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Abstract

First principle calculations are performed to theoretically predict the physical
properties of hexagonal aluminium arsenide planar and buckled monolayers. The
structural characteristics showed that the buckled parameter is about 0.32 A°.
Cohesive energies have favourable values and it indicates the fabrication possibility.
Phonon dispersion properties indicated that the planar aluminium arsenic
monolayers are dynamically unstable, while the buckled is less dynamically
unstable. The elastic constant parameters achieved the required characteristics of
stable hexagonal monolayer structures. The study of electronic band structure
prefers to indirect semiconductor band gaps, and the density of states showed strong
orbital hybridization in the conduction band. Planar structure has isotropic light
electron effective mass and anisotropic heavy hole effective mass. The buckled
structure has isotropic light electron effective mass and isotropic heavy hole
effective mass. The absorption spectra have high absorption coefficient in various
visible and ultraviolet wavelength. The absorption coefficient levels off at about
direct and indirect band gaps.

Keywords: Density functional theory; Hexagonal AIAs monolayer; Elastic
properties, electronic properties; absorption.
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1. Introduction
The successful fabrication of graphene in 2004 has led to the discovery of various two-
dimensional materials beyond carbon [1, 2]. Several groups IV monolayers, such as silicene,
stanene, and germanene, have been proposed by various investigations. These have been
characterized and synthesized, and their measured electronic and structural properties have
been confirmed. The computational studies conducted on the various 2D compounds and
crystal structures have led to the discovery of various groups Ill, V, VI, and VII monolayer
materials [3]. They have also shown promising results in developing high-performance
electronic devices and optoelectronics. More than 1500 2D materials have been studied and
recorded in the database, which have revealed promising applications in electronic devices.
2D hBN is widely used as an insulating layer to form strong and stable contact with other 2D
materials. Theoretically, various types of square-octagon IlI-V and hexagonal IlI-V
monolayers have also been studied. The computational design of the semiconductor has
revealed its usefulness in multiple applications, such as batteries [4, 5].

A novel phase-based orthorhombic BN, which exhibits exceptional electronic properties,
has been proposed. It has been widely used in optoelectronic devices due to its excellent
stability and structural properties. More recently, the various optical and electronic properties
of these monolayers have been examined [6]. The atomic structures of the 111-V orthorhombic
single layers are characterized by the bonds connecting the V and 111 sides to form a unit cell.
Theoretical results have revealed that the bandgaps of various materials, such as 2D BN, AIN,
and GaN, are suitable for their anisotropic absorbance and solar spectrum. These materials are
expected to play a significant role in the development of anisotropic optoelectronic devices. In
a recent studyusing first-principles plane waves, Sahin et al. compared the
stability of 2D planar GaAs to low buckled GaAs using the honeycomb structure. They found
that the 2D planar GaAs structure is less stable [7]. Notably, a monolayer of AIN nano-sheets
was successfully synthesized, following the theoretical predictions [8, 9]. This opened up
several other possibilities for this group [10, 11]. A comprehensive theoretical analysis of the
physical properties of aluminium arsenide AlAs must still be explored and studied, even
though AIN and GaAs have been extensively studied recently [7, 10].

Among the most studied useful semiconductors,is aluminium arsenide (AlAS)
which has a 2.15 eV indirect band-gap [12, 13]. It has been used in lasers [14], light-emitting
diodes [15], photo-detectors [16], and electro-optic modulators [17]. It is important to
theoretically predict band structures, fundamental energy gaps, and effective masses of
semiconductors and alloys to fabricate hetero-structures and devices. The bulk aluminium
arsenide (AlAs) is a well-studied semiconductor due to its potential applications in
optoelectronic devices [17, 18], whereas 2D AlAs still have to turn a blind eye in both
experimental and theoretical studies. The window of opportunity is wide open to invest and
explore a new graphene-like monolayer aluminium arsenide (MAIAs). Although the above-
mentioned work for GaAs can be applied to AlAs, it is a density functional theory (DFT)
work, and as far as we know, the literature comes up short on an investigation beyond the
DFT. So, in this work, it is intended to contribute theoretically to this topic. In this paper,
first-principles calculations are performed within density functional theory (DFT) to find the
stability, mechanical, optical and ground state band diagram of the buckled and planar AlAs
monolayers.
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2. Computational method

All computations introduced were acted in Materials Studio 4.0's CASTEP module, which
was used to calculate the density functional theories. The total plane-wave pseudo-
potential method drove the CASTEP calculations [19, 20]. Structure optimization, phonon
calculations, and elastic constant calculations were performed based on a generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) function [21]. Heyd-Scuseria—
Ernzerhof functional (HSEO06) level was used to explore the electronic structure and the
absorption spectrum [22]. The self-consistent field quality was set as an ultrafine option. The
Monkhorst—Pack scheme k-point grid sampling was set at 12 x 12 x 1 for the Brillouin zone.
The plane-wave energy cut-off was set at 330 eV. Norm conserving pseudo-potentials and all
band/EDFT electronic minimizer were used for all chemical elements. Geometry
optimizations were carried out by the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm.
Default values were set for the other calculation parameters as it was entered into CASTEP
program. After optimizing the crystal structure, the band structures, the density of states and
optical properties of all considered crystals were calculated. The buckled monolayer created
by the plane (1 1 1) cuts all three crystallographic axes of the cubic crystal system F-43m of
AlAs. The planar monolayer is built by the unit cell of a graphene crystal. For all
computations, monolayer set corresponding to the a-b plane and normal direct c, and to avoid
interlayer association with the length of super-cell being 50 A° a vacuum thickness was taken
on.

3. Results

The honeycomb structure of the AIAs monolayer is created by ordering nine skeleton
rings, with a single planar unit cell within the AIAs monolayer consisting of a single Al atom
and asingle As atom, while a single unit cell of buckled AlAs monolayer consists of three Al
atoms beside a single As atom, as displayed in Figure 1. Table 1 presents all the structural
parameters and mechanical and electronic properties. Optimization with full relaxation of all
MAIAs atoms vyields the equilibrium lattice constant as a = 4.03 and 4.01 A° of planar and
buckled system, respectively. MAIAs buckling distance is 0.32 A° and Al-As bond length is
about 2.34 A°.

It is necessary to theoretically check the stability and approve the possibility of fabricating
AlAs monolayer before exploring the potential function of MAIAs. The first step was to
determine the cohesive energy estimated by Econ = (Eal +Eas - Emaias)/2, where Ex , Eas and
Ealas are the total energy of a single Al, As atoms and AlAs unit cell, respectively. Planar and
buckled MAIAs have favourable values of cohesive energies of ~ 5.06 eV. The value of
cohesive energy as fixed in Tablel, which indicates that it is between planar and buckled,
gives an indication of the fabrication possibility of AIAs monolayer. The second step was the
phonon dispersion investigation to evaluate the dynamical stability. Figure 2 shows the
phonon band structure of planar and buckled MAIAs in Brillouin zone along the high-
symmetry points (K—I'—M). The phonon dispersion band structure possesses imaginary
frequency modes, that clearly detect a kinetic instability of MAIAs. The buckled MAIAs is
more stable than planar. Imaginary modes can be found only for buckled MAIAs at both K(-
0.333 ; 0.667 ; 0.000) and M(0.000 ; 0.500 ; 0.000) points. Then, the buckled MAIAs
structure is deformed along these directions.

According to this result, the buckled MAIAs is unstable at low temperatures. At proper

high temperatures, large atomic displacements can stabilize the buckled MAIAs structure. In
planar MAIAs case, high instability at the I" point leads to difficult experimental synthesis,
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and it will be transformed into a buckled structure, which is dynamically less unstable. Planar
MAIAs structure system occurs at higher temperatures [9].

(b)
Figure 1: Crystal structure of MAIAs (a) Buckled and (b) planai. 111€e unit cell of a MAIAS
crystal, marked by a parallelogram.

The third step was the computation of elastic constants to analyse mechanical stability.
The three major independent elastic constants ( C11, C12, and C66 ) can be employed to
determine 2D hexagonal structure elastic characteristics [23]. The two well-
known mechanical stability criteria for a hexagonal structure are C66 > 0 and |C12| <
C11. As shown in Table 1, these elastic parameters met the required characteristics of
hexagonal monolayer structure to be stable and it indicates the possibility of fabricating
MAIAs. According to the results of these three steps, although the negative phonon modes
prefer to the instability of MAIAs under mechanical deformation, the large values of cohesive
energy and proper elastic constant parameters nominate MAIAs to be experimentally
synthesized.

Table 1: The computational results in this study of the structural, mechanical and electronic
parameters of planar and buckled MAIAs

property Planar MAIAs Buckled MAIAs

Lattice const. a (A°)
Bond length ( A°)
Buckling height ( A°)
Angles a=f, Y
Cohesive energy (eV)
C1l1
C12
C66

Fermi level (eV)
Indirect Eg (eV) (K—G)
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M 0.99 0.90
G-K 0.71 1.41
G-M 1.41 1.45
G 0.15 0.14
K 0.77 0.87
M 0.17 0.43
G-K 0.28 0.31
G-M 0.28 0.31
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Figure 2: Phonon dispersion band structure of planar and buckled MAIAs.

Figure 3 reviews the fermion dispersion of the MAIAs. The fermions band structure is
shown in the first Brillouin zone along the lines [-K—M-I" of high symmetry points for planar
and buckled MAIAs computed by the HSEO06 method. It is evident that planar and buckled
MAIAs have indirect band gap of 2.45 and 2.67 eV, respectively. Thus, MAIAs is a
semiconductor. The semiconductor indirect band gap characteristic presents the top edge of
the valence band at the K symmetry point while the bottom of the conduction band is at the I"
symmetry point. The partial density of states (PDOS) was calculated to probe the electronic
properties. The conduction band consist of a strong hybridization of 3s and 3p bands of Al
atoms. The 4p bands of As atoms are located below the 3p bands of Al atoms separated by a
band gap. The electronegativity disproportion between Al and As atoms in MAIAs initiates a
gapped phase, moreover, massive Dirac fermions play a role in setting the optical and
electronic transport properties. Table 1 shows the effective masses estimated using a second
derivative of the five-point method. To eliminate the effect of non-parabolic errors, a k-point
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difference is made much smaller than 0.001°A™%. The effective mass toward I'K show
different values from those along the I'M direction. The proportional electron effective mass
is small and the hole effective mass is excessively large. According to the results, the
planar/buckled MAIAs has anisotropic/isotropic hole effective mass, while the systems have
isotropic electron effective mass. As shown in Table 1, planar MAIAs is seen to have hole
effective mass of (1.41 m,) in the G-K direction which is larger than that of the G-M direction
of (0.71 m, ), where m, is the electron rest mass.
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Figure 3: The electronic band structure and density of states for planar and buckled MAIAs.

The visible absorption spectrum of materials is an important optical property. Therefore,
the absorbance was computed using the PBE function. As shown in Figure 4, prominent
strong (~10% cm™) peaks has showed up in the energy range between 2.5 eV and 8 eV. This
indicates that MAIAs have absorption of both visible light wavelengths in addition to the
absorption of high energetic frequency of UV light. The absorption coefficient levels off at
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about 2.8 eV, that corresponds to the indirect absorption. At 3.5 eV, the absorption coefficient

again increases, which is the onset of direct absorption.
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Figure 4: The absorption spectra of planar and buckled MAIAs.

4. Conclusions

In this work, the first principle computations are accomplished for predicting structural,
mechanical, electronic and optical properties of planar and buckled hexagonal
AlAs monolayer. It has approached low kinetic stability according to the phonon dispersion,
cohesive energy and results of elastic constants. The visible absorption spectrum showed that
absorption coefficient levels off at about 2.8 eV, which corresponds to indirect absorption. At
3.5 eV, the absorption coefficient again increases, which is the onset of direction absorption.
In relation to the theoretical results, AlAs monolayer is seen to has an indirect band gap
(~2.56 eV). Furthermore, the AIAs monolayer has to some extent good absorption coefficient
(~10* cm™) in the visible range; it also has absorption in the ultraviolet region.
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