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ARTICLE INFO ABSTRACT
Keywords: First principles calculations based on density functional theory (DFT) were performed to investigate the struc-
Density functional theory tural, electronic, optical and mechanical properties of pristine GaAs compound and its alloy; Gag7sAlg.25As,

Electronic property
Optical property
Mechanical property
GaAs alloys

Gag.75In9.25As, Gag75Sng.25As, Gag 7sTip2sAs. WIEN2K and Quantum expresso (QE) codes were adopted for
calculations using generalized gradient approximation (GGA) in Perdew-Burke Erzenhoff (PBE) as exchange
correlation function for both codes. Full potential linear augmented plane wave (FPLAPW) with the local orbital
method was adopted as implement in WIEN2K code. In QE code, norm-conserving pseudopotentials were
employed on a plane-wave expansion of the wave functions. Structural and electronic properties were elaborated
since their result gives information about the optical and mechanical performance. Electronic band structure and
optical parameters were performed using WIEN2K code. Underestimation of band gap observed from DFT cal-
culations were corrected by using Modified Becke and Johnson (mBJ). Mechanical components were determined
using QE with thermo_pw package. Lattice constant, volume, bulk modulus and other physical parameters were
calculated for structural properties. Discrepancy in these parameters as observed in crystal structure is associated
to difference in ionic radius of host and substituted atom. The results of band structure and density of states were
calculated for electronic properties. All the studied compounds were semiconductors in nature except Gag 75S-
ng 25As which displayed metallic character. Optical parameters including extinction coefficient, absorption co-
efficient, refractive index, optical conductivity, optical reflectivity and energy loss function have been computed
from the dielectric function at energy range of 0 to 25 eV using the Kramers-Kronig transformations. Calculated
elastic function were used to compute the mechanical properties such as anisotropic, brittle characteristics,
stiffness and many others. All the results were compared with available theoretical and experimental records.

1. Introduction semiconductor material comprising of Gallium (Ga) and Arsenic (As) of
group IIT and V respectively [1]. GaAs has a cubic phase of space group

Ongoing advancement in group III-V optoelectronics materials re- F-43 m [2,3] with zinc blende nature [4]. Alloys lattice- related to a
quires the investigation of semiconductor alloys with precise properties given substrate offer fresh prospective to identify the required material
such mechanical, optical, electrical and structural properties. GaAs is a properties and are very valuable in changing the piezoelectric field,
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Table 1
Calculated Lattice constant, Volume, bulk modulus and bulk modulus derivative
of studied compounds.

Sample Lattice Volume  Bulk modulus Derivative bulk
constant %) (B) (GPa) modulus
A ®)
a=b=c
Pristine GaAs 5.655 180.84 75.48 4.53
Other 5.664 69.711[29], 4.34[32]
theoretical [29],
5.666 69.600 [30],
[301,
5.667 61.299(31],
[31],
5.665(32] 69.678[32]
Experimental 5.640 77.000 [33],
[33],
5.653[34] 75.500[34]
Gag 75Alp 25As 5.679 183.15 70.080 4.37
Gag 75Ing 25As 5.800 195.11 64.930 4.93
Gag.755n0 25AS 5.885 203.82 54.020 3.70
Gag.75Tlo 25As 5.842 199.38  61.280 5.05

dislocations as well as defects of that material properties. Some of these
alloys encompass extensively adopt in support of device applications
include GaInNAs, GaAsP, AlGaInN and many others [5-7]. Presence of
doping in materials influence photo-sensitivity of a semiconductor, al-
ways reduces the band gap and increases the absorption of semi-
conductor. Forbidden energy of the material can also be increased with
the presence of doping, in which the photo-sensitivity reduce, changed
in carrier concentration and effective mass of the material, this increases
in conductivity and improved the materials transmittance [8]. Compo-
sition of electronics in materials is subjective due to the doping which
enhances or buckle some properties of those materials [8].

Aluminum (Al), indium (In), tin (Sn), and thallium (T1) along other
alloys are among the promising materials due to their lattice-related
properties. GaAs has energy band gap value between 1.4 eV ~ 1.5 eV
[3,9], large optical absorption coefficient as well as electron mobility of
8000 cm?/Vs at 300 K [10]. This makes it a prominent material for
high-performance photo-detectors, solar cells, laser, light-emitting di-
odes and sensors [10-15]. With these, GaAs is one of the material
preferred for fabricating good quality solar cells, sensors, light-emitting
diodes and photo detectors [10].

Numerous studies have been carried out on GaAs by different re-
searchers using various deposition methods such as screen printing
techniques, sol-gel method, spray pyrolysis method, electro, molecular
beam epitaxy (MBE), chemical vapor and chemical bath [16]. Also,
theoretical approached in the studies of GaAs was not left out, re-
searchers pay more attention as a result of its superb properties when it
is doped with certain alloy, thereby enhancing its electronic and optical
properties [17-19].

The motivation behind the present study is due to the fact that little
or no research have been done in these aspects of GaAs and its doped
alloys (Al In, Sn and T1). Hence, in this work, WIEN2k software [20] was
used to calculate the ground state energy by applying
Perdew-Burke-Ernzerhof (PBE) in generalized gradient approximation
(GGA) exchange correlation function [21] based on density functional
theory (DFT) [22]. Electronic band gap was calculated using standard
DFT approach and then modified Becke Johnson (mBJ) function [23] for
the improvement of underestimation that usually accompany standard
DFT. Optical parameters such as conductivity, energy loss, absorption,
refractive index and reflectivity were determined from dielectric func-
tion. The calculated band structures and density of states were used to
evaluate the electronic properties of Gallium Arsenide and its alloys.
Stability of the materials were predicted by calculating elastic constants,
which were in turn used, for evaluation of mechanical parameters such
as anisotropic, brittle characteristics, stiffness and many others using
quantum espresso (QE).
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2. Computational details

First principle calculations were performed for the investigation of
structural, electronic, optical and mechanical properties of GaAs and its
alloys. Pristine GaAs was chosen as control sample in order to note the
influence of dopants on the model GaAs alloys. Thermo_pw package
implemented in Quantum-Espresso (QE) code [24,25] was used to
calculate mechanical properties. Meanwhile, WIEN2k code [20] was
used for former properties calculations. This is based on full potential
linearized augmented form of plane wave together with local orbital
(FP-LAPW + lo) [26].

GGA-PBE were employed [21] as exchange-correlation potential.
Rmt x Kmax of 8.0 was used for the expansion of the wave function at
the core of interstitial region where Rmt is the minimum of the atomic
sphere radii and Kmax is the plane-wave cut-off wave vector. Charge
density is Fourier expansion of Gpax = 12 (a.u.)”! while the maximum
value of angular momentum L, = 10 was used for control of partial
waves expansion inside the muffin-tin spheres. The distance between
core and the valence electrons are set to be —6.0 Ry and energy of
convergence during scf is 10™* Ry for total energy. Monkhorst-pack
[27], 10 x 10 x 10 meshes was produced from 1000 optimized
k-points in the irreducible wedge of the Brillouin zone.

Structural optimization was achieved through equation of state;
Murnaghan’s [28]. Electronic band structures were determined by
means of GGA-PBE potential, but as a result of underestimated value of
energy band gap which is common norms of DFT, Trans and
Blaha-modified Becke-Johnson potential (TB-mBJ) [23] was used for
the correction of the underestimation. For optical property calculations,
very high dense of k-mesh 25 x 25 x 50 in the full BZ integration was
adopted in order to achieved excellent result.

We calculated the optical properties via the real ¢; (w)and imaginary
e2(w) components of the dielectric function ¢(w). From Kramers-Kronig
transformation, &2(w) can be calculated [29,30];

2 — — — —
& (@) :%/d3kz‘<7n\P|?n/> Tk (115 )s(Ek —EF — o)
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N
where o, P, e, and k denotes the angular frequency of the electromag-
netic wave, momentum, electron charge, and wave vector, in that order.

— — —
fk and 5(Enk - Enk — hw) are the Fermi distribution and its Dirac

n

functions, respectively. While, n and n means original and final states of
electron in a system. The ¢; (w) can be determined from the &3 () using
the Kramers-Kronig relations;
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where, A represent the integral value.
The dielectric function ¢(w) for optical properties of materials is

defined by the expression;
e(w) = & (0) + iex(w) 3)

The dielectric function is the basic optical parameter which other
parameters depend [31,32];

12

Absorptioncoefficient A(w) = V2o {\/812(60) +&?%(w) — sl(a))] @

c

where c is velocity of light.

)

Opticalrefractiveindex n(w) = {
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Fig. 1. Calculated band structure for pure GaAs and doped Gag.75Alg 25As.
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3. Results and discussion
3.1. Crystal structure

GaAs cubic crystal structure and their alloys (GagysAlg.2sAs,
Gag 75Ing.25As, Gag 75Snp.2sAs and Gag 75Tl 25As) were studied. Using

Murnaghan’s equation of state [28], samples were optimized by fitting
total energy against volume;

B,V
=Eo + ——

By
s {3
Bo(Bo—1) v v
Where E(V) is the total energy with the volume, Vj is the equilibrium
volume at minimum E, while By and B, is bulk modulus and its de-
rivative respectively. The calculated optimized lattice parameter (a, b

Eq(V) ©)

and c), volume (V), bulk modulus (B) and bulk modulus derivative (B/o)
are shown in Table 1. Our calculated lattice constant for pristine GaAs is
5.655 A and itisin good agreement with several theoretical [32-36] and
experimental work [37,38] as presented in Table 1. Space group of
pristine GaAs is F-43 m (216) [3], the face centre cubic crystal structure,
which later change to P-43 m (215) as predicted for all model alloys
using WIEN2k code. This can be due to variation in the atomic mass of
dopant and replaced Ga atom.
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Fig. 2. Calculated band structure for Gag 75Ing 25As and doped Gag 75Sng 25AS.

3.2. Electronic properties

The electronic band structure and density of states (DOS) were
determined to reveal more facts about the materials electronic proper-
ties. These are important features in modeling of electronic devices. The
electronic band structure of all the studied samples were calculated
along high symmetry path R -I' -X — M - T of the Brillouin zone as
presented in Figs. 1-3. The Fermi energy level (Eg) is fixed to zero en-
ergy. The conduction and valence band (CB and VB) are at I'- point
direction of high symmetry which indicate direct band gap and semi-
conductor nature of the materials. With standard DFT, the band gap of
GaAs was found to be 0.2857 eV, a clear underestimation when
compared to experiment [39]. This is the general trend of simulation
work [40,41]. The present result is similar to the one reported by Ahmed
et al., in their work, Ab initio study of structural and electronic prop-
erties of Ill-arsenide binary compounds [42]. The result of calculated
band structure with DFT + TB-mbJ potential is in excellent agreement

when compared to other theoretical work [40,42] but there is slight
difference when compared to experimental work [39] as presented in
Table 2. In Figs. 1-3, it was observed that the presence of impurities (Al,
In, Sn and T1) alter the present feature of GaAs alloys band gap. With the
exception of Sn dopant which reveal metallic nature with zero of band
gap, all the doped samples are still depicting semiconductor feature
when calculated with TB-mBJ potential. The new band gaps with
DFT+TB-mBJ were presented in Table 2.

To obtain useful information of a material with regards to electron
movement from one orbit to another i.e. the conduction band orbit and
valence band orbit within the same period of time, density of state is
used. Band structure and density of state was used to control the elec-
tronic orbital movement from one energy level to another. Doping of a
material change its density of state by depreciating the electronic per-
formance of the materials, i.e. increasing or decreasing the optical per-
formance of the materials [43].

In order to reveal the contribution of each atomic orbital in the
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Fig. 3. Calculated band structure for Gag 75Tlg 25As.

Table 2
Band gap of studied compounds using DFT and DFT+mbj where compared to
other theoretical as well as experimental.

Sample DFT (eV) DFT+mbj Others
(eV) (eV)

Pristine GaAs 0.2857 1.6190
Other 0.341[36] 1.560(36], 0.28[37,42]

theoretical 1.640[36] 1.50[38]
Experimental 1.520(35]
Gag.75Alp 25As 0.5476 1.7619
Gag.75Ing o5AS - 1.000
Gay.755n0.25A8 - -
Gag75Tlo.25A8 - 0.619

building of band structure as well as orbital contributions to the
changing of band gap, we calculated the partial density of state as dis-
played in Figs. 4-8. The Fermi energy level, which is set at zero energy
was represented by vertical dotted line. Symmetric spin in both channels
of plots were observed for all sample, an indication that the materials are
non-magnetic in character even with the presence of dopant. From
Figs. 4-8, it was observed that the semiconductor nature of materials
were from As-4p orbital at both electronic band; valence and conduc-
tion, with little contribution from Ga-4p and As-3d orbitals, except
Gag 755n0.25As that is metallic in nature as a result of shifting in Fermi
energy level. Our result is consistence with the band structure calcula-
tion reported earlier.

3.3. Optical properties

In the process of designing optoelectronic devices, precise under-
standing of certain optical parameters of materials are needed. The
optical properties were determined using electronic transition as
employed by time-dependent perturbations of the total electronic state
[32]. This shows that investigations of optical properties are directly
linked to the energy band gap of materials. The calculated optical pa-
rameters for all the studied compounds were in the energy range 0 — 25
eV. Polarizations of only x-axis direction were considered since x- and
z-axis are symmetric for cubic crystal system. Complex dielectric

function was originally evaluated since other parameters depend on it
and this also influences the incident electromagnetic waves on
materials.

3.3.1. Dielectric function

The dielectric function pronounces sensitivity of a semiconductor to
electromagnetic carried via photons and electrons [44]. The real and
imaginary parts of complex dielectric function of GaAs and
Gag 75A0.25As (A=Al In, Sn and T1) were presented in Figs. 3 and 4. In
the real part of dielectric, the static dielectric £; (0) is the zero energy of
the dielectric. The ¢;(0) of GaAs, Gag7sAlpasAs, GagzsIng asAs,
Gag 75Sng 25As, and Gag 75Ty 25As were 18.2, 15.5, 17.2, 29.5 and 20.4
respectively. These differences in performance is related to the changes
in their electronic band structures; in particular, the metallic material
gives high static dielectric and material with wide band gap in the study
is the least. This shows that electronic band gap value is inversely pro-
portional to static dielectric constant of a material as it is inversely
proportional to the wavelength of the electromagnetic wave [45]. The
photon energy of visible light ranges from 2 to 2.75 eV [45,46]. Semi-
conductor sample depict concave feature at visible range while only
metallic shows the convex with very high value of dielectric constant
compared to formal. In pristine GaAs, 12.74 were obtained for dielectric
constant €; (w) at photon energy of 2.00 eV which is in the same range 12
- 12.9 reported in Ref. [47,48]. It was observed that as from 10 eV of
photon energy, the dielectric constant of all the studied sample are
uniform and approximately the same, which is the same trends for real
part of dielectric constant in other study [49].

Imaginary part 3 () of the dielectric determines the light absorption
characteristics of the material. Two prominent sharp peaks were
revealed in the imaginary dielectric plots of all compounds. In metallic
character Gag 75Sng 2s5As, first sharp peak was observed below visible
light region while the first peaks for the studied semiconductors falls
within the visible region. This shows strong absorption of metallic over
semiconductor materials, making it more relevant for energy harvesting
devices. The observed peaks at the ultraviolet region were higher than
those of the visible region. The static imaginary dielectric constant in the
studied compounds decreases as band gap increases. This is related to
the shortest inter-band transitions between maximum of VB and mini-
mum of CB. Normally, dielectric constant of materials increases as a
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Fig. 4. Total and partial density of states for GaAs.

result of their molecules polarization. Besides, both low and high values
of dielectric constant e(w) are noteworthy and essential in electronic
engineering.

Fig. 9

3.3.2. Absorption coefficient

Absorption Coefficient is one of the properties of an optoelectronic
devices which is defined as the light engrossed per unit length of the
material [32]. When optoelectronic material absorbs light, it leads to the
movement of electrons from one band level to another. Good absorber
material absorbs all electromagnetic radiation incident on it, leading to
the total escape of unexcited electrons through the radiation. If mate-
rial’s photon energy is less than the band energy, light will not be
absorbed by the material. Therefore, for the material to absorb light,
photon energy must be greater than the band energy. Fig. 10a shows that
pristine GaAs and its alloys possess zero absorption at 0 eV, with a sig-
nificant increase in absorption value at 1.2 eV. The absorption reaches
its Peak value of 170 x 10* cm™! at 6 eV, which was the highest of the
studied samples. The lowest value was observed for Gag7s5Sng.2s5As.
Generally, the absorption values started decreasing from photon energy
of 6 eV until it reaches a uniform of 20 x 10% cm ™! at 21 eV. In this study
absorption peaks are in the range of ultraviolet region with approxi-
mately 7 eV for the pristine GaAs and its alloys. Gag 7s5Alp.25As has
strongest absorption in ultraviolet zone when compared to other studied
samples which makes it more suitable for optoelectronic devices
application.

3.3.3. Refractive index
Refractive index (n) is one of the good factor or character of light
absorbing material, as it gives information on how light will behave

within the material [32]. Refractive index of pristine GaAs and doped
GaAs are displayed in Fig. 10b, where at static refractive index (0 eV), n
at the range of 3.9 to 5.4 ® were observed. The static refractive index is a
useful concept for understanding the properties of materials in the limit
of low photon energies. From the Fig. 10b, Gag75Sng 25As has the
highest value of refractive index at 0 eV (5.4 ®) depicted the distinct
nature of material, a metallic. Metallic compound with free transport of
electrons have large values of refractive index because of its ability to
move freely. Meanwhile, Gag 75Tlg 25As has the highest ‘n” 4.7 ® at 2.0
eV the visible region. This is in correlation with the energy band gap
result in Table 2, that is the narrowly the band gap the higher the
refraction index of the material. The refractive index is normally used to
regulate the transparency of materials. From our results, semiconductors
samples have conspicuous band gaps in the visible range and are fitting
with Penn’s model, €1(0) = 1 + (hmp/Eg)2 [50]. This will make them
suitable for optoelectronic devices.

3.3.4. Optical conductivity

The absorption of incident energy by a material resulted in the cre-
ation of free electrons which can be reveals by the conductivity (c) [32],
in this study optical conductivity of GaAs and its alloys were presented
in Fig. 10c. There is high value of optical conductivity at ultraviolet
region which is correlation with the earlier report on absorptivity’s of
the materials. We observed peak conductivity between 0 and 1 eV in
metallic compounds. Meanwhile, pristine GaAs and its modelled alloyed
compound gives better optical conductivity at ultraviolet region.
Changing in optical conductivity over the energy range of study has the
same trend with variation in refractive index, which confirmed the re-
lations between the two terms in Eq. (7). The inter band changes of
electrons from one energy level to another shows the optical
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conductivity peaks at ultraviolet energy level [48].

3.3.5. Optical reflectivity

Reflectivity is one of the good properties of optoelectronics mate-
rials, as the higher the reflectivity of the material the higher the solar
reflectance. In this study, the optical reflectivity was calculated from
dielectric constant. The optical reflectivity against the energy was pre-
sented in Fig. 11. From the figure, it could be seen that, at 4.5 eV, both
the pristine GaAs and it studied alloys has significant values of reflec-
tivity from the region of 0.54 ® to 0.62 ® which continuous fluctuating
up to 13 eV region. At 14 eV, a decreasing trend was observed, which
becomes uniform at about 25 eV and continues moving with a reflec-
tivity of 0.2 . Pristine GaAs has a high reflectivity at 0.62 » in 4.5 eV
while the lowest reflectivity occur in Gag 755n¢ 25As which recorded the
lowest reflectivity value of 0.56 w at 4.8 eV. Anti-reflection industry uses
materials with lower reflectivity of less than 1 in all the range of energy
[48,51].

3.3.6. Extinction coefficient
The extinction coefficient reveals the capacity of a material to retain
light incident on it, which is one of the properties of optoelectronics

materials [52]. In this study, extinction coefficient of pristine GaAs and
its studied alloys is shown in Fig. 11. From the plots, maximum value of
extinction coefficient, depicted by sharp peaks was observed in the en-
ergy range, which falls in ultraviolet region. For pristine GaAs and GaAs
doped with its alloys, the lower energies have sharp peaks from the plots
while there is decrease in absorption at high energy values. The figure
also showed that peak extinction coefficient value of 4.6 ® at 2 eV was
obtained for Gag 75Ing 25As, followed by pristine GaAs with 4.00  at 4.9
eV. The sample material with least extinction coefficients value is
Gag 75Tlg.25As, with 3.2 o at 4.9 eV. A gradual decrease in the peaks was
observed to begin after 5.0 eV.

3.3.7. Energy loss function

Categories of nanostructure and microstructures can be obtained
using energy loss spectroscopy (EELS). EELS can be used to study elas-
tically scattered and non-scattered electrons, it also helps in knowing the
atomic number which can be strike by the beam [53,54]. When electrons
of electromagnetic light pass through the material, there is loss of energy
because of the fast movements of electrons. This can only be obtained
using the energy loss function L(w) process. One of the fast density os-
cillations uses in metals and plasmas for their conductivity is plasma
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Fig. 6. Total and partial density of states for Gag 75Ing 2sAs.

oscillations. Plasma oscillation use in either metals or plasma in the
ultraviolet zone always unfasten with the lattice area because of the fast
movements of electrons [55,56]. Calculated energy loss functions were
determined from real and imaginary dielectric as presented in Fig. 11.
High peak intensity of 4.9 w at 17.5 eV was observed for pristine GaAs
with Gag 75Sng.25As recording the second lowest value of 4.4 o at 15.5
eV. The figure of energy loss function shows that there is clear scattering
as all the studied compound were studied with zero energy loss at visible
range [32]. Electron loss energy is caused by the inelastic scattering of
electrons due to the incident light that falls on it, which led to the high
peaks by the loss function of compounds. GaAs and Gag 75Alg 25AS
compound have high values of intensity peaks which satisfy nature of
good semiconductor materials.

3.4. Mechanical properties

Determining the material’s mechanical and elastic properties is
essential during the manufacturing process [57,58]. Different forces can
be applied when fabricating a material; therefore, it is important to
understand solid forces and their atomic dynamical behaviour before

applying any force to the material [57,58]. The elastic constant (Cyj) of
the material provides clear evidence of its strength and stability. The
Born-Huang theory [59] was developed by Max Born and Kun Huang
and provide a thorough explanation of the mechanical stability of a
material. L. Max later investigated this theory in more detail [59]. The
Born-Huang elastic criteria, as proposed by Born in 1955, gave the sta-
bility requirements for cubic crystal structures as;

Cy—Cp > 07 Cy > 0,C44 >0 and(Cn +2C12) >0 (10)

Elastic constants (Cj), bulk modulus (B), and shear modulus (G) are
used in Tables 3(a-€) to evaluate the stability and bonding properties of
studied crystals in order to investigate their mechanical properties. To
be more precise, C1; represents the material’s resistance to strains, C;o
represents shear stress, and C44 represents resistance to shear deforma-
tion. According to the Born-Huang stability principles, the elastic con-
stant values were used to determine mechanical stability [28,60,61].
The computed elastic constants confirm the stability of the studied
compounds according to the Born-Huang stability criteria. In pristine
GaAs as well as doped GaAs samples, Cy; consistently outperforms Cyz
and Ca4, with C44 outperforming C;5 in terms of values. Across all alloys
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under investigation, the stiffness constant shows an increasing trend
with increasing pressure, according to the results. Higher bulk modulus
values indicate better resistance to volume deformation and are measure
of a material’s resistance to compression [28,62]. The following
expression was used to determine bulk moduli:

_Cy +2Cp

B
3

an

The strength displayed by the materials is gauged by their bulk
modulus. Table 1(a) through 1(e) show that the calculated bulk modulus
(B) of the studied alloys was clearly influenced by pressure. The data
shows a clear relationship between higher pressure levels and higher
bulk modulus values in the studied samples.

The bulk modulus of the Gag 75Tl 25As-doped sample is 743.0572 at
30 GPa, which is significantly higher than the value of 709.0774
recorded for the Gag7sAlp 25As-doped sample. Notably, for all of the
alloys under study, greater B values were continuously seen at the high
applied pressure (30 GPa). As an example, the sample doped with
Gag.755n0.25As has the lowest value of 593.3441 at 30 GPa. These results
highlight the synergistic effect of doping and pressure on the bulk
modulus of the studied materials.

Using Voigt’s (Gy) [63] and Reuss’s (G;) [64] approximations, Hill
[65] computed the shear modulus (G) for the cubic phase structure [28,
60] as express in Eq. (12)-14.

1
Gy :g(cll —Ci2+ (3Cu)) 12)
5CuX(Cyy — Cn)
= CuX(Ch = Ci) a3)
4Cyy +3(C1y — C)
G=21C (14)

The hardness of a material is indicated by its shear modulus, which
quantifies its resistance to transverse deformations. A higher shear
modulus suggests that the material will be harder to shape. The results
for G reveal that the Gag7s5IngasAs alloy exhibits the highest value
(664.9089) at 30 GPa, followed by the doped Gag75Tip 25As sample
(488.3368) at the same pressure. On the other hand, at 30 GPa,
Gag 75Sn0.25As records the lowest G value (260.2204). Interestingly,
unlike the other compounds, which typically increase with increasing
pressure, the shear modulus of Gag75Sng2sAs varies with pressure
changes. This variation suggests that Gag75Sng 2sAs exhibits special
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behaviour under pressure. Additionally, doping seems to affect the shear
modulus results, with the exception of Gag 755ng 25As.

Numerous mechanical properties, such as the shear anisotropy (A),
internal strain factor (PSI), Cauchy pressure (Pc), Young’s modulus (Y),
Poisson’s ratio (V), Pugh’s ratio (RP), and Frantsevich’s ratio (RF), were
calculated using the following equations respectively:

2Cy,

A= m (15)
Pt = 7(2111—:82%122 (e

- 321160 an
V= 2];_7_75(0; (18)

When the shear anisotropy (A) is 1, the material is said to be
isotropic, meaning that it can deform uniformly in all directions along its
body. On the other hand, a material is categorized as elastic anisotropic

10

if the shear anisotropy deviates from unity, either more or less [66]. All
of the alloys under study have calculated shear anisotropy values greater
than 1, indicating that they are anisotropic. Furthermore, the results
show that all anisotropy values are influenced by pressure, with higher
pressure corresponding to increased anisotropy.

The Internal Strain Factor (PSI) as expressed in Eq. (16) is a measure
used in materials science to gauge the magnitude of internal strains
within a material. It’s a quantification of the stress-related deformations
or distortions present within a substance even in the absence of external
forces. PSI values greater than 0.60 suggest that the material is less
prone to distortion or deformation under applied stress or pressure. This
means that materials with PSI values above this threshold tend to
maintain their shape and resist deformation more effectively. The In-
ternal Strain Factor (PSI) for all samples exceeds 0.60, indicating that
the studied alloy materials can maintain their shape and resist defor-
mation more effectively.

Cauchy pressure (Pc) is a mechanical parameter that determines
brittleness and ductility of a studied alloy material. Eq. (17) was used to
calculate P¢ of the studied alloy materials, if P¢ is negative the material
is said to be brittle material and if it’s positive, the material is said to be
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ductile. All the studied alloy materials are result to be brittle due to their
negative P¢ values except Gag 75Sng 25As, which shows ductility under
particular pressure values.

For solid materials, Poisson’s ratio is an essential metric that reveals
properties like brittleness or ductility, shear stability, and the nature of
interatomic forces as expressed in Eq. (19) [28]. Poisson’s ratio greater
than 0.26 indicates ductility in materials, while values less than 0.26
indicate brittleness. Similarly, the ductility or brittleness of a material

Table 3a
Calculated mechanical properties of pristine GaAs at different pressure.

can be predicted using the Pugh’s ratio (Rp), and Frantsevich’s ratio (Rp)
[28] which are expressed in Eq. (20 and 21) respectively. Pugh’s ratio
(Rp) above 1.75 denotes ductility; below 1.75, brittleness is indicated.
The inverse of Pugh’s ratio, Frantsevich’s ratio (Rg) which indicates
ductility if it is less than 0.571, it also indicates brittleness if its greater
than 0.571 [28]. Based on Rp results, all the sample materials are brittle;
this is because the calculated values are less than 1.75, with the
exception of Gag75SngasAs, which shows ductility under particular

Mechanical parameters

Values of Pressure (GPa)

0 5 10 15 20 25 30

(GF 1041.377 903.3332 929.5223 959.0582 985.0865 1009.651 1033.248
Ci2 522.6092 397.6624 419.1128 445.2836 472.2341 492.2195 515.0378
Cas 697.508 603.8177 621.7464 640.261 657.7677 674.9086 691.7253
Ci1- Ci2 518.7675 505.6708 510.4095 513.7746 512.8524 517.4316 518.2104
Pc —174.899 —206.155 —202.634 —194.977 —185.534 —182.689 —176.687
C11+2Cq2 2086.595 1698.658 1767.748 1849.625 1929.555 1994.09 2063.324
B 695.5317 566.2193 589.2493 616.5418 643.1849 664.6967 687.7746
G 469.2611 425.8318 435.0066 443.9192 450.8744 459.5455 466.7068
Y 1149.311 1021.435 1047.301 1073.994 1096.424 1120.429 1141.844
Rp 1.482185 1.329678 1.354576 1.388861 1.426528 1.446422 1.473676
Rg 0.67468 0.752062 0.738239 0.720015 0.701003 0.691361 0.678575
A 2.689097 2.388185 2.436265 2.492381 2.565134 2.608687 2.66967
PSI 0.626556 0.573793 0.583049 0.594601 0.607515 0.614432 0.623704
A 0.224597 0.199341 0.203775 0.209673 0.215887 0.219063 0.2233
6p 342.758 329.177 332.179 335.085 337.173 339.893 342.003
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Table 3b
Calculated mechanical properties of doped Gag 75Alg 25As at different pressure.
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Mechanical parameters

Values of Pressure (GPa)

0 5 10 15 20 25 30
Ci1 926.8568 950.612 974.2657 997.1965 1020.303 1098.594 1058.554
Cia 409.1837 430.8111 453.304 475.3443 497.3847 574.9839 534.3389
Cysq 617.8098 635.6821 652.9964 670.0052 686.8037 745.8643 715.5391
Ci1 - Ci2 517.6731 519.8009 520.9617 521.8521 522.918 523.61 524.2156
Pc —208.626 —204.871 —199.692 —194.661 —189.419 —170.88 —181.2
C11+2Cqo 1745.224 1812.234 1880.874 1947.885 2015.072 2248.562 2127.232
B 581.7414 604.078 626.9579 649.2951 671.6906 749.5205 709.0774
G 435.795 444.0606 451.7056 459.0738 466.3638 490.5018 478.5339
Y 1046.153 1069.996 1092.698 1114.547 1136.145 1207.993 1171.962
Rp 1.334897 1.36035 1.387979 1.414359 1.440272 1.528069 1.48177
Ry 0.749121 0.735105 0.720472 0.707034 0.694313 0.654421 0.674868
A 2.386872 2.445868 2.506888 2.567797 2.626813 2.848931 2.729942
PSI 0.574886 0.585039 0.595446 0.605209 0.614409 0.644614 0.62903
\% 0.200281 0.204785 0.209524 0.213908 0.218088 0.231385 0.224534
Op 345.524 348.189 350.596 352.87 355.104 362.123 358.724
Table 3c
Calculated mechanical properties of doped Gag 75Ty 25As at different values of pressure.
Mechanical parameters Values of Pressure (GPa)
0 5 10 15 20 25 30
Ci1 948.9241 972.7066 994.2959 1015.615 1038.687 1061.22 1083.558
Cia 436.271 460.0549 482.3643 504.6596 528.1975 551.0982 572.8066
Cas 663.4694 680.9899 698.5297 716.1103 612.9275 736.6336 752.4363
Ci1-Coa 512.6531 512.6517 511.9316 510.9558 510.4897 510.1214 510.7518
Pc —227.198 —220.935 —216.165 —211.451 —84.73 —185.535 —179.63
C11+2Cy2 1821.466 1892.816 1959.025 2024.935 2095.082 2163.416 2229.172
B 607.1554 630.9388 653.0082 674.9782 698.3607 721.1387 743.0572
G 453.1585 460.3472 467.2224 473.954 431.3113 481.842 488.3363
Y 1088.636 1110.87 1131.748 1152.183 1073.031 1182.219 1201.747
Rp 1.33983 1.370572 1.397639 1.424143 1.619157 1.496629 1.52161
Rp 0.746363 0.729623 0.715492 0.702177 0.617605 0.668168 0.657199
A 2.588375 2.656735 2.728997 2.803023 2.401331 2.888072 2.946387
PSI 0.590697 0.602033 0.612408 0.622383 0.632177 0.641212 0.648989
A% 0.201165 0.206556 0.211145 0.215501 0.243917 0.22677 0.23045
Op 303.094 305.006 306.761 308.461 301.277 310.929 312.536
pressure conditions. temperature. The highest Debye temperature values are found in
38— G Gag 75Alp.25As, followed by pristine GaAs, and the lowest in Gag 75S-
=681 20 (19) ng.25As. These findings imply that, in comparison to other alloys under
investigation, Gag7sAlp2sAs has stronger covalent bonds and better
B 20) thermal conductivity.
Rp=—
e
4. Conclusion
G
and Ry = — 21 . . . .
B The structural, electronic, optical, and mechanical properties of

However, considering Poisson’s ratio, all studied alloys are brittle,
except for the Gag 75Sng 25As-doped sample showing ductility at 25 GPa
(0.303058) and 30 GPa (0.308685). Frantsevich’s ratio further confirms
brittleness in all alloys except Gag 75Sng.25As, which displays ductility
under certain pressure conditions. Cauchy pressure, Poisson’s and
Pugh’s ratio results are consistent with Frantsevich’s ratio, which
further verifies brittleness in all studied alloy materials with the
exception of Gag75Sng2sAs, which exhibits ductility under specific
pressure conditions.

An important parameter in solids, the Debye Temperature (6p) is
correlated with thermodynamic properties such as internal vibrational
energy, thermal expansion, and entropy [67]. By using mechanical
properties that can be accessed via average sound velocity, it offers in-
sights into thermodynamic behaviours [68]. Stronger covalent bonds or
bond strength in materials are indicated by higher Debye temperatures
[67,68]. The calculated Debye temperature increases with increased in
pressure across all the three studied doped alloy materials (Gag 75A-
lp.25As, Gag 7slng asAs, and Gag 75Tig 25As). Interestingly, under pres-
sure, pristine GaAs and Gag7sSng 2sAs exhibits a decreasing Debye
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pristine GaAs compound and its alloy were investigated using density
functional theory (DFT) (Gag 75Alp 25As, Gag 7sIng.25As, Gag 75500 25As,
Gag 75Tip.25As). The WIEN2K and Quantum expresso (QE) codes were
used for calculations, with the generalized gradient approximation
(GGA) in Perdew-Burke Erzenhoff (PBE) as the exchange correlation
function for both codes. When using Standard DFT, we discovered that
the band gap was underestimated, whereas DFT + mbj potential was
used to correct the band gap. The semiconductor nature of pristine GaAs
and its doped alloys was confirmed in this study, and the presence of Sn
dopant caused the material to exhibit metallic character. The orbital
contributions in the system are shown by TDOS and PDOS. Using
Kramers-Kronig transformations, optical parameters such as dielectric
function, absorption, refractive index, extinction coefficient, optical
conductivity, and reflectivity were calculated from the dielectric con-
stant. The performance of GaAs and some doped alloys demonstrated
that the material could be used in a variety of applications, including
solar cell window layer, reflection - resistant, bio-medics, and nano-
optoelectronics, and lower reflectivity values can be used in the anti-
reflection industry. The elastic constants and bulk modulus of the
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Table 3d
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Calculated mechanical properties of doped Gag 75Sng 25As at different values of pressure.

Mechanical parameters

Values of Pressure (GPa)

0 5 10 15 20 25 30

Ci1 678.8412 694.6557 708.1007 719.5863 732.0828 744.7522 754.1872
Cia 370.3831 402.8032 425.0347 447.4525 469.1485 492.1602 512.9225
Cusq 372.9401 694.6557 393.63 403.1445 413.7823 423.3485 432.5861
C11 - Co2 308.4581 291.8525 283.066 272.1338 262.9343 252.592 241.2647
Pc —2.55703 —291.852 31.40466 44.30794 55.36622 68.8117 80.33644
C11+2Cqo 1419.607 1500.262 1558.17 1614.491 1670.38 1729.073 1780.032
B 473.2025 500.0874 519.39 538.1638 556.7933 576.3575 593.3441
G 261.708 376.284 261.3257 261.0738 261.7217 261.3284 260.2204
Y 662.9141 902.4953 671.3782 674.1989 678.8069 681.0524 681.0932
Rp 1.808132 1.329016 1.98752 2.061347 2.127425 2.205491 2.28016
Rp 0.553057 0.752437 0.50314 0.48512 0.470052 0.453414 0.438566
A 2.418093 4.760321 2.781189 2.962841 3.14742 3.352034 3.585988
PSI 0.66305 0.691063 0.707515 0.724747 0.739793 0.755461 0.770412
\% 0.266515 0.199221 0.284562 0.291204 0.296811 0.303058 0.308685
Op 254.437 252.763 252.595 251.763 251.317 250.384 249.022

Table 3e

Calculated mechanical properties of doped Gag 7sIng 2sAs at different values of pressure.
Mechanical parameters Values of Pressure (GPa)

0 5 10 15 20 25 30

Ci1 833.258 856.0419 877.1442 897.643 920.6558 966.9121 967.8885
Cia 385.5222 408.163 427.0329 446.4087 468.2724 512.674 513.4191
Caq 559.0562 576.7438 593.9988 611.2971 628.8944 662.8691 663.175
C11-Coa 447.7358 447.8789 450.1113 451.2343 452.3834 454.2381 454.4693
Pc —173.534 —168.581 —166.966 —164.888 —160.622 —150.195 —149.756
C11+2Cy2 1604.302 1672.368 1731.21 1790.46 1857.201 1992.26 1994.727
B 534.7675 557.456 577.07 596.8201 619.0669 664.0867 664.9089
G 387.3153 394.707 402.5868 410.038 417.5636 431.807 432.0143
Y 935.9791 958.0136 979.8903 1000.896 1022.743 1064.663 1065.318
Rp 1.380703 1.412329 1.433405 1.455524 1.482569 1.537925 1.53909
Ry 0.724269 0.708051 0.697639 0.687038 0.674505 0.650227 0.649735
A 2.49726 2.575445 2.639342 2.709444 2.78036 2.918598 2.918459
PSI 0.593205 0.605313 0.613864 0.622731 0.632265 0.650305 0.6505
A% 0.208291 0.213576 0.216993 0.220492 0.224655 0.2328 0.232966
Op 304.759 307.036 309.475 311.707 313.983 318.228 318.267

compound have also been predicted, with the calculated elastic constant
indicating that the investigated compounds are stable and the bulk
modulus of the materials indicating that doping has an effect on the bulk
modulus of the materials. Cauchy pressure, Poisson’s and Pugh’s ratio
results are consistent with Frantsevich’s ratio, which verifies brittleness
in all studied alloy materials with the exception of Gag 75Sng 25As, which
exhibits ductility under specific pressure conditions. The highest Debye
temperature values are found in Gagys5Alg2sAs, followed by pristine
GaAs, and the lowest in Gag 75Sng.25As. These findings imply that, in
comparison to other alloys under investigation, Gag75Sng 2sAs has
stronger covalent bonds and better thermal conductivity.
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