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Abstract

Structural, electronic, optical and mechanical properties of Zn, Si, Sn and S substitutions on InP supercell under
pressure in zinc blende (ZB) and rock salt (RS) phases are presented using first-principles method. Cohesive energy and enthalpy
difference are observed, and found that the order of possible spontaneous process in experimental growth, which introduced
from enthalpy difference, is (In,Zn)P > In(P,S) > In(Si,P) > In(Sn,P). The lower enthalpy difference in RS structure indicates that
the spontaneous process of impurity substitution can be occurred in RS more than in ZB. Phase transition from ZB to RS reduces
the strain on crystal lattice by the increasing of chemical bond length. The chemical bonding of Zn-P in ZB is the strongest
sharing electrons when compared with other compounds, Zn-P>Si-In>S-In>Sn-In. The dielectric performance of InP is reduced
by the alloying effect, and it transforms to the conductor performance as high frequencies. Order of photo-absorption coefficient
in range of visible light with the impurities is Sn>Si>S>Zn, and it reduces under high-pressure. Mechanical stability of InP
alloys was observed, and satisfied the Born stability criteria. The impurities reduce Shear modulus of pure InP. Poisson's ratio of
InP alloys in RS exhibit small deformation and high isotropy, corresponding to high-symmetry cubic phase. B/G ratio indicates
that ductility of InP alloys is reduced, when it transformed to RS. The ductility of InP is induced by the alloying effect due to the
B/G ratio increasing.

Keyword: Phase stability, Elastic properties, InP alloys, High pressure, Ab initio method

1. Introduction

During the last decades, the alloys and compounds of I11-V binary semiconductors are great of interest for many
applications on the electronic devices such as light emitting diodes, optoelectronic devices and photovoltaic materials. The
efficiency of solar cell highly depends on the electronic and optical properties of the semiconductor materials in multilayer films.

Indium Phosphide (InP) is one of most promising materials in a 111-V group which used as a substrate for epitaxial growth



applied in photovoltaic multilayers [1-3]. InP is widely used in high-frequency and high-power electronic devices because it has
superior electron velocities and long-lived optical phonons when compared with other I11-V compounds [3, 4]. Stable crystal
structure of InP at ambient pressure (0 GPa) is zinc blende (ZB) in space group F-43m [5-7], which related with most of I11-V
semiconductors such as GaAs, GaN, InAs and InSh. When high-pressure in order of gigapascal (GPa) presses on a primitive cell,
the stable structure of InP has the transformations in each pressure range as F-43m->Fm-3m->Cmcm->Immm->Pm-3m at 5.6,
11.0, 50.0 and 102.0 GPa, respectively [7]. The 2" phase of InP is rock salt (RS) phase in space group Fm-3m. The 1%
transformation path from ambient phase to RS normally deforms to non-semiconductor due to the reconstruction bonding of
disorder to order structures during phase transition that found in CuGaSe; [8,9] and GaAs [10,11]. High-pressure condition and
structural phase transition have highly effected on chemical bond, band structure, electronic density of state (EDOS), photo
absorption, elasticity and superconductivity [12-14]. Bouarissa studied high-pressure effects on the properties of InP, including
electronic and optical properties [15], valence and conduction charge densities [16], and bonding and iconicity [17]. It was found
that electronic charge densities are sensitive to the effect of hydrostatic pressure and the transverse effective charge decreases
with increasing pressure which indicates the increased covalent bonding in the InP. In addition, the effects of impurity atoms on
InP at ambient pressure have widely studied because the electronic and optical properties respond significantly with the
concentration of impurities [18-23]. Zn-doped InP layers were obtained by in situ doping in low pressure metalorganic chemical
vapor deposition, and thermal diffusion from a Zn-containing film [18]. Band edge peaks and band of shallow donor to acceptor
transition peak were observed in in situ Zn-doped InP, implying that interstitial Zn atoms were generated during in situ doping.
Schubert et al. [19] reported that Zn diffusion depends strongly on the concentration of Zn. Zn-doped is preferable in InP over
other p-type dopants because it has high electrical activity, moderate diffusion, controllable incorporation and low residual
toxicity. And then, the incorporation and doping process of Si, S and Zn impurities in InP by metalorganic vapor phase epitaxy
have been studied both standard growth conditions and selective area growth conditions [20]. It was found that Zn-S co-doping
shows a Zn dopant concentration enhancement in selective area growth conditions, while it remains constant in standard growth
conditions. The Si concentration was unexpectedly independent of the growth rate in selective area growth conditions. Youssef
[21] studied optical properties of Zn-doped InP, and found that Zn-doped increases refractive index and reduces band gap of InP.

From the literature review, we can see that the physical properties of both doped and undoped InP are widely studied at
ambient pressure. However, high-pressure properties, including formation energies, free energy differences, electronic
structures, optical properties and mechanical properties, on the InP with impurities are still incomplete. High-pressure technique
is a vivid choice to change physical properties of condensed matters because it has high effect on atomic structures in scale of
primitive cell. The electronic, optical and mechanical properties depend on the changed atomic structures under high-pressure.

InP and their compounds are widely used in multilayer solar cell applications which ability of photovoltaic process based on



these properties. Therefore, the high-pressure properties of Zn, Si, Sn and S substituted on InP calculated from first-principles
calculation are presented and discussed in this report.
2. Calculation details

The first-principles calculations based on density functional theory (DFT) are performed to solve the Kohn-Sham
equations by self-consistent field method (SCF) [24] as implemented in Cambridge Serial Total Energy Package (CASTEP)
code [25]. To study DFT calculations in the alloyed InP systems, the local density approximation schemes of Ceperley-Alder-
Perdew-Zunger (LDA-CAPZ) and the generalized-gradient approximation functional of Perdew-Burke-Ernzerhof (GGA-PBE)
[26, 27] are compared at ambient condition for finding the suitable exchange-correlation functional term in Kohn-Sham
equations. In table 1, we can see that lattice parameters and bulk modulus of InP calculated from LDA-CAPZ functional are
better than GGA-PBE results; therefore, LDA-CAPZ is mainly used as exchange-correlation functional for finding the high-
pressure properties of the alloyed InP systems. This supported the DFT results in ZB structure (in figure 1) of GaAs (111-V)

semiconductor in previous work [11].

Table 1: Lattice parameters (a=b=c), volume cell (V) and bulk modulus (Bo) at 0 GPa in ZB structure of InP compared with

previous studies [3, 6].

a(A) V(A Bo(GPa)  Method Ref.

5.968 212.6 59.3 GGA-PBE  This work

5832 1984 71.8 LDA-CAPZ  This work

5.869 202.2 71.0 EPM [3]

5.856 200.8 71.1 Experiment [6]

To study the InP alloys, the impurity atoms which consist of Zn, Si, Sn and S are substituted on In (or P) site in 1/8 of InP with
super cell size 2x2x2 as shown in figure 1(c) and 1(d). The maximum energy of plane wave basis set used at 450 eV, which is
suitable cutoff energy to cooperate with ultrasoft-pseudopotential [28]. Monkhorst-Pack grid sizes [29] for 2x2x2 super cells
both ZB and RS structures are 8x8x8, while k point in undoped InP initially finites as the condition of 1/k ~0.035. The
Brodyden-Fletcher-Goldfarb-Shanno (BFGS) [30] minimization scheme is used in geometry optimization. External forces and
pressure tensors on optimized structures are controlled by Hellmann-Feynman theorem [31]. The BFGS optimization was
considered to be completed when the total energy difference was less than 2x10 eV/atom, Hellman—Feynman forces were less
than 0.006 eV/A, the maximum ionic displacement within 0.0002 A, and all of the stress components within 0.003 GPa. The

average isotropic moduli in bulk obtained from elastic constants by Voigt-Reuss-Hill (VRH) method [32, 33].



(c) (In,M)P inZB (d) In(M,P) in RS

Figure 1: Atomic structures of InP in pure and alloys conditions (a) InP in ZB structure (b) InP in RS structure (c) InP replaced
by M atom in ZB supercell (d) InP replaced by M atom in RS supercell.

3. Results and discussion
3.1 Site preference and phase stability

In order to understand the structural features of the InP alloys, it is investigated by considerations the cohesive energy
(Econ), Which is a measure of the strength of atomic forces in solid state. The cohesive energy can be obtained from the difference
between the average energy of the free atoms and that of a solid, which is correlated with the structural stability in ground state.

The cohesive energy per formula unit (eV/f.u.) of the compounds In;xMxP or (In,M)P can be calculated in form [34]

P (In,M)P
+ Eatom ~ “total

E., =(@—X)El +XxE}

atom atom

While cohesive energy per formula unit of the compound InMyP1.x or In(M,P) is

Een = Enon + XEpe

atom atom

+(1_X)EP In(M,P)

atom ~ —total

where E("Pand EMM-P) are the total energies per formula unit of the (In,M)P and In(M,P) compounds, E" , EM and

otal otal atom ! atom

El,. are the energies of In, M and P of isolated constituent atoms (M =Zn, S, Si and Sn). The cohesive energies at ambient
pressure are analyzed as shown in table 2. We also compare Gibbs’s free energy of system (G=E+PV-TS) which G=E+PV=H at
T=0 K. The free energy differences (H-Hp) can be obtained from free energies of the alloyed InP compounds (H) based on that

of pure InP (Ho).



Table 2: Comparisons cohesive energy and free energy difference of InP alloys at 0 GPa.

compound InP (In,Zn)P  In(P,S) (In,Si)P  In(Si,P) (In,Sn)P In(Sn,P)

Ecn(€V/fu) 858 832 834 872 832 8.54 8.14

H-Ho (eV/fu.) 0.00 -1852 -12.24 181.86 9.28 183.34 10.76

The results supported well-kwon knowledge that site preference of Zn (11-B) impurity is the In site, while S (VI-A)
atom prefers to substitute on P site, depending on position of elements and electronegativity values in periodic table. The
positive cohesive energies of (In,Zn)P and In(P,S), which are 8.32 and 8.34 eV/f.u., show the structural stability in solid form of
the InP alloys. When we compare free energies of alloys based on pure InP, the negative free energies (H-Ho<O0) supported
stability of (In,Zn)P and In(P,S) compounds. It is indicated that the Si and Sn impurities (I\VV-A group) prefer to substitute on the
super cell of InP in the forms of In(Si,P) and In(Sn,P). Therefore, site preferences of alloying InP with Zn, S, Si and Sn are
(In,Zn)P, In(P,S), In(Si,P) and In(Sn,P), respectively. The possible spontaneous process in experimental growth can be suggested

from H-Ho which is (In,Zn)P > In(P,S) > In(Si,P) > In(Sn,P) as shown in table 2.

Table 3: Free energy differences of the (In,Zn)P, In(P,S), In(Si,P) and In(Sn,P) alloys based on InP in ZB and RS phases under

pressure 0, 5 and 10 GPa.

Structure P (GPa) Hine(eV/f.u.) H-Hnpe (eV/f.U.)
InP (In,Zn)P  In(Si,P) In(Sn,P) In(P,S)
ZB 0 -1740.80 -18.52 9.28 10.76 -12.24
5 -1739.20 -18.58 9.28 10.82 -12.20
10 -1737.68 -18.62 9.30 10.86 -12.18
RS 5 -1738.84 -18.74 6.18 7.48 -12.56
10 -1737.60 -18.78 6.10 7.44 -12.56

To compare the possible spontaneous process in ZB and RS phases, free energies of the (In,Zn)P, In(Si,P), In(Sn,P) and In(P,S)
compounds under pressure are observed and compared with InP as shown in table 3. The calculated phase transition from ZB to
RS occurred at 10-12 GPa that are in consistent with previous works [1, 7]. The effect of impurity has small effect on the

transition pressure [35]. We found that the increasing of pressure in ZB from 5 to 10 GPa has small effecton AH=H -H, .,

while it reduces significantly during phase transformation from ZB to RS in all alloys. The lower AH in RS indicates that the

spontaneous process of impurity substitution can be occurred in RS more than in ZB.



3.2 Electronic properties

The EDOSs of (In,Zn)P, In(Si,P), In(Sn,P) and In(P,S) are analyzed to understand the effects of high-pressure and
phase transition on the InP alloys in ZB and RS. In figure 2(a), we found that band gap of InP appears only in ZB phase (0, 5 and
10 GPa), where Fermi level is set at zero energy and denoted by the vertical dash-line. But the gap is vanished in RS structure
both 5 and 10 GPa. The closed band gap occurred due to the difference of chemical bonds and number of neighbor atoms in ZB
and RS. It is well known that high-pressure effect can change structure of InP from ZB to RS, and semiconductor properties (in
ZB) will be changed to non-semiconductor (in RS) [1,7]. The peaks near valence band maximum (VBM) and conduction band
minimum (CBM) are observed in figure 2(b). It is seen that the alloying with Si and Sn reduce band gap of InP, and generate the
impurity peak at VBM. The EDOSs of (In,Zn)P in figure 2(c) indicate that the peaks at VBM and CBM in ZB phase are reduced
when pressure increases, and the energy gap still disappears in RS phase. For comparisons of alloying with S, Si and Sn as
shown in figure 2(d), 2(e) and 2(f), we found that the peaks of EDOSs at VBM and CBM under the increasing of pressure are
reduced and spread out in x-axis. EDOSs of In(Sn,P) and In(Si,P) appear new peak at VBM, while it is not found in In(P,S).
Available states of EDOSs at 5 and 10 GPa are extended along energy-axis because the carriers receive the stimulated energies
from the external forces or high-pressure. Partial density of states (PDOSs) of InP alloys are presented in figure 3, and found that
p-orbital is mainly as available states in all alloys. The Si and Sn, which are impurities in IV-A group, gave similar distribution
of PDOS. VBM of In(Si,P) and In(Sn,P) had shifted on the right-hand side compared with Fermi level, while PDOS of S has
shifted in the opposite way. PDOS of Zn atom shows s, p and d orbitals of the transition element. The p-orbital of Sn at VBM
and CBM reduced under high-pressure in ZB which related with EDOS. It has shifted in right-hand side, and the gap is closed in
RS. The population analysis indicates that Zn atom in InP gave the p-d hybridization, while Si, S and Sn atoms gave the
hybridization of s-p. To understand the chemical bonding and electron sharing between impurity and nearby atoms, the electron
density differences are investigated in figure 4. The electron density difference that indicates electron delocalization in solid can
be obtained from the difference between the self-consistent valence charge density and the superposition of atomic valence
densities. It is useful for illustrating how chemical bonds are formed across the whole system as the electron density difference
can help identifying the types of chemical bonds. Contour plot divides the gradient of electron density difference between Blue
zone = -0.15 and Red zone = +0.15. Strength of In-P bond in ZB phase increases slowly under the increasing pressure (0, 5 and
10 GPa) which related with previous work [16], shown in figure 4(a), 4(b) and 4(c). But it is seen that structural phases of InP is
relaxed when transforms to RS phase in figure 4(d). Although the volume cell is reduced by phase transition from ZB to RS, the
covalent bond of In-P is weakened in RS phase due to the increasing of bond length 2.630 A that larger than in ZB (2.435 A).
The increasing of bond length under volume reducing in InP system is occurred because it is trying to reduce the stress and strain
on lattice by phase transition. The sharing of electron density In-P in RS is related to the bond length increasing as shown in

table 4. For InP alloyed with elements, order of strong covalent bonding is Zn-P>Si-In>S-In>Sn-In, while bond length as the



same pressure is In-Sn>In-S>In-Si>In-P>Zn-P. The bond length in ZB phase decreases under high-pressure, and electron density
difference indicates the strong of bond at 10 GPa which supported N. Bouarissa’s work [17]. The contour plots showed that Zn-P

bond in (In,Zn)P-ZB has the strongest sharing electrons which related to the shortest bond length.



T
Zn-dope | 7B 0GPa
——Z7B 0GPa |
——2ZB 5GPa !
-~ ZB10GPa l
- ——RS 5GPa = . |
= = >
m —— RS 10 GPa C] ° !
2 E E !
s s s l
g B 8 |
) = ° |
|
w 172)
3 o o) I
[m] o (=] |
w w w 1
|
Energy (eV) Energy (eV)
(b) (c)
20 F T m : F
S-dope | — oo 2 Sidope | 78 0GP » Sndope | 78 0GPa
—— 5GPa | —— 5GPa I —— 5GPa
: ——  10GPa I —— 10GPa I ——  10GPa
16 | | ——Rs 5GPa 16 | | ——RsS5GPa 16 |- | ——RS5GPa
< | —— 10GPa | —— 10GPa | —— 10GPa
| < s |
2 | % : ] |
5 ! 2 12r I g 12r I
3 ! g ! g '
) 5 | ° o\
2 I 2 AL ! AW 3 \ A
! a MWy N AY a /I N
| “In/ ‘ b/l |
\ /| ! /
. I 71 I |
) : j | j | ]
0 1 y I 0 L N . $'\. L
0 -5 0 5 -5 0 5
Energy (eV) Energy (eV) Energy (eV)
(d) (e) (f

Figure 2: Comparisons total density of states of (a) pure InP in ZB (0, 5 and 10 GPa) and RS (5 and 10 GPa), (b) InP alloys (0

GPa), (c) (In,Zn)P, (d) In(P,S), (e) (In,Si)P and (f) Sn in InP under pressure in ZB and RS.
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Figure 3: Partial density of states of impurity atoms (a) s and p orbitals of Sn, S and Si at 0 GPa. (b) s, p, d orbitals of Zn and S at

0 GPa. (c) s and p orbitals of Sn-atom in ZB (0 and 10 GPa) and RS (10 GPa).




(a). InP 0 GPa (ZB) (b). InP 5 GPa (ZB) (©). InP 10 GPa (ZB) ). InP 10GPa (R)

(e). (In,Zn)P 0 GPa (ZB) (f). (In,Zn)P 10 GPa (ZB)

(9). (In,Zn)P 10 GPa (RS)
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Figure 4: Electron density difference between two atoms of InP and their alloys under pressure.

Table 4: Bond lengths between two atoms in the alloys and pure of InP under pressure.

Structure P (GPa) Bond length (A)

In-P  Zn-P In-Si In-Sn In-S

ZB 0 2525 2354 2532 2.657 2582

5 2474 2295 2479 2602 2531

10 2435 2249 2436 2563 2.495

RS 5 2.668 2542 2705 2.801 2.708

10 2.630 2505 2.664 2.757 2.671




3.3 Optical properties

The optical properties are also investigated so that photoabsorption of the InP alloys under pressure will be compared
and suggested the suitable condition for photo-application. Probability transition states of carriers from valence band to
conduction band related to dielectric function, which the external photo energy is translated to the excited energy of intrinsic and
extrinsic carriers. Real and imaginary parts of dielectric functions, which are the basic parameters to obtain all optical properties,
are presented, and compared with the experiment in range of energies 0.5-6.0 eV [36] as shown in figure 5(a). The calculated
dielectric functions shifted in low frequency (-x axis) when compared with experiment (dot line) because of the lower pseudogap
from calculation with LDA. However, the trends of two graphs are in consistent with experiment [36]. The calculated dielectric
functions of (In,Zn)P in figure 5(b) are smooth functions more than in InP. At high-pressure (10 GPa), the imaginary part of
(Zn,In)P has shifted to the positive frequency (+x axis) which is consistent with previous work [15]. At low frequencies range 0-

2 GPa, the imaginary part is dominated as &, > &, . The dielectric performance is reduced by the alloying elements due to the

reducing of &, / &, ratio, and it transforms to conductor performance as high frequencies.
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Figure 5: The calculated dielectric functions in real (R) and imaginary (Im) parts (a) comparison with previous

experiment [36] (b) comparison between InP and (In,Zn)P at 0 and 10 GPa.
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Figure 6: Photoabsorptions of (a) InP and In(P,Sn) in ZB and RS. (b) (Zn,In)P, In(P,S), In(Si,P), In(Sn,P) and InP in ZB

at 0 and 10 GPa.

Photoabsorption can be obtained from the dielectric function through the Kramers—Kronig relations [37]. Photo absorption in
wavelength between 200-850 nm (in range of ultraviolet, visible light and infrared) is given in figure 6. We found that high-
pressure in ZB phase gives unsuitable condition for photoabsorption of InP alloys. Absorption coefficient of the InP alloys in ZB
phase decreases under the increasing pressure, while it increases in RS phase. However, the InP alloys had become the non-
semiconductor due to the closed band gap. The photoabsorptions generally focus on the semiconductor phase (ZB) that the
carrier transition through band gap. In figure 6(b), we can see that absorption coefficients of the InP alloys are lower than of pure
condition. Order of absorption coefficient of InP-ZB with impurities is Sn>Si>S>Zn, and it decreases at high pressure (10 GPa).

Photoabsorptions in ZB are normally reduced under high pressure due to the increasing band gap and the decreasing peaks of

EDOSs at VBM and CBM.



3.4 Mechanical properties

Elastic constants are calculated to investigate the mechanical properties of the alloying conditions of InP under
pressure. The elastic constants (cij) can provide the hardness, stress and strain in each direction of external forces on a primitive
cell of material. The calculated elastic constants of InP with the LDA-CAPZ, GGA-PBE and GGA-PBEsol functionals are
compared with the previous experiment [6] as shown in table 5. We can see that the LDA-CAPZ result is in good agreement

with previous experiment [6], better than PBE and PBEsol. The calculated elastic stiffness constants are satisfied the Born

stability criteria in conditions of cubic system (both ZB and RS) [38, 39]: ¢, +2c, >0, ¢,, >0, ¢, —¢,, >0.

Table 5: The calculated elastic properties (in GPa unit) by varying functionals compared with experiment results of InP at 0 GPa.

Method C11 C12 Cas B G Y e

GGA-PBE 86.8 455 42.0 593 315 555 0.344

GGA-PBEsol 934 516 431 655 322 56.6 0.356

LDA-CAPZ 100.6 559 46.2 708 345 60.7 0.357

Exp. [6] 101 56 45 71 225 61 0.360

Bulk modulus (B), Shear modulus (G), Young’s modulus (Y) and Poisson’s ratio () can be obtained from c; based on VRH
method [32, 33]. The upper and lower bounds of the averages B and G in VRH scheme are By, Br and Gy, Gg, respectively. For
ZB and RS structures in cubic system [40],

B, =Bz =(1/3)(c,; +2¢,),
G, =(@1/5)(c,; — ¢, +3cy,),
GR = 5(011 _C12)C44 / (3011 _3C12 + 4C44)-

The bulk values (B, G, Y and v ) are estimated by VRH approximation:

B=(B, +By)/2,
G=(G, +G,)/2,

Y =9BG/(3B+G),

v =(3B-2G)/ (6B +2G).

From the calculated B and G moduli, Chen et al. [41] proposed that Vickers hardness of polycrystalline materials can be

. . G .

estimated in terms of k = B and G in the form

H, =2(k’G)" -3,
Nevertheless, Tian et al. [42] suggested that it may make the negative hardness for some low hardness materials due to the
constant term ““-3*’, so they modified new equation which can always give positive values for low hardness materials. Tian et
al.’s correction which used in this work is

H _ 0 92k1.137G0.708

v =0. .



Table 6: Elastic parameters in a unit GPa (except ¢ ) of InP and their alloys in ZB and RS structures.

Structure condition C11 C12 Cas B G Y & B/G Hy

ZB InP 100.6 559 46.2 708 345 607 036 205 4.99

0 GPa (In,Zn)P 876 63.0 306 712 212 571 042 336 202

In(P,S) 86.7 516 328 633 255 463 037 248 3.24

In(Si,P) 823 604 238 677 174 561 042 389 148

In(Sn,P) 752 59.6 167 648 123 566 044 527 0.82

10GPa InP 139.1 1005 444 1134 318 549 042 356 251

(Inzn)p 1252 108.1 238 1138 156 1033 046 7.29 0.67

In(P,S) 1243 993 287 1076 206 939 044 522 120

In(Si,P) 1214 106.8 19.6 111.7 132 1029 047 846 0.50

In(Sn,P) 1140 1051 101 1080 7.3 1032 048 1479 0.18

RS InP 2694 642 66.2 1326 79.0 2447 019 168 11.25

10GPa  (InzZn)P 2642 761 241 1388 432 1100 022 321 351

In(P,S) 2512 741 30.0 133.1 47.1 1017 023 283 432

In(Si,P) 2296 782 29.0 128.7 431 999 025 299 381

In(Sn,P) 2242 731 232 1235 381 1036 0.36 324 3.18

The elastic parameters are shown in table 6 that the errors of c; calculations are less than 1 GPa. There are satisfied the Born
stability criteria in all conditions [38, 39]. This indicates that structures of InP alloys are mechanically stable phases in ZB and
RS. At ambient pressure, almost of B, Y and S of the InP alloys are smaller than of pure InP, especially the reducing of S. The
critical B/G ratio of 1.75 separates type of ductile (>1.75) and brittle (<1.75) materials, which was introduced by Pugh [43].
While, Frantsevich et al. [44] suggested another critical ratio of B/G =2.67. Therefore, high-value of the B/G ratio indicates
ductility of material. When compare between pure and alloyed conditions at a given pressure, almost ci; are decreased by
alloying elements, while ci2 are increased. Therefore, the substitutions with Zn, S, Si and Sn can change the properties of InP to
ductile material. The value of Y indicates ability of resistance from the external tensile-strength that Y of the alloyed conditions
increases in ZB (10 GPa) but it reduces in RS at 10 GPa, when compared with ambient pressure. This supported that RS is high
symmetry structure which gave high resistance from the perpendicular forces. The parameters of ci, ¢12 and B in ZB are
increased under high-pressure because of the reducing of bond length and primitive cell. High Poisson's ratio (>0.25) [45, 46]

corresponds to the large deformation of volumetric change and high anisotropy as shown in ZB phase. While, Poisson's ratio of



InP alloys in high-symmetry RS phase exhibit small deformation supported the higher isotropy, corresponding to high-symmetry
cubic phase. High values of B, G and Y in RS in RS supported the packed atoms in high-symmetry system that it reduces the
tangential stress. The B/G ratio in RS is lower than in ZB, indicating that ductility of InP alloys are reduced in RS. The estimated
Vickers hardness from Tian et al.’s correction is listed in table 6. We can see that Hy of InP-ZB at ambient condition is 4.99 GPa,
which is in good agreement with the experiment result (5.4 GPa) [41]. Tendency of H, indicates that all impurities reduce
hardness of pure InP. Hy decreases in ZB phase at high pressure (10 GPa) but it increases when transform to RS phase (Hy
=11.25 GPa). The results of Vickers hardness in all compounds supported that RS phase is high symmetry structure because
there are increased at the transition pressure of ZB-RS.
4. Conclusions

First-principles study on structural, electronic, optical and mechanical properties of Zn, Si, Sn and S substituted in InP
supercell in ZB and RS structures are reported. Cohesive energy and enthalpy are observed, and indicated that In site is a
preference site of Zn-alloyed, while a preference site of Sn, Si and S elements in InP is the P site. The possible spontaneous
process in experimental growth which is introduced from H-Ho is (In,Zn)P > In(P,S) > In(Si,P) > In(Sn,P). The lower AH in RS
structure indicates that the spontaneous process of impurity substitution can be occurred in RS more than in ZB. For electronic
structure, the p-orbital is mainly in available states in all compounds. Phase transition from ZB to RS reduces the strain on
crystal lattice by the increasing of chemical bond length. The chemical bonding of Zn-P in ZB is the strongest sharing electrons
when compared with other compounds, Zn-P>Si-In>S-In>Sn-In. For optical properties, the dielectric performance compared

frome, / & ratio is reduced by the alloying effect, and it transforms to conductor performance at high frequencies. Effect of

impurities on ability of photo-absorption in range of visible light is Sn>Si>S>Zn, and it reduces as the pressure increasing.
Mechanical stability of InP alloys was observed, and satisfied the Born stability criteria. The impurities reduce Shear modulus of
pure InP. Poisson's ratio of InP alloys in RS exhibit small deformation and high isotropy, corresponding to high-symmetry cubic
phase. High values of B, G and Y in RS supported atomic structure in RS that packed in high-symmetry system. B/G ratio
indicates that ductility of all alloys in RS is reduced, when compared with ZB. The ductility of InP is induced by the alloying
effect due to the B/G ratio increasing. High value of Vickers hardness in RS phase of all compounds supported that RS is high

symmetry structure.
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