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ABSTRACT

The electronic structural and mechanical properties of III-V Gallium Phosphide
(GaP) nano-crystals zinc-blende stable (ZB) phase under pressure dependence
have been studied via the model of the density functional theory (DFT) in
combination with the large unit cell (LUC) approach at (8, 16, 54 & 64) atoms.
The exchanges and correlations (XC) energy has been defined in all approaches
through generalized gradient approximations of the Perdew-Burke-Ernzerhof
(GGA-PBE), and determination of GaP characteristics in the case where the
pressure has been increased from 0GPa to +50GPa. Elastic parameters like elastic
constants (Ci1, Ci1z & Cs4), Kleinmann parameter (&), Zener anisotropic factor (A),
shear modulus (G), Young's modulus (E), Poisson’s ratio (v), Bulk modules (B) of
GaP-ZB structure have been calculated and showed systematic variation with a
pressure increase. Our calculations show that Bulk modules and sound speed
increase with an increase in the number of core atoms. In this systematic
approach, it has been found that the B/G ratio is 1.58 for this compound and it
exhibits a negative Cauchy pressure, classifying GaP as brittle. The results were
discovered to be consistent with other theoretical as well as experimental results.
The present study directly relates to the latest experimental works on the III-
phosphide compounds. The current results provide information and direction for
further investigation into the fundamentals and potential applications of gallium
phosphate (GaP) nanocrystals. In addition, we attempted to compare the results
of the investigation with some similar types of compounds that are already
documented in the literature. We believe that our study will have a significant
impact on both the field of research and contemporary technology based on semi-
conducting materials.
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1. INTRODUCTION

One of the significant parts of the science of computational materials is the prediction of some
new material forms and the description of their various properties, affected by their electronic
structures. Narrow-gap semi-conducting materials represents a significant material with
numerous applications, which include lasers, ultra-sonic multipliers, infrared detectors, solar
cells, magnetic sensors, electrically driven light sources, and thermo-photovoltaic cells [1].
Gallium phosphide (GaP) that is a typical 2nd-generation compound semi-conductor material is
mainly utilized for the productions of high-power, high-frequency, high-speed, and light-
emitting electronic devices. GaP is an excellent type of material as well for the production of
light-emitting devices and high-performance millimeter-wave and microwave devices. With the
rise of information highways and internet, it was widely utilized as well in the areas of mobile
and satellite communications, GPS navigation and solar power technology [2].
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One of the important motivations for the high-pressure investigations in the semi-conductor
complexes stems from the fact that the semi-conductor layers are usually subjected to the large
built-in strains due to the fact that they're usually grown on various substrates that have
noticeable lattice mismatches within the difference in coefficients of thermal expansion between
the substrate and the epitaxial layer. In the case of superlattices and heterostructures, this case
becomes of a higher complexity and mutual influences between various material layers could
appear [3]. Therefore, it's quite important to know the evolutions of physical characteristics
under the strain effects.

There are several theoretical and experimental computations for elastic and structural
constants of the GaP utilizing various approaches. Weil et al [4] have specified elastic GaP
constants by ultra-sonic measurements. Ultrasonic wave velocity values were utilized by Nichols
et al. [5], Yogurtcu et al. [6] and Rimai et al [7] for the purpose of measuring elastic constants of
the gallium and indium phosphide. Besides experimental measurements, some progress was
made in the theoretical descriptions of elastic characteristics of the GaP. Hierrera- Cabrerra et al.
[8], Rodriguez-Hernandez et al. [9, 10] and Wang et al. [11] have utilized an ab initio
pseudopotential approach for the simulation of III-P compounds’ elastic constants. Meyer &
Vurgaftman [12] have utilized envelope function approximations (i.e. multi-band KP approach)
for studying elastic constant values of the AlP, InP and GaP compounds. Kamal et al. [13] had
researched static dipole polarizability of stoichiometric GaP clusters (Gan Pn with n=2-5)
through the use of a variety of the ab initio the wave function- based approaches and density
functional time/theory dependent density functional theory (DFT/TDDFT). Arbouche et al. [14]
conducted the first total-energy calculation principles based upon full-potential augmented
plane-wave plus local orbitals (FP-LAPW+lo) approach for the purpose of investigating phase
transformation under the high pressures of the IlI-phosphide (BP, AlP, GaP, InP) in zinc-blende,
CsCl, cmcm, sc 16, NiAs, NaCl, d- B- tin, Imm2 and Immm structures. Structural, electronic,
mechanical, and thermal characteristics, in addition to elastic anisotropy and stability, of XP (X =
Al, Ga, or In) in the P 6422 phase had been researched through the density functional theory
(DFT) by J. Miao et al.[15].

In the present work, the structural, mechanical and elastic characteristics of GaP based Gauss.09
program having face-centered cubic in zinc-blende (B3) structure, with Wyckoff positions Ga at
(0, 0, 0), (0.5, 0.5, 0.5), and P at (0.25, 0.25, 0.25), (0.75, 0.75, 0.75) and position coordinates
with space group F43m, where the value of its experimental lattice constant is approximately
5.451 A was researched [16]. The 3-D crystal structure view has been displayed with the use of
the Gaussian View 5.0 w [17, 18] as shown in Figure 1.

Thus, it is thought that it's worthwhile to conduct those computations by using DFT-GGA that
has been coupled with an LUC and results have been found to be in good agreement with
available experimental and theoretical information [14].

Figure 1. Zinc-blende crystalline structure of GaP (by GaussView3.0w).
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2. MATERIAL AND METHODS

The calculation of GaP has been performed with first-principles calculations (Ab-initio) through
employing a large unit cell method (LUC) [19, 20], within the DFT framework [21-23] with the
Perdew-Bruke-Ernzerhof-Generalized Gradient Approximation (PBE-GGA) for potentials of
exchanging correlations [24] as it has been carried out in the Gaussian 09 program [25].

Within the DFT formalism, total energy may be represented as the density of electron system
function, E[p(r)] and the functional form of the Fyg[p(r)] has been expressed as the
summation of non-interacting electrons’ kinetic energy (T5), Columbic electron-electron
contribution, which has been referred to as Hartree electrostatic energy (Eqartree) @s well, and
all of the many-body quantum impacts have been put together into exchange and energy of
correlation (E,.) [26]. Therefore, the energy function will be expressed as follows:

Emwn=fp@wvwr+mAMﬂ]

(1)
= f p(T')V(T')dT' + TS [p(r)] + EHartree [p(r)] + Exc [p(r)]
The following step in the electronic structure issue is defining effective potentials Vs [26],
_ §{J pr)v(r)dr + Eyarreelp()] + Exc[p(1)]}
Verr =
Sp(r)
p(r’) (2)
=v(r)+ f—,dr’+ Vye(T)
[r =7
here v,.(r) represents potential of exchange-correlation that may be represented as:
OExc[p(M)]
= —xclPL /] 3

which results in central equation in the Kohn-Sham DFT that represents 1-electron Schrodinger
such as equation that has been represented by:

[—%VZ + Veff] ¢i = €9, (4)

where the 1st term denotes non-interacting electrons’ kinetic energy and {¢;} represent Kohn-
Sham 1-electron orbitals and electron density can be expressed by,

N
p() = ) 19il? (5)
i=1

€;’s represent energy values of Kohn-Sham 1-electron orbitals.

Geometry optimization is a reliable method for DFT at the level of generalized gradient
approximations, coupled with the LUC-DFT for the purpose of gaining stable configuration for
the periodic system or molecule via inexpensive and sufficient energy calculations. A process of
optimization involves repeated sampling of the possible energy surface to a point where
possible energy would reach a minimum value where all of the forces on all of the atoms have
been 0 [27, 28], 4 cores of LUC have been taken under consideration in this work 8, 16, 54, and

855



Hamid A. Fayyadh./ The Influence of Pressure on the Electronic and Elastic Characteristics

64 atoms for the GaP nano-crystals.

From derivatives of energy as a function of lattice strain elastic moduli may be obtained. It’s
common that a cubic system has three independent values of the elastic constant only, which
areCy4, C1, andC,4,. That is why, a set of 3 equations is required for the determination of all the
constants. The 1st eq. involves the calculations of bulk modulus (B), related to elastic constants
as: [29]

1
B = § (Cn + 2Clz) (6)

Here, Cy4, C1, and C4, represent 2nd order elastic constant values (C;; = 140.5, Ci, = 62, C4y =
70.3) [30].

3. RESULTS AND DISCUSSION

Elastic constants (C;;) measure crystal structure stiffness under applications of the external
strains. For crystals’ cubic symmetries, 3 independent constant values, which are namely C;4,
Ci, and C,, are needed for the determination of mechanical stability. For the purpose of
confirming the criteria of the mechanical Born-Haung stability must be satisfied, which include 4
equations, which are: —(C;; — C;3) > 0 and(Cyq + 2C;3) > 0, C44 > 0. These conditions lead
also to restrictions on bulk modulus B value that has to be between C;; and C;,, in other words,
Ci1 > B > (5. [31]

Zener anisotropy factor (4) indicates the anisotropy degree in solid structures. For an entirely
isotropic material, A factor is assigned a value of 1, in a case where A value is smaller or higher
than the unity it measures elastic anisotropy degree. Shear modulus, Poisson’s ratio, and
Young’s modulus that represent the most significant elastic characteristics for the applications,
have usually been assessed for poly-crystalline materials in a case where their hardness value
was researched. Those amounts are estimated based on computed data with the use of the
following set of the equations [31]:

e 7
Cii— Crs 7
3B —2G

- - 8
YT 6B +26 )
and,
9GB

E = 9
G+ 3B 9)

where Gy represents Voigt's shear modulus that corresponds to upper bound of the G values, Gg

represents Reuss’es shear modulus that corresponds to lower bound of the G values, G = G'/Z;GR

represents isotropic shear modulus and may be expressed as [32]:

Ci1 — C12 +3C
Gy = 11 — L12 44 (10)
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5C44(C;4 —C
= 44(C11 12) (10)
4C4q + 3(Cyq — Cyp)

Estimated Zener anisotropy factor (4), shear modulus and Young’s modulus, Poisson ratio have
been summarized in Table 1. Estimated (A) values for the GaP under the ambient temperatures
and pressures were 1.79, where the value of 1 is considered to be isotropic. The Poisson ratio
value (v) for the covalent materials has been small (where it equals 0.10), while for the ionic
materials, 0.250 represents the typical value [33]. In this case, a value of v equals 0.27, which
reveals that higher ionic contributions in the intra-atomic bonding for that compound have to be
estimated. Bulk modulus (B) denotes resistance to fractures, whereas shear modulus (G)
represents resistance to plastic deformations [33, 34].

High value of Pugh B/G ratio has been associated to the ductility, while low values represent a
brittle nature. The critical value which separates the ductile materials from the brittle ones is
1.750; in other words, in the case where B/G > 1.750, then the material’s behavior has been
ductile, and in the opposite its behavior becomes brittle [35]. Now it is found that the B/G ratio
is 1.58 for this complex, which classifies the GaP as brittle.

The other criterion that has been utilized is Frantsevich’s ratio of modulus G /B, in a case where
G/B > 0.570 [36], and materials have brittle behavior.

Table 1 Calculated values of shear modulus, Pugh'’s ratio, Young’s modulus, Poisson’s ratio, and
Frantsevich’s ratio of GaP.

Parameter Calculated value
Young modulus (E) 141.536
Shear modulus (G) 55.640

Pugh Ratio (B/G) 1.584
Poisson Ratio (v) 0.274
Frantsevich ratio (G/B) 0.631

The estimated Shear modulus value from the elastic constant values has been 55.64 GPa,
signifying GaP hardness. Cauchy pressure (Cp). Kleinman parameter (), Anisotropy index (4),
and Lames’ coefficient values (4 & 1) have been estimated as well for mono chalcogenide of the
lanthanum have been calculated with the use of the relation [37]:

Cp = C12 — Cyy (12)
A= —— 13
Cri = Coy (13)
7C11 + 2C15
Y
pe— (15)
2(1+0)
Yo

A= Troa-z0 (16)
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Table 2 The estimated value of Cauchy pressure, Kleinman parameter, Anisotropy index, and Lames’
coefficients (4 and A) of GaP.

Parameters Calculated values
Cauchy pressure (Cp) -8.3
Kleinman parameter (§) 0.574
Anisotropy index (A4) 1.791
Lames’ coefficients (u) 55.542
Lames’ coefficients (1) 67.575

However, the bulk modulus isn’t the only mechanical amount determining the material utility
for the hard coatings. The Cauchy pressure was suggested that it might be utilized for the
description of the angular character of the atomic bonding in the compounds and the metals. In
the case where the Cauchy pressure value is negative, then this material becomes non-metallic
with the directional bonding, however, in the case where the value of the Cauchy pressure value
is positive, then this material is probably metallic. GaP has negative Cauchy pressure indicating
its brittle nature [38].

Figure 2 illustrates the numberof atoms in the core of GaP nanocrystal versus Bulk modulus.
This figure shows that the bulk modulus value increases with an increase in the number of
atoms in the core. Such correlation could simply be due to the fact that the lattice constant for
the crystal’s core part decreases with increasing number of atoms, latter equation indicates that
lattice constant decrease entails the decrease in inter-atomic distance (d) that results in the
increases of bulk modulus based upon the Cohen empirical formula [39]:

_ (1970 — 2001)

0~ 35 (17)

where I denotes ionicity factor that equals 0, 1 & 2 for 1V, llI-V & 11-V groups, d represents inter
atomic distances [39, 40].

V3
d= Tao (18)

Here, a, lattice constant at pressure (P) and temperature (T) of 0.
And sound speed equals:

VBo (19)

where v, represents sound speed, p represents density of Gallium phosphid (4.138 g/cm3) [16].

And this relation is shown in Figure 3 for sound speed with number of the core atoms, which
appear speed of sound depends upon atom arrangements [41].
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Figure 2. Bulk modulus of GaP nano-crystals alloy as function of number of core atoms per LUC
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Figure 3. Sound speed of GaP nanocrystal as function of number of core atoms per an LUC.

Compression stress leads to an increase in the density and a decrease in volume due to orbital
shrinkage, which is seen in Figure 4, it has been noticed that the ratio V/V, is decreased
smoothly with the increases in pressure, on the other hand, change of the is getting smaller
because of mutual repulsion of atoms, resulting in difficulty of compressing crystals under the
high pressures [42].
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Figure 4. Volume of GaP nanocrystal versus pressure for core atoms per LUC.

Moreover, the average phonon velocity which representation in the speed of sound can be

shown in Figure 5.
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Figure 5. Pressure dependence of speed sound in GaP nanocrystal for the core atoms per LUC.

The pressure dependence of Bulk modulus in GaP when pressure is changed from 0GPa to +50
GPa is shown in Figure 6. As pressure increases, bulk modulus has the same changes. Bulk
modulus directly depends on the value of the density, and Young modulus which is dependent
on bulk modulus, and vice versa around for value of tensile stress [43]. One can predicate an
increasing for Bulk modulus based on the knowing physical equation (B = AP = AV), because it
depends on the influence of pressure.
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Figure 6. Pressure dependence of Bulk modulus in GaP nanocrystal for core atoms per LUC.

The material is stiffer with an increment Young modulus (E), according to (E) which represents
resistance to the uniaxial tensions and indicates the degree of stiffness [44]. Similarly bulk,
shear and Young moduli of GaP, in addition to that, an identical behavior appears with the
Pressure’s effect as can be revealed from Figure 7.
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Figure 7. Pressure dependence of Young modulus in GaP nanocrystal for core atoms per LUC.

Our computations have shown that with an increased value in the pressure value of the Poisson
ratio (v) changed from 0.293 to 0.363, which shows that by the increase of the value of the
pressure, ionic contribution to inter atomic bonding turns as dominant, which was shown in
Figure 8. Poisson ratio of GaP at 0GPa was 0.274 that predicates metal nature of GaP.
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Figure 8. Behavior of the Poisson ratio under pressure for GaP nanocrystal for core atoms per LUC.

4. CONCLUSION

In this systematic approach, elastic, structural, and mechanical characteristics of the zinc-blende
GaP nanocrystals alloys’ had been researched under pressure effects by employing first-
principles combining via DFT within generalized gradient approximation. Bulk modulus and
sound speed have been found to increase with increasing number of core atoms. Several
mechanical characteristics like sound speed, Poisson ratio, bulk and young moduli increases by
increasing pressure. Moreover, it had been discovered that the B/G ratio was 1.58 for this
compound, categorizing GaP as brittle. Our calculations in this work are presented to be in good
agreement with the other experimental and theoretical researches.
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