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Abstract

Project Code : TRG5880006

Project Title : Structural and electronic properties of doped lll-V binary compounds
under extreme conditions

Investigator : Assistant Professor Dr. Prayoonsak Pluengphon
Huachiew Chalermprakiet University

E-mail Address : prayoonsak@gmail.com

Project Period : 2 years

Structural and electronic properties of doped IlI-V binary compounds under
extreme conditions were studied. 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 were published on an international journal. It
was found that the lower enthalpy difference in RS structure indicates that the
spontaneous process of impurity substitution can be occurred in RS more than in ZB.
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. 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.

Keywords : Phase stability, Elastic properties, 1ll-V alloys, High-pressure
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Chapter |

Introduction

1.1 Introduction to the research problem and its significance

Nowadays, the extreme conditions in physics which mainly consist of high
pressure and high temperature conditions are the essential topics for studying the
tendencies of condensed matter characteristics. The extreme conditions are widely
studied in pure and applied sciences as follows. In food science, high-pressure in range
of megapascal (MPa) to gigapascal (GPa) was applied for food preservation which is
non-thermal processing. Biological hazard in food was inhibited by high-pressure. In
geology and geophysics, the physical properties of Earth’s materials under extremely
high pressure and temperature conditions are the important knowledge for studying the
mechanisms of materials in the inner and outer core of the Earth. When we knew the
mechanism and physical properties of Earth’s materials under the extreme conditions, it
can be suggested to predict the natural phenomenon of the Earth, especially the effects
on the Earth’s surface such as earthquake and tsunami. In physics and chemistry, the
major topics about extreme conditions are focused on both physical and chemical
properties such as physical hardness, bulk modulus, structural phase transitions,
electronic structures, chemical reactions, optical properties and etc. These indicate that
high-pressure and temperature effects are the significant parameters for applying to
change the material properties. Therefore, the effects of extreme conditions on the
interesting materials are mainly focused in this research.

Semiconductor materials especially 1ll-V binary compounds are widely used in
the applications devices which mainly depend on the electronic properties such as
transistors, solar cells, light-emitting diodes, integrated circuits and etc. The electrical
conductivity of semiconductor depends on the temperature and pressure effects. It
increases when temperature increasing which opposite with metal. The electrical
properties of semiconductor can be modified by adding impurities. The conductivity of
semiconductor occurs due to the movement of carriers which are electron in conduction
band (e) and hole in valence band (h). Adding the impurities atom on intrinsic
semiconductor, which called doped semiconductor, can change the charge carriers and

ratio of electron and hole. Type of doped semiconductor including n-type (e>h) and p-



type (h>e) was defined by the ratio of electron and hole concentrations. In this work, we
would like to change charge carriers by adding the doping on IlI-V binary compounds.

In the experimental and theoretical studies under extreme conditions, the high-
pressure conditions of the condensed materials were adopted by using diamond anvil
cell (DAC) to press the high pressure on a material. DAC consists of two opposing
diamonds with a sample compressed between the culets. The pressure compressing
from DAC device can be generated in order of GPa. The stability of structures and
some physical properties of a material under high pressure can be obtained from
studying X-ray diffraction pattern. However, the maximum of high pressure which is
produced from DAC device has a limit. The theoretical simulation is a suitable method
to access the hidden conditions from experiments. The complicated properties from
experiments can be compared and extended by using theoretical simulations such as
ab initio approach. Ab initio method is one of popular techniques to solve the properties
of condensed matter. In physics and chemistry, density functional theory (DFT) is the
most popular and successful theory for solving the solution in many-body problems. It
was used to suggest the phase transitions and physical properties in solid periodic
system. For studying the thermal effect in DFT calculation, temperature will be added in
the molecular dynamics (MD) calculation. The frozen structures in 0 K will be relaxed by
the lattice vibration in molecular dynamics. The advantages of simulation methods are
giving predictions, extending experimental results, and proving theories from principle
conceptions.

In this work, we would like to study the structural and electronic properties of
doped IlI-V binary compounds under extreme conditions. The high-pressure and
temperature effects are interested in this work because these effects are the significant
parameters for changing material properties. We interested in the IlI-V binary
compounds because it was widely used in application devices. The charge carriers in
intrinsic semiconductors can be changed by adding the doping effect on the host
semiconductors. Therefore, the doping effect is the significant figure in this work. We
think that DFT calculation can give the details of physics concept for explaining physical
properties of the undoped and doped IlI-V binary compounds. The physical properties of
the interesting semiconductors such as crystal structures, phase transitions, electronic
density of states, band structures and photo-absorption coefficients will be investigated
in this research. Moreover, we would like to compare the calculation result with the
experiments. The sample materials will be added high-pressure condition by using DAC

instrument. Physical properties will be observed by using XRD and other



measurements. For the advantages from this work, we expect that the fundamental data
about the exact properties under extreme conditions of undoped and doped IlI-V
compounds from this work can suggest the suitable conditions for application devices.
Therefore, we believe that the novel information will be obtained from the extreme

conditions research in this work.

1.2 Literature review

At ambient pressure, the binary compound semiconductors in the group of Ill-V
were widely used in many applications such as solar cell fabrications and diode devices.
In previous works of our team in Extreme Conditions Physics Laboratory, Department of
Physics, Faculty of Science, Chulalongkorn University, we firstly studied high pressure
properties of GaAs. The structural and mechanical properties of GaAs up to 200 GPa
were reported in P. Pluengphon et. al. Solid State Communications, 195 26-30 (2014).
The stability of GaAs structures was considered by comparing the minimum free energy
or enthalpy of system. From observation by using LDA functional, we found that the
high-pressure phases of GaAs are ZB (0-12 GPa), Cmcm (12-37 GPa), Imm2 (37-88
GPa), Pmma (88-146 GPa) and P4/nmm (146-200 GPa), respectively. The difference
results from theoretical and experimental reports were concluded that Pmma and
P4/nmm are the distorted structures of P6/mmm and CsCl-like, respectively. The lower
symmetric phases gave the minimum free energies. Transformation path from Pmma to
P4/nmm phases was estimated and found that P6/mmm changes to P4/nmm in
direction [1 1 0]. The enthalpy barrier of this path is 0.035 eV. In addition, physical
properties of the metallic phases GaAs were examined by analyzing the elastic
parameters. The continuous of EDOSs show the metallization of Pmma and P4/nmm
phases. The electron density difference contour plots show that the sharing electron in
Pmma is higher than in P4/nmm. This indicates that Pmma has the characteristic of the
covalent bond. From the modulus ratio, it can be concluded that Pmma phase is a
ductile material, while the P4/nmm phase is a brittle. After GaAs high-pressure
properties were studied, we would like to extend the high pressure studies to the
semiconductors in -V group. Moreover, we interested the previous studies about the
doping in IlI-V binary compounds. Mn-doped Ga-V semiconductors are amongst the
most interesting materials for applications in such new devices. Mn-doped on GaAs is
called that a diluted magnetic semiconductor (DMS). The Curie temperature T, of
(Ga,Mn)As linearly dependent on the concentration of the substitution Mn. The impurity

of Mn exhibits the carrier-induced ferromagnetism which controlled by the carrier



density. By molecular beam epitaxy (MBE), it was found that the Mn impurity increases
the Curie temperature, lattice constant and impurity band. The most Mn atoms
preferably substitute on cation sites of GaAs. Alberi et al. suggested that Mn increases
the impurity band of GaAs which increases in strength with Mn concentration. The
formation of the impurity band arises as the anticrossing interaction between the
localized and extended p states of the Mn atoms and GaAs. By using tight-binding
models, Turek et al. found that Mn increases the number of holes for low concentrations
(x<0.02). For higher concentrations x, it exhibits qualitative changes including strong
localization of eigenstates with energies close to the band edge. For Mn-doped GaN,
J.J. Kim et al. observed that Mn doping introduces a new structure in the band gap
region near the top of the valence band, and also a broader structure in deeper valence
band region. Basing upon the first principle calculation, these structures are assigned as
Ga 4s originated states, which are raised by hybridization between 3d orbitals of Mn
with GaN host orbitals. M. Zajac et al. using x-ray diffraction showed characteristic
diffraction lines for hexagonal GaN phase mixed with a small contribution (<5%) from
the Mn;N, phase. Raman spectra exhibited characteristic peaks of pure GaN and
modes that could be associated with Mn-induced lattice disorder.

Indium Phosphide (InP) is one of most promising materials in a Ill-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 IlI-
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 IlI-V
semiconductors such as GaAs, GaN, InAs and InSb. 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 2nd 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 sifu 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 gap of previous studies is
incomplete of high-pressure properties which will be investigated in this research. In this
work, the IlI-V binary compounds are mainly interested because it is widely used in
photovoltaic materials in solar cell. The effects of pressure and temperature are mainly
point to improve the suitable properties for solar cell applications. In addition, the doping
effect is an important role for changing the electronic properties in semiconductors. At
the beginning of methodology, GaAs and InP are the interested materials in this work.
Stable structures of InP under pressure are mainly fundamental data to verify our
calculation. The attractive point of this work is the high-pressure properties of doped IlI-
V semiconductors with varying temperature of system, because the previous
publications widely studied the doping semiconductors only at ambient pressure (0 GPa)
but under high-pressure are still incomplete. We will observe the crystal structures,
phase transitions, electronic density of states, band structures and photo-absorption
coefficients. We think that our framework differs from previous researches. Fundamental

knowledge of the high-pressure properties of doped GaAs, InP and other IllI-V



compounds will be carried out. It is strongly believed that the novel information in this
work will be published to the international journals, and suggested to fabricate such

application devices.

1.3 Objectives
1. To understand the structural phase transitions of undoped and doped IlI-V
binary compounds.
2. To understand the electronic properties, including crystal structures, electronic
density of states, band structures and photo-absorption coefficients, of doped
[lI-V binary compounds under extreme conditions.
3. To obtain novel information from this work.

4. To publish the novel information in the international publications.



Chapter i
Methodology

In this work, an ab initio or first-principle method is mainly used for finding the
structural phase transitions and the electronic properties, including electronic density of
states, band structures and photo-absorption coefficients, of doped IlI-V binary
compounds under extreme conditions. And then, the calculation result will be compared
with the experimental measurements of sample materials obtained from DAC. The ab
initio method by using CASTEP (Cambridge Serial Total Energy Package) code is a
software package which uses density functional theory (DFT) with a plane wave basis
set to calculate the electronic properties of crystalline solids, surfaces, molecules, liquids
and amorphous materials from first principles. The properties of bulk materials can be
obtained from solving the basic laws in a unit cell. In DFT, the ground states properties
such as density of electrons and total energy are evaluated by solving Kohn-Sham
equations and self-consistent field method (SCF). Ab initio studies were generated from
basic laws in atomic scale or particle level, and calculated without using the results from
experiments. Ab initio calculation with DFT is a theoretical method which started from
the basic laws in many-body system but the practical process has used some
approximations for generating the exchange-correlation functional. The first successful
result from solving Kohn-Sham equations is total energy of ground state system. The
crystal structures and physical properties of a bulk material were determined by
changing the thermodynamics states such as changing temperature or pressure. The
outcome of ground state properties of a solid system can be calculated by solving
Kohn-Sham equations. Kohn-Sham equations are Schrodinger-like equations of one
particle in effective potentials of a many-body system. However, Kohn-Sham equations
obtained from Hohenberg-Kohn theorems which interested in non-degenerate ground
state system. All ground state properties are the functional of electron density in a
system. As a result, Eigenfunction obtained from the eigenvalue problem of Kohn-Sham
equations is not wavefunction of electron but it called Kohn-Sham orbitals which have
no physical meaning. Eigenvalue can be linked to total energy of system under given
volume of unit cell. The solutions of ground state properties from Kohn-Sham equations
highly depend on type of the exchange-correlation functional contained in the effective

potential of system. The powerful exchange-correlation functional for all material is still



not found. The first investigation in DFT simulation work is to find the suitable
exchange-correlation functional for predicting the interested properties. For
understanding about the DFT, we firstly observed phase transition prediction as shown
in the last publication (P. Pluengphon et. al. Solid State Communications, 195 26-30
(2014)). GaAs high pressure phases in Durandurdu and Drabold's work were extended
up to 200 GPa. The simple hexagonal phase from the experiment was verified by using
CASTEP calculation. Types of GaAs high-pressure phases, such as semiconductor,
semimetal and metal, were classified by studying the electronic density of state (EDOS).
Moreover, the elastic constants, bulk modulus, Young's modulus and shear modulus will

be observed at very high pressure also.

(a) VCA method (b) Super cell method

Figure 2.1 (a) M was mixed in all lll-A atoms (lll,M,,) the potential of mixed atoms
were generated by using virtual crystal approximation. (b) Super cell was generated and

Mn was substituted on Ill-A site.

After the high-pressure phases of pure IlI-V were studied, the M doped on IlI-V will be
studied. We have two types of models for adding the M impurity atom on IlI-V that are
virtual crystal approximation (VCA) and super cell methods as shown in figure 2.1. In
figure 2.1(a), M was mixed in all llI-A atoms (lll,M,,) the potential of mixed atoms were
generated by using virtual crystal approximation. We have reported the VCA method in
Cu(In,Ga)Se, and found that the mixing potential gave a good result at low
concentration of impurity (x < 0.1). Therefore, the impurity in this work will be studied in

the range of x = 0-0.1. In figure 2.1(b), super cell of lll-V was generated, and M was



substituted on a IlI-A site. We have the experience about doped IlI-V compound. The
first impurity atom in this work is Mn atom because the effects of Mn on GaAs-ZB at
ambient pressure are widely studied much more. However, the effect of Mn under high
pressure is not complete. The results from 2 methods are compared and extended from
the experiment at ambient pressure. High pressure effect added in periodic system by
reducing volume cell. Super cells consist of host and impurity atoms will be relaxed by
geometry optimization. Temperature effect can be studied by molecular dynamics.
Moreover, it was well known that the impurities in semiconductors are not periodic
systems. The interaction between 2 impurity atoms in a super cell will be studied as
shown in figure 2.2. The distance between 2 impurity atoms will be varied in a super

cell.

Figure 2.2. Structure of doped IlI-V for study the interaction between 2 impurity atoms in

super cell.

The effects of impurity on the band structure, EDOS and photoabsorption of GaAs and
other 1lI-V compounds under high pressure phases will be analyzed. For example, we
have firstly investigated the primary results of the Ga,,Mn,As structures. For generating
the Ga;,Mn,As structures, the Mn atom was substituted on a Ga site in GaAs super
cells. Ga, ,Mn,As structures were varied at x = 0.037, 0.083 and 0.125 which obtained

from substitution of Mn atom on a Ga site in the GaAs super cells sizes 2x2x2, 2x2x3
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and 3x3x3, respectively. For example, super cell size 2x2x2 of GaAs in ZB was
substituted by a Mn atom at a Ga site which called Ga gg3Mng g37As as shown in figure
1(b). The optimum cutoff energies for getting the total energy convergences of Gaj.
MnAs in super cells 2x2x2, 2x2x3 and 3x3x3 were found at 350 eV for the
calculations of geometry optimizations, single point energies, electronic and optical
properties. Forces on the optimized atomic positions were calculated by using the
Hellmann-Feynman theorem. We have observed phase transition from ZB to Cmcm and
found that phase transition from semiconductor (ZB) to nonsemiconductor (Cmcm)
phase from our calculation occurred at 12 GPa, therefore; we selected to calculate the
properties of (Ga,Mn)As at the pressure 0, 5 and 10 GPa. After we optimized the doped
super cells, the EDOS and absorption coefficient of Ga,,Mn,As were calculated by
using the generalized-gradient approximation functional of Perdew-Burke-Ernzerhof
(GGA-PBE). The condition in each direction of k-point sampling of Monkhorst-Pack grid
size is 1/k<0.05 for calculations the properties of super cells. After we obtained the
stable structures from the geometry optimizations, photoabsorption coefficient can be
calculated from the imaginary part of complex refractive index which relate with the
complex dielectric function (&=¢ +ig,). The real (&) and imaginary parts (&,) of
dielectric function that evaluated from the matrix elements of the position operator are
required to describe the electronic transitions. Photoabsorption coefficient is calculated

by using Eq. (2.1)
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Figure 2.3 Comparisons the absorption coefficients of GaAs at 0 GPa from the GGA-PBE,

sX-LDA calculations and the experiment result with photon energy 0.6-2.75 eV at 21 K.
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Photoabsorption coefficient indicates the fraction of energy lost by the wave when it
passes through the material. For optical band gap discussion, it is well known that
GGA-PBE functional gave the wrong band gap in semiconductor. The photoabsorption
coefficient calculated from the GGA-PBE functional was compared with the screened
exchange local-density approximation (sX-LDA) functional as shown in figure 2.3.

In during 2 years for study this research, these models will be used in other
doped IlI-V compounds. The temperature effect and vibration of doped lattices will be
observed in (Ga,Mn)As, (In,M)P, In(M,P) and other compounds. The interaction between
two impurity atoms in a super cell will be carried out. For the main expectance of this
work, we believed that it differs from previous researches, especially understanding the
tendencies of high pressure properties of doped GaAs and other IlI-V compounds. It is
strongly believed that the novel information from this work can give the attractive
knowledge of IlI-V compounds for application devices. In this work, the results from ab
initio calculation will be compared with the experiments. The IlI-V binary compounds will
be pressed by using diamond anvil cell (DAC). In this work, the doped IlI-V compounds
under extreme conditions are observed by theoretical and experimental investigations.
In theoretical method, the ab initio method is mainly used for finding the structural
phase transitions and the electronic properties, including electronic density of states,
band structures and photo-absorption coefficients, of doped IlI-V binary compounds
under extreme conditions. The ab initio method is based on the density functional
theory (DFT). The properties of bulk materials can be obtained from solving the basic
laws in a unit cell. In DFT, the ground states properties such as density of electrons and
total energy are evaluated by solving Kohn-Sham equations and self-consistent field
method (SCF). We have two types of models for adding the Mn impurity atom on GaAs
that are virtual crystal approximation (VCA) and super cell methods. In experimental
investigations, the doped sample materials are prepared in furnace and other devices at
Department of Physics, Faculty of Science, Chulalongkorn University. A furnace is a
device used for high-temperature heating. The impurity of atom in 1ll-V compound is
varied by weight. And then, high pressure conditions in doped compounds can be
added by DAC. Crystal structures of doped IlI-V compounds are observed by XRD. The

temperature effects and vibration modes of doped lattices will be observed by molecular

11



dynamics. The interaction between two impurity atoms in a super cell will be carried out.
The results from ab initio calculation will be compared with the experiments. The doped
samples will be prepared in furnace and other devices. The high-pressure on doped
compounds will be observed by DAC. And then, physical properties can be observed by
XRD and other devices. For the main expectance of this work, we believed that it differs
from previous researches, especially understanding the tendencies of high pressure
properties of doped GaAs and other IlI-V compounds. It is strongly believed that the
novel information from this work can give the attractive knowledge of IlI-V compounds

for application devices.
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Chapter Il

Results and discussion

High-pressure properties of the doped IlI-V compounds are investigated. To
study the DFT calculations in the undoped and doped InP systems as shown in figure
3.1, the local density approximation schemes of Ceperley-Alder-Perdew-Zunger (LDA-
CAPZ) and the generalized-gradient approximation functional of Perdew-Burke-
Ernzerhof (GGA-PBE) [23, 24] are compared at ambient condition for finding the
suitable exchange-correlation functional term in Kohn-Sham equations. In table 3.1, it
was found that the 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
undoped and doped InP systems. This supported the DFT results in ZB structure of

GaAs (l11-V) semiconductor in previous work [11].

(a) InPinZB (b) InP in RS

(ci (In,M)Pin ZB (d) (In,M)P in RS

Figure 3.1: 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.
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Table 3.1: Lattice parameters (a=b=c), volume cell (V) and bulk modulus (B,) at

0 GPa in ZB structure of InP compared with previous studies [3, 6].

a(A) V(A) B,(GPa) Method Ref.

5.968 212.6 59.3 GGA-PBE This work

5.832 198.4 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 doped InP, 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. The maximum
energy of plane wave basis set used at 450 eV, which is suitable cutoff energy to
cooperate with ultrasoft-pseudopotential [25]. Monkhorst-Pack grid sizes [26] for 2x2x2
super cells both ZB and RS structures are 8x8x8, while k point in undoped InP initially
finites as the condition of k=0.03. The Brodyden-Fletcher-Goldfarb-Shanno (BFGS) [27]
minimization scheme is used in geometry optimization. External forces and pressure
tensors on optimized structures are controlled by Hellmann-Feynman theorem [28]. The
BFGS optimization was considered to be completed when the total energy difference
was less than 2><10_6 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 modulus in bulk obtained from elastic

constants by Voigt-Reuss-Hill (VRH) method [29, 30].

3.1 Site preference and phase stability
Formation enthalpy and free energy difference at 0 GPa are analyzed as shown
in table 1. Formation enthalpy per atom (H,) of In,,M,P (or M,;) compound can calculate

in form [31]

Hf - % Htotal (Inl—xMxP) o %I:(l_ X) Hsolid (In)+ (X) Hsolid (M)+ HSO"d (P):I

where H,_, is the enthalpy of In,,M,P compound, and H_,, is the enthalpy of In, M
and P in the solid form. Formation enthalpy is used to compare the change of enthalpy

during the formation of the In,,M,P compound from its constituent elements, while
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stability and possibility of process to occur a doped compound can considerate from
free energy difference:

AG=G-G,=H-H, at0K
where G and G, are Gibbs’s free energies of doped and undoped conditions at a given

pressure.

Table 3.2: Formation enthalpy and free energy difference of doped and undoped InP at
ambient pressure 0 GPa.

H, G-G,

compound H

total

InP -870.40 -4.29 0.00

Zn,, -879.66 -4.16 -9.26

Sp -876.51 -4.17 -6.12
Sii -779.47 -4.36 90.93
Sip -865.76 -4.16 4.64
Sn,  -778.73 -4.27 91.67

Snp -865.02 -4.07 5.38

The enthalpy per atom of InP at 0 GPa in table 3.2 is H, = -870.40 eV, using as
the base line of free energy for comparisons. Site preference of Zn (II-B group) impurity
is the substitution on the In site with H, = -4.29 eV, while S (VI-A group) atom prefers to
substitute on P site with H, = -4.17 eV. These depend on position of elements and
electronegativity values in periodic table. Zn-doped result supported the p-type Zn
doping in InP [15, 16]. Zn is donor atom in the host InP semiconductor, while S is
acceptor atom. We also observe the substitution of impurities in 1V-A group (Si and Sn).
The formation enthalpies when Si or Sn substituted on In site (Si,, and Sn,,) are lower
than on P site equal to 0.2 eV/atom. It is possible that In site is a preference site of the
Si and Sn doping. However, we found that a free energy of InP system highly increases
when it was substituted in the forms Si, and Sn,, as 90.93 eV and 91.67 eV,
respectively. On the other hand, it reduces in the forms of Si; (4.64 eV) and Snp (5.38

eV). It was found only Zn,, and Sp that gave bothH, and AG<0. Zn on In site (Zn,)
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gives the minimum free energy difference as AG =-9.26 eV . Therefore, it is possible

that Zn and P can substitute on InP without the external stimulations.

Table 3.3: Free energy difference of InP alloys in ZB and RS under pressure.

Structure P (GPa) G G-G

o o

InP an S|p Snp Sp

ZB 0 -870.40 -9.26 4.64 538 -6.12

5 -869.60 -9.29 464 541 -6.10

10 -868.84 -9.31 4.65 543 -6.09

RS 5 -869.42 -9.37 3.09 3.74 -6.28

10 -868.80 -9.39 3.06 3.72 -6.28

To compare the ZB and RS phases, we observed free energies and the enthalpy-
pressure (H-P) curve between two phases. The calculated phase transition occurred at
12 GPa that are in consistent with previous works [1, 7]. We knew that the doping effect
on semiconductor has small effect on the transition pressure [32]. Therefore, the
properties of doped compounds in ZB and RS will be compared at 5 and 10 GPa which
near the transition pressure from ZB to RS. At the high-pressure 5 and 10 GPa in table
3, we found that high-pressure has small effect on AG, while the influence of phase
transition ZB-RS is larger than. As the same pressure, a free energy difference of all
compounds in RS is lower than in ZB. This indicates that the substitutions of Zn, S, Si,

Sn impurities in the RS structure are easier than in the ZB.

3.2 Electronic properties

The electronic properties of Zn, S, Sn and S doped InP in ZB and RS phases
are analyzed. It was found that the EDOSs in ZB structure at 0, 5 and 10 GPa show
band gap between valence band and conduction band, which the Fermi level set at the
energy 0 eV. Band gap vanished in RS structure both 5 and 10 GPa. Therefore, the
semiconductor in ZB changes to non-semiconductor in RS due to the closing of band

gap as shown in figure 3.2(a). The 1St phase transition (ZB-RS) has highly effected on
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the electronic structure. In figure 3.2(b), the doping of Si and Sn reduce band gap of
InP, and generate the impurity peak at edge of valence band maximum (VBM). The Zn-
doped EDOSs in figure 3.2(c) showed that sizes of peaks as VBM and CBM
(conduction band minimum) in ZB phase are reduced under the increasing pressure,
and the energy gap is vanished in RS phase. For the doped of S, Si and Sn in figure
3.2(d), 3.2(e) and 3.2(f), we found that the increasing of high-pressure increases band
gap from ambient condition. Sn-doped generates the implicit peak at VBM. Peaks of
EDOS at VBM and CBM are flatted and extended along x-axis due to high-pressure
effect. The primitive cell of the doped InP gets the stress from external forces under
high-pressure condition. The external forces send effect on lattice constants and
chemical bonds. Reducing of lattice constants sends effect on motion of electrons. As a
result, available states are extended. The electrons EDOSs of all compounds in RS
show non-semiconductor phase. Partial density of states (PDOSs) of the S, Si, Sn and
Zn impurities in the InP host are compared in figure 3.3. The p-orbital is mainly
available states in all doping. The Si and Sn-doped (IV-A group) gave similarly PDOS in
the InP host. VBM shifted in the right-hand side (RHS) compared with Fermi level, while
PDOS of S has shifted in the left-hand side (LHS). PDOS of Zn atom shows s, p and d
orbitals of the transition element. The p-orbital-DOS of Sn at VBM and CBM of Sn
reduced under high-pressure in ZB which related with EDOS. It has shifted in the RHS,
and the gap was filled when changes to RS. To understand the chemical bonding and
electron sharing between impurity and nearby atom, the electron density differences are
compared in figure 3.4. Contour plot of electron density difference (EDD) shows the
gradient of electron density due to two atoms are forming interactions from Blue zone =
-0.15 to Red zone = +0.15. For the undoped InP as figure 3.4(a), (b), (c), (d), the EDD

of In-P chemical bond is slowly increased in ZB.
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Figure 3.2: Electronic density of states of the doped InP under pressure. (a) InP at 0, 5
and 10 GPa in ZB and RS. (b) Comparison of doped and undoped InP at 0 GPa. (c)
Zn-doped InP under pressure in ZB and RS. (d) S-doped InP under pressure in ZB and
RS. (e) Si-doped InP under pressure in ZB and RS. (f) Sn-doped InP under pressure in
ZB and RS.
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Figure 3.3: The partial density of states of impurity atoms (a) s and p orbitals of Sn, S

and Si at 0 GPa. (b) s and p orbitals of Sn-atom in ZB (0,10 GPa) and RS (10 GPa).

Although the volume of unit cell is reduced by phase transition, the In-P bond length is
2.630 A increased in RS that is larger than in ZB (2.435 A), trying to reduce the stress
and strain on cubic lattice. The sharing of electron density In-P in RS is reduced due to
the bond length increasing as shown in table 3.4. In the doped compounds, the order of
EDD is Zn-P>Si-In>S-In>Sn-In. Size of bond length as the same pressure is In-Sn>In-
S>In-Si>In-P>Zn-P. The bond lengths in both ZB and RS phases are reduced under
pressure increasing. The Zn-P bond in ZB has the strongest sharing electrons which

related to the shortest bond length.
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Figure 3.4: Electron density difference of doped and undoped InP under pressure.

Table 3.4: bond lengths of InP and impurities 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 2.582

5 2474 2295 2479 2.602 2.531

10 2435 2249 2436 2563 2.495

RS 5 2.668 2.542 2.705 2.801 2.708

10 2.630 2.505 2.664 2.757 2.671
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3.3 Optical properties

The optical properties and photo-absorption of the doped InP under pressure are
investigated also. Probability of transition states from valence band to conduction band
that translated the photo energy to the excited carrier concentration of semiconductor
are compared by dielectric function. The real and imaginary parts of dielectric functions
which are the basic parameters for generated all optical properties are presented, and
compared with the experiment between the frequency range 0.5-6.0 eV [33] as shown
in figure 3.5(a). The calculated dielectric functions have shifted in LHS, when compared
with experiment (dot line), because of the lower estimated band gap from LDA result.
However, the trends of two graphs are in consistent with experiment [33]. The
calculated elastic functions of Zn-doped conditions in figure 3.5(b) are smooth functions
more than InP. It has small shift on the positive frequency in RHS under 10 GPa. In
range of low frequency 0-2 GPa, the imaginary part is dominated, ¢, > ¢,. The dielectric
performance is reduced by the doping effect due to the reducing of &, /¢, ratio, and it

transforms to conductor performance as high frequency.

Photoabsorption can be obtained from the dielectric function through the
Kramers—Kronig relations [34]. Photo absorptions in wavelength between 200-850 nm in
range of ultraviolet, visible light and infrared regions are presented in figure 3.6. In ZB
phase, absorption coefficients are reduced by the doping and high-pressure effects. In
RS phase, the absorption coefficients are highly increased but the compounds have
become the non-semiconductor due to the closing of band gap. However, the calculated
photo absorptions in the doped InP are focused only in the semiconductor phase (ZB)
that the carrier transition through energy band gap. In figure 3.6(b), absorption
coefficients of doped compounds are lower than undoped condition but there are
increased at 250 nm. The values of photo-absorption coefficients in range of visible light
of the impurities are Sn>Si>S>Zn. There are reduced by high pressure effect at 10
GPa. The tendency of photo-absorption is related to band gap and impurity peaks of
EDOS. The peaks of VBM and CBM are flatted under high pressure, and the distance
between the top of two peaks is increased under the pressure increasing as shown in
figure 3.1(d), (e), (f); as a result, the probability transition from VBM to CBM and

absorption coefficients are reduced.
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Figure 3.5: The calculated dielectric functions in real (R) and imaginary (Im) parts (a)
comparing with the experiment result [33] (b) comparing with doping (In,Zn)P at 0 and

10 GPa.
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3.4 Mechanical properties

Elastic constants of the alloying conditions are calculated to investigate the
mechanical properties of the doped InP under high-pressure. The elastic constants (c;)
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. The calculated results from LDA-CAPZ are in good agreement with
the experiment [6], better than PBE and PBEsol. The elastic stiffness constants of InP

satisfy the conditions of Born stability criteria in cubic structure (ZB and RS) [35, 36]:
c,+2c¢,>0,¢,>0,¢c,—c,>0.

Table 3.5: Comparison the exchange-correlation functionals to calculate the elastic

properties of InP at 0 GPa.

Method Cyy C,, Cyu B G Y e

GGA-PBE 86.8 455 420 593 315 555 0.344

GGA-PBEsol 934 516 431 655 322 56.6 0.356

LDA-CAPZ 1006 559 46.2 70.8 34.5 60.7 0.357

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

Bulk modulus (B), Shear modulus (S), Young’'s modulus (Y) and Poisson’s ratio (v ) can
be obtained from c; based on VRH method [29, 30]. The upper and lower bounds of B
and S in VRH scheme are B,, B; and G,, G, respectively. For ZB and RS structures in

cubic system [37],
B, =Bz =(1/3)(cy, +2¢y,),
G, =(/5)(c,; —¢;, +3c,,),
G; = 5(611 - C12)(:44 /(3C11 —3c, + 4C44)-
The bulk values (B, S, Y and v ) are estimated by VRH approximation:
B=(B, +B;)/2,
G=(G, +Gg)/2,
Y =9BG/(3B+G),
v=(3B-2G)/ (6B +2G).
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Table 3.6: Elastic parameters in a unit GPa (except ¢ ) of doping InP in ZB and RS.

Structure condition ¢, Cy, Cyu B G Y c B/G H,
ZB InP 100.6 559 46.2 70.8 345 60.7 036 2.05 4.99
0 GPa (InzZn)p 876 63.0 306 712 212 571 042 3.36 2.02
In(P,S) 86.7 516 328 633 255 463 037 248 3.24
In(Si,P) 823 604 238 67.7 174 561 042 3.89 1.48
In(Sn,P) 752 59.6 16.7 64.8 123 56.6 044 527 0.82
10 GPa InP 139.1 100.5 444 1134 318 549 042 3.56 2.51
(In,zZn)p 1252 108.1 23.8 113.8 156.6 103.3 046 7.29 0.67
In(P,S) 1243 993 287 1076 206 939 044 522 1.20
In(Si,P) 1214 106.8 196 111.7 13.2 1029 047 8.46 0.50
In(Sn,P) 114.0 105.1 101 108.0 7.3 103.2 048 14.79 0.18
RS InP 2694 642 66.2 1326 79.0 2447 019 1.68 11.25
10 GPa (In,Zn)P 2642 76.1 241 138.8 432 110.0 0.22 3.21 3.51
In(P,S) 2512 741 300 1331 471 101.7 023 2.83 4.32
In(Si,P) 2296 782 29.0 128.7 431 999 025 299 3.81
In(Sn,P) 2242 731 232 1235 38.1 103.6 0.36 3.24 3.18
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From the calculated B and G moduli, Chen et al. [41] proposed that Vickers hardness of

polycrystalline materials can be estimated in terms of k :% and G in the form

H, =2(k’G) " -3.

)0.585
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 92kl.137GO.708
V - ] ]

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 c,, are decreased by alloying elements,
while c,, 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 c,,, ¢,, 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 H, of InP-ZB at ambient condition is 4.99 GPa, which is in good agreement
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with the experiment result (5.4 GPa) [41]. Tendency of H, indicates that all impurities
reduce hardness of pure InP. H, decreases in ZB phase at high pressure (10 GPa) but
it increases when transform to RS phase (H, =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.
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Chapter IV

Conclusions

We study the structural and electronic properties of doped IlI-V binary
compounds under extreme conditions. The high-pressure and temperature effects are
interested in this work because these effects are the significant parameters for changing
material properties. The IlI-V binary compounds are investigated because it was widely
used in application devices. The charge carriers in intrinsic semiconductors can be
changed by adding the doping effect on the host semiconductors.

Structural, electronic, optical and mechanical properties of Zn, Si, Sn and S
substituted in InP supercell in ZB and RS structures are reported in Journal of Alloys
and Compounds (2017) 700 98-105. 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-H, 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. 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 3.5. 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. 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 from
g,l¢g 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,
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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. High value of Vickers hardness in RS
phase of all compounds supported that RS is high symmetry structure.

We expect that the fundamental data about the exact properties under extreme
conditions of undoped and doped IlI-V compounds from this work can suggest the
suitable conditions for application devices which are the advantages from this work. The
novel information the extreme conditions obtained in this research. In future work, this
technique will be applied on the properties of hydrogen storage materials.
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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 spon-
taneous 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 trans-

formed to RS. The ductility of InP is induced by the alloying effect due to the B/G ratio increasing.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

During the last decades, the alloys and compounds of IlI-V bi-
nary 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 I1I-V group which used
as a substrate for epitaxial growth applied in photovoltaic multi-
layers [1—3]. InP is widely used in high-frequency and high-power
electronic devices because it has superior electron velocities and

* Corresponding author. Division of Physical Science, Faculty of Science and
Technology, Huachiew Chalermprakiet University, Samutprakarn, 10540, Thailand.
** Corresponding author. Extreme Conditions Physics Research Laboratory,
Department of Physics, Faculty of Science, Chulalongkorn University, Bangkok,
10330, Thailand.
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(T. Bovornratanaraks).

http://dx.doi.org/10.1016/j.jallcom.2017.01.063
0925-8388/© 2017 Elsevier B.V. All rights reserved.

long-lived optical phonons when compared with other IlI-V com-
pounds [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 IlI-V semiconductors such as GaAs, GaN, InAs
and InSb. When high-pressure in order of gigapascal (GPa) presses
on a primitive cell, the stable structure of InP has the trans-
formations 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 2nd phase of InP is rock salt (RS) phase in space
group Fm-3m. The 1st transformation path from ambient phase to
RS normally deforms to non-semiconductor due to the recon-
struction 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
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of hydrostatic pressure and the transverse effective charge de-
creases 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 con-
centration 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 con-
centration enhancement in selective area growth conditions, while
it remains constant in standard growth conditions. The Si concen-
tration was unexpectedly independent of the growth rate in se-
lective 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 prop-
erties 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 im-
purities 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 Cam-
bridge Serial Total Energy Package (CASTEP) code [25]. To study DFT
calculations in the alloyed InP systems, the local density approxi-
mation 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

Table 1
Lattice parameters (a = b = c), volume cell (V) and bulk modulus (By) at 0 GPa in ZB
structure of InP compared with previous studies [3,6].

a(A) V (A3) By (GPa) Method Ref.

5.968 212.6 59.3 GGA-PBE This work
5.832 198.4 71.8 LDA-CAPZ This work
5.869 202.2 71.0 EPM [3]

5.856 200.8 71.1 Experiment [6]

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 Fig. 1) of GaAs (IlI-V) semi-
conductor in previous work [11].

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 2 x 2 x 2 as shown in Fig. 1(c) and (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 2 x 2 x 2 super cells both ZB and
RS structures are 8 x 8 x 8, 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 ge-
ometry optimization. External forces and pressure tensors on
optimized structures are controlled by Hellmann-Feynman theo-
rem [31]. The BFGS optimization was considered to be completed
when the total energy difference was less than 2 x 10~ 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 compo-
nents within 0.003 GPa. The average isotropic moduli in bulk ob-
tained from elastic constants by Voigt-Reuss-Hill (VRH) method
[32,33].

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 (Ecyp), 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 cohe-
sive energy per formula unit (eV/f.u.) of the compounds In;_xMyP or
(In,M)P can be calculated in form [34]

E(nMP

i M P
Ecoh = (1 - X)Ear;om +XEatom + Eatom ~ “total

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

_ pin(M.P)

I M P
Ecoh = Ear;om + XEatom + (1 - X)Eatom total

where Eﬁé’:ﬁw and Eg% P) are the total energies per formula unit of
the (In,M)P and In(M,P) compounds, E ... EM  and EP, = 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 (Hy).

The results supported well-kwon knowledge that site prefer-
ence of Zn (II-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—Hp<0) supported stability of (In,Zn)P and In(P,S)
compounds. It is indicated that the Si and Sn impurities (IV-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), respec-
tively. The possible spontaneous process in experimental growth
can be suggested from H-Hpy which is (In,Zn)



100 P. Pluengphon et al. / Journal of Alloys and Compounds 700 (2017) 98—105

(c) (In,M)P in ZB

(d) In(M,P) in RS

Fig. 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.

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

Compound InP  (InZn)P In(P,S) (In,Si)P In(Si,P) (In,Sn)P In(Sn,P)

Econ (€V/fu.) 8.58 8.32 8.34 8.72 8.32 8.54 8.14
H-Hp (eV/fu.) 0.00 -1852 -12.24 181.86 9.28 18334 10.76

P > In(P,S) > In(Si,P) > In(Sn,P) as shown in Table 2.

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 effect on 4H = H — Hp,p, while it reduces
significantly during phase transformation from ZB to RS in all al-
loys. The lower 4H 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 Fig. 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

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) Hpp(eV/fu.) H-—Hjp (eV/fu.)
InP (In,Zn)P  In(Si,P) In(Sn,P) In(P,S)
ZB 0 —1740.80 -1852  9.28 10.76 -12.24
5 —1739.20 —1858 9.28 10.82 -12.20
10 —1737.68 -18.62 930 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

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 semi-
conductor 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 Fig. 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
Fig. 2(c) indicate that the peaks at VBM and CBM in ZB phase are
reduced when pressure increases, and the energy gap still disap-
pears in RS phase. For comparisons of alloying with S, Si and Sn as
shown in Fig. 2(d), (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 pre-
sented in Fig. 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 be-
tween impurity and nearby atoms, the electron density differences
are investigated in Fig. 4. The electron density difference that in-
dicates 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 illus-
trating 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 Fig. 4(a), (b) and (c). But it is seen that
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Fig. 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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Fig. 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).

structural phases of InP is relaxed when transforms to RS phase in
Fig. 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 differ-
ence 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.
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Fig. 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 2.525 2.354 2.532 2.657 2.582
5 2474 2.295 2479 2.602 2.531
10 2435 2.249 2436 2.563 2.495
RS 5 2.668 2.542 2.705 2.801 2.708
10 2.630 2.505 2.664 2.757 2.671

3.3. Optical properties

The optical properties are also investigated so that photo-
absorption 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 Fig. 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. How-
ever, the trends of two graphs are in consistent with experiment
[36]. The calculated dielectric functions of (In,Zn)P in Fig. 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 fre-
quencies range 0—2 GPa, the imaginary part is dominated as &5 > &1.
The dielectric performance is reduced by the alloying elements due
to the reducing of ¢, /e ratio, and it transforms to conductor per-
formance as high frequencies.

Photoabsorption can be obtained from the dielectric function
through the Kramers—Kronig relations [37]. Photo absorption in
wavelength between 200 and 850 nm (in range of ultraviolet,
visible light and infrared) is given in Fig. 6. We found that high-
pressure in ZB phase gives unsuitable condition for photo-
absorption of InP alloys. Absorption coefficient of the InP alloys in
ZB phase decreases under the increasing pressure, while it in-
creases in RS phase. However, the InP alloys had become the non-
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Fig. 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.

semiconductor due to the closed band gap. The photoabsorptions
generally focus on the semiconductor phase (ZB) that the carrier
transition through band gap. In Fig. 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 (cjj) 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]: ¢11 +2¢12>0, €44>0, ¢11 — €12 >0.
Bulk modulus (B), Shear modulus (G), Young's modulus (Y) and
Poisson's ratio () can be obtained from c;; based on VRH method

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

Method Ci1 Ci2 Caq B G Y e

GGA-PBE 86.8 45.5 42.0 59.3 315 55.5 0.344
GGA-PBEsol 934 51.6 43.1 65.5 322 56.6 0.356
LDA-CAPZ 100.6 55.9 46.2 70.8 34.5 60.7 0.357
Exp. [6] 101 56 45 71 225 61 0.360
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[32,33]. The upper and lower bounds of the averages B and G in VRH
scheme are By, Bg and Gy, Gg, respectively. For ZB and RS structures
in cubic system [40],

By = Bg = (1/3)(c11 + 2¢12),
Gy = (1/5)(c11 — €12 + 3C44),
Gr = 5(€11 — €12)€44/(3C11 — 3C12 + 4Ca4).

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

B = (By +Bg)/2,

G = (Gy +Gg)/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 estimated
in terms of k = g and G in the form

Hy = 2(k2c) _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 al-
ways give positive values for low hardness materials. Tian et al.’s
correction which used in this work is

HV _ 092’(] 137 GOA708.

The elastic parameters are shown in Table 6 that the errors of ¢;;
calculations are less than 1 GPa. There are satisfied the Born sta-
bility 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, Yand 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 cy; are decreased by alloying elements, while c;, are
increased. Therefore, the substitutions with Zn, S, Si and Sn can
change the properties of InP to ductile material. The value of Y in-
dicates 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 sup-
ported that RS is high symmetry structure which gave high resis-
tance from the perpendicular forces. The parameters of cy7, c;»> 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 sup-
ported 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 H, 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. H,
decreases in ZB phase at high pressure (10 GPa) but it increases
when transform to RS phase (H, = 11.25 GPa). The results of Vickers
hardness in all compounds supported that RS phase is high sym-
metry structure because there are increased at the transition
pressure of ZB-RS.

4. Conclusions

First-principles study on structural, electronic, optical and me-
chanical 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-Hp is (InZn)
P > In(PS) > In(Si,P) > In(Sn,P). The lower 4H in RS structure in-
dicates 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 tran-
sition 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 from e, /e; 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

Table 6
Elastic parameters in a unit GPa (excepte) of InP and their alloys in ZB and RS structures.
Structure condition C11 C12 Caq B G Y 3 B/G Hy
ZB InP 100.6 55.9 46.2 70.8 34.5 60.7 0.36 2.05 4.99
0 GPa (In,Zn)P 87.6 63.0 30.6 71.2 21.2 57.1 0.42 3.36 2.02
In(P,S) 86.7 51.6 32.8 63.3 25.5 46.3 0.37 2.48 3.24
In(Si,P) 823 60.4 23.8 67.7 17.4 56.1 0.42 3.89 1.48
In(Sn,P) 75.2 59.6 16.7 64.8 123 56.6 0.44 5.27 0.82
10 GPa InP 139.1 100.5 444 1134 31.8 54.9 0.42 3.56 2.51
(In,Zn)P 125.2 108.1 23.8 113.8 15.6 103.3 0.46 7.29 0.67
In(P,S) 1243 99.3 28.7 107.6 20.6 93.9 0.44 5.22 1.20
In(Si,P) 1214 106.8 19.6 111.7 13.2 102.9 0.47 8.46 0.50
In(Sn,P) 114.0 105.1 10.1 108.0 73 103.2 0.48 14.79 0.18
RS InP 269.4 64.2 66.2 132.6 79.0 244.7 0.19 1.68 11.25
10 GPa (In,Zn)P 264.2 76.1 241 138.8 432 110.0 0.22 3.21 3.51
In(P,S) 251.2 74.1 30.0 133.1 471 101.7 0.23 2.83 432
In(Si,P) 229.6 78.2 29.0 128.7 43.1 99.9 0.25 2.99 3.81
In(Sn,P) 224.2 73.1 232 123.5 38.1 103.6 0.36 3.24 3.18
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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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Abstract

A first-principles calculation based on density functional theory (DFT) was performed for studying high-pressure properties of In(P,S). For calculation
method, the concentration of impurity sulfur atom (S) was studied at 6.25% into super cell size 2x2x2 of InP, which called In(P,S). Phase stability and mechanical
properties of InP and In(P,S) were investigated up to 10 GPa, and compared between zinc blend and NaCl-like structures. The enthalpy change, between dope-S
and undope, and elastic constant under pressure were compared. It was found that the enthalpy change decreases when pressure increasing. All of the elastic
constants calculated from DFT with LDA functional satisfy the Born stability criteria that is the requirements for mechanical stability. Bulk modulus and ductility

of InP are increased by adding S atom and pressure.

Introduction .

\_

Alloys and compounds of IlI-V binary semiconductors are great of interest
for developing the electronic devices such as light emitting diodes,
optoelectronic devices and photovoltaic materials; especially the solar cell
efficiency highly depends on the electronic and optical properties of
semiconducting materials in multilayer films. Indium Phosphide (InP) is one of
the IlI-V binary semiconductors which widely used as a substrate for epitaxial
growth applied in photovoltaic multilayers. Doping of InP have intensively
studied in many applications because electronic properties respond
significantly. In this issue, the theoretical studies about elastic constants and
density of states of the doped binary alloys are presented.

_Calculation Details

In DFT calculation, the solution of ground state properties were evaluated
from the Kohn-Sham equations, the eigenvalues and eigenstates (Kohn-Sham
orbitals) are solved by using diagonalization of matrixes as shown in Figure
1(a) [1, 2]. In InP super cells, the impurity sulfur atom (S) was replaced on a P
site at 6.25% into super cell of InP as shown in Fig 1(b).

Pick a trial density n(r)

Calculate VH(ln) and V, (n) A
Solve KS equations tz)y diagonalization of matrixes
H iksVi = _f—mviz +V Wi = &Y,
L l J
Calculate new density n(r)
Is solution se{f-consistent?
l 1

Compute total energy | | Generate new density n(r)

(a) (b)
Figure 1: (a) Flow chart of the computational procedure for the total energy calculation
[1]. (b) Super cell of InP in ZB phase was substituted by a S atom at P site.

Formation enthalpy and free energies difference at 0 GPa were analyzed as
shown in table 1. Formation enthalpy per atom (H;) of compounds such as
In,,M,P can be calculated in from

1

H,; = 5 H o (Inl-xMxP) - %[(I—X) H oiia (In)+ (X) H oiia (M)"' H oiia (P):|

Where H,_,,, is the enthalpy of In, ,M,P compound, and H_,, is enthalpy of In,
M and P in bulk. Formation enthalpy is used to compare ability for adding M
atom in InP lattice, while free energies difference will show ability of possible
process to fabricating the doped compounds.

- ConclusmnSJ

-Formation enthalpy and free energies difference of S-doped reduce from InP.

-Peaks of EDOSs of In(P,S) are flatted under pressure increasing.

-The elastic constants of super cells satisfy the Born stability criteria that is the
requirements for mechanical stability.

-S-doped on P site reduces elastic constants of InP, but it increases under high-
pressure.
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__Results and Discussion

In table 1, it was found that formation enthalpy and free energies difference
of S-doped are reduced when compare with the undoped condition. G-G, of
In(P,S) in ZB phase reduces under high-pressure as shown in table 2. However,
G-G, is increased when Zb transition to RS phase. Peaks of EDOSs of In(P,S) are
flatted under pressure increasing as shown in figure 2.

Table 1: Formation enthalpy and free energies difference of doped and undoped InP at O

GPa.
compound_| Moy | b | h
-870.40 -866.11 -4.29 0.00
m -876.51 -872.34 -4.17 -6.12
m -865.02 -860.95 -4.07 5.38
Table 2: Free energies difference of doped 20 [ S-dope B 0GPa
and undoped InP under high pressure. : — 150%?
E— a
16 |- — RS 5 GPa
— — 10 GPa
e | p | o | S [
©
0 72]
S 12 p
B e wey 3
)
o 8
PO 0 sow s 2
0 _
T 4
- 10 -868.84 -6.09
0
M s e s
Energy (eV)
10 -868.80 -6.28

Figure 2: electronic density of states of doping
InP under pressure.

Table 3: Comparisons of elastic parameters of InP at ambient pressure.

P functional C,; C,, Cys B G Y e
0 LDA 100.6 55.9 46.2 70.8 34.5 60.7 0.357
PBE 86.8 45.5 42.0 59.3 31.5 55.6 0.344
PBEsol 93.4 51.6 43.1 65.5 32.2 56.6 0.356
Exp. [3] 101 56 45 71 22.5 61 0.360

Table 4: Elastic parameters of In(P,S) under pressure.

S-doped P(GPa) C,; o Cyy B G Y e
ZB 0 86.7 51.6 32.8 63.3 25.5 48.2 0.371
5 106.3 75.9 30.4 86.1 23.0 43.1 0.416
10 124.3 99.3 28.7 107.6 20.6 36.2 0.444
RS 10 251.2 74.1 30.0 133.1 47.1 217.5 0.228

We compare the elastic parameters in the ZB phase (0 GPa), which obtained
from varying the density functionals, shown in table 3. All of the elastic
constants calculated from DFT with LDA functional satisfy the Born stability
criteria that is the requirements for mechanical stability. LDA gave a good
results, when compare with experiment. In figure 4, S-doped on P site reduces
elastic constants of InP, but it increases under high-pressure. c;,, Gand Y in RS

phase are higher than in ZB phase. Bulk modulus and ductility of InP are
increased by adding S atom and pressure.
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