson’s ratio can be expressed
by (22} 23]]

9BG
3B+ G 29)
3B -2G
- oY 2.10
' 23B+0G) (2.10)

The anisotropy of a crystal material reflects the different arrangement of atoms and different bonding
properties in different directions, which affect the physical and chemical properties of materials in
different directions. The percent anisotropy (Ag and Ag for bulk and shear moduli) and the anisotropic
index AU describe the elastic anisotropy of a crystal material [24]]. The equations are as follows [25} [26]

AV =5—"+—~-6>0, 2.11
Ge B (2.11)
By — Br
Ap = ——— 2.12
B= Byt B’ (2.12)
Gv — Gr
Ag = ——. 2.13
6= Gyt Gn (2.13)
The shear anisotropic factors A, Ay, Az are given by:
4Cus
for the (100) plane Ay = ————, 2.14
or the (100) plane A; Ciit G —2Cnn ( )
4Css
for the (010) plane A = ———————— (2.15)
P >7 Cy+C33 - 20
4C
for the (010) plane A3 = 66 (2.16)

Cii+Cn-2C1p

The three-dimensional (3D) graph of Young’s modulus can more effectively describe the elastic
anisotropy. The Young’s modulus equation for orthorhombic crystal is expressed by

1
E = I?S” + Z§S22 + I§S33 + 112122 (2S12 + S66) + 122132 (2&23 + S44) + 11213? (2S13 + S55) . 2.17)

Once we have calculated the Young’s modulus E, the bulk modulus B and shear modulus G, the
longitudinal, transverse and average sound velocities are obtained in the materials. The averaged sound
velocity vy, is approximately predicted by the following equation [27]:

(2 1\
==& += , 2.18
Um l3 (0[3 + 1)3)l ( )

1

where v; and v, are longitudinal and transverse sound velocity, which can be obtained from the bulk
modulus (B) and shear modulus (G), by the use of the Navier’s equation [28} [29]:

12
_[B+ G
v = s (2.19)
0
12
by = (%) . (2.20)
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In the calculations of the optical properties, the norm-conserving pseudo-potentials were applied to
treat the ion-electron interactions [30]. The optical properties of systems are evaluated by the complex
dielectric function, which is dependent on frequency and is as follows

e(w) = g1(w) +igy(w). (2.21)

The imaginary part ;(w) of the dielectric function could be calculated from the momentum matrix
elements between the occupied and unoccupied wave functions, it is shown as [31]]

B Ve?

o2 = nhmia?
where V is the volume of unit cell, p expresses the momentum operator, e is the charge of a free electron,
f(kn) stands for the Fermi distribution function, |kn) represents a crystal wave function, and fiw is the
incident photon energy.

The complex dielectric function describes the optical properties of a medium for different photon
energies. The real part of dielectric function is in relation to the electric polarization characteristics of the
materials. The peak value of the real part is related to the electron excitation. The real part &;(w) of the
dielectric function can be derived from the imaginary part &;(w) by Kramers-Kroning relationship [32]:

f&kzhwmmmwffwmu—fwwnman—aﬂ—mm (2.22)

& (W)W’
(/.),2 _ (1)2

2 (o8]
gl(w)=1+ RMJ do’, (2.23)
0

where M is the principal value of the integral. CASTEP provides two main approaches to optical properties
calculations; one is based on standard DFT Kohn-Sham orbitals and the other one uses time-dependent
DFT (TD-DFT) theory. In this paper, the Kohn-Sham DFT is used. The DFT method uses the independent
particle approximation (IPA) for the calculation of &;(w) based on the ground-state quantities [33]]. The
optical properties are analyzed using PBE-GGA.

Furthermore, other properties of the materials can be calculated by the dielectric function, including
the optical conductivity, absorption coefficient, energy-loss spectrum and optical reflectivity. They are
given as follows [34-30]

o(w) = ;—6;[1 - e(w)], (2.24)

l(w) = Zwlz(w), (2.25)
C(n—1)? + k2

R(w) = EESIIYE, (2.26)

-1 &(w)
L(w) = Im [ } = .
( @)~ )+ @)
Where k(w) means the extinction coefficient. It can be obtained from &;(w) and &;(w), which can be

expressed as follows [37]]
1/2
VEL(@) + 83(w) - &1(w)

2

(2.27)

k(w) = (2.28)

3. Results and discussion

3.1. Structure properties

The compounds SipP>X have an orthorhombic structure with Cmc2; space group (No. 36). The
crystal structure is shown at 0 GPa as figure [1} which is a centro-symmetric structure (0, 0, 0) with 10
atoms per unit cell. On the basis of Si;P,0, the lattice parameters and volumes of Si,P;S, Si,P;Se,
SioP,Te and Si,P,Po are predicted and presented in table [T} The density values of Cmc2; —Si,P,X are
2.43,3.06,3.47, and 4.56 g/cm3, respectively.
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{..

Figure 1. (Colour online) Crystal structures of orthorhombic-SipP>X (Cmc2;, No. 36). The yellow balls
represent X (S, Se, Te, Po) atoms.

Table 1. Lattice constants a, b, ¢ (A) and volume (A3) of the Cmc21 -Sir P X.

Structure a b c Vv

SipP>S 10.73 | 6.39 | 5.97 | 409.23
SioP,Se || 11.03 | 6.45 | 5.99 | 42691
Si;PTe || 11.89 | 6.50 | 6.06 | 469.74
SipP,Po || 12.23 | 6.46 | 6.02 | 475.68

3.2. Elastic properties and stability analysis

The elastic properties of solids contain important information about their mechanical properties. For
Cmc2; —Si, P, X, the nine independent elastic constants are calculated at 0 GPa and are shown in table[2]

Table 2. Calculated elastic constants C;; of Cmc2 —SipP2X at 0 GPa.

Species Ci Cio | Ciz | Cnp | Coz | C33 | Caq | Css5 | Ces
Si,P»S 100.6 | 18.7 | 13.7 | 75.0 | 3.3 | 133.2 | 36.7 | 34.5 | 29.9
Sio P> Se 823 [ 247 | 13.1 | 82.8 | 2.7 | 1347 | 349 | 272 | 152
Sip, Py Te 52.5 | 225268 | 71.7 | 7.1 | 127.7 | 28.8 | 29.7 | 20.3
Si, P,Po 57.6 | 29.0 | 357|744 | 9.5 | 130.3 | 254 | 37.9 | 27.3

The Cmc2 —Si; P> X structures are all mechanically stable due to satisfying the elastic stability criteria.
To ensure the stability of Cmc2; —SipP,X, the phonon spectra are calculated. The phonon dispersion
spectra under 0 GPa are displayed in figure 2] The calculated phonon spectra have no imaginary phonon
frequencies in the whole Brillouin zone (BZ). It is proved that the four structures are dynamically

stable [38]39].
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Figure 2. (Colour online) The phonon dispersion spectra for Cmc2; —SizP2X at 0 GPa.

For the four compounds, the Cs3 is larger than the values of Cj; and Cy;. It is implied that the
mechanical strength in the [001] direction is higher than that in the [100] and [010] directions. In
addition, Cu4, Css and Cgg values express the shear moduli in the (100), (010) and (001) crystal planes,
respectively. For Si;P»>S and Si;P,Se, the values for Cy4 are larger than Css and Cgg. It means that the
shear modulus at (100) crystal plane is larger than that of (010) and (001) crystal planes. The Css values
of Si;P,Te and Si;P,Po are larger than Cy4 and Cgg. Therefore, the shear modulus at (010) crystal plane
is larger than that of (100) and (001).

Based on the nine independent elastic constants, the shear modulus (G), bulk modulus (B), Poisson’s
ratio (v) and Young’s modulus (E) of the Si;P,X structures are calculated and the results are shown in
table 3

The bulk modulus (B) and the shear modulus (G) express the resistance to the volume change by load
pressure and the resistance to deformation by shear stress, respectively. By calculations, the results show
that the bulk modulus of the Cmc2; —Si,P,Po is the largest among Cmc2; —Si, P, X, which shows that it
has a lower compressibility. The shear modulus of Cmc2; —SiyP;S is higher than the others. Hence, it
has a better capability of resisting to the shape change. The Cmc2; —Si;P,S has the largest stiffness due
to its largest Young’s modulus in the four compounds.

The Poisson’s ratio of ductile materials is larger than 0.33, while the v for brittle material is less
than 0.33 [40]. Therefore, the results indicate that the compounds Cmc2; —Si, P, X are all brittle materials.
The Poisson’s ratio of a strong covalent crystal is often below 0.15. For Cmc2; —Si;P,S, the calculated
Poisson’s ratio shows that it is a covalent crystal. The value of B/G means the brittleness or ductility of
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Table 3. The bulk moduli (By, Br and B), shear moduli (Gy, Gr and G), Young’s moduli (E), Poisson’s
ratios (v), and B/G.

Species By Br Gy Gr B G E v B/G
SirP,S || 42.25 | 40.37 | 38.43 | 36.38 | 41.32 | 37.40 | 86.19 | 0.15 | 1.10
SioP,Se || 42.34 | 41.48 | 32.74 | 27.20 | 4191 | 29.97 | 72.60 | 0.21 | 1.39
SirP,Te || 40.54 | 37.35 | 28.81 | 25.15 | 38.94 | 2698 | 65.75 | 0.22 | 1.44
SioP,Po || 45.65 | 42.78 | 30.66 | 26.12 | 44.22 | 28.39 | 70.15 | 0.23 | 1.55

materials, whose the judgment value is 1.75 [41]. Above 1.75, the material shows toughness; otherwise
it shows brittleness. Obviously, the Cmc2; —Si;P,S is more brittle than the others.

Table 4. The calculated anisotropic index (AU), shear anisotropic factors (Ay, Ay, A3), and percent
anisotropy (Ap and Ag) of Cmc2; —SipPrX.

AU [ Ag | A | A Ay | Az

Si,P,S [ 0.33 [ 0.02 [ 0.03 ] 0.71 | 0.68 | 0.86
Si,P,Se || 1.04 [ 0.0 | 0.09 [ 0.73 | 0.51 | 0.52
Si,P,Te || 0.81 | 0.04 | 0.07 | 0.91 | 0.64 | 1.02
Si,P,Po || 0.93 [ 0.03 | 0.08 | 0.87 | 0.81 | 1.47

Crystal anisotropy can be expressed by different properties, such as the hardness, optical properties,
elastic modulus and thermal properties and so on. The elastic anisotropy plays an important role in many
mechanical and physical properties, such as unusual phonon modes, phase transformations, anisotropic
plastic deformation, elastic instability, etc. [42]. When the values of AV, Ap and Ag are 0, then the
crystal is isotropic. The values of the Ag of the four crystals are close to 0, which means that their bulk
moduli are nearly isotropic. The deviation of AV from zero indicates the extent of crystal anisotropy and
accounts for both the shear and the bulk contributions [43]44]]. Thus, AY represents a universal measure
to quantify the crystal elastic anisotropy. The anisotropic parameters of the crystal materials are listed
in table ] Based on the calculations, the elastic anisotropic index of Cmc2; —Si,P,Se has a larger value
than the other compounds, suggesting that the Cmc2; —Si;P,Se shows a stronger anisotropy than the
others.

Table 5. Calculated density p (in g/cm3), longitudinal, transverse and average sound velocity (v, vz, U,
respectively, in m/s) for Cmc2; —Sio P2 X.

SipPoS || 2.43 | 6125 | 3923 | 4309
SipP>Se || 3.06 | 5172 | 3129 | 3459
SipPoTe || 3.47 | 4646 | 2788 | 3084
SioPoPo || 4.56 | 4242 | 2495 | 2765

In figure 3] the 3D surface diagrams show an anisotropic degree of the Young’s moduli, and the
result shows that the Young’s modulus of the Cmc2; —Si,P,Se crystal is more anisotropic than the
other compounds. For the Cmc2;-Si;P,X compounds, according to the mechanical properties, the
longitudinal sound velocity, transverse sound velocity and the density are calculated. They are shown as
table[5] The values of the density increase with increasing atomic number from S, Se, Te to Po. Based on
the relationship between density and sound velocity, obviously, the longitudinal, transverse and average
sound velocity all decrease with increasing atomic number from S, Se, Te to Po.
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Figure 3. (Colour online) The directional dependence of Young’s moduli for Cmc21 —SipsP2 X (X=S, Se,
Te and Po).

3.3. Band structure and density of states

The electronic properties of Cmc2; —Si; P> X are analyzed using HSE06 at 0 GPa. The band structures
are shown as figure[d] The top of the valence band is used as the reference and is expressed by a red dot
line. The total and partial densities of states (DOS) are calculated and presented in figure[3]

For Cmc2; -Si,P,S, in figure [ (a), the valence band maximum is at the highly symmetric I'-
point and the conduction band minimum is at the Z-point, which indicates that Cmc2; —Si,P,S is an
indirect bandgap semiconductor with the band gap of 2.7 eV. Figure [5] (a) shows the electronic DOS of
Cmc2; —SiyP;S in the energy range of —16 to 8 eV. The total DOS is mainly contributed by S-s in the
range of —15 to —13 eV with some contribution from Si-s. Between —13 and —11 €V, the total DOS is
mostly composed of P-s and a small fraction comes from Si-s and Si-p. In the range of -9 to 0 eV, the
total DOS is mainly derived from Si-p, P-p, S-p states, and a small part comes from Si-s. From 3 to 8§ eV,
the total DOS mainly includes three parts: Si-p, P-p and Si-s.

Similarly, the Cmc2; —Si;P,Se is also an indirect bandgap semiconductor with the band gap of 2.4 eV.
From figure E] (b), in the range of —16 to 8 eV, the trend of DOS for Cmc2; —Si;P,Se is similar to that for
Cmc2; -SipP5S.
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Figure 4. (Colour online) Calculated band structures and total DOS for Si;P>X (X=S, Se, Te and Po)
using HSEO6 at 0 GPa. The energy of the top of the valence band is set to zero.

In figure [ (c), Cmc2; —Si,P,Te is an indirect bandgap semiconductor, whose bandgap is 1.8 eV.
FigureE] (c) shows that the electronic DOS of Cmc2; —Si;P,Te is in the range from —16 to 8 eV. It can be
noted that the total DOS in —15 to —10 €V is mainly from P-s, with some contribution of Si-s and Te-s.
In the range of =9 eV to 0 eV, the total DOS is mainly composed of Si-p, P-p, Te-p states, and a small
part comes from Si-s and P-s. In addition, the Si-p and P-p provide the main contribution in the range of
2 to 8 eV, and the P-s also plays an important role.

From figure ] (d), it can be concluded that the maximum value of the valence band of Cmc2; —Si; P>
Po is at the highly symmetric S-point, the conduction band minimum is at the Z-point. The indirect
bandgap of Cmc2; —SirP,Po is 1.6 eV. In figure[5](d), the total DOS situated in the range —30 to —27 eV
has one peak value, which is mainly due to the Po-d state. In the range of —15 to —12 eV, the total DOS is
mainly composed of P-s and Po-s states. Within the range of —9 to 0 eV, the total DOS is mainly derived
from contributions of the Si-p, P-p and Si-s. In the range of 1 to 6 €V, the projected density of states is
mainly composed of Si-p and P-p, and a small part comes from the Si-s.

Obviously, for the Cmc2; —Si, P, X compounds, the values of the band gaps decrease with increasing
atomic number from S, Se, Te to Po.
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Figure 5. (Colour online) Total and partial DOS (a) Si2P2S, (b) SioP>Se, (¢) SioP>Te and (d) SioP2Po.

3.4. Optical properties

The essential optical properties of materials, such as the dielectric function, refractive index, absorp-
tion, reflectivity, conductivity and loss function can be calculated.

For Si,P,S, Si;P,Se, SioP,Te and Si;P,Po, the optical properties are calculated and presented in
figure[6] The dielectric function can characterize how the materials respond to the incident electromagnetic
wave. The calculated static dielectric functions are about 9.1, 9.8, 12.3 and 18.3, respectively. The real
part curves of dielectric functions increase with increasing photon energy and reach the peak values at
about 2.4, 2.3, 2.1 and 1.2 eV, respectively. After the maximum, the real part curves decrease with an
increase of photon energy and then slowly and gradually increase close to zero. For Si;P,Se, Si;P,Te
and SipP,Po, with an increase of photon energy, the curves of the imaginary part increase and attain the
peak values at about 3.5, 3.1 and 2.4 eV, respectively. The values of the imaginary part approach zero
when the energy exceeds 12 eV. In the range of 3.7 to 5.2 eV, the imaginary part of Si;P,S reaches the
highest value 12.1 and remains almost unchanged.

Figure [6] (b) shows the refractive index, n(w), and extinction coeflicient, k(w). The static refractive
indices n(0) are found to be 3.0, 3.1, 3.5 and 4.3, respectively. Each n(w) has a peak. The peaks are located
at 2.6,2.5, 2.3 and 1.4 eV, respectively. Each k(w) value increases with an increasing photon energy, and
then decreases after reaching the maximum. The k(w) of Cmc2; —Si;P,S and Cmc2; —Si; P> Se have one
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Figure 6. (Colour online) Calculated optical properties (a) dielectric function, (b) refractive index, (c) op-

tical reflectivity spectrum, (d) absorption, (e) conductivity, (f) loss function.

peak, respectively. In both Cmc2 —Si; P, Te and Cmc2 —Si; P, Po, k(w) has two main peaks.

Figure |§| (c) shows the reflectivity of Cmc2; —Si,P»X. The initial values are 25.3%, 26.7%, 31% and
38.5%, respectively. Each reflectivity has a maximum value. These maximum values are located at 11.8,
11.6, 10.9 and 10.9 eV, respectively.

The absorption spectra of Cmc2; — SipP> X are shown in figure[6](d). We can notice that the absorption
is basically located between 0 and 18 eV. For Cmc2; —Si,P,X(S, Se, Te), the peaks of the absorption

43602-11



R. Yang, X. Gao, F. Wu, Q. Wei, M. Xue

spectra are located at 7.3, 7.1 and 6.7 eV, respectively. For Cmc2; —Si;P,Po, there are two remarkable
peaks at 7.5 eV and 30.4 eV.

The curves of the conductivities for Cmc2; —Si;P,X are plotted in figure[6] (¢). The real parts of the
conductivity of these four structures are greater than zero because of electron excitation. The electrons
in the valence band absorb the photon energy and the transition from the valence band to the conduction
band takes place producing electron-hole pairs, then generating photoelectric signals. With an increase
of photon energy, the real parts of the conductivities increase to the peak values and then decrease
rapidly. The real part curves of Si;P,Te and Si;P,Po have two peaks each. For Si;P,S and Si,P,Se,
the curves have one peak each. From figure [6] (e), the imaginary part values of the conductivities begin
to be negative and decrease to their respective minima with increasing photon energy, then increase to
respective positive peaks. After the maxima, the imaginary part curves decrease and gradually tend close
to zero.

In figure[6](f), the energy-loss spectra of Cmc2 — Si; P, X are presented. The loss function describes the
energy loss when an electron traverses the materials. The peaks of loss function represent the characteristic
connected with the plasma oscillation. The corresponding frequency is the plasma frequency, above
which the material exhibits a dielectric behavior [&](w) > 0], while below this frequency the material is
characterized by metallic property [&1(w) < 0]. For Cmc2; —Si; P, X, the peaks of loss functions lie at
14.7, 14.5, 14.2 and 13.5 €V, respectively. Each peak corresponds to the sudden drop in its reflectivity.

4. Conclusion

For the predicted new compounds, Cmc2; —Si; P, X (X=S, Se, Te and Po), the orthorhombic structures
are mechanically and dynamically stable, which are indicated by the calculations of the elastic constants
and photon dispersion spectra. Their structural, electronic, mechanical and optical properties are investi-
gated using the first principles. The results indicate that the bulk modulus of the Cmc2; —Si,P,Po is larger
than the others, which shows that it has a lower compressibility. The shear modulus of Cmc2; —Si,P,S
is the largest among Cmc2; —Si; P> X, hence, Cmc2; —Si,P,S has a better capability of resisting to the
shape change. Poisson’s ratio shows that Cmc2 — Si; P, S has a better brittleness. The 3D maps of Young’s
modulus indicates that Cmc2; —Si,P,Se is more anisotropic than the others. The maximum value of the
valence band and the minimum value of the conduction band of the four compounds correspond to dif-
ferent K values in K space. These indicate that they are indirect-bandgap semiconductors. The values of
the band gaps decrease with increasing ‘X’ element atomic number, whereas the values of the calculated
static dielectric constants and the static refractive indices increase with increasing atomic number from
S, Se, Te, to Po.
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N =

AocnipKeHHA CTPYKTYpU i piSNUHMNX BNaCTUBOCTEN
Cmc2, - Si;P,X 3a Aonomoroto nepLIonpUHLMNHUX PO3pPaxyHKiB

P. Anr D €. rad?, o. By K. Beifl, M. Cio?

LLikona ¢i3ukm Ta onToenekTpoHHOI iHxeHepii, KcigiaHcbkunia yHiBepcuTeT, CiaH, LeHbci 710071, KHP
Konegx ximii Ta ximMiuHoi iHXeHepii, lyaHCilicbknii yHiBepcnTeT, HaHbHYMH, MN'yaHci 530004, KHP

3a A0MOMOrO0 MePLUOMNPUHLMIHUX PO3PaXyHKIB 3 BUKOPUCTaHHAM MeToAy GyHLioOHany rycTUHW nepejbadeHo
icHyBaHHs HOBUX CTPYKTYp Cmc21 - SizP2X (X=S, Se, Te i Po) Ta AOCAIAXKEHO IX MeXaHiYHi, eN1eKTPOHHI Ta ONTUYHI
BNACTUBOCTI. [PYXHI XapaKTepUCTAKMN LX YOTMPLOX CMONYK 06UNCNeHO MeTOA0M “HanpyXeHHs-Aedopmaiis”.
3 po3paxoBaHMX YMOB MPYXHOI CTIAKOCTi Ta CnekTpiB $OHOHHOI AUcnepcii BUNAUBAE, WO Li CNONYKA € Me-
XaHIYHO i AMHAMIYHO CTIiKMMU NpU HYNBLOBOMY TUCKY. MexaHiuHi xapakTepuctuky, Taki sk Mogyni 3cyey G,
06'eMHOT npyxHocTi B, FOHra E Ta koediuieHTn MyaccoHa v, po3paxoBaHo B NiaxoAi doiirta-Peiica-Tinna. Haii-
6inbLUy TBepAicTb Mae Cmc2q - SipP2S 3aBAAKMN HalbiNbLLOMY cepes YOTUPLOX CNOYK MOoAyto FOHra, npuyomy
Lie KOBaNIEHTHWIA KprcTan. TakoxX NpoaHani3oBaHO aHi30TPOMit0 iX MeXaHiYHMX BAACTUBOCTe. I3 po3paxoBaHuX
3 BMKOPUCTaHHAM meTogy HSEO6 30HHMX CTPYKTYp Ta rycTWH CTaHIB BUNAMBAE, WO cnoayknm Cmc2q -SipPoX €
HaniBNpoBigHMKaMV 3 HEMPsAIMOO 3a60POHEHOH 30HOHD, a i LUMPUHA 3MEHLLYETLCS NPU 36iNbLUEHHI aTOMHOT0
umncna Big S, Se, Te, o Po. OkpiM TOro, AOCNIAKEHO LUBUAKOCTI NO3A0BXHbLOI Ta NonepeyHoi 3ByKOBOT XBUAI
ans Cmc2q - Sip PoX. MpoaHanizoBaHO gienekTpuyHy cTany, BTpaTy eHeprii eIeKTPOHa, MOKa3HWK 3a/10M/IeHHS,
KoediLieHTV BiA6MBaHHSA, NOTMHAHHS Ta NPOBIAHICTb A1 OLLIHKMA ONTUYHKX XapakTepucTuk SioPoX.

Kntouosi cnosa: crionyku Cmc21 - Si>P2X (X=S, Se, Te, Ta Po), nepLui npuHYnny, MexaHi4Hi B1acTuBocTi,
e/1eKTPOHHI BAacTUBOCTI, ONTUYHI BAaCTUBOCTI
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