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Abstract

The applications of group 111-V minerals are closely linked to their structural and compositional
polymorphs and have drawn great attention due to their vast electronic and optoelectronic technology.
Aluminum arsenide (AlAs) is a group I11-V coordinated tetrahedral crystal material. The present
investigation addresses the aspects of optical extinction coefficient, energy loss function, refractive
index, and reflectivity of the B3-phase AlAs which are still missing in reported studies. Optical
properties can be used to show materials application to birefringent. This work aims at giving a deep
understanding of B3-phase AlAs minerals, in terms of electronic structure, bond strength, mechanical
properties, dynamical and optical properties. In this paper, ab-initio assessment of the above
properties is carried out using the methods of density functional theory (DFT) as implemented in
quantum espresso and thermo_pw codes. The material simulations are performed self-consistently by
using pseudopotentials in the form of generalized gradient approximation (GGA) and local density
approximation (LDA) respectively, to account for the exchange correlations. The energy and charge
density convergence tests were examined to study the ground-state properties. The band structure and
density of state (DOS) diagrams plotted demonstrate an indirect semiconducting state with an energy
band gap of 1.45 eV (GGA) and 1.34 eV (LDA), as well as Al-As bond length, all in satisfactory
accord with data from experiment and theory. Mechanically, analysis of the 3D-projections
demonstrates that B3-AlAs possesses a high degree of anisotropy, which is further confirmed by the
calculated Zener- and universal-anisotropic indexes. The evaluated Debye temperature 6p) = 397.724
K reflects the feasibility of the material being brittle, while the Debye heat capacity Cy =
49.63 J/(K.mol) reveals the Dulong-Petit limit. The Debye frequency (wp) and Griineisen’s
parameter (y) calculated are depicted for the first time. The general profiles of the optically dependent
dielectric functions of B3-AlAs under ambient conditions are discussed. Analysis of the obtained
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optical parameters, such as the reflectivity, refractive index, extinction coefficient, and energy loss
function suggests the material is a good dielectric due to the appearance of the spectrum mostly in the

ultra-violet region.
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properties.

1.0 Introduction

The operational characteristics of materials are
not only very crucial at practical device levels for
electronic and opto-electronic  engineering
technology but are also associated with and
needed for a better understanding of the
material’s properties behind the fundamental
science. The continual and increasing interest in
the behavior of semiconducting devices at
varying conditions is remarkable, and has been
applauded for the vast number of high-quality
calculations performed on group 1I-VI, -V,
and 1V materials (Mujica et al., 2003; Srivastava
et al., 2011; Xing-xiu et al., 2013; Lebga et al.,
2018). Primarily, of these groups, the driving
force behind group I11-V materials studies is of
immense technological importance, owing to
their applications in the fabrication of fast
microelectronic devices. Consequently, such
compounds play a vital role in areas of high
frequency devices with low noise, such as mobile
telephones, material advancements in spintronics,
the design of light emitting diodes, etc.
(Srivastava et al., 2011, with references therein).
Considerable attention has over the years been
drawn to the study of the structural and electronic
properties of complex systems, where the focus
from both theoretical reports and experiments has
been on understanding the related properties of a
variety of compound semiconductors (Mujica et
al., 2003; Gupta and Kulshrestha, 2009; Greene
et al, 1994). Intriguingly, tetrahedrally
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coordinated structures are most remarkable for
exhibiting low density and can undergo
transformation when pressure-driven into higher
density structures. The attribute of the homopolar
members of this semiconductor is the meager
ratio of the volume of touching atom spheres to
the unit-cell of 0.34 compared to the close-
packed elemental structure ratio (0.74)
(Srivastava et al., 2011).

Aluminum arsenide (AlAs) being a coordinated
tetrahedral ~ material in group -V
semiconductors, has attracted large interest
owing to its candidacy as a promising pure
optoelectronic material at room temperature.
AlAs crystallizes in the zinc-blende (B3) inverse
spinel structures at normal conditions and
detailed studies of the energetics have been
reported (Jappor et al., 2013; Mujica et al., 2003;
Xing-xiu et al., 2013). The excellent physical
properties exhibited make it attractive for better
device applications. For instance, the stimulated
technology in the formation of epitaxial
multilayer structures with gallium arsenide
(GaAs) is well applauded alongside its use in
heterojunction bipolar transistors, photodetectors,
tunable devices for visible wavelength, electro-
optic modulators, high electronic mobility
transistors, solid state lasers, frequency-mixing
components, etc. (Li et al., 2012; Kimukin et al.,
2004; Liu et al., 1994; Vurgaftman et al., 2001).
Experimentally, Greene and coworkers measured
and reported the lattice constant (5.66 A) for the
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four -fold coordinated zinc-blende (B3) structure
at ambient conditions (Greene et al., 1994).
Ab-initio electronic structure computation as a
fundamental first-principle method employs the
formalism of density functional theory (DFT)
(Hohenberg and Sham, 1965). This has been of
great importance to several material studies in
areas not limited to energy storage devices,
photonics, optoelectronics, nanoscience, earth-
physics, photochemistry and thermoelectricity
(Shafei et al., 2021; Ekong et al., 2014; Bashi et
al., 2021; Jolayemi et al., 2020; Ekong et al.,
2015; Lavrentyev et al., 2017; Jolayemi et al.,
2019). Earlier ab-initio pseudopotential research
tremendously worked on the structural stability
of AlAs polymorphs, and found the zinc-blende
(B3) phase to be thermodynamically most stable
(Varshney et al., 2009; Mujica et al., 1999; 2003;
1995; Zhang et al., 1987; Froyen et al., 1983).

Nevertheless, other properties of zinc-blende
(B3) AlAs have been investigated by other
researchers. In this light, Jappor et al., using ab-
initio  self-consistent Hartree-Fock  scheme,
reported a molecular orbital study of zinc-blende
AlAs based on electronic structure nanocrystals
(Jappor et al., 2013). Previous characterization
by Mujica et al. (1995), performed first-
principles pseudopotential study of the zinc-
blende, wurtzite, sodium chloride (NaCl),
cesium chloride (CsCl), B-tin, nickel arsenide
(NiAs), and simple cubic (sc)-16 structural
phases, and reported the phase stability of GaAs
and AlAs semiconductors. Gupta et al. (2009),
calculated the ground state properties of B3-AlAs
structure based on ab-initio pseudopotential
method within the DFT formalism. They
employed the local density approximation (LDA)
for the exchange - correlation energy
parameterization. Their reports revealed that the
valence band maximum (VBM) and conduction
band minimum (CBM) occurred at the '—-X
symmetry points, thus depicting an indirect

energy gap value of 1.33eV, compared to the
experiment (2.15eV). Further investigations by
Jiang et al. (2018) reported a first-principles
study of point defects in GaAs/AlAs superlattice.
According to them, the effects on the band
structure and carrier mobility results advances the
understanding of the radiation damage effects of
GaAs/AlAs semiconductor superlattice based
electronic and optoelectronics, for extreme
environmental applications (Jiang et al., 2018).
Earlier DFT calculations by Li et al. (2012),
reported on the lattice dynamic properties of XAs
(X =Al, Ga and In) with zinc-blende (B3)
structure from first-principle. They recorded a
lattice constant of 5.64A for the bulk B3-AlAs
structure within a GGA. Also, in their
discussions of the band structure, density of state
and vibrational properties, only the static
dielectrics were accounted for (Li et al., 2012),
thus leaving a gap for further study. Recently,
Tandon et al. (2018) in a first principles
calculation to predict the electron—phonon (e—ph)
scattering rates in B3-AlAs, studied the
dependence of phonon modes at energies close to
the conduction minima. They reported an energy
band-gap of 1.35e¢V at '-X symmetry along
with effects of phonon dispersion shift from the
optical phonon bands to higher frequencies, as
well as in acoustic branches to lower frequencies.

In light of the above, to the best of our
knowledge, optical parameters such as the
extinction  coefficient,  refractive  index,
reflectivity, energy loss function and related
thermal properties like the Debye frequency
(wp) and Griineisen’s parameter of bulk B3-
phase AlAs have not yet been explore and are
still lacking in the literature, thus necessitating
this study. Also, apart from the static dielectric
constant accounted for by Li et al. (2012), there
is no other optical reports on bulk B3-AlAs so
far. This paper provides a one-stop shop for the
fundamental understanding of B3-AlAs structure
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owing to a comprehensive study of the electronic,
elastic, mechanical, thermal, optical and phonon
dynamical properties of the material, which
apparently is the aim of this paper. The high
anisotropy displayed in this paper is further
confirmed by the obtained elastic-matrix shown
using 2D-projections and 3D representations.

2.0 Computational Procedure

The first-principles calculations describing the
ground-state properties of AIAs have been
performed based on DFT using plane-wave
expansion of wave function as implemented in
Quantum Espresso code (Giannozzi et al., 2009).
By employing the generalized gradient
approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) functional (Perdew et al. 1996),
the exchange-correlation energy was determined.
Force interactions for linear responses between
the electron-ion, ion-ion, and electron-electron of
the Al and As atoms are elucidated by norm-
conserving guassian-type pseudopotentials within
the local density approximation (LDA)
(Goedecker and Teter 1996, Hartwigsen et al.,
1998). The expanded electromagnetic wave
functions required a plane wave basis set with
kinetic energy cut-off of 180 Ry (for GGA) and
150 Ry (for LDA) respectively. The pseudo
potentials depict the ionic cores for Al and As
atoms, where the configurations: Al — 3s23p!
electrons, and As — 4s24p? electrons are explicitly
treated as valence electrons. By employing the
Monkhorst-Pack scheme (Monkhorst and Pack,
1976), a Brillouin zone (BZ) sampling with
8x8x8 and 10x10x10 grids was used in the
primitive-cell  geometry of AlAs. The
optimization of the geometry is favored by the
chosen cut-off energy and BZ sampling k-point
grids as assured by the convergence criteria for
ionic minimization given as 2.0 x 10 Ry for
total energy and 2.0 x 102 Ry for maximum
force, and 0.005 Ry smearing width to deal with
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the presence of the Fermi surface (Malica and
Corso, 2020). To obtain a smooth density of
states (DOS), the tetrahedron method was applied
with a denser k-mesh of 2744 k-points in
irreducible wedge of the BZ in performing the
reciprocal space integrations.

Based on the tensorial form of Hooks law, which
describes the linear dependency of the stress
component o,(i=1-6) and the applied strain

¢;(j=1-6) under a small deformation (Nielsen

and Martin, 1983), we compute the -elastic
stiffness/constants of the crystal using the finite
difference approach as implemented in the
Thermo-pw code (Malica and Corso, 2020). The
perturbation of the crystal by a small strain ¢; is

related to the stress tensor o; which returns it to
equilibrium, and is given by the expression:

o, :ZCij'gj (D)

By applying a set of 3 x 3 strain tensors leading
to variations in the magnitude of lattice constant,
the crystal size along the direction xy, yz, xz
planes, for the applied strain (g;) of magnitude
—0.0075; —0.0025; +0.0025; and +0.0075
respectively. In addition, the average of both the
positive (cell stretching) and negative (cell
compressing) strains yields the final stress value.
This procedure offers a minimal uncertainty in
error estimation for final stress values during
deformation for improved overall accuracy.

Further, using the approximate scheme of Voigt-
Reuss-Hill (Voigt 1910, 1928; Reuss 1929; Hill,
1952), the calculations of bulk modulus (B), and
shear modulus (G) were performed from the
obtained elastic constants (Cyq; Cy2; Casa) USING
equation 1. The schemes of Voigt (1928) and
Reuss (1929) indicate the upper and lower
bounds for structural parameters. The final values
averages as (Hill, 1952):
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B:(BV+BR)/2; G:(GV+GR)/2 (2)

The upper and lower bounds relate the bulk and
shear moduli, and the elastic constants according
to the VRH scheme:

B, =%CM+§CH; B =3su+16$12 @)

and

G, =t(c -C,)+3C,; -4 3 &
5 5 G, C,-C, C,
where C;; and §;; are the respective the elastic
constants and elastic compliances. This method,
though computationally expensive, has been
applauded for its high accuracy in determining
temperature dependent elastic properties of
crystals (Malica and Corso, 2020) relative to
other formalism (Yao et al., 2007). Using
ELATE package (Gaillac et al., 2016), a direct
visualization of the 3D spherical plot, likewise
the 2D projections on (xy), (xz) and (yz) planes
were generated using the C;; moduli matrix
obtained. Optical spectra calculation of response
functions to electromagnetic waves was
performed to estimate the photon-dependence
complex dielectric function e(w) given in the
form (Ambrosch-Draxl| and Sofo, 2018):

5(0) = & (0) +i,(0) ©)

where &,(w) and &, (w) are the imaginary and
real frequency-dependent parts of dielectric
function. Moreover, the imaginary part of the
dielectric function &,(w), is straightly linked to
the band structure of materials and related
absorptive treatment. The real part of dielectric
function &, (w) is an extraction from the &,(w)
using Kramers-Kronig (K-K) formalism; and it
describes the electronic polarizability of
materials using the expression below:
&(w) =
222" ] dklelPolvd (el PP L) X 8(ek — ek — w)
(6)

where ¢ and v denote conduction and valence
bands in basis sets and energies in the Kronecker

delta, and e, w, P denotes the electric charge,
light frequency and momentum operator in « and
B directions. The real part obtained using K-K
formalism is ( )

_ 2 2., o Ime, (o 7
N
Other calculated optoelectronic properties herein
are the electron energy loss spectraL(w),

refractive index n(w), extinction coefficient
k(w), and reflectivity R(w), expressed as
follows:

‘92(6‘))

L(w) = 'm[gzi)} " el (0)+ £ (o)

n(e) = ,/—‘g(wl ; s(e) ®)
k(a)) _ / ‘g(a))‘ ; ‘91(6‘))

(n—1)* +k?
(n+1)* +k?

R(a)) =

3.0 Results and Discussion
3.1 Structural optimization and electronic
properties

It is generally conspicuous that standard DFT-
GGA calculations usually enhance geometrical
structure as well as its relative stability in good
agreement with experimental data. Semicon-
ducting AlAs, is a B3-phase geometrical
structure of the tetrahedral I1lI1-V arsenide
composition with atomic configurations Al:
[Ne] 352 3p! and As: [Ar] 3d° 4s2 4p3. The
coordination geometry of the B3 structure has
Wyckoff positions of 4a and 4d within the site
symmetry of subgroup F43m. The Bravais lattice
of the B3 compound being face-centered cubic
(FCC) crystal structure consists of two atoms per
primitive unit-cell at T, = (0,0,0) and T, =
(*/,)(1,1,1) with a, being the lattice constant.
In the optimized structure of AlAs B3-phase
shown in Figure 2, the As-atom is tetrahedrally
coordinated to four Al-atoms (wherein one atom
is positioned at the edge and three others at their
respective phases) as depicted in Figure 2(a).
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To effectively reproduce the experimental lattice
constant, the GGA approximation is adopted to
obtain the lattice constant (a,) by fitting the
energy-volume data to Birch—Munarghan
equation of state (EOS) expressed as (Birch
1978):

E(V) =E, + 9VpBo {[(&)2/3 B 1]3 Bt [(%)2/3 3

“16 |[\v
2 2/3

1] [6—4(%) ]}
where Vo and V denote initial and deformed
volume, Bo the bulk modulus and B’ is a
derivative of the bulk modulus at zero pressure.
Shown in Figure 1 are the calculated and fitted
energy-to-volume plots of our optimized data to
obtain useful material properties. The properties
obtained are displayed in Table 1, and
comparisons ~ with  other  theories and
experimental values are depicted. The values of

our lattice constant a,, equilibrium volume V,
and bulk modulus B, reveal consistency in our

©)

calculations with experiments and theoretical
data from reported literature. For instance, the
calculated value of a, = 5.6756 A (GGA) in our
work is found to be in fair agreement with earlier
reported value (a, = 5.660 A) by Greene et al.
(1994) and (a, = 5.679 A) by Salmi et al.
(2020). The accuracy of our structural
optimization is again seen in the obtained value
of Al-As bond-length of 2.4576 A (see Table 1)
which is in accordance with reported values by Li
et al. (2012). We also recorded Al-As-Al bond-
angle of 109.47° in this study. Our DFT-GGA
value of a, overestimates experimental lattice
constant (Greene et al., 1994) by ~ 0.3 % and
unit-cell volume by 0.9 % but in accord with
theory (Mugica et al., 1999). The slight variation
in our reported values is consistent with
established facts from theories that DFT-GGA
overestimates lattice constants and
underestimates the band gaps.
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Figure 1: Dependence of lattice constant on total energy of AlAs from (a)-generalized gradient approximation

(GGA) and (b)-local density approximation (LDA)
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Figure 3((a) — (c)) presents the electronic band
structure, density of state (DOS) and partial
density of state (PDOS) of the optimized
structural parameters. In Figure 3(a), a
semiconducting behavior is revealed as the bands
from the highest-occupied-molecular-orbitals
(HOMO) and the lowest-unoccupied-molecular-
orbitals (LUMO) within the Fermi-level do not
overlap. As displayed in the figure, the HOMO
divides into two distinct groups, showing lower
and the upper groups occupying energy ranges of
—12.1974 to —10.1107 eV, and —5.8004 to
—0.3615 eV, respectively, with a HOMO band-
width of 7.0516 eV. The HOMO-LUMO indirect
band-gap energy at the '—>X symmetry points is
1.45 eV, which is further confirmed in the DOS
plot of Figure 3(b). At the I' symmetry point, a
possible direct transition is observed. In general,
the LUMO-HOMO transition lies at X—I
though, but at the I"-point, the uppermost HOMO
is made up of As (2p) and Al (1s) degenerate
states resulting from the strong hybridization
between As (p) and Al (s) states and small
contributions from Al (2p) and localized d-states
(see Figure 3c). Hence, the transition from the
HOMO at I' symmetry point originates from a
degenerate non-dispersive HOMO region to the
LUMO region. This trend is also reflected in our
phonon frequency curve reported herein.
Consequently, the lowest-unoccupied-molecular-
orbital (LUMO), just above the Fermi level at X
symmetry point is preponderated by the
hybridization of delocalized As (3d) with Al (1s)
and As (1s) states and minor contribution from
As (2p) states to form single band.

Table 2 shows the directions at high symmetries
in the Brillouin zone in relation to the energy
transitions in the electronic band structure.
Obviously, our reported indirect band gap is
found at I'->X. Consequently, the energy
transitions at -, X—X, W—»W, K—K, I'-T,
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L—L, U—U are direct band energy at symmetry
points I, X, W, K, L and U respectively. In
Figure 3(c), the analysis of the partial density of
states (PDOS) further  establishes the
modification around the electronic structure due
to the projections of cation and anion orbitals.
The hybridization of As (3d) and Al (1s) states
plays a royal role in the formation of AlAs band

gap.

3.2 Elastic constants and mechanical
properties

Among these review, calculation of elastic
constants played very crucial role as many
mechanically related parameters and properties
rely on the elastic moduli. Cubical structural
phases are known for having three independent
C;j. Potentially, the mechanical stability for
cubical structures relies on Born and Huang’s
stability conditions (Born et al. 1955):

Ci1—-C2>0,C2<B<C13,C11 +2C12>0,Cy1
>0,Cusa>0

For cubic crystals, the three-independent elastic
constants Ci1, C12, and Ca4 (See Table 3) obtained
in this work are in accord with, and hold true for
the stability criterion of (Born et al., 1955). Table
3 listed the calculated elastic constants C;; and
compliance matrices constants S;; of AlAs with
other moduli and reported data. Our calculated
elastic constants are consistent with reported
literature (Cui et al., 2012), indicating reliability
on both the adopted computational method and
parameters. Also, the value of Ci1 is higher than
Cas and Cy2 (transversal expansion), showing that
the AlAs compound is hard to compress along
[100] directions. Using the obtained results of our
elastic moduli, and adopting Hill’s approximation
scheme (Hill, 1952), we calculated mechanical
parameters like bulk modulus (B) and shear
modulus (G) as applied in (Eqg. (2), (3), and (4)).
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Table 1: The lattice constant ao (&), bulk modulus By (GPa), first-pressure derivative B’, band gap E,; (eV),
equilibrium volume Vo (A%), Al-As and Al-Al bond-lengths (&) for B3-AlAs

ao (R) Bo B’ Eg Vo Al-AsBL  Al-Al Method References
ev) (A3 R BL (A)

5.676 67.500 3.970 1.450 45.710 2475 4,041 GGA-PBE
5559  75.600 4.310 1340 42960 2429  3.966 LDA This work
5.660 74+4 501 - - - - Experiment Green et al., 1994
5759 64500  3.880 - - - - GGA-FP-LMTO Wang et al., 2009
5.641  74.100 - - - - - LDA Froyen et al.,1983
5650 75850 4.820 1.330 - - - LDA Gupta et al., 2009
5.640 - - 1.600 - - - GGA-PBE Lietal, 2012

- 75.000 4.300 - 44,520 - - LDA Mujica et al., 1995
5.720 74.000 4601 1.850 - - - LCAO Munijal et al., 2012
5.679 72.073 4.272 - - - - WC-GGA Salmi et al., 2020
5.634 75.543 4555 2.259 - - - LDA
5733 71855  4.383 - - - - GGA-PBE Sansabilla et al., 2023
5.679 71.856 4.383 - - - - GGA-PBESOL
5.640  76.410 4.160 - - - - LDA
5.720 - - - - - - GGA-PBE Srivastava et al 2011
5.770 - - - - - - GGA-rev-PBE

- - - - - 2.660 - GGA Guo et al., 2008
5.670 75.200 4.370 - - - - GGA-PBE Cuietal., 2012
5.675 - - - - - - GGA-PBE Zhang et al., 2018
5.678  71.000 3.260 - - - - Pseudo-Potential Zhang and Cohen 1987
5.660 82.000 4,182 1.950 - - - FP-LMTO Sheeba and Louis 2013
5.614 74.700 4,182 2.048 - - - LDA Wang and Ye., 2002

Figure 2: (a) Optimized unit-cell of zinc-blende AlAs. (b) 2x2x1 Supercell crystal structure of AlAs showing
the various bonds. The purple (Solid) atoms represent the Al-atom while the yellow atoms represent
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As-atom.
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Figure 3: (a) Band structure of AlAs B3-phase. (The top of the HOMO is set to zero by subtracting the Fermi-
energy Eg), (b) density of state (DOS), (c) projected-DOS

Table 2: Energy transitions relating to high symmetry directions

Indirect energy transitions

Direct energy transitions

r—-Xx
X—>W
W-K
K-T
I'—->L
L—-U
U—->W
W —-L
L—-oK
K—-U
U—-X

1.4449 (eV)
6.4701 (eV)
5.0327 (V)
3.3738 (eV)
2.0989 (V)
3.0528 (eV)
6.1018 (eV)
4.8941 (eV)
3.0528 (eV)
4.0201 (eV)
3.2265 (eV)

r—>T  1.9554 (eV)

X —X 35948 (eV)
W W 7.1144 (eV)
K—K 4.0201(eV)
LoL 29142 (eV)

U—U 40201 (eV)

From the estimated values of both B and G, we
calculated mechanical properties like Young’s
modulus (E), Poisson’s ratio (v), and Vicker

hardness (Hv) given by EQgs.

10 and 11

respectively as Laref and Laref (2012) and Joshi

et al. (2019) proposed:

E=9BG/(3B+G); v=[(38/2G)-1]/[(3B/G)+1] (10)
H, =0.92G"""(G/B)"*"

A=2 C44/(C11 - C12)

AY = (5G,/Gg) + (By/Bg) — 6
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Also reported are calculated mechanical
characteristics like Pugh’s ratio (B/G), Cauchy
pressure (Cp), Zener anisotropy factor (A),
universal anisotropy index (AY), etc. as given in
Table 4. Succinctly, the bulk-modulus of Table 1
recorded from EOS and that of Table 4 obtained
from elastic stiffness calculations are consistent,
indicating resistance to volume-change due to
strain. In general, materials Poisson’s ratio value
falls within the range 0.25 < v < 0.5 (Greaves et
al., 2011). However, a value of v < 0.3 is an
indication of a material’s brittleness, while values
of v > 0.3 reveal ductile characteristics.
According to Table 4, our obtained value for v,
signatures a brittle character in AlAs. Moreover,
the lower the value of v, the greater its plasticity.
Further, Pugh’s ratio (B/G) defines the ductility
(or brittle) nature of a material from the critical-
point B/G > 1.75 (Pugh, 1954). Therefore, in
classifying a material, it was found that,
brittleness < 1.75 < ductility. Similarly, atomic
bonding character of a compound likewise its
ductile (or brittle) nature is also describe by the
expression (Cp = C;, — C44) known as Cauchy
pressure (Pettifor, 1992). A negative value of Cp
is an indicator of a covalent bond (or brittleness)
in a material, which correspond to a low Pugh’s
ratio (B/G < 1.75) value. Similarly, a positive
value of Cp is an indication of a metallic bond (or
ductility), and correspond to a high Pugh’s ratio
(B/G > 1.75) value. Thus, the recorded value of
Cp, which of course is negative in the current
study, confirms the conditions described by
Poisson’s and Pugh as expectable. Figures 4-7,
show the calculated distribution in 2D-
projections and 3D representations of the linear
compressibility, Young’s modulus, shear
modulus and Poisson’s ratio.

The Zener anisotropy factor (A) and universal
anisotropy index (AY), depict a materials
behavior as isotropy (or anisotropy). If either A
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equals 1 (one) or AY equals O (zero), then
isotropy is exhibited in the compound, otherwise
anisotropy is reflected for other cases. Using Egs.
12 and 13, the calculated values are depicted in
Table 4. The estimations from both approaches
suggest anisotropy for AlAs. Alternatively, the
directionally dependent plots of Young and shear
(rigidity) moduli, and Poisson’s ratio are visually
a way of showing Zener anisotropy. The
implications of the elastic moduli C;; to
anisotropy in the B3-AlAs structure as illustrated
in Figures 4 — 7 are visible. The pronounced
anisotropy is clearly visible in the three-
dimensional distribution of the Poisson’s ratio,
Young and Shear moduli in Figures 5, 6, and 7
herein. By comparing the moduli distributions, it
is obvious that the Young’s and rigidity moduli
are largest in the (1 1 1)-directions, whereas the
Poisson’s ratio is greatest along the (10 0)
cubical axes. This generic behavior is found in a
similar structure (Wu et al., 2019), and reveals a
direct consequence of the requirement A > 1. For
anisotropic properties, the different responses to
stress (or strain) in different directions is
particularly ~crucial in applications where
mechanical stress is required either directly or
due to thermal expansion and contraction.
Additionally, the melting temperature (T;,,) of the
tetrahedrally coordinated AIlAs structure is
defined by Wu et al. (2019):

T, = {553 + (%jcn} K + 300K (14)
GPa

The Tm value shows that the resistance of the
compound to temperature is low, which reveals
the non-retention of crystal structure in the
ground-state at high temperature.

REJ#3ST



54 Researchers Journal of Science and Technology (2024) 4(3): 44 - 68

Table 3: Elastic constants Cjj’s (in GPa), compliance matrices Si;’s (1/Mbar), bulk and shear moduli (in GPa) representing
the Voigt and the Reuss schemes

Model Cu Cw Cus Su Si2 S44 Bv Br Gv Gr
Present LDA 113541 56.497 57.993 0.8807 -1.7700 1.7243 75.512 75.512 46.205 41.933
work GGA 105.429 50.967 54576 0.9485 -1.9620 1.8323 69.121 69.121 43.638 38.936
Cui et al. 2012

GGA 11478 5356 60.12 - - - - - - -
Xing-xiu et al.,

2013 GGA 119.2 54.8 60.4 - - - - - - -
Chetty et al.,

1989 116.0 55.0 57.0 - - - - - - -

Table 4: Elastic moduli (in GPa) for B, G, E, v, B/G, Cp, Hy, A, and A"

Model B G E v  BIG  Cp Hy A AU
Present LDA 75512 43619 109.729 0259 1.731 -1.496 7.140 2.033 0.630
work  GGA 69.121 41.287 103295 0251 1674 -3.609 7.134 2004 0.604

Figure 4: Calculated distribution in 2D-projections ((a) — (c)) and 3D representation (d) of linear
compressibility
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Figure 6: Calculated distribution in 2D-projections ((a) — (c)) and 3D representation (d) of Shear
modulus
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Figure 7: Calculated distribution in 2D-projections ((a) — (c)) and 3D representation (d) of Poisson’s ratio

3.3 Thermodynamic properties

Thermodynamics studies are necessary to acquire
corresponding  properties as functions of
temperature and pressure in terms of the quasi-
harmonic Debye model, and have been
successfully  applied to  estimate  the
thermodynamics properties of various materials.
This procedure only needs energy-volume data to
compute the Debye temperature, thermal
expansion, heat capacity, and Griineisen
parameters for the compound. We calculated the
Debye temperature (®p) of AlAs from the
average sound velocity (v,,) using the standard
formalism along with other properties such as
constant volume heat capacity (Cv), entropy,
vibrational mean energy, and vibrational free
energy. The standard formula for estimating the
Debye temperature (Table 5) is defined by Zheng
et al. (2015) and He et al. (2018):

0, = 1[3—”( N0 ﬂ%.vm (15)
kg |47\ M

where h is the Planck’s constant, ks is the
Boltzmann’s constant, n is the number of atoms
per formula unit, Na, M and p denote Avogadro’s
number, molar mass, and density respectively.
The average sound velocity v,, (Table 5) is
described by the following equations:

=]

(16)
where v =\/§ s VUL = 3B3":)4G 17)

where v, and v, are the transverse and
longitudinal elastic wave velocity. The obtained
Debye frequency wp at zero pressure is defined
by Poirier (2000) as:
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p 1/3
wp = (6m*N)Y3.(2) " vy, (18)
where M is the mean atomic mass. The
Grineisen  elastic ~ parameter (y)  for

polycrystalline solids can be calculated in terms
of Poisson ratio (v) or from the sound velocities
(Wu et al., 2019):

/= 2E5) - (00 - 12uhya 4 b

In spectroscopy, v is used to describe acoustical
properties linked with averages as well as single
crystal elastic stiffness coefficients.

Nevertheless, the results of the thermodynamic
quantities computed within the quasi-harmonic
approximation for AlAs structure are depicted in
Figure 8 (Wallace, 1972). In the results, the
Debye vibrational energy (or internal energy) U,
Debye vibrational free energy F, Debye heat
capacity at constant volume Cy and Debye
entropy [S= (U—F)/T] obtained with DFT
within the temperature range 0 — 800 K is
discussed as follows. A sharp increase in values
of Cy and S is observed at high temperatures,
which eventually tends to a constant above 600
K. The Cy reflects the heat storage capacity of
solid materials and provides reasonable insight
into their vibrational properties (Boutahar et al.,
2023). We observe in Figure 8(c) that the
isochoric Cy of the AlAs increases exponentially
with temperature for T < 350 K while higher
temperature range approaches the Dulong-Petit
limit, which is an indication that all phonon
modes at higher temperature are sufficiently
excited by thermal energy (Bioud et al., 2017).
At 500 K, the recorded Cy is found to be
circa48.42 Jmol 'K~1. From the plots, the
vibrational energy U at 7.36 K/mol~! maintained
its constant value up to circa 70 K, and thereafter
monotonically increased slowly at higher
temperatures. The Free energy F, in likewise
manners, decreases abruptly as temperature
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increases. Qualitatively, these behaviors are
found in other semiconducting materials like
boron arsenide (BAs) semiconductor and cubic
rock-salt scandium mono-phosphide (ScP) as
reported by Boutahar et al. (2023). Lastly, we
observe the dependence of vibrational entropy S
of the B3-AlAs material on temperature ranging
from 0 K to 800 K. From the Figure 8(d), we
found that at about 37K, S increases
monotonously with temperature T. At 600 K, the
recorded value of S is 84.7 JK~1mol~1. The low
values of Cy and S recorded in this study is
associated to the calculated low Debye
temperature value of 397.724 K found for AlAs
(see Table 5).

3.4 Optical properties

The optical spectra of B3-AlAs with crystal
space-group F43m and Pearson symbol cF8 are
calculated. The behavior of imaginary part of
dielectric function with other derivatives are
investigated by the independent-particle
approximation (IPA) using expanded basis sets
obtained from the summation within the inter-
band transitions of both the wvalence and
conduction energy bands depicted by Eg. (6).
The optical behavior of the B3-AlAs is as
presented in Figures 9 and 10 respectively. Both
the real & (w) and imaginary &,(w) parts of
dielectric function e(w) illustrate the material
responsiveness to electromagnetic waves (EMW)
as well as direct transitions linking to the HOMO
and LUMO states due to dipole selection rules.
The dielectric constants &,(w) and & (w)
depicted in Figure 9 are in the photon energy
range of (0 — 25) eV. At near zero energy, the
recorded static dielectric constant &, (0) is 18.789
at 0.146 eV. The maximum value & (w) =
43.525 was obtained at 1.74 eV (712.594 nm).
The &, (w) spectrum in comparison exhibits a
different behavior from the spectrum of &,(w),
and shows a more significant result.
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Figure 8: The figure depicts the temperature dependence of Debye vibrational mean energy (2), Debye
vibrational free energy (b), Debye heat capacity (c) and Debye entropy (d) of B3-AlAs.

Table 5: Calculated compressional sound velocity (V.), shear sound velocity (Vr), average sound velocity
(Vm), Debye frequency (wp), Griineisen’s parameter (y), average Debye sound velocity (V(p)), Debye
temperature (0(py) and melting temperature (Tm) for B3-AlAs at ambient conditions

GGA LDA
VL (m/s) 5851.517 5908.921
Vr (m/s) 3374.171 3371.754
Vi (M/3) 3746.379 3747.094

wp 5.110 x 10%2 5.111 x 102

v 1.505 1538
V(o) (M/s) 3711.024 3711.117
0oy (K) 386.685 393.991
T (K) 1456.190 1504.139

The negative data given by &; (w) is an indication
that electromagnetic wave has been reflected by
the medium. This effect is potentially of great
usefulness in radiation protection layers.
Moreover, a negative dielectric constant
(e1(w) < 0) depicts a metallic behavior whereas
the positive values (g;(w) > 0) often signatures
the dielectric nature of the material (Bashi et al.,

Published May 2024

2021). As seen in Figure 9(a), the minimum
value for &; (w) = —20.62 correspond to 3.02 eV
(410.544 nm). The highest value of dielectric real
part located at energy value of 1.739 eV is in the

onset of infrared region of EMW, hence
revealing the importance of AlAs to
communication, cosmological and medical

sectors. The other peaks are in decreasing steps

REJ&IST



59

E. E. Gregory, S. A. Ekong, J. B. Emah

between the energy range of 2eV and 5.5 eV
respectively. The three bottom peaks within these
energy ranges belongs to the transitions from the
three HOMO energy bands meeting together at
I'-point as seen in Figure 3.

The imaginary dielectric part &,(w) of B3-AlAs
is shown also in Figure 9. The first peak is
situated at 1.745 eV. Similarly, the majority and
minority peaks situated between the energy at
2.805 to 5.05 eV are derived mostly from inter-
band transitions of 2p-orbitals (in the HOMO
region) to both 3d-orbital and 1s-orbitals (in the
LUMO region). The spectral value of the first
peak accords with the band-gap E, value of the
electronic structure (Figure 3). The means that
the threshold energy of &,(w) in the spectrum is
an electron transition between the HOMO and
the LUMO. Furthermore, the &,(w) dielectric
function links directly to the absorption
coefficient of the system. The observed transition
energies are mixed spectra of both ultraviolet and
visible spectrum. Accordingly, Penn model
proposes that the static dielectric constant and the
obtained band-gap are inversely related by

[81(0) ~1+ (

al., 2023). Noticeably, at higher energies above
15 eV, both the real and imaginary parts of the
dielectric function huddled.

2
hay E ) l (Amiri-Shookoh et
g

In Figure 10(a), the extinction coefficients k(w)
just like in & (w) and &,(w) parts of dielectric
functions display four distinct corresponding
peaks as clearly seen. From the calculated curve
of k(w) for B3-AlAs, it can be deduced that the
curve of extinction coefficient k(w) diligently
follows the curve of imaginary part &,(w) of
dielectric function. The deviations in the curves
of k(w) and &,(w) can be tied to the limitations
of the potential used which is yet unjustified
owning to some absorption effects (Lavrentyev et
al., 2017). The high values of the k(w) are
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observed at energies ranging from circa 1.877 eV
to about 8.941 eV respectively. However, the
first transition peak accords with those from the
imaginary and real parts of dielectric functions.

Refractive index n(w) is another suitable
candidate for describing the optoelectronic
properties of materials. Being a dimensionless
quantity, n(w) also tailors the characteristics of a
beam propagated inside a medium. Figure 10(b)
displays the calculated spectrum of n(w) as a
function of photon energy. The eigenvalue of
n(w) at zero energy can generally be estimated

from the knowledge of ./&;(0). From Figure
10(b), the refractive index n(w) increases first to
reach a maximum value, and thereafter decreases
in the range 2.81 — 8.62 eV caused by electronic
inter-band transitions. In the limits of the zero
energy, the refractive index n(0) is 4.367, while
its maximum value is 6.675 at 1.757 eV. After
the next lower three peaks at 2.683, 3.866 and
5.323 eV, the n(w) then decreases and goes
below unity from 9 eV with a change in the
nature of optical properties from nonlinear to
linear at circa 20 eV. In addition, this behavior
below unity implies apparently that the velocity
of incident radiation is thus greater than c (speed
of light in vacuum).

Reflectivity R(w) variation with photon energy
plot is shown in Figure 10(c). The spectral of
R(w) is significantly and sequentially enhanced
by the energy range starting from 1.757 eV and
then sharply decreased at about 16.435 eV.
Noticeably, the anisotropic nature of the
reflectivity is over a considerable range of energy
up to about 14 eV. From the reflectivity spectra,
we observed that the intense peaks are situated at
3.08, 6.74, 10.26 and 13.86 eV respectively.
Interestingly, the intensity of these peaks is
approximately similar even at higher energies.
Reflectivity coefficient at R(0) is 0.395 in
magnitude. The obtained characteristic of R(w)

REJ#3ST



60 Researchers Journal of Science and Technology (2024) 4(3): 44 - 68

is found in other B3-compounds like BeS (Elias,
2013).

Electron energy loss function (EELF) denoted by
L(w) calculated is as shown in Figure 10(d). The
spectral function L(w) plays a remarkable role in
determining the surface and volume Plasmon
energies. Obviously, at energies lower than the
band-gap, no significant loss behaviors are
recorded. In a crystal, it is possible to have
several peaks known as Plasmon peaks in the
spectrum of EELS. The Plasmon peaks explain
the collective excitations of electron density
within a crystal structure. The highest peak
attained is the volume plasmon of the system
corresponding to the Plasmon energy (Awp). In
Figure 9(c), the variation of EELF [L(w)] with
energy shows prominent peaks at expanded range
of energy. From the Figure, there is pronounced
incremental loss between the situated energies at
14 to 18 eV respectively. Additionally, a sharp
decreasing peak shifted towards higher energies
is observed. The estimated maximum loss of
9.9796 corresponds to the maximum intensity of
the peak located at 17.24 eV (i.e. Volume
Plasmon). Nevertheless, at energies lower than
14.0 eV moderated surface Plasmons with peaks
less than unity are observed. This means that
although the dielectric real part & (w) changes
sign at the interface, the coherent delocalization
of the electronic oscillations at the interface
remains minimal due to the semiconducting
nature of AlAs B3-phase.

3.5 Dynamical properties

Phonon dispersion and stability: To reveal the
vibrational stability of the 111-V semiconducting
AlAs B3-phase, a phonon dispersion curve, as
shown in Figure 11, is computed with the phonon
DOS respectively. The phonon curve along the
Brillouin zoneT - XK —->I'—-L—->W > X
is produced using the quasi-harmonic
approximation (Wallace, 1972) within the

Phonopy code described by Matsumoto et al.
(2011). The phonon-frequency curve displays the
acoustic and optical modes, consisting Six
phonon modes. Of the six modes are three low-
lying acoustic phonon modes while the optic
phonon modes are the rest. The absent of soft
(imaginary) phonon mode in the whole Brillouin
zone (BZ) confirms dynamically the compound’s
stability to vibrations. We observed two
degeneracies at I'-point, one each at the optic and
acoustic regions. In solid state physics, phonon
study in materials is pertinent as it helps to
fathom clearly the physical characteristics of
materials in relation to electron—phonon
interactions, electrical conductivities, thermal
expansion coefficients, specific heat, etc. Due to
translational ~symmetry, w;(k+ G) = w; (k)
(with vibration frequency dependent wave vector
k), only phonon frequencies of the first BZ along
high symmetry points can be calculated as
depicted in the phonon dispersion curves of
Figure 11 for AlAs B3-phase. Our calculation
agrees well with the work of Li et al. (2012).

The present calculations observe that at the TI'-
points, the symmetry directionsI" —» X and I’ —
L reveal four dispersion modes with a split into
six branches in the directions L—»X and I" — X.
A careful inspection of the phonon dispersions
(or frequencies) includes verifying the number of
longitudinal acoustical (LA) and transverse
acoustical (TA) modes, as well as the
longitudinal optic (LO) and transverse optic (TO)
modes at Brillouin boundary. By characterizing
the direction of high symmetry, one can identify
the exact splitting at any given modes. Within the
optic branch, recognizing the transverse mode (or
longitudinal mode) is arduous except via
cation/anion mass ratio consideration of
constituent atoms and related iconicity (Spitzer,
1967).
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dependence on photon energy
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However, in the acoustic domain such hassle is
not experience because the frequency of
transversal branch is lower than that of
longitudinal frequency with exceptions to zero
frequency for both at BZ centres. Consequently,
the reports by Spitzer (1967), Mitra (1963) and
Adetunji et al. (2012) summarized these splits
and four frequencies suffice usually ordered as:
LO, TO, LA, and TA in order of decreasing
frequency as recommended by the zone-edge
values of the dispersion. The degenerate nature of
the optical branch at the zone centres leads to the
TO phonon modes having far higher energies
than the LO mode at the zone boundary.
Furthermore, low ionicity at the zone centre
records a LO mode with higher frequency than
the TO mode. Similarly, near zone boundary, the
TO shows higher frequency relative to LO mode
(Spitzer, 1967).

From the Figure 11, the dispersion of LO phonon
mode in AlAs is distinct compared to other
binary compounds of same family (Li et al.,
2012). Within this family, AlAs shows clear gap
between the optic and acoustical frequency
limits. This could be due to the small value of
cation-to-anion mass ratio of 0.36 recorded for

AlAs, thereby leading to a much smaller phonon
DOS peak. At I' symmetry point, all the branches
are clearly crusaders. Also, in the directions of "
— Kand I — L both the optical and acoustical
branches split into transverse and longitudinal
modes and with further mode splitting in
directionsof X - K, K-> T, L - W, W — X
symmetries. Again, while the curve above 350
cm™1 is the LO mode, the one below 350 cm™?
is the TO mode. Similarly, the LA mode is the
curve above 200 cm ™! while below 100 cm™1 is
TA mode. Within the mode splitting regimes, the
TA mode splits into two separate TA modes
yielding 2TA + 1LA (3 modes). In same vein, the
splitting of TO mode is characterized by the
optical regime where L — W generates 2TO +
1LO (3 modes), The equation by Lydane—Sachs—
Teller (LST) relates the phonon frequencies w;
and wro at [-point as [(go/€w) = (Wio/wF0)],
where &, and &, denote static and high-
frequency dielectric constants (Grosso and
Parravicini, 2005, Li et al.,, 2012). Table 6
presents the calculated values of our phonon
frequencies (cm™!) for AlAs zinc-blende
structure.
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Figure 11: Phonon dispersion and phonon density of state (DOS) of B3-AlAs
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Table 6: Calculated phonon frequencies (in cm™1) at high symmetry points T, X, K, L and W compared with
other theoretical

Model AlAs r X K L W
TA 0.0 91.345 85.864/ 134.277 67.422 113.268/ 128.797
0.0® 107.4® - 217.9@ 135.3/ 140.8®@
LA 0.0 211.007 202.786 206.44 199.132
0.0® 220.7@ - 220.7@ 199.7@
TO 354.419 326.102 329.756 343.457 327.015/ 337.977
363.9@ 334.3@ - 352.4@ 338.5/ 339.5@
LO 354.419 384.563 369.034 363.726 364.467
399.1® 391.3@ 369.1@ 344.5@

@Ljetal., 2012

4.0 Conclusions

A comprehensive investigation of B3-phaase
AlAs from the structural, electronic, elastic,
mechanical, thermodynamic, phonon-dispersion
and optical properties has been carried-out based
on first-principles calculations combining with
the quasi-harmonic Debye model and frequency-
dependent  time-perturbation  theory.  Our
calculated optimized lattice parameters of 5.594
(LDA) and 5.676 A (GGA) are in close
agreement with the experiment. The calculated
structural properties are in good agreement with
the available results. In the current study, B3-
AlAs has an indirect band gap of 1.45 eV (GGA)
and 1.34 eV (LDA) as well as Al-As bond length
of 2.4746 A (GGA) and 2.4288 A respectively.
The structural and electronic parameters show a
satisfactory agreement with available
experimental values and theoretical results.
Anisotropic analyses of the 3D-representations
demonstrate that B3-AlAs possesses high degree
of anisotropy. The evaluated Debye temperature
Oy = 397.724 K reflects the feasibility of the
material being brittle, while the Debye heat
capacity Cy = 49.63]/(K.mol) reveals the
Dulong-Petit limit. The Debye frequency (wp)
and Griineisen’s parameter (y) of B3-AlAs
recorded are revealed for the first time.

Furthermore, the optical calculations reveal
additional  properties like the extinction
Published May 2024

coefficient, refractive index, reflectivity and
electron energy loss function respectively. Lastly,
we report calculations of phonon dispersion
frequency for B3-AlAs using the linear response
method, making it possible to characterize the
entire mode splitting into four dispersion modes.
The  non-imaginary  phonon  frequencies
confirmed that the B3-AlAs semiconducting state
is satisfied with the structural stability. This work
reveals the type of mode splitting presented in
other reports.
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