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Abstract 

In the present study,The effect of biaxial strains on the structural, 

optoelectronic, and photocatalysis properties of AlBrSe and AlBrSe 

monolayers was investigated by density functional theory (DFT) 

employing general gradient approximation (GGA) with hybrid functional 

the materials studio program has been used to design two-dimensional 

(2D) monolayer materials AlBrSe and AlBrS for the first time with 

orthorhombic lattices.Perdew–Burke-Ernzerhof (PBE) and Heyd–

Scuseria–Ernzerhof (HSE) functionals. The phonon dispersion curve and 

molecular dynamics simulation indicated that the AlBrSe and AlBrS 

monolayers are mechanically and thermodynamically stable with the 

absence of negative values in frequencies. It is found that the AlBrSe 

monolayer is an indirect semiconductor with bandgaps of 1.654 eV/2.231 

eV, whereas the AlBrS monolayer possesses direct bandgaps of 2.221 

eV/3.039 eV using PBE and HSE06 methods, respectively. Under the 

effect of strain, the band gaps range from 1.837 eV to 2.353 eV of AlBrSe, 

while the band gaps of AlBrS range from 2.933 eV to 3.034 eV. Also, the 

modified under strain engineering, and a dramatic transformation from 

indirect to direct bandgap is predicted at tensile strains (4% and 6%). On 

the other hand, the direct band gaps of the AlBrS monolayer maintain their 

position at the Γ point during the applied strain. The maximum value of 

the absorption coefficient located in the ultraviolet region for the two 

monolayers, while the absorption coefficient in the visible region of 

AlBrSe is equal to 6.13×103 cm-1 at an energy of 3.13 eV and for AlBrS is 

equal to 1.6×103cm−1 at 3.15 eV. The optical conductivity peak at the 

pristine state of AlBrSe is about 2.41 × 1015 𝑠−1 at an energy of 7.53 eV, 

while it equals 3.65 × 10−15 𝑠−1 at an energy of 7.83 eV for AlBrS 

monolayers. 

Under the impact of strain, the absorption coefficient and optical 

conductivity of the two monolayers behave similarly: they grow when 

compressed and reach their highest values at -6 %, and they drop when 

tensile and reach their lowest values at 6 %. Moreover, the use of AlBrSe 

and AlBrS monolayers in innovative energy systems has a bright future as 

a promising candidate for photocatalytic water-splitting. 
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Ê  Total Energy 

T̂ Kinetic energy operator 

T̂e Kinetic energy operator for the electrons 

T̂n Kinetic energy operator for the nuclei 

V̂ne  Potential energy between electron-nucleus 

V̂ee Potential energy between electron-electron 

V̂nn Potential energy between nucleus-nucleus 

ħ Planck’s constant /2π 

∇2 Laplacian operator 

mi Mass of electron 

M𝐴  Mass of nucleus 

E Electron charge  

Ɛ𝑜 Vacuum permittivity 

ABZ Charge of nuclei A and B 

r𝐼𝑎 Distance between electron I and nucleus a 

rIJ Distance between electron I and electron J 

RAB Distance between A nucleus and B nucleus 

V(r, R) The potential energy of all electrons and nuclei 

𝑎𝑜 Bohr radius 
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1.1 General Introduction 

Nanoscience is primarily concerned with the synthesis, 

characterization investigation, and exploitation of nanostructured materials, 

as well as their applications. These materials have at least one dimension in 

the nanoscale range that distinguishes them from one another. A nanometer 

(nm) is a billionth of a meter, or 10–9 meters, in length and width [1]. The 

nanotechnology term derives from two words combined: the Greek Nanos 

which means dwarf or Greek numerical initiator nano that points out to a 

billionth [2]. Due to the developed new techniques, it has become possible 

to make materials with a dimensional control close to interatomic spacing. 

The obtained new materials, called nanostructured materials, have small 

dimensions and remarkable physical properties. Nanostructure science and 

technology is a large and interdisciplinary area of research that has grown 

explosively in recent years all over the world due to the rapid advancement 

of nanotechnology which will assuredly increase in the future [3]. It is a 

proven fact that each class of nanomaterials possesses previously unheard-

of characteristics that arise from their size. If one dimension is restricted, a 

layered shape or two-dimension(2D) material can be made, if two 

dimensions are constrained can be found of one dimension material (1D), if 

all dimensions are constrained, it is called zero-dimension material (0D), 

Preeminent was graphite(3D), Fullerenes (0D), followed by nanotubes 

(1D), and graphene (2D( [4,5].  These materials cover various types of 

nanostructures, which includes metallic, semiconducting, ceramic, etc, 

which have the structural features between those of atoms and the bulk 

materials. This field is an excellent example of how pure science and 

technology interact and influence one another [6]. Modelling and 

simulations are some of the important basics of computational 

nanotechnology. Because of the cost of research laboratories and the 
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sluggishness of the experimentation practicability, it may not be safe to 

depend on experimental nanotechnology only. Some considered that 

simulations and modelling is a computational experiment.The 

computational interrogator has control over all the forces that could impact 

the properties, structure, and dynamics of nanomaterials and the mastery to 

implement a systematic study of the actions and reactions of all forces [7]. 

That is, a theoretical sample is designed completely similar to the original 

sample, and then the engineering improvement is carried out to simulate 

the properties of the designed sample according to theoretical programs and 

functions through which we can predict the nature of materials and their 

applications, that may be difficult to design or create at present due to the 

absence of practical equipment or high cost [8]. 

 

1.2 Two-Dimensional Monolayer Materials 

To define“ultrathin two-dimensional (2D)" its lateral size is more 

than 100 nm and its thickness typically is less than 5 nm [9] in addition to 

vertical weak van der Waals (vdW) interactions sandwiched among the 

neighboring sheets [10]. In 2004, Novoselov and his associates successfully 

exfoliated ultrathin nanomaterial  (graphene) from graphite using scotch 

tape now defined as micromechanical cleavage considered tremendous 

equipment, and a great scientific solution in the manufacture of 2D-

nanomaterials [11]. now defined it as micromechanical cleavage. Two-

dimensional features provide a broad range of physical, electronic, and 

chemical properties that are superior to those of conventional materials. As 

a result, there has recently been considerable interest in discussing the 

unique properties of ultrathin 2D nanomaterials from a variety of 

perspectives. One advantage of ultrathin 2D nanomaterials without 

interlayer interactions is that they exhibit significantly superior electronic 
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properties when compared to other types of nanomaterials. This makes 

them attractive candidates for fundamental condensed matter research as 

well as electronic applications in the first instance [10]. Second, because of 

their atomic thickness, they have the greatest mechanical flexibility and 

optical transparency of any material, making them particularly promising 

for the creation of very flexible and transparent electrical and 

optoelectronic applications. Finally, because of their huge lateral size and 

ultrathin thickness, they have an extremely high specific surface area, 

making them particularly well suited for surface-active applications [12]. 

2D nanostructures are foreseen to have a significant impact on a 

tremendous assorted variety of utilizations, stretching from electronics, and 

high execution sensors to gas storage or separation, support membranes and 

catalysis, inert coatings, and so on. At the moment, not just the carbon 

materials from the 2D materials family but likewise transition metals 

dichalcogenides (TMDs) and layered metal oxides are all 2D layered 

[13,14].  

At long last, materials with a hexagonal structure, such as Graphene, have 

the potential to be used in a wide range of applications, such as skimming 

spectroscopy probes, electronic sensing and attractive plans, and solar 

technology. These accompanying nanofilms, which tin can disclose 

confrontation, efficiency, with self-inductance fast, have the potential to be 

used in nonlinear optics, solar technology, and nonlinear optics, among 

others. After a slew of beautiful features was discovered in these materials, 

they became the primary source of inspiration for further scientific 

investigation as well as a potential material for use in contemporary 

practical applications [15]. 
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1-3 Effects of Strain 

The stress impact on transport in semiconductors has been a study 

topic for more than a half-century. To elucidate the phenomenon, Bardeen 

and Shockley proposed the deformation potential hypothesis in the early 

1950s [16]. Herring and Vogt were extended to represent the interaction of 

electrons and acoustic waves in materials and to express relaxation 

durations through the potential of active mass and deformation [17]. 

Strain directly affects the total energy of the compound to be measured, and 

this, in turn, generates a significant change in the optical properties based 

on changes in the electronic structure, thus opening up broad horizons of 

potential applications in the field of optoelectronics [18]. It is also used to 

explain the mobility improvement caused by uniaxial stress, it is only true 

for uniaxial stress in the direction of [001] or equivalently, for a model that 

is strained biaxially or in-plane [19]. 2D nanomaterials are especially useful 

for strain-designed structures because they can withstand more strain and 

may thus be modified by altering bond lengths, angles, and relative atomic 

configurations e.g molecules and atoms [20] 

 

1.4 Photocatalysis 

One of the most promising ways to generate clean or 

environmentally friendly energy is through the use of photocatalysts. The 

photocatalysts may be used not only for generating energy but also for 

water sterilization and air purification, etc. [21,22]. The increasing demand 

for energy production due to the increase in population growth and the 

widespread electronics in all life facilities stimulated researchers to search 

or investigate new sources to support the existing energy represented by 

fossil fuels and natural gas [23,24]. Hydrogen is considered one of the most 

important and domestic replacements for fossil oils because it does not 
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create greenhouse gases such as CO2 but because it is a sustainable form of 

energy. Hydrogen fuel can be obtained from water splitting by 

photocatalysis. Harness semiconductor materials for this purpose [25]. 

Throughout the process of absorbing the photon energy larger than or equal 

to the energy gap, this energy is absorbed by the electrons, who then 

migrate from the valence band to the conduction band, leaving a gap, and 

therefore during this process, large numbers of excitons will be created. 

After the generation of excitons, the semiconductor becomes effective for 

the water-splitting process, and the formation of gaseous oxygen (equation 

1.1) and hydrogen (equivalence 2) results from the oxidation of adsorbed 

water molecules and the reduction of protons [26]. 

Oxidation: 𝐻2O + 2h+ → 2H+ +
1

2
O2                 (1.1) 

Reduction: 2H+ + 2𝑒−                                          (1.2) 

The most important necessary conditions that must be met in a 

semiconductor for it to be adopted as a photocatalyst for hydrogen 

production are as follows [27–29]: 

1. The energy arrays from 1.230 eV to 3.30 eV. 

2. The conduction band edge should have a greater potential; greater than 

the reduction band's leading edge at H++ // H2 (-4.441 eV). 

3. The valence band edge would stand lesser than the oxidation potential at 

O2 / H2O (-5..670 eV). 
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1.5 Al2Br2Se2 and Al2Br2S2 Monolayer Materials 

 Very recently, aluminum-based 2D materials have emerged as 

attractive materials for various applications due to their high dynamic and 

mechanical stability, wide absorption range, excellent thermoelectric 

performance, high carrier mobility, appropriate band alignment, low Gibbs 

free energy, and suitable bandgap [30–33]. This makes aluminum-based 2D  

materials an extraordinary candidate in a large number of applications, 

including optoelectronic [34], construction of thermoelectric devices 

[35,36], microelectronics, water splitting, and nanoscale electromechanical 

[37,38]. For example, it was found that 2D layered AlX (X = S, Se, Te) 

materials can be used as promising for high-performance thermoelectric 

materials with an optimized figure of merit parameter of AlTe, AlSe, and 

AlS monolayers as 0.26, 0.59, and 0.52 respectively [39]. Furthermore, 

aluminum oxide nanosheets are shown to be dynamically stable and have 

large band gaps which makes them suitable for photodetectors and light-

emitting diodes [40,41]. In the present work, two layers have been designed 

that include the transitional metals represented by aluminum (Al), the 

chalcogen represented by sulfur (S) and selenium (Se), and the halogens 

represented by bromine (Br). The atomic number of Al is 13, and it is 

located within the thirteenth group (IIIA) and has widespread in the earth’s 

crust, meaning it comes after the element iron in terms of abundance in 

nature. While S and Se have atomic numbers of 16 and 34 respectively, 

they are located within the sixteenth group (VIA) in the periodic table of 

the elements and are highly abundant in nature, and are cheap. Whereas, Br 

is in group seventh (VIIA), with an atomic number of 35. With this 

wonderful combination of elements, new properties can be obtained that 

enable these layers to play an ideal role in various applied fields.  A 

primitive cell contains two atoms for each element as shown in Fig (1.1), so 
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the chemical formula for these layers will be in the following order  

Al2Br2S2 and Al2Br2Se2.  This work studied Two-Dimensional Transition 

Metal Dichalcogenides Dihalogens (2-DTMDCH) with an orthorhombic 

lattice as a new family of 2D materials. The lattice parameters of Al2Br2S2 

are a=3.509Å, and b= 4.824 Å while for Al2Br2Se2 are a=3.585 Å, b=5.134 

Å, and c=27 Å for each monolayer to prohibit interaction between adjacent 

layers. Atoms in a monolayer are linked by strong covalent bonds, while 

the bonding forces between adjacent layers are weak Vander Waals forces. 

Br atoms are distributed on both sides of the monolayer from the top and 

bottom, and this is clearly shown in Fig. (1.1 b,d) of the layers. The atoms 

of Al, S, and Se are located in the middle of the layer and are distributed 

successively. In general, the properties of two-dimensional materials can be 

modified or controlled by replacing atoms, exposing them to strain, electric 

field, doping, or through defects within the layer to obtain new properties 

that differ from those in the usual case and to cover a wider range of 

applications required in the fields of science different. 
 

 

Fig. (1.1) The optimized structure of the highest with sideways opinions of 

(a), and (b) Al2Br2S2, (c) and (d) Al2Br2Se2 monolayer. 
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1.6  Previous Studies 

Y. Ma et al. in 2014 [42] focused on the monolayer possessing enormous 

Rashba spin splitting and the appearance of the electrical polarity of  

BiTeX(X=Br with I) monolayers, where they used first-principles 

calculations. They predicted the steady Bi-Te-X (X = Br with I) sheets have 

a significant polar electric playing field in the plane's usual route, creating 

two-dimensional polar systems. Furthermore, they discover that these new 

monolayers with thicknesses as little as 3.80 may generate a massive 

Rashba spin splitting due to their unusually polar atomic arrangements. 

Furthermore, they indicate that strain can efficiently control the Rashba 

characteristics of BiTeX monolayers. 

S. Wen et al. in 2015 [43] studied the effects of hydrogenation, tension, 

and electronic properties of single layers of tin (SnX2, X= S, Se, Te) 

through preliminary calculations based on the (DFT) theory. They found 

that the single-layer SnX2 depending on the state of the Sn-X bond could be 

either a semi-conductor or an intrinsic metal. They also showed that by 

applying tension, a single layer with adjustable bandgap and electronvolt en 

metallic properties could be achieved. They predicted that these tin-based 

di-chalcogenide monolayers with multiple controllable functions could be 

used in nanoscale devices and sensors. 

M. Gonzalez and I. Oleynik in 2016 [44] used the DFT system to 

calculate the electronic, vibration, and structural characteristics of SnS2 and 

SnSe2. They clarified that the structural characteristics of both SnS2 and 

SnSe2, including lattice parameters in the plane, interstitial spaces, and 

bound energies significantly affect optoelectronic properties. They revealed 

the monolayers of SnS2 and SnSe2 have An indirect bandgap which equals 

2.41 and 1.69 eV respectively. Also, proved that it can be used Raman 

spectra exhibit a substantial reduction in Raman intensity when reducing 
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the number of layers to a monolayer to determine the number of layers in a 

2D sample. 

M. Safari et al. in 2017 [45] used the full potential augmented plane 

waves plus local orbitals (FP-APW+lo) approach to investigate the 

structural, electrical, and optical features of ZnX and CdX (X=S, Se, with 

Te) mixes in a 2D graphene-like construction. These two compounds retain 

the essence of their direct bandgap and are thus optically active. For these 

monolayers, the static dielectric constants reflect a growing trend with a 

decrease in bandgap values. The findings given in their research 

demonstrated that ZnS and CdS may be employed effectively in 

optoelectronic strategies. 

X. Lv. X et al. in 2017 [27] proposed the usage of 2D germanium 

monochalcogenides with great carrier mobility during water splitting 

photocatalytic, after validating the durability of phosphorene like 

germanium monochalcogenides monolayers (GeS with GeSe), Heyd–

Scuseria–Ernzerhof (HSE) hybrid functional revealed that GeS has an 

indirect bandgap of 2.290 e V and GeSe has direct band-gap at 1.590 eV. 

Using deformation potential theory, large and directionally anisotropic 

carrier mobilities (2430.500 cm2V-1s-1 for GeS and 4032.640 cm2 V-1 s-1 for 

GeSe) are quantitatively studied. Furthermore, the holes and electrons in 

GeS and GeSe monolayers were well separated, thus reducing 

photocatalytic action with great efficiency. The group structure could be 

changed from semiconductor to metal using strain, and a direct-indirect 

bandgap transition could be detected. They can be effectively tailored to 

meet the reduction and oxidation-reduction potential requirement in water 

splitting by band gaps and band edge alignment at a specific pH rate. 

Effectively tuned to meet the requirement at the Oxidation and reduction 

potential in water splitting.  



Chapter One Introduction and Literature Review 

 

 
10 

B. Wang et al. in 2018 [46] used the first-principles computations were 

used to investigate the electrical and optical characteristics of ultrathin 

Bi2Te2S and Bi2Te2Se and good electronic mobilities. These monolayers 

have reasonable band gaps (0.70 electronVolt) within height electron 

mobilities, which suggests that they can be easily exfoliated from bulk 

structures. Furthermore, the Bi2-Te2-S and Bi2-Te2-Se sheets have moderate 

band gaps (0.7 eV) within height electron mobilities ( 20,000 cm2V-1s-1, 

respectively), and they can absorb sunlight efficiently through the whole 

incident solar spectrum. 

X. Chen et al. in 2019 [39] used the (DFT) in conjunction with Boltzmann 

transport theory was used to study the electronic properties of AlX (X = S, 

Se, Te). In the presence of a dielectric, they exhibited the electronic and 

phonon of AlX (X = S, Se, Te) sheets. There is a shrill highest of VBM 

with an essentially persistent group at CBM of the DOS spectrum for all of 

the AlX (X=S, Se, and Te) sheets that are incidental group gap 

semiconductors. These sheets have exclusive electronic constructions with 

level bands at VBM and parabolic bands at CBM. AlX monolayers have no 

negative frequency in any phonon branches, this supports their dynamical 

stability of nanosheet. The AlX (X = S, Se, Te) sheets, in particular the Al-

Se sheet, might be employed as prospective candidate matrices for 

thermoelectric nanocomposites. 

A. Inamdar et al. in 2020 [47]  investigated the activity of alkaline and 

pristine atoms (Na, K, and Ca) doped in a SnSe2 monolayer. Modern DFT 

calculations were being performed to estimate the catalytic activity of the 

pristine and doped SnSe2 using adsorption and free energy assessment of 

gypsum subjected to hydrogen and oxygen uptake. Their findings alleviate 

demonstrated that alkaline mineral selective doping might be used to 
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the drawbacks of SnSe2's poor catalytic activity at the basal level, which 

was previously observed. 

Demirtas et al. in 2020 [48] were successfully  designed and analyzed 

Al2XX(X//X: O, S, Se, Te) sheets. Stability investigations of Al2XX(X//X: 

O, S, Se, Te) tools were carried out using phonon dispersion calculations 

and ab initio molecular dynamic (AIMD) simulations. As a result, while 

Al2TeO is dynamically unstable, Al2SeO is also susceptible to instability at 

high temperatures, according to the data. The other Janus systems that have 

been anticipated are stable under normal conditions. They are in between 

the binary elements of Al2XX, and they decrease with elongation as a result 

of their predicted cohesive energies. Ternary sheets are semiconductors in 

the same way as their binary counterparts, however, they are indirect 

semiconductors. It has been discovered to be particularly sensitive to strain, 

and as a result, it may be easily modified by applying compressive or 

tensile strain. As a result of the research conducted, it was discovered that 

stable sheets with a direct bandgap (lying) may be produced by designing 

Al2XX structures, as well as systems with such characteristics. 

They have the potential to be suitable materials for a wide range of 

optoelectronic applications. 

Khosa et al. in 2021 [36] investigated the physical, electrical, and 

thermoelectrical characterises of the Janus Al2SSe sheet were investigated 

using the DFT theory: They discovered that the Janus Al2SSe monolayer is 

a semiconductor with an indirect bandgap of 2.03 eV which is comparable 

to that of silicon. The absence of imaginary phonon frequency in this Janus 

monolayer serves as a confirmation of the dynamic stability of the system. 

When proper carrier concentrations are used, it is revealed that the ideal 

values of ZT are 0.530 (0.190) at room temperature and 0.700 (0.480) at 

seven hindered K for N-type ((p-type)) Janus Al2SSe sheets are 0.53 (0.19), 

at room temperature and 0.700 (0.480), at seven hindered K. Using n-type 
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and p-type sheets, they proved that this class of materials is high-efficiency 

piezoelectric semiconductors and that they may be used as potential 

candidates for the manufacturing of thermoelectrical electronics by mixing 

them with other materials. 

B. Babariya et al. in 2021[49] proposed the modulation of the bandgap for 

optoelectronic applications, as well as the optical response of stacked 

MoX2 (X = S, Se, Te). Through paying ab initio controls, they investigated 

the structural, phonon dispersions relations, electrical, with visual 

characteristics of MoX2 (X = S, Se, and Te) since a monolayer of a quad-

layer structure. In covered MoX2 (X = S, Se, Te), the electronic band 

structure has a semiconductor charisma with degeneracy increasing with 

the numeral of sheets. A significant difference in indirect bandgap energy 

likened to direct bandgap energy was noticed when the number of layers 

decreases from quad-layer to monolayer, indicating the presence of d 

orbital interactions in MoX2 (X == S, Se, Te). The refraction rises with the 

number of sheets and may reach values as high as 4.340, 4.110, and 4.08, 

respectively, and 2.050 eV at energies of 2.450 eV with 2.050 eV, 

respectively,  

R. Ghazi et al. in 2021[11] investigated the transition metal 

dichalcogenides layer PtS2(Se2) for its structural, electrical, and optical 

characteristics in preparation for nanoelectronic applications. Their 

theoretical investigation dealt with monolayer materials of a novel class of 

materials including 2D transitional metallic dichalcogenides, such as Pt S2 

(Se2), which must distinct geometrical, physical, electrical, with visual 

characteristics and was investigated. According to the phonon calculations, 

Because of their procedure, these sheets have shown their ability to 

maintain their dynamical stabilities. Additionally, the direct band gaps for 

MoS2 and MoSe2 placed at the K point are 1.670 eV with 1.484 eV, 

correspondingly, while the direct band gaps for Pt-S2 and Pt-Se2 are 
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positioned in the middle of M topics are 1.8870 and 1.660 eV, 

correspondingly. Furthermore, an indirect bandgap of Pt-S2 is 

approximately 1.775 eV at the K-M path, whereas the bandgap of Pt-Se2 is 

1.4010 eV at the K-M path.  

Haman et al. in 2021 [30] studied the structural, electrical, and optical 

properties of AlX (where X = O, S, Se, and Te) using the density functional 

theory. In addition, the photocatalytic activities of AlX (where X = O, S, 

Se, and Te) have been investigated in detail. AIMD simulations and 

phonon dispersion carve were used to verify the updraft and dynamical 

stability. When the HSE06 functional is used to compute the band gaps, the 

findings obtained from electronic band constructions show that Al-O, Al-S, 

Al-Se, and Al-Te sheets are semiconductors with band gaps are equals  

1.8460, 2.8870, 2.740, with  2.490 eV, respectively. The absorptional 

spectral of the investigated materials were analyzed, and it was observed 

that all AlX exhibit strong absorption n coefficients in the visible and 

ultraviolet wavelength ranges. Furthermore, when the estimated band-edge 

positions are compared to the redox potentials of water, it is discovered that 

the compounds have heightened photocatalytic activity and might be 

employed as semiconductor photocatalysts for H2 production. It follows 

that the Al-O monolayer is extremely sensitive to electrical fields, making 

it extremely beneficial in the creation of hydrogen. Furthermore, these 

findings demonstrate a new route for H2 obtained through photocatalytic 

H2O utilizing Al-X sheets, which is promising. 

A. Bafekry et al. in 2021 [50] used the first time DFT calculations to 

conduct a detailed analysis of the fundamental and electronic 

characteristics of the Bi-Te-Cl and Bi-Te-Br Januus sheets, the results were 

published in Science. Polycrystalline Bi-Te-Cl and Bi-Te-Br sheets have 

electronic bandgaps of 0.830 with 0.800 eV, respectively, and are 

semiconductors. The findings likewise revealed of the number of layers 
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increased could result in induction in the semiconductor-to-metal transition. 

As well as applying an electrical field to the electronic construction, 

mechanical uniaxial with biaxial strain is also used to investigate the 

modification of the electronic structure. The results reveal that the 

bandgaps have changed significantly and that an unintended-straight group 

gap transition may be generated. Theis work emphasizes the promising 

potential of the use of stacked sheets of Bi-Te-Cl and Bi-Te-Br of 

innovative electronic and energy conversational systems in electronic and 

energy change systems. 

Haman. et. al. in 2022 [31] examined the 2D Januus aluminum 

Oxysullfide Al2OS monolayer's photocatalytic performance in comparison 

to the parental aluminum sulfide (AlS) sheets based on the bonding energy 

with Giybbs allowed energies obtained done DFT calculations, as well as 

the photocatalytic presentation of the 2D Januus Al-Oxysulfide Al2OS 

sheets. The Janus Al2OS is a direct semiconductor with a bandgap of 2.110 

eV when the HSE06 functional is utilized in the band structure 

investigation.  
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1.7 The Aims of the Study 

     The aim of this work focus achieve the following goals :- 

1.Study of structural,optical and effect on the (Al2Br2Se2,Al2Br2S2). 

2.The prediction of the suitable applications of these structures for 

optoelectric applications.  
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2.1 Schrödinger Equation

   Computational physics and chemistry are one of the most important goals 

of physics to describe the physical properties of interacting many-particle 

systems. Any problem can be treated in the electronic structure for any 

system by quantum mechanical laws, Schrödinger equation is used to 

describe the motions of atomic and subatomic systems, electrons, and 

nuclei [51]. This equation was published in 1962 by the Austrian scientist 

Schrödinger, the equation depends mainly on the physical situation. 

Therefore, the most common form is the time-dependent Schrödinger 

equation which describes the evolution of a system over time (t) [52].  

 ĤѰ = ÊѰ                                                                                                     (2.1) 

 Here: Ψ Represents the wave function, Ĥ  Represents the Hamiltonian 

operator,  and E describes the system's total energy equation,  

Hamiltonian operator contains kinetic (T̂) and potential (V̂) energy for all 

particles, is given by [53]. 

     Ĥ =  T̂ + V̂                                                                                              (2.2) 

    T̂ =     T̂e + T̂n          ,   V̂ =   V̂ne + V̂ee + V̂nn                                      (2.3) 

Here: (T̂e): Represents the kinetic energy of the electrons ;  

T̂n: Represents the kinetic energy of the nuclei ; 

V̂ne: Represents the electrons-nuclei interaction energy;  

V̂ee: It represents the interaction energy between the electrons; 

V̂nn:  Represent the nucleus-nucleus interaction energy. 

The kinetic energy operator is given as [54]. 
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  T̂e =  − 
ħ2

2mi
 ∑ ∇i

2

i

                                                                                    (2.4) 

 T̂n =  − 
ħ2

2 MA
 ∑ ∇A

2

A

                                                                                      (2.5)  

where, mi and MA are the electron and nuclear mass, respectively. 

 ∇2=
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2
  Is the Laplacian operator of (i) electrons and (A) 

nuclear. 

The potential energy operators are given as [55]. 

V̂ne =  − 
1

4πƐo
∑ ∑ ZAiA   

e2

riA
                                                                            (2.6)                                

V̂ee =  
1

4πƐo
 ∑

e2

rij
i<j

                                                                                           (2.7) 

V̂nn =  
1

4πƐo
∑ ZAZB

A<B

 
e2

RAB
                                                                         (2.8) 

Ĥ = T̂ + V̂ = −
ħ2

2m
∑ ∇i

2

n

i=1

−
ħ2

2
∑

1

MA
∇A

2

K

A=1

+ V(r, R)                           (2.9)  

  V̂ =
e2

4πƐo
[− ∑ ∑

ZA

riA

K

i=1

n

A=1

+ ∑
1

rij

n

i<j

+ ∑
ZAZB

RAB

K

A<B

]                                 (2.10) 

where: rij = │ri − rj│ is the distance between i electron and j electron, 

ZA 𝑖𝑠 the charge of nuclei A, and ZB is the charge of nuclei B. 

 riA = │ri − RA│, riA is the distance between electron i and nucleus A. 
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 RAB = │RA − RB│, RAB is the distance between (A) nucleus and (B) 

nucleus [56]. 

ĤTotal = −
1

2
∑ ∇i

2

n

i=1

−
1

2
∑

1

MA

K

A=1

∇A
2 − ∑ ∑

ZA

riA

n

i=1



K

A=1

∑ ∑
1

rij

n

j=i+1

n−1

i=1

+ ∑ ∑
ZAZB

RAB

K

B=A+1

K−1

A=1

                                                            (2.11)   

The total Hamiltonian equation may be written more compactly as [53], 

Η̂Total =  T̂e + T̂n + V̂ne + V̂ee + V̂nn                                                        (2.12)  

  To be more specific, the Schrödinger equation has an exponentially 

increasing complexity with the number of electrons. The solution of the 

Schrödinger Equation in this form is impractical. We are not able to solve 

this equation in general. However, this was recognized in 1929 when Dirac 

stated, "The underlying physical laws are known, but their application 

requires highly convoluted mathematics [57]. Therefore, it is essential to use 

approximations.  

2.2 The Born-Oppenheimer Approximation 

 A molecule contains both nuclei and electrons, the motion of 

electrons and the motion of nuclear in molecules can be separate this is 

called the Born- approximation [58]. This approximation was published 

(1927) to simplify solving the Schrödinger equation and to allow chemists to 

calculate the theoretical energy levels of molecules, reducing them to 

mathematical functions they could solve. Also, this style is commonly 

referred to as the adiabatic approximation [59]. For Born-Oppen 

approximation, the nuclei are static; there is no requirement to include any 
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kinetic energy if nuclei are stationary. The equation to be solved is written 

then [59]. 

ᴪtotal = ᴪelectron ∗ ᴪnucleus                                                                   (2.13)  

Nuclei kinetic energy is removed and the potential energy of nuclei-

nuclei could be considered fixed. In this respect, the nuclei kinetic energy 

and the potential energy of nuclei-nuclei can be removed from the 

Hamiltonian operator and the Hamiltonian operator Ĥ is simplified as the 

following[60],  

      Η̂ = Τ̂e + V̂ne + V̂ee                                                                             (2.14)           

The system can be described as all electrons moving in a potential field 

of nuclei with fixed positions. Therefore, the total energy calculation of a 

molecule is much simplified and computations of wave functions of the 

large molecule could be solved [61]. 

2.3 The Hartree - Fock Approximation 

    As known, solving the Schrödinger equation for all electrons in systems 

requires solving many simultaneous differential equations [62]. The 

calculations are very difficult and need to simplify the methods and the 

problem itself. In 1928. In a first attempt, Hartree proposed an approximate 

solution to it. The Hartree approximation consists in considering the 

electrons as independent, and that the rest of the electrons will produce an 

average field that allows the independent electrons to evolve through it. 

This approximation reduces the electron problem in interaction with the 

problem of the singular electron method. The Hamiltonian may be as a sum 

of (n) Hamiltonians, representing a single electron behavior for each [63]. 
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EΦ =
⟨Φ|Η̂|Φ⟩

⟨Φ|Φ⟩
≥ E0                                                                                (2.15) 

Here, E0 is the ground-state energy. Using this theory, the perfect 

ground-state wave function is approximated from the experiment function 

that produces the lowest energy. Hartree found the Hamiltonian equation of 

the many-electron system and each electron can be separately processed as 

a single particle. The wave function of the Hartree-Fock approach can be 

written in a determinant called the Slater determinant. This determinant 

makes two considerations: the first is the spin of all electrons, and the 

second is the Pauli exclusion principle. (α) represents the spin-up of 

electrons, and (β) represents spin-down of electrons. For the N-electron 

system, we can write the Slater determinant in the following form. 

 =

1

√N! |
|

1(1)α(1) Ψ1(1)β(1)   Ψ2(1)α(1)  2(1)β(1) …N(1)α(1)  N(1)β(1)

 1(2)α(2) Ψ1(2)β(2)  2(2)α(2)   2(2)β(2) …N(2)α(2)  N(2)β(2)
.                                        .                                                          .                                

         .                                         .                                                          .                                         
1(N)α(N)1(N)β(N)2(N)α(N)2(N)β(N) …N(N)α(N)N(N)β(N)

|
|(2.16)  

Here: Ψ represents the electronic wave function, α describes the spin-up 

of electrons and β describes the spin-down of electrons, respectively, and 

the normalization factor is
1

√N!
. For Hartree-Fock methods, the main step is 

to first introduce the molecular orbital expansion and secondly determine 

the corresponding coefficients based on the covariance principle [58]. The 

molecular orbitals i(r) the Hartree-Fock equation was solved by the 

iterative process of the Self-Consistent-Field (SCF) producer yields [64].  

    F̂Ψi(r⃗) = εiΨi(r⃗)                                                                                (2.17) 

Here, εi is the electronic energy of the electron in the orbital, and F 

represents the Fock operator. For closed-shell systems, 
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F̂ = ĥ + ∑(2Jl − Kl)

n 2⁄

l=1

                                                                            (2.18) 

With, Jl  and  Kl  are the Coulomb operator and the exchange operator, 

respectively,   

JlΨ(r⃗) = ∫
Ψl

∗(r⃗)Ψl(r′⃗⃗ ⃗)

|r⃗ − r′⃗⃗⃗|
dV′Ψ(r⃗)                                                         (2.19) 

KlΨ(r⃗) = ∫
Ψl

∗(r⃗)Ψj(r′⃗⃗ ⃗)

|r⃗ − r′⃗⃗⃗|
dV′Ψ(r⃗)                                                     (2.20)  

This correction takes into calculation the effects of spin correlation. First: 

(MO) represents the final expansion correction of the molecular orbital, and 

secondly: (LCAO) represents the linear atomic orbital structure [62].  Thus 

an Ψi is defined as molecular individual orbital. 

Ψi(x) = ∑ CμiΦμ(x)N
μ=1                              μ = 1,2, … , N               (2.21)  

The basis functions Φμare selected to be normalized, N number of the 

basis functions, and Cμi  represents the molecular orbital expansion 

coefficients. An appropriate set of orbital expansion fundamental functions 

must be chosen so that we can then adjust for two factors (C μi) to reduce 

the calculated total electronic energy of the multi-electron wavefunction. 

The value of the resulting energy in the chosen constraints will be as close 

as possible to the exact energy E₀ of the ground state system [65]. 

E(Φ1, Φ2, … … , ΦN) ≥ E0                                                                   (2.22) 

Ψ is the exact ground state function, and the equal sign is only applied in 

this state. 
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2.4 Density Functional Theory (DFT) 

Density functional theory (DFT) is a method used to calculate the 

electronic composition of solids, molecules, and atoms, and it is one of the 

most popular, powerful, versatile, and successful quantum mechanical 

modelling methods. The properties of the multiple electron system can be 

determined in this theory using functions, which depend on the electron 

density distribution in this case  ꝭ( r⃗), this density functions [66]. The 

electronic system energy may be calculated using the electronic  density 

function by these two properties: ꝭ(r→∞) =0  ;   ʃꝭ(r) dr = n 

It represents the possibility of finding an electron in a unit volume centered 

around a position. On the road to explaining the system, it seems to contain 

enough information, although there is more information, some of it is not 

required. Therefore, Electron density is necessary for the atomic structure 

to fully determine its properties. 

 

 2.4.1 Hohenberg –Kohn Theorem 

In 1964, Hohenberg and Kohn formulated the fundament for DFT with 

the central idea to substitute many-body problems with an equation for the 

electron density n( r ⃗⃗⃗).  

The Hamilton operator of the n-electron system within the Born-

Oppenheimer approximation can be written by [58], 

Ĥ = T̂ + V̂ext + V̂ee                                                                                    (2.23) 

The external potential V̂ext is uniquely defined by the electron density ρ(r⃗). 

The total energy can be written as [67]. 

E0 = T[ρ0] + ∫ Vext (r)ρ0(r)dr[ρ0]  + J[ρ0] + ENC                           (2.24) 
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where T[ρ0] Describe kinetic energy, ENC[ρ0] Represents the interaction 

energy between an electron and a non-classical electron and J[ρ0] is the 

classical Coulomb energy defined as, 

J[ρ0] =
1

2
∬

ρ0(r1)ρ0(r2)

|r1 − r2|
dr1dr2                                                           (2.25) 

Vext(r) directly depends on the system, which is the Coulomb potential of 

the nuclei. Thus, the total energy can be written as, 

E0 = ∫ Vext (r)ρ0(r)dr + FHK[ρ0]                                                            (2.26) 

Here: FHK is a global function to describe electron density, 

FHK[ρ] = J[ρ] + T[ρ] + ENC[ρ]                                                                     (2.27) 

HK theory assumes that FHK exists, but the real form of FHK is not known 

and must be approximated. HK theorem reduced the problem of solving the 

Schrödinger equation for many bodies to the problem of reducing 

functional density [68]. 

 

2.4.2 The Kohn-Sham Theory 

There exists an unreactive system in the real system with the ground 

state density ρ(r) with the same ρ(r). Equation (2.27) can rewrite as: 

F[ρ] = TS[ρ] + J[ρ] + ENC[ρ]                                                                (2.28) 

Where TS [ρ] is the Kinetic energy of the noninteracting electron system. 

The electron density of the noninteracting system is described by a single 

Slater determinant of orbitals.  

The DFT exchange-correlation energy Exc[ρ] of interacting electron 

system can be defined in the form: 
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Exc[ρ] = T[ρ] − TS[ρ] + ENC[ρ]                                                           (2.29) 

By applying the variation precept, δE/δρ(r)=0, Kohn–Sham for functional: 

E[ρ] = ∫ ρ(r) v(r)dr + TS[ρ] + J[ρ] + Exc[ρ]                                    (2.30) 

The density ρ(r)is given by: 

ρ(r) = ∑ │ɸi

n

i=1

(r)│2                                                                                (2.31) 

This results in one–electron  in the Hartree-type of equations: 

[−
1

2
∇2 + V(r) + ∫

ρ(r)

│r − r̅│
dr̅ + Vxc(r)] ɸi(r) = Ɛiɸi(r)             (2.32) 

Where, Vxc(r) is the exchange-correlation potential, ɸi(r) is Kohn–

Sham orbitals, and Ɛi is Kohn –Sham orbital energies: 

Vxc(r) =
δExc[ρ]

δρ(r)
                                                                                        (2.33) 

Equations (2.31) – (2.33) contain one unknown term and are very 

accurate and are known as the Kohn -Sham equations, Exc[ρ]. Kohn–

Sham's approach is a famous work that was embraced for many purposes 

[69]. 

 

2.4.3 Exchange-Correlation Energy  

Correlation is a term used to describe interactions between electrons in 

the same molecule. The basis of the density functional theory of Kohn 

Hohenberg, and Sham is that sum of the binding energies of an ordinary 

electron gas and its exchange energies can be calculated by knowing its 

density. [70] The Kohn-Sham exchange and correlation functional are [71]. 
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Exc[ρ] = T[ρ] − TS[ρ] + Vee[ρ] − J[ρ]                                                  (2.34) 

Here, TS[ρ] The kinetic energy of the non-interacting system. 

When the Hamilton factor is multiplied by the scaling factor λ, and when λ 

= 0 we get a system of non-interacting electrons system of non-interacting, 

while for λ=1, a system of fully interacting electrons will be obtained. 

From Hohenberg –Kohn theorem, the non-interactive ρ can be obtained. 

Fλ=1[ρ] = F[ρ] = T[ρ] + Vee[ρ]                                                              (2.35) 

Fλ=0[ρ] = Ts[ρ]                                                                                            (2.36) 

Thus, equation (2.34) will be, 

Exc[ρ] = Fλ=1[ρ] − Fλ=0[ρ] − J[ρ]                                                         (2.37) 

Exc[ρ] = ∫ dλ
∂Fλ[ρ]

∂λ

1

0

− J[ρ]                                                                  (2.38) 

Using Hellmann – Feynman theorem [70] : 

∂Fλ[ρ]

∂λ
=< φλ│Vee│φλ >                                                                         (2.39) 

Where, φλ represents the wave function to the Hamilton operator. Equation 

(2.38) will be, 

Exc[ρ] = ∫ dλ < φλ
1

0

│Vee│φλ > −J[ρ]                                               (2.40) 

Exc[ρ] =
1

2
∬

1

r12
ρ(r1)ρ̅xc(r1, r2)dr1dr2                                              (2.41) 

 ρ̅xc defined  is the averaged exchange-correlation [15] : 

ρ̅xc(r1, r2) = ρ(r2)h̅(r1, r2)                                                                       (2.42) 
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Here, h̅(r1, r2) Describes the pair averaged binding function. 

∫ dλ
1

0

ρ 2
λ(r1, r2) =

1

2
ρ(r1)ρ(r2)[1 + h̅(r1, r2)]                                    (2.43) 

Here: ρ 2
λ(r1, r2) is the diametrical component from a matrix of two-

particle densities. The energy of interchange-correlation relies upon only a 

spherically average ρ̅xc(r1, r2), 

Exc[ρ] =
1

2
∫ dr ρ(r) ∫ 4πsdsρxc

SA
∞

0

(r, s)                                                   (2.44) 

Here, 

ρxc
SA(r, s) =

1

4π
∫ ρ̅xc (r, r̅)dr̅                                                                        (2.45) 

From the Kohn–Sham density functional theory, the exchange-

correlation functional Exc is detached into the correlation Ec
ks parts then the 

exchange Ex
ks, 

Exc[ρ] = Ex
ks[ρ] + Ec

ks[ρ]                                                                         (2.46) 

Where, Ec
ksis Represents the calculation of the Hartree-Fock exchange 

energy with Cohen Sham Φρ 

Ex
ks[ρ] =< ɸρ│V̂ee│ɸρ > −J[ρ]                                                           (2.47) 

Ec
ks[ρ] =< Ѱρ│V̂ee│Ѱρ > −< ɸρ│V̂ee│ɸρ >                                  (2.48) 

Here, Ѱρ is the exact interacting wavefunction. 
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2.5 The Local (Spin) Density Approximation (L(S) DA):  

The oldest, simplest, and possibly the most important function is the 

local density approximation (LDA), Presented by Hohenberg and Kohn in 

their original paper DFT [72]. LDA is the simplest approximation of EXC 

[ρ(r)], which assumes that the system is a homogeneous electronic gas and 

that EXC [ρ(r)] depends only on the local value of the electron density. 

Therefore, EXC[ρ(r)] can be written in a simple form [73]. 

Exc
LDA[ρ] = ∫ ρ(r⃗)εxc (ρ(r⃗))dr⃗                                                            (2.49)      

Here: εxc Representexchange-correlation energy of each particle. 

Compared to LDA, LSDA defines the exchange-correlation potential in 

terms of the density of α and β spins (i.e. spin up and spin down 

respectively) and was developed for calculating the properties of open-shell 

systems [8] 

Exc
LSDA[ρα, ρβ] = ∫ ρ(r⃗)εxc(ρ(r⃗)α , ρ(r⃗)β)dr⃗                                      (2.50) 

For certain properties such as equilibrium structures, vibrational 

frequencies, and dipole moments, the LSD approximation provides better 

results than HF; however, it cannot determine the highly precise energy 

details as many analytical chemists wish. Overall, LSDA provides useful 

information on those systems that are very similar to regular electron gas, 

i.e. those in which the density slowly varies with mode. However, in 

reality, atomic and molecular systems do not have a uniform electron 

density and therefore need more complex models. 
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2.6 The General Gradient Approximation (GGA). 

To create a very precise approximation of the cross-link energy, it 

includes the color gamut of the electron density as well as the electron 

density functions [5] 

Exc
GGA[ρα, ρβ] = ∫ f (ρα, ρβ, ∇ρα

, ∇ρβ
) dr⃗                                            (2.52)         

These functions provide a general development for LSDA as they 

explain the contrast of severity with the position. Exc is usually written as a 

combination of the terms Exchange (Ex) and Correlation (Ec) to simplify 

the problem. 

Exc = Ex + Ec                                                                                              (2.53)   

Then instead of HF orbitals and the approximate solutions of Ec, the 

energy exchange function can be obtained from the exchange term HF 

with Kohn-Sham orbitals. Another functionals of exchange then link has 

been developed independently then can be combined in different ways. 

One popular functional of GGA functions is PBE, Perdew, Burke, and 

Enzerhof (PBE) [78]. 

 

2.7 The Hybrid Functional 

Hybrid functions are a functional class of interchange-correlation energy 

functional approximations called DFT and combine part of precise 

interchange from HF notion for interchange and correlation from different 

sources :(empirical or initio). Instead of density, the exact exchange energy 

function is expressed in terms of Kohn-Sham orbitals, so express it implicit 

density functional. Often cross-link function is constructed as a linear set of 
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the HF micro-crossover function (Ex
HF) and any number of explicit cross-

link and cross-link functions [75]. 

One GGA functional is known as the PBE functional, abbreviated as the 

PBE functional. PBE came up with enhancement factors for both the 

exchange energy and the correlation energy. The correlation term for PBE 

is given by, 

Exc
hybrid

= Exc
GGA + a(Ex

HF − Ex
GGA)                                                        (2.51)  

Here: Based on the foundations of perturbation theory, ( a is equal to 1/4) 

[76] It performs for a class of functions with just as many parameters as the 

latent GGAs. 

 
 

2.8 Perdew, Burke, and Ernzerhof (PBE) 

The GGA functions have many varied examples, such as GGA 

proposed by PBE. The exchange part is given by [77]. 

ϵx
PBE   = ϵx

HEG Fx
PBE                                                                                 (2.54) 

Fx
PBE = 1 + K −

K

1+(
μs2

K
)
                                                                            (2.55)   

Here, K = 0.804 ,µ = 0.21951. While the linked part is selected as, 

ϵxc
GGA   = ϵc

HEG + H(rs , ζ, t)                                                                     (2.56)    

Here: (n↓ − n↑) ∕n, Represents the spin polarization, While the local value 

of the density factor is rs, then t = |∇n| ∕ (2ϕKTFn) Represents 

dimensionless gradient, now ϕ = [(1 + ζ)
3

2 +(1 − ζ)
3

2]∕ 2 finally H by 

giving [77], 

H =
e2γϕ3

a°
log(1 +

βt2

γ
 

1 + At2

1 + At2 + A2t4
)                               (2.57) 
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Function A represents 

A =
β

γ
[e

−a°  ϵx
HEG  

e2 γ ϕ3    
− 1]

−1

                                                                         (2.58) 

2.9. Plane Wave Pseudo-Potential method (PW-PP) 

The efficiency of DFT calculations is expected to be based primarily on 

the efficiency of the Pseudo-Potential Plane Wave (PP-PW) method. In this 

section, we will try to clarify Bloch's theory and the pseudo-potential 

approach.  

Bloch's theory states that the electronic wave function is a combination 

of a periodic component of a cell and a wave component of a periodic solid 

[79]. 

Ψi(r⃗)=fi(r⃗) exp[ik⃗⃗. r⃗]                                                                                 (2.59)   

 fi(r⃗)=fi(R⃗⃗⃗ + r⃗)                                                                                           (2.60)   

Here:k⃗⃗ Represents a vector of a mutual space confined to the first 

Brillouin region, i Represent the band index and R⃗⃗⃗ Represents a vector of 

direct lattice i.e. Bravais lattice. A discrete set of plane waves is contained 

in the wave function cell-periodic component with reciprocal crystal lattice 

vectors. 

fi(r⃗)=∑ Ci,GG  exp[iG⃗⃗⃗. r⃗]                                                                     (2.61)   

Here: the reciprocal lattice vectors G⃗⃗⃗  are defined by;  

G⃗⃗⃗. R⃗⃗⃗ = 2πm;  for all R;⃗⃗⃗⃗  where R⃗⃗⃗ Represent lattice vector of crystal, also m 

is an integer. This leads to writing the function electronically as a sum of 

the plane waves  

Ψi(r⃗)=∑ Ci,K+GG  exp[i(k⃗⃗ + G⃗⃗⃗)]. r ⃗⃗⃗                                                          (2.62)  
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     Infinite numbers of k points are located in the the1st Brillouin zone and 

their basis of operation require infinite plane waves that are set to 

completely reconstruct the system by symmetry. The first Brillouin zone 

was sampled in specific groups of k points to overcome the problem of 

calculations in that pattern. To apply the calculations, several sampling 

methods for the Brillouin zone are proposed. 

 2.10 CASTEP Code 

CASTEP (Cambridge Sequential Total Energy Package) is a quantum 

mechanical program for beginners that uses (DFT) density functional 

theory to simulate properties of liquids, solids, structures, also textures with 

a broad variety of types of materials for example metals, ceramics, and 

semiconductors. In principle, the calculations allow researchers to 

investigate the origin as well as the nature of the optical, structural, and 

electronic properties of the system without empirical input. CASTEP is an 

ideal simulation method for researching problems in chemical engineering, 

solid-state physics, materials, and molecular sciences where experimental 

models and experimental data are lacking. With the assistance of CASTEP, 

researchers can save a lot of time and costly trials. CASTEP can calculate 

many optical, electronic and magnetic, elastic constants and other physical 

properties. Specifically, it can also foresee electronic properties such as 

Schottky barriers, band gaps, and; Optical properties such as dielectric 

functions, absorption, reflectivity, infrared, and spectra. To minimize the 

computation complexity, The core electrons were replaced by valence 

electrons, which operate at the active potential of the system. Electronic 

wave functions were expanded through a plane-wave base set, also 

generalized gradient (GGA) approximations or local density (LDA) was 

used to calculate the electrons' interaction, interchange, also correlation 

effects in the system. Sets the structural modifications of liquids, solids, 
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surfaces, and interfaces are efficient due to the use of pseudopotentials and 

plane wave base [80].  

 

2.11 Computational Details 

In this study, we were able to research the physical, computational and 

electronic properties of Al2Br2X2 When (X=S, Se) structures by using the 

CASTEP program's Density Functional Theory (DFT) with generalized 

approximations of the gradient. The precise formalism of Perdew-Burke 

Ernzerhof (PBE) [80,81] is used in accounts to modify electronic exchange 

link interactions.  In this study, the model designed to simulate the 

monolayers of Al2Br2S2(Se)2 consists of (4×4×1) supercell. The constants 

and atomic positions of the lattice were just relaxed before an energy 

equilibrium of (5×10-6 eV/atom) reached cutting of kinetic energy, k-grid, 

and vacuum are reached while the overall energy variation between the 

dual constructive is less than (0.000001 eV). For each measurement, the 

energy cutoff equivalent to 510 eV was taken. For the electronic, density of 

state, and optical properties, the Monkhorst–Pack k-points net of 

(14×14×1), (26×26×1), (34×34×1), grid were used respectively. To prevent 

interactions with neighboring layers, avoid spacing was set (27 Å) along 

the z-direction. 

 A complex dielectric function consists of summing up the real and the 

imaginary parts as follows. 

ε(ω) = ε1(ω) + iε2(ω)                                                                                 (2.63) 

Where the real part ε1(ω) and imaginary part ε2(ω) are given by the well-

known relations 

ε1(ω) = 1 +
2

π
P ∫

ω′ε2(ω′)

ω′2 − ω2

∞

0

dω′                                                            (2.64) 
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ε2(ω) =  
e2ℏ

πm2ω2 ∑ ∫ |〈ucv|u. ∇|uck〉|
BZ

2
δ[ωcv(k) − ω]d3k

v,c
            (2.65) 

where: P stands for the fundamental integrative value, m electron mass, e  

electron charge, u unit vector, and c for matrix elements from transitions to 

conduction band states uck(r) from valence band states (uvk(r)). In addition, 

the complex refractive index containing the real part is called the refractive 

index (n), and the imaginary part is also called the extinction index (k) as 

follows: 

n∗(ω) = n(ω) + ik(ω)                                                                                 (2.66 ) 

n(ω) = [
ε1(ω)

2
+

√ε1
2(ω) + ε2

2(ω)

2
]

1
2

                                                      (2.67 ) 

k(ω) = [
√ε1

2(ω) + ε2
2(ω)

2
− 

ε1(ω)

2
]

1
2

                                                     (2.68 ) 

The conductivity depends on the imaginary part of the dielectric 

function. Also, the absorption coefficient is related to the complex refraction 

index according to the following equation: 

σ(ω) =
ω

4π
. ε2(ω)                                                                                         (2.69 ) 

α(ω) =
2ω

c
. k                                                                                                 (2.70 )  

where: c is the speed of light in a vacuum. Also, by studying the natural 

occurrence at the level, the reflectivity can be obtained and the energy loss 

function of the material represents the energy lost by the electrons passing 

through the material, these quantities can be given according to the 

following equations [82]. 

R(ω) =
(n(ω) − 1)2 + k2(ω)

(n(ω) + 1)2 + k2(ω)
                                                                  (2.71) 
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L(ω) =  
ε2(ω)

ε1
2(ω) + ε2

2(ω)
                                                                         (2.72) 
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3.1 AlBrSe monolayer 

The structural, electronic, and optical properties of the orthorhombic 

2D AlBrSe (or Al2Br2Se2) monolayer under the effect of strain are 

examined using the density functional theory (DFT) calculations. Atoms in 

a monolayer are linked by strong covalent bonds, Br atoms are distributed 

on both sides of the monolayer from the top and bottom of the layers while 

the Al and Se atoms are in the middle of the layer and are distributed 

coordinately.  

 

3.1.1 Structural and electronic properties  

Monolayer AlBrSe is a compound consisting of Al, Br, and Se atoms 

arranged in an orthorhombic lattice with space group Pmmn (D2h-13, No. 

59). Fig.(3.1) illustrates the side and top views of the AlBrSe monolayer 

after the total relaxation. The calculated lattice constants of the AlBrSe 

monolayer are 3.585 Å (a) and 5.134 Å (b). The calculations show that the 

bonds lengths of the Al-Br, Al-Se1 and Al-Se2 are 2.539 Å, 2.504 Å, and 

2.583 Å, respectively, which are close to each other with a very small 

difference, and the same thing applies to the angles θ1 (91.435o), θ2 

(89.806o), θ3 (89.379o), and θ4 (85.574o) between the three atoms that make 

up this monolayer, even though the angle θ1(θAl-Br-Al) is greater than the 

other two angles as shown in Fig.(3.1). From the above, we can see that the 

lattice constant (b) is about one and a half times greater than the value of 

the lattice constant (a), and this in turn leads to a difference in properties in 

both directions, as the difference is large and this system cannot be treated 

as an isotropic system like the hexagonal system. Rather, it is an 

orthorhombic lattice system with an anisotropic system, and this can be 

seen by the k-point path in the figures related to the band structure, so its 

properties depend on the direction. Hence, these calcultionso lead to the 
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conclusion that the AlBrSe monolayer could be employed in the progress 

of anisotropic devices. The electron localization function AlBrSe is 

depicted in Fig. (3.1)(a), where delocalized (0.5) and fully localized (0.9) 

electrons are denoted by green and red areas, respectively, while the blue 

region (0.0) denotes very low electron density. The red zone is largely 

focused on the Br and Se atoms, indicating that electrons are strongly 

localized around these atoms. Meanwhile, a significant spread of 

delocalized electrons can be seen in the green areas connecting the Br 

atoms to Al atoms and very low electron density in the blue areas 

connecting the Al atoms to Se atoms. The computed phonon dispersion 

curve is shown in Fig. (3.2) (a), where there is no imaginary mode of the 

acoustic and optical branch in either path, which is indicative of the 

dynamic stability of the AlBrSe monolayer. The values of the frequencies 

are approximately between 0 (at point Γ) and 390.94 cm−1 (at point X), 

respectively. 

 

 Fig. (3.1) (a) Top and (b,c) side views of the optimized structure of the 

AlBrSe monolayer. The snapshot in (a) refers to the electron 

localization function. The blue rectangle indicates the unit cell.  

Moreover, AIMD is carried out to determine the thermodynamic stabilities 

of the AlBrSe monolayer, as illustrated in Fig. (3.2) (b), negligible 
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fluctuations in the total energies of this monolayer are detected, without 

bond breakage, distortion, or structural reconstructions, confirming their 

strong thermodynamic stabilities at a temperature of 300 K. 

 

 

Fig.(3.2). (a) The phonon dispersion curve, (b) total potential energy as a 

function of time variation and (c) temperature as a function of 

AIMD steps at 300 K of AlBrSe monolayer.  

 

The anticipated band structure of the AlBrSe monolayer along the high 

symmetric pathway Γ-X-M-Y- Γ employing the PBE and HSE06 

calculations and the corresponding results are depicted in are shown in Fig. 

(3.3) (a). The measured electronic band structures using the PBE method 

appear to be extremely like the HSE06 functional, in which the valence 

band maximum (VBM) lies at the Γ point and the conduction band 

minimum (CBM) is located between the Y-Γ path, as a result, the AlBrSe 
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monolayer is indirect bandgap semiconductor. The calculated bandgap 

using the PBE approach is 1.654 eV. Nevertheless, the energy gap of a 

semiconductor is well known to be underestimated when using the PBE 

functional. The gaps calculated using the PBE functional for monolayer in 

this study are lower than those computed with the HSE06 method (2.231 

eV). Because electronic states at the Fermi level are important in electronic 

transports, the partial density of states (PDOS) of each element has been 

determined in detail, as shown in Fig. (3.3) (b). The valence band near the 

Fermi level is primarily determined by the contribution of all p orbitals of 

the Al, Br, and Se atoms, with the emphasis that the contribution of the Br 

and Se atoms is much higher than the contribution of Al because of the 

large atomic numbers of Br and Se elements relative to the atomic number 

of Al, noting that there is no contribution for the s orbital in the valence 

band except for the contribution of the 3s orbital of the Al atom in the 

region beyond 4 eV. Conversely, in the conduction bands near the Fermi 

level, there is an empty electronic state, after that, in the region beyond 

about 2 eV, the conduction band is equally composed of p orbital of Al, Br, 

and Se atoms with a clear and distinct contribution of 3s orbital of the Al 

atom. One can notice that the total partial density of states consists of the 

sum of the contributions that were mentioned above. Based on the 

foregoing, the results of DOS agree with the electronic band structure.  
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Fig.(3.3). (a) The calculated band structure by PBE and HSE06 methods 

and (b) partial and total density of state of AlBrSe monolayer. The green 

dashed line indicates the Fermi level, which is set to zero energy. 

 

3.1.2 Photocatalytic water-splitting 

The electronegativity (χ) and the positions of the energy edges of the 

conduction (ECB) and valence bands (EVB) were estimated using the 

following equations [83,84]: 

χ = [χ(Al)a ∗ χ(Br)b ∗ χ(Se)c]
1

a+b+c                                            (3.1) 

ECB = χ − Ee − 0.5Eg                                                                 (3.2) 

EVB = χ − Ee + 0.5Eg                                                                 (3.3) 

Where χ is the absolute electronegativity of the AlBrSe monolayer (5.246 

eV), and (a, b, and c) represented the number of atoms of an element in the 

monolayer, Eg is the indirect bandgap according to the HSE06 method and 

Ee=4.44 eV is the absolute vacuum scale for normal hydrogen electrode 
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[85]. The photocatalyst energy bandgap employed for water splitting must 

be equal to or greater than 1.23 eV. Furthermore, to split the water, the ECB 

should be higher than the standard redox potential (H+/H2= -4.44 eV) and 

the EVB lower than the oxidation potential (H2O/O2= -5.67 eV). As shown in 

Fig. (3.4) (a), the positions of the band edge were aligned with the vacuum 

level adjustments and were compared to the redox and the redox potentials. 

The energy gap of the AlBrSe monolayer (2.231 eV) is greater than 1.23 V 

and the edge positions of ECB and EVB are -4.131 eV and -6.362 eV, 

respectively. As a result, EVB is smaller than the oxidation potential 

(H2O/O2), therefore, the photogenerated holes oxidize the water (H2O) to 

form O2. The ECB of the AlBrSe monolayer, on the other hand, is higher 

than the redox potential (H+/H2). Thus, photogenerated electrons result in 

the reduction of produced H+ to H2. Based on these results, this monolayer 

achieves the photocatalytic conditions for water-splitting. The indirect 

bandgap of monolayer gives the excitons a longer average life, which in 

turn increases their efficiency in generating hydrogen gas, depending on the 

energy of solar light or from illumination by artificial sources. A similar 

phenomenon is also found in many monolayers [86–90] and heterostructure 

layers [91–94].  

We estimated the work function (W) of the AlBrSe monolayer to be 5.454 

eV, based on the difference between the vacuum level (Evac) and the Fermi 

level (EF) as depicted in Fig.(3.4) (b). Our computed work function is 

slightly higher than that in graphene (4.89–5.16 eV) [95]. The W on the 

two sides of the AlBrSe monolayer is identical because of the vertical 

symmetrical arrangement. Furthermore, the identical in the vacuum level 

leads to the identical in the photocatalytic performance at the AlBrSe two 

similar surfaces. 
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Fig.(3.4). (a) The band-edge potential and (b) The work function along the 

z-axis of the AlBrSe monolayer. 

 

3.1.3 Strain effect on the AlBrSe Monolayer 

Biaxial strain engineering is among the most efficacious methods of 

improving the electronic properties of a variety of 2D materials by 

modifying the band structure [96]. In our current computations, we 

examine the in-plane biaxial strain (δ) as δ= (a-a0)/a0 ×100%, where a and 

a0 are respectively the strained and unstrained lattice constants. Previous 

studies have demonstrated that 2D materials can tolerate high stresses 

ranging from -20% to 20% [97–100]. Notwithstanding this, our analysis in 

this research centered on a strain range of -6 to 6% based on the stability of 

this monolayer. The energy gaps, DOS, band-edge potential, and optical 

properties were investigated under the influence of tensile and compressive 

strains on the monolayer. As shown in Fig. (3.5), the band structures of the 

AlBrSe monolayer change in a coordinated manner with strain, the VBM 

remains centered in the unstrained state at the Γ point and the CBM is in 

the path Γ-Y point in the strain range between -6% to 2%, afterwards, 

especially at the tensile strain of 4% and 6%, the CBM has transferred to 

point Γ, as a result, both VBM and CBM lie at Γ point. Interestingly, this 
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led to a dramatic transformation in bandgaps from an indirect to direct 

bandgap at these two strains. However, the energy gap increases with the 

tensile strains, while it decreases with the compressive strain, and it is 

noted that the changes in the tensile strains are larger than those in the 

compression strain situations, where the decrease in the energy gap is 

greater than the increase in the case of tensile strain, decrease from 2.353 

eV (at 4%) to 1.837 eV (at -6%).  
 

 

Fig. (3.5). The band structure of AlBrSe monolayer under the strain effect 

using the HSE06 method. 
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Remarkably, the bandgap can be modulated by changing the biaxial 

strain, which is beneficial to achieving optimal electronic performance. On 

the other hand, the band-edge potentials under the biaxial strain are 

systematically evaluated. According to Fig.(3.6), the CBM shift upward 

and the VBM shifts downward with increasing strains. Thus, the energy 

gaps decrease in the higher compressive strain values. This behavior 

confirms that low dimensional materials are extremely sensitive to strain, 

which includes not only the electronic structure but also the optical 

properties as can see later.  

As mentioned above, the ability to reduce/oxidize might be assessed 

by aligning the CBM and VBM with respect to the water redox potential 

levels, thus, the redox potentials (magenta dashed line) of water splitting 

are presented for comparison. However, as shown in Fig.(3.5), the 

predicted band gaps of the AlBrSe monolayer under the strain effect with 

the HSE06 functional are in the range of (1.837–2.353) eV, demonstrating 

that a significant proportion of solar light might be captured by these 

materials. A semiconductor must have an acceptable bandgap for 

photocatalytic water splitting as well as good band edge locations for the 

reduction and oxidation potentials. Furthermore, the strain also affects the 

positioning of the band edges. The bandgap of AlBrSe monolayer moves 

from 2.231 to 2.353 eV (at 4%) and 1.837 (at -6%), and the corresponding 

CBM shifted to -4.070 (4%) and -4.328 (-6%), whereas VBM shifted to -

6.423 (4%) and -6.165 (-6%). Therefore, photocatalytic activity can be 

characterized by the position of strain (biaxial or uniaxial). However, our 

outcomes show that the photocatalytic activity of the AlBrSe monolayer is 

an excellent material for water splitting with the strain from -6% to 6%.  
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Fig. (3.6). The band-edge potential under biaxial strain. 

 

Because the DOS is closely related to the modification of the energy 

gaps due to strain, one can observe the change and extension of the peaks 

belonging to the orbitals participating in the VBM and CBM as shown in 

Fig.(3.7). We can also see that there is a decrease in the height of the peaks 

in the density of state in the case of compression strain compared to a very 

small increase in the height at tensile strain. 
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Fig. (3.7). The total and partial density of the state of the AlBrSe 

monolayer at different strains. 

 

3.1.4 Optical properties under the strain effect   

Understanding the behavior of materials as they interact with light, 

particularly 2D monolayers, which are extraordinarily sensitive to light, 

requires a thorough comprehension of optical properties. The calculated 

optical characteristics were implemented over the photon energy range of 0 

to 16 eV. At first, the dielectric function was studied, as it was known that 

this function is of great importance because it gives most of the necessary 

optical data for all materials. The equilibrium state's real dielectric constant 

(unstrained) is 2.47, which takes a greater value from tensile and 

compressive strain.under the effect of compression strain, the values of ε1 
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are 2.26, 2.3, and 2.36 for -2%, -4%, and -6%, respectively, while under the 

tensile strain, ε1 has lower values, which are about 2.17, 2.14, and 2.12 at 

2%, 4%, and 6%, respectively.  

Afterwards, the dielectric function grows progressively as the 

photon's energy increases until it achieves its maximum values, which are 

4.13 and 2.68 at -6% and 6%, respectively, these values are exactly located 

at the photon energy of 6.16 eV and 4.48 eV, respectively, as depicted in 

Fig. (3.8) (a). The dielectric function indicates the polarization and energy 

storage that can be utilized in piezoelectric devices. When the photon's 

energy exceeds 6 eV, ε1 begins to rapidly decrease, attaining a negative 

value in the range of 8 eV to 10.4 eV, except at 6%, which has no negative 

value. On the other hand, the imaginary component (ε2) of the dielectric 

function represented the loss due to the absorption and reflection as well as 

electron vibration at the plasma frequency. It is found that the highest peak 

of ε2 is approximately 5 at -6%, while its lowest peak is 2.72 at 6%, as 

shown in Fig.(3.8) (b). Overall, the compressive strain leads to the 

improvement of the peak of the dielectric function better than the tensile 

strain. The second important optical function is the absorption coefficient 

which measures the effective absorption area of this layer. It was found that 

the absorption coefficient peak at the pristine state (without strain) is about 

13.8×104 cm-1 at the photon energy of 8.02 eV, while in the visible light 

region reaches 6.13×103 cm-1 located precisely at an energy of 3.13 eV. 

Under the strain effect, the absorption coefficient can be reached 18.9×104 

cm-1 at 7.98 eV at -6%, as shown in Fig. (3.8) (c). 

The optical conductivity is primarily determined by the electrons that 

absorb the energy of the incident photon which are larger or equal to the 

energy gap, allowing it to transition from VB to CB. It was found that the 

conductivity of the AlBrSe monolayer has one characteristic peak identical 
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to the preceding one in the absorption coefficient, with a value of 2.41 at an 

energy of 7.53 eV for the unstrained state (0%). The peaks of conductivity 

under the strain effect range from 4.41 (at -6%) to 2.68 (at 6 %), all the 

peaks are situated in the ultraviolet (UV) region. After that, the peaks 

vanish abruptly with increasing photon energy, as shown in Fig.(3.8) (d). 

This decrease is attributed to the failure of the utilization of the increased 

photon energy to excite and transfer electrons to the CB. The refractive 

index was calculated to know the extent of its use in optical applications 

represented in mirrors and lenses, the higher the refractive index, the higher 

the clarity of the image. The refractive index is closely related to the 

dielectric constant, as its first appearance at 0 energy was about 1.5 in the 

unstrained state (0%), and the highest and lowest value under the influence 

of strain were 1.54 and 1.45 for 6% and -6%, respectively. When the 

energy of the photon increases, the value of the refractive index increases 

until it reaches its highest value at -6% and its lowest value at 6%, which 

are 2.15 and 1.7, respectively, all of which are in the UV region. After that, 

its value decreases when the incident photon energy increases, as shown in 

Fig.(3.8)(e). One can find that the maximum reflectivity peak in the 

original condition (without strain) is approximately equal to 22 %. Under 

the influence of the strain, the highest reflectivity peaks range from 19 % to 

34 % at strains 6% and -6%, respectively. These peaks are in the UV 

region. In general, the compressive strain leads to an increase in the 

reflectivity peaks, in contrast to the tensile strain, which led to a decrease in 

the reflectivity peaks, as shown Fig.(3.8) (f). This feature can be exploited 

in solar cell bottom layer paint to reflect penetrating photons that can form 

excitons or be used in photocatalysis. From here, the compressive strain has 

improved the optical properties. 
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Fig.(3.8): The optical properties as a function of the photon energy of 

AlBrSe monolayer. 

 

 

 

 

 

 

3.2 AlBrS two-dimensional monolayer 
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3.2.1 Structural and electronic properties 

      The compound AlBrS is a two-dimensional monolayer compound and 

this is the chemical formula for this class. The lattice parameters of the 

AlBrS are a= 3.509 Å, b=4.824 Å while for c =22 Å they are kept constant 

to prevent interaction between neighboring layers. The atoms in the 

monolayer are linked by strong covalent bonds. The atoms of the three 

elements are distributed in the same way that was mentioned in the 

previous single layer as shown in Fig. (3.9). The parameters of the 

geometric structure of the monolayer at equilibrium are summarized as 

follows the bond length of Al-Br (2.520 Å), while the bond length of Al-S1, 

Al-S2 are (2.401 Å) and (2.438 Å), respectively. As a result of this 

difference in the length of the bonding bonds between the atoms of the 

mentioned elements, four angles appeared as shown in Fig. (3.9), then θ1 

(88.282o), θ2 (93.905o), θ3 (88.907o), and θ4 (84.334o). The thickness of 

AlBrS less than AlBrSe monolayer is 5.698 Å.  

 

Fig. (3.9): (a) Top and (b,c) side views of the optimized structure of the 

AlBrS monolayer. The snapshot in (a) refers to the electron localization 

function. 
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The electron localization function AlBrSe is exhibited In Fig. (3.9)(a), with 

delocalized (0.5) and fully localized (0.9) electrons denoted by green and 

red areas, respectively, and very low electron density denoted by the blue 

region (0.0). The red area shows a high concentration of electronic density 

focused around the S and Br atoms, whereas the blue area represents a low 

electronic density. Perhaps the reason behind this is the atomic numbers of 

S and Br are greater than Al. The phonon band, which does not contain any 

negative frequency for the acoustic and optical branches, was used to 

validate the dynamic stability, as seen in Fig(3.10)(a).  
   

 

Fig. (3.10). (a) The phonon dispersion curve, (b) total potential energy as a 

function of time variation, and (c) temperature as a function of AIMD steps 

at 300 K of AlBrS monolayer. 
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The forcite program connected with AIMD was used to detect negligible 

fluctuations in the total energies of this monolayer, without bond breakage 

but there is a ripple in the bonds due to the thermal effect, confirming their 

strong thermodynamic stabilities at a temperature of 300 K, as shown in 

Fig. (3.10)(b) and (c). The expected electronic band structure for the AlBrS 

was calculated by PBE and HSE06 functional as illustrated in Fig (3.11)(a). 

The AlBrS has a direct bandgap of about 2.221 eV (PBE)/3.039 

eV(HSE06), in which the valence band maximum (VBM) and the 

conduction band minimum (CBM) lie at the Γ point.  

Fig. (3.11)(b) is depicted the partial state density (PDOS) for each element 

that participation in layer formation. The results obtained are quite similar 

to those found in the AlBrSe layer because it has the same geometric 

structure. The valence band near the Fermi level is mainly determined by 

the contribution of all the p orbitals of the Al, Br and S atoms. Emphasizing 

that the contribution of Br and Se atoms is much greater than that of Al due 

to the large atomic numbers of Br and Se elements relative to the atomic 

number of Al, this is in complete agreement with the electron localization 

density. While the participation of orbital 3s, which belongs to the element 

Al, was revealed in the energy range beyond 3eV. In the CBM, one can 

observe a complete different approach than in the VBM. There is a very 

clear electronic void in the region adjacent to the Fermi level up to 2 eV 

and this is consistent with the energy gap. Participation starts from 2 eV for 

orbital 3s for Al and active participation for 4s for Br. There is also the 

contribution of the p orbital to the three elements, the most important of 

which is the orbital that belongs to the Al atom.                              
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Fig. (3.11): (a) The calculated band structure by PBE and HSE06 methods 

and (b) partial and total density of state of AlBrS monolayer. 

  

From Fig. (3.12)(a) the AlBrS layer is considered in the proposed 

project as an active photocatalyst in the UV and VIS light region because it 

fulfills the conditions that must be available in the photocatalysts for water 

splitting. The EVB is equal to -3.82eV (higher than redox potential) and the 

ECB is equal to -6.86eV (lower than the oxidation potential). The calculated 

work function of the monolayer is equal to 6.015 eV as seen in Fig. 

(3.12)(b). 
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Fig. (3.12): (a) The AlBrS band alignment demonstrates the ability of the 

layer to s water splitting and (b) the work function of the AlBrS monolayer. 

 

  3.2.2 Strain effect on AlBrS monolayer                                                                                                                         

The electronic and optical properties can be modified by introducing 

a biaxial strain. The energy gaps, DOS, band-edge potential, and optical 

properties were investigated under the influence of tensile and compressive 

strains on the monolayer. The monolayer was subjected to tensile and 

compressive stress within a range of 6% to -6%. The electronic structure is 

very sensitive to the biaxial strain, as a change in the energy gap was 

observed under the influence of strain, in all cases, the energy gaps are less 

than they are in the case of equilibrium. The VBM and CBM maintain their 

position at Γ point. The energy gaps under the action of tensile stress are as 

follows 3.023 eV ,2.987 eV, and 2.933 eV at 2%,4%, and 6%, while under 

compression strain they take the following order 3.034 eV,3.005 eV and 

2.949 eV at -2%, -4%, and -6% respectively . The energy gaps at 6% and -

6% are very close to each other as shown in Fig (3.13). This means that 
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perhaps after this range of stress the band structure takes a constant value. 

Since the density of states is closely related to the modulation of the energy 

gaps due to stress, one can observe the shift and extension of the peaks 

belonging to the orbitals involved in VB and CB as shown in Fig. (3.14). 

From Fig. (3.15), the band alignment behavior under biaxial stress is 

almost imperceptible due to the slight gradient occurring in the energy gap.  

All the energy gaps mentioned under or without strain confirm that the 

layer is semiconducting and can be used in the VIS and UV range. 

 

Fig. (3.13): The bandgap under the biaxial strain of AlBrS monolayer. 



Chapter Three  Results and discussions 

 
 

 
54 

 

Fig. (3.14): The band alignment under the biaxial strain of AlBrS 

monolayer. 

 

Fig. (3.15): The project total and partial density of the state of the AlBrS 

monolayer. 
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3.2.3 Optical properties under strain                                                                    

   It is necessary to study the optical properties of single-layer 2D 

nanomaterials to understand the sensitivity of these materials to the 

direction of light. These materials form the basis of modern science in the 

applications of photovoltaic devices. These properties are implemented in 

the range (0-16 eV). The first optical function focused on is the dielectric 

function as a function of photon energy, which refers to polarization and 

energy storage, and consists of two parts. The real part (ε1) and the 

imaginary part (ε2). The dielectric constant in the equilibrium state  (𝜀1) is 

(2.13), Then it begins to grow gradually in the form of peaks, where it 

reaches the highest value at (3.32). After that, it starts declining towards the 

negative area, where it is within the range of values (8.33-10.8 eV). The 

(𝜀1) values of the compression strain are 2.18, 2.23, and 2.29 for -2%, -4%, 

and -6 %, respectively, while for the tensile are 2.1, 2.07, and 2.11 for 2%, 

4% and 6%, respectively. The values of (𝜀1) at compressive strain are 

higher than the values at the tension. The dielectric function begins to grow 

gradually with the increase in the energy of the incident photon. The 

highest values of ε1 values are (4.36) and (2.67) at -6 %, 6% which are 

located at the energy (6.84ev) and (6.38ev) respectively as seen in 

Fig.(3.16)(a). The ε2 is illustrated in Fig. (3.16) (b), which represents the 

loss resulting from absorption, reflection, and electron vibration. Its value 

in equilibrium ε2 is (3.88) at (7.76 eV). The highest value was determined 

in the case of compression (-6%), which is about( 5.12) at (7.44ev), and the 

lowest value at the tension(6%), which is estimated at 2.84 at 8 eV. The 

absorption coefficient, the second most essential optical function Through 

which the absorption area is known in this layer, is shown in Fig. (3.16)  

(c). The absorption coefficient increases with compression and decreases 
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with tension, whereas the unstrained state  takes a value located between 

the tensile and compressive  state, which is about is (17×104𝑐𝑚−1) at (8.34 

eV), It is worth mentioning that absorption in the visible light region 

reaches(1.6×103𝑐𝑚−1  ) at (3.15 eV). The absorption process begins from 

the VIS region to the UV region where the maximum peaks are 

concentrated in the ultraviolet region. The absorption coefficient takes 

values (19.9 ×104𝑐𝑚−1,14.5 ×104𝑐𝑚−1) for (-6% and 6%) respectively as 

shown Fig. (3.16)(c) . Optical conductivity is primarily determined by the 

electrons that absorb the energy of the incident photon and are larger or 

equal to the energy gap, allowing it to transition from VB to CB. Fig. 

(3.16)(d) exhibits that the conductivity has one characteristic peak identical 

to the preceding one in the absorption coefficient, with a value of 3.65 ×

10−15  
1

𝑆 
 at an energy of 7.83eV for the equilibrium state  (0%). Under 

strain, the conductivity ranges from 4.71 × 10−15  
1

𝑆 
 to 2.8 × 10−15  

1

𝑆 
 for -

6% and 6 % all situated in the UV region, after which the peaks vanish 

abruptly with increasing photon energy. This decrease is attributed to the 

failure to take advantage of the increase in photon energy to excite the 

electrons and transfer them to the CB. The refractive index of the 

monolayer was calculated to know the extent of its use in optical 

applications represented in mirrors and lenses, the higher the refractive 

index, the higher the clarity of the image. The refractive index is closely 

related to the dielectric constant, as its first appearance at zero energy was 

about 1.46 for the equilibrium state, and the highest and lowest value under 

the influence of strain were 1.51 and 1.45 for -6% and 6%, respectively. 

When the energy of the photon increases, the value of the refractive index 

increases until it reaches its highest value at -6 and its lowest value at 6, 

which is 2.19 and 1.7, respectively, all of which are in the ultraviolet 
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region. After that, its value decreases when the energy of the photon 

incident increases as shown in Fig. (3.16)(e). 

 

Fig. (3.16): The optical properties as a function of the photon energy of 

AlBrS monolayer. 
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The final optical function that has been addressed is reflection. The UV 

area encompasses all reflectance values. The reflectance range is 19.8% at 

tensile (6%) to 34% at compression strain (-6%), while the value of 

reflectivity an equilibrium state (0%) is equivalent of 26.3% as shown 

Fig.(3.16)(f).This feature can be exploited in solar cell bottom layer paint 

to reflect penetrating photons that can form excitons or be used in 

photocatalysis. In general, and depending on the electronic and optical 

properties, this layer can be used in the manufacture of solar cells and 

photocatalysts, as well as capacitors in microelectronic devices. 
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4.1 Conclusions 

1. The two layers have the same geometric composition which is an 

orthorhombic lattice with space group Pmmn (D2h-13, No. 59), 

With slight differences in the thickness of the layers, the bond 

lengths, the angles, and the lattice constants. 

2. The kinetic and thermodynamic stabilities of the monolayers of 

(AlBrSe, AlBrSe) were validated by investigating the phonon carve 

and ab-initio molecular dynamic molecular dynamics. 

3. The monolayers are semiconductors, where the AlBrSe layer has an 

indirect energy gap (2.231 eV) and the location of the VBM at Γ 

point and the CBM at Γ -Y point, while the layer of AlBrS has a 

direct bandgap which is equal (3.039 eV) lied at Γ according to the 

HSE06 functionals.  

4. The effect of biaxial strain can enhance the band structure of 2D 

monolayers effectively, as we observe the energy gap shift from 

indirect to direct at 4% and 6% strain for the AlBrSe layer, while the 

AlBrS layer kept its position with a change in the energy gap values 

of both layers according to the applied strain. 

5. The effect of biaxial strain can enhance the optical efficiency of 

these 2D monolayers. 

6. The dielectric constant in the equilibrium state  (𝜀1) of AlBrSe 

monolayer is (2.47), whereas it reaches the highest value at (3.32), 

while the AlBrS monolayer is 2.13 and the maximum value 3.33. 

7. The dielectric constant under biaxial strain has a maximum value at 

-6% (compressive strain ) and a minimum value at 6% (tensile 

strain) for both monolayers.  

8. The absorption coefficient peak at the pristine state (without strain) 

of AlBrSe is about 13.8×104 cm-1 at the photon energy of 8.02 eV, 
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while in the visible light region reaches 6.13×103 cm-1 located 

precisely at an energy of 3.13 eV, whereas of AlBrS is 

(17×104cm−1) at (8.34 eV), and in the visible light region reaches 

(1.6×103cm−1) at (3.15 eV). 

9. The optical conductivity peak at the pristine state of AlBrSe is about 

2.41 × 1015 𝑆−1 at an energy of 7.53 eV for the unstrained state 

(0%), and for AlBrS which equals 3.65 × 10−15 𝑆−1  at an energy 

of 7.83 eV. 

10. The absorption coefficient and optical conductivity of the two 

monolayers behave similarly under the impact of strain, they grow 

when compressed and reach their highest values at -6 %, and they 

drop when tensile and reach their lowest values at 6 %. 

11. The values of reflectivity and refraction are also concentrated in the 

ultraviolet region for both monolayers 

12. These monolayers can absorb light in a wide range of visible-

ultraviolet regions. Thus, the optimal application is as photocatalysts 

for water splitting based on the results obtained in addition to its 

utility in the photovoltaic and optoelectronic devices in these areas. 

 

4.2 Suggestions for Future Works: 

 The following studies can be suggested for future work: 

1. Study of the effect of electric field on the photoelectric properties of 

two-dimensional monolayer materials using the DFT calculations. 

2. Investigation of the vibrational, mechanical, thermal, and magnetic 

properties of AlBrSe and AlBrS monolayers. 

3. Studying the impact of vacancies and points defects on the electronic 

and optical properties AlBrSe and AlBrS monolayers. 
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4. Study of the effect of spin coupling on the structural, electronic, and 

optical properties of AlBrSe and AlBrS. 

5. Revealing the doping effect on the electronic and optical properties 

of AlBrSe and AlBrS monolayers. 

6. Creating a heterostructures layer from the two mentioned layers with 

different staking and, then checking its optical and electronic 

properties using DFT calculations. 
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و  AlBrSeفيييذ  يييرا ة، اةسيييل  ةنسييياستو يو يييواد ةسيييا مو  ة،تييي ةم ،اايييت   اييي ةم   و  يييل ة يسيييوم 

AlBrS   شييي  رذ اييييومذ ويييو    ور ايييور  مناع لييي   و ة   سيييور ة،اوك ييي  ة، ةتأحومويييل ة،ة ذيييل

 AlBrSeوة،رهووضييييي   ل وة،اا  يييييط ة،تييييي  ذ ،ة ذيييييوت  اوك   يييييل  يييييو ذ مخيييييا ة، ايييييو   ة،

( يوسيييييا  ةي لذوويييي  ة،اييييي ا  DFTة حوموييييل ي ةسييييةل  ثوويييييل ة،ر وفييييل ة،     ييييل ) AlBrSeو

و  Perdew-Burke-Ernzerhof (PBE)( اييييييييف ة،  ييييييييو   ة،ه   ييييييييل GGAة،سييييييييوي )

Heyd-Scuseria-Ernzerhof (HSE أشيييييييييوا ا ا يييييييييا لشيييييييييا  ة،   ييييييييي   وااوكيييييييييور  )

اسيييييياذور ا رو  ر  ييييييو  AlBrSو  AlBrSeوا ر و ة، طوئ ييييييل  ،ييييييا أ  ة،ة ذييييييوت ة حوموييييييل ة،يييييي و 

ومو وا ر  و حوةاو و اف م ي وج م و   سو، ل فذ ة،اوممةت 

غ يييو ا وشيييور ل خييي    طوويييل رف ييي  و  و يييذ شييي   ا  ييي AlBrSe،ذييي  وجييي  أ  ة،ة ذيييل ة حومويييل 

1.654/2.231 eV  ي  تييو ة،ة ذييل ة حوموييلAlBrS  2.221طووييل ا وشييور ل خيي  رلتاخيييج ف يي 

/3.039 eV    يوسيييياستور طييييوPBE  وHSE06   مخييييا ة،ايييي ة،ذ  لايييي  ليييي   و ة   سييييور

ي  تييييو  eV 2.353 ،ييييا   8.1 7ايييي    AlBrSلاييييوةوو ف يييي ةت ة،ةووييييل ،خة ذييييل ة حوموييييل 

ةوتيييو  وترييي  لسييي وو   eV 3.034 ،يييا  ..9 3اييي    AlBrSلايييوةوو ف ييي ةت ة،ةوويييل ،ة ذيييل 

 ة   سيييور أحومويييل ة،ة ذيييل يشيييرو ك  يييو لاييي     سيييل  AlBrSeة، ايييو   ةت،راوو  يييل ،ة ذيييل 

 ٪4حيي وت لايي ر ك  ييو ايي  ف يي ر ة،ةووييل غ ييو ة،ت وشييور  ،ييا ة،ت وشييور  يي ر ة  سييور ة،شيي  )اييف 

ة حومويييل لايييوف  مخييييا  AlBrSجهيييل ة يييو فيييا  ف ييي ةت ة،ةووييييل ة،ت وشيييور ،ة ذيييل  (  اييي ٪6و

 ة   سور ة،تة ق    ر Γة، ذةل  م  ا ضسهو 

لذيييف ة،ذ تيييل ة،ذاييي ا ،تسوايييو ة ااايييوق فيييذ ة،ت ةذيييل فييي   ة،   سييي  ل ،خة ذاييي   ة حيييوموا    

 3.13طووييل  م يي  cm 36.13×10-1 ي  تييو فييذ ة،ت ةذييل ة،تو  ييل  وسييووم اسواييو ة اااييوق

eV  خة ذيييل ة حومويييل، AlBrSe 103×1.6ي  تيييو  وسيييوومcm−1 3.15 م ييي  طوويييل eV 

ل خييييي   اور ة،ا  ييييي خ ل ة، ايييييوول فيييييذ ة،او،يييييل ة  يييييخ ل ،ييييي   كييييير،ج  AlBrS،خة ذييييل ة حومويييييل 

AlBrSe  2.41حيييي ة،ذ × 1015 𝑠−1  7.53م يييي  طووييييل eV 3.65  ي  تييييو لسييييووم ×

10−15 𝑠−1   ،AlBrS  7.83م   طوول eV  

لايييييي  ليييييي   و ةتجهييييييوم  وااييييييوي اسواييييييو ة اااييييييوق وة،ا  يييييي خ ل ة، اييييييوول ،خة ذايييييي   

 6-ة حييوموا   يشييرو اشييوي ا و تيي ة  م يي  ة  سييور ة،ريي ل ووايي    ،ييا أمخييا و تيي  ،هتييو م يي  

  مييي ور مخيييا  ،يييج  6٪   وو   تيييو  م ييي  ة  سيييور ة،شييي  وواييي    ،يييا أم يييا و تييي  ،هتيييو م ييي %

فيييذ أ ثتيييل ة،ةوويييل ة،ت اريييور ،ييي  اسييياذ و  AlBrSو AlBrSeفيييا  ةسييياستور ة،ة ذيييوت ة حومويييل 

 اشو  واوشح وةم  كتا ط ض  ذ ،اذس   ة،توء 
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