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Abstract

The density functional theory (DFT) method have been used to study the
electronic, optical and the adsorption properties of (CO,CO,,NO,NO;and SO,) gas
molecules on HfSSe (Se and S) monolayer. Initially, the properties of pristine
HfSSe monolayer are calculated. The band gap of HfSSe (Se and S) monolayer is
estimated to be (0.620eV), which authorize the semiconducting behavior. The
absorption coefficients of pristine HfSSe can reach to 10° cm™,which are
comparable to the Perovskite solar cells. The results show that the adsorption of
gases occurs at different sites on the studied monolayer. However, all the
adsorption energies are negative and the adsorption of gas molecules on this
monolayer undergoes physisorption interaction, thus they can be used to detecting
gas molecules. It has been calculateded that the interactions between above
mentioned monolayer and the gas molecules are the energy band structure of the
monolayer are substantially affected. In addition, band structures of HfSSe (Se,S)
monolayer after the adsorption of NO gas that it is conductive. In addition, band
structures of HfSSe monolayer after the adsorption of SO,gas ,the band gaps of the
adsorbed systems in HfSSe of Se is conductive and the band gap in HfSSe of S is
(0.025 eV). The optical properties of this monolayer can be modified by the
adsorption of gas molecules. The refractive indices of HfSSe-S monolayer are
larger than that in HfSSe-Se monolayer, and reach to 2.50 and 2.31 of CO, and
SO,gases,respectively. On the other hand, the reflection peaks of the monolayer
occur in the UV region range which agrees with the absorption coefficient. Besides,
the maximum value of reflectivity in the adsorbed systems does not exceed 60%. It
has been concluded that the HfSSe monolayer is more suitable as a gas sensor for

C0O,C0O,,NO,NO; and SO, due to the existence of the desorption process. Finally,



the calculations provide an effective method to modulate the electronic ,and optical

properties of the HfFSSe monolayer for optoelectronic and nanodevices applications.
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1.1 General Introduction:

Due to its band gap tunability, atomically thick layer, unusual density of
states, and mechanical strength, two-dimensional (2D) transition metal di-
chalcogenides (TMDCs) have attracted a lot of attention in the field of electronics
and optoelectronics in recent years [1]. Several experimental and theoretical
investigations show that they might be extremely interesting materials with a
reasonable band gap beyond 2D graphene for a variety of applications, electronic
[2], optoelectronic [3], thermoelectric [4], gas sensing [5], water splitting [6] and
piezoelectric applications[7]. These TMDCs, which have the generic formula MXY
(where M=Mo, W, Hf, Zr, Pt, etc. and X,Y=S, Se, and Te), are layered materials
with extremely weak Van der Waal interlayer contact, with one transition metal
layer sandwiched by two chalcogen atoms layers. Recently, Ang-Yu Lu and
colleagues (Ang-Yu Lu et al.) [8]. The top layer S atoms in monolayer MoS, were
totally replaced by Se atoms, resulting in Janus monolayer MoSSe with broken in-
plane inversion symmetry and out of plane mirror symmetry. Taking inspiration
from experimental synthesis [8,9]. Various research on the electrical, optical,
mechanical, thermoelectric, photocatylatic, gas sensing, and mechanical
characteristics of Janus monolayer MoSSe have been carried out [10]. In Janus
monolayer TMDCs, the lack of in-plane inversion symmetry and out-of-plane
mirror symmetry results in valley polarization and Rashba spin splitting, making
them attractive candidates for electronics and valleytronics [11]. The synthesis of
ZrSe, and HfSe, in the lab and the construction of devices with on/off ratios more
than 10° show that these might be viable materials for low-power electronic devices
[12]. By adding structural defects and dopants, the electrical, optical, and

thermoelectric characteristics may adjust, and increase thermoelectric and



optoelectronic capabilities can be exhibited in monolayer HfS, [13]. At this day, gas
contaminations continue to be a serious stumbling block to social progress and
economic prosperity [14]. These harmful gases are still being created
uncontrollably in hundreds of facilities throughout the world, and the risk of
contaminating gas leakage persists. The failure to remove and eradicate these
harmful gases poses a serious risk to human health and the environment. In this
regard, early identification and management of harmful gases are critical to
preventing the damage of our ecosystem. Among 2D materials, many studies have
focused on graphene [15-17], germanene [18-20], phosphorene [21,22], silicene
[23,24], stanene [25,26], towards the adsorption and monitoring processes of gas or
as a support for different catalysts owing to their low dimensions and large surface
area. In the present work, the electronic and optical properties of gas molecules
(including CO, CO,, NO, NO,, SO,) adsorbed on HfSSe monolayer are inspected
based on the density functional theory (DFT). Besides, further focused attention on
the adsorption comportment of these molecules on HfSSe monolayer to perceive
the possibility of benefit this monolayer as sensors for the gases mentioned above,

which may experimental efforts in the field of gas sensor applications.
1.2 HfSSe

Due to its fascinating electrical and optical characteristics, hafnium (Hf) based
chalcogenides have recently gained a lot of attention [27,28], The high mobility
(1800 to 3500 cm?V'S™) and broad absorption spectral range are especially
appealing (1-2 eV). A few papers on the photoelectronic characteristics of HfS, and
HfSe, have been published [29-33]. However, broadband photodetection is less
effective with these dichalcogenides. In comparison to binary HfS,-HfSe, end
compounds, the HfSSe alloy has more degrees of freedom when it comes to

customizing band gaps [34,35]. It is promising for broadband detection with quick



photoresponse. Recently, a 2D layered HfSSe film was reported to have been
formed over a wide area of sapphire substrate using chemical vapor deposition
(CVD), and the optoelectronic characteristics were dramatically modified by
adjusting the S/Se ratio [36]. The van der Waals interaction between adjacent layers
of hexagonal symmetry in the HfSSe compound allows easy exfoliation into
monolayer HfSSe or few layered nanoflakes, which adds more variables on the
tuning of electrical and optoelectronic properties for device fabrication. Although
the outstanding adjustable optoelectronic capabilities of HfSSe compounds drew a
lot of interest, growing high-quality single crystals with good crystallinity remains
a problem, owing to the difficulty in achieving a homogenous distribution of
chemical elements in single crystals [37]. The intermetallic element's incongruent
melt and non-volatile nature, in particular, have ruled out single crystal
development using traditional solution melt-growth procedures [38]. Chemical
vapor transportation (CVT)method, It has been demonstrated that this approach
may efficiently generate single crystals of complicated materials with incongruent
melt behavior [38]. CVT approach provides the best potential for generating
complicated chalcogenide high-quality single crystals by utilizing a
thermodynamically equilibrated vapor phase chemical reaction in the presence of
the right transporting agent. Fig.(1.1) Note that the charge density in the region
between Hf-S and Hf-Se is relatively large, which is due to the interaction between
Hf(5d)-S(3p) and Hf(5d)-Se(4p) states as mentioned above. Results may imply an

important presence of the covalent chemical bond in the monolayer at hand[39].
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Fig. (1.1) Charge density distribution in HfSSe Janus monolayer [39].

1.3 Adsorption

The adherence of atoms, ions, or molecules from a gas, liquid, or molten
solid to a surface is known as adsorption[40]. Adsorption, in other words, is the
accumulation of particles (adsorbate) at a surface. The adsorption process results in
the formation of an adsorbate coating on the adsorbent's surface. adsorption occurs
when a fluid (the adsorbate) is dissolved by permeates, which are liquids or solids.
There are two types of adsorption processes: physisorption (characterized by mild
van der Waals forces) and chemisorption (characterized by strong van der Waals
forces) (characteristic of covalent bonding). It might also happen as a result of
electrostatic attraction.



Physisorption is a particularly efficient process that happens at temperatures near to
a gas's critical temperature. Chemisorption normally takes place at temperatures

much over the critical temperature [41].

1.4 Previous studies

A. Saffarzadeh et al. in 2010 [42] By applied the results of ab initio
calculations to the single-band tight-binding approximation, a theory for studying
gas molecules adsorption on armchair graphene nanoribbons (AGNRs) was
proposed. They demonstrated that the states contributed by CO and NO molecules
are quite localized near the center of the original band gap, implying that charge
transport in such systems cannot be significantly improved, despite the fact that the
adsorbed CO, and NH3; molecules act as acceptor and donor, respectively. Low gas
concentrations were found to be in good agreement with those derived using DFT

simulations.

Q. Yue et al. in 2013 [43] Investigated the adsorption of several gas molecules
(H2, Oz, H,0O, NH3, NO, NO,, and CO) on a MoS;, monolayer using first-principle
calculations based on the density functional theory (DFT). It is possible to acquire
the most stable adsorption configuration, adsorption energy, and charge transfer.
The molecules (H, O,, H,O, NO, NO,, and CO) are found to be weakly adsorbed
on the monolayer MoS; surface and operate as charge acceptors for the monolayer,
with the exception of the NH3 molecule, which is discovered to be a charge donor.
Furthermore, they demonstrated that a perpendicular electric field may

considerably influence charge transfer between the adsorbed molecule and MoS,.



Their theoretical findings are in line with recent tests, indicating that MoS, might

be used in gas sensing applications.

C. Zhou et al. in 2017 [44] Used the functional density approach and the PBE
approximation, investigate the influence of stress on charge transmission during the
adsorption of a group of gas molecules on the GaSe monolayer. They discovered
that the adsorption effects of the gas molecules under investigation were the same,
and that the changes in the valence and conductivity bands were minor. The impact
of two-axis stress on charge transfer was also examined. It was discovered that the

stress effect had no influence on GaSe monolayer adsorption.

X. Sun et al in 2017 [45] Investigated the characteristics of adsorption of gas
molecules (CO, NHjs, H,S, NO,, NO, SO,) on the surface of single-layer indium
nitride, apply first-principles calculations inside DFT (InN). To find the most
sensitive adsorption site, four distinct adsorption sites (Bridge, In, N, and Hollow)
were chosen. The most energetic favorable spot is varied between N site and in site
for distinct gas molecules, based on adsorption energy, charge transfer, and band
gap. Furthermore, the results demonstrate that InN is chemisorption or
physisorption sensitive to SO,, NO,, H,S, and NHjs, and that the applied electric
field has a considerable influence on the adsorption process. Furthermore, most of

the gas adsorptions will alter the optical characteristics of the InN monolayer.

H. Jappor and M. Habeeb in 2018[46] Used first-principles computations,
explore the optical characteristics of GaS and GaSe monolayers. Up to 35 eV, the
optical characteristics are investigated. The results show that the optical
characteristics of the GaS monolayer were equivalent to those of the GaSe

monolayer with minor information contrasts. Furthermore, absorption begins in the

6



visible spectrum but peaks in the ultraviolet (UV) spectrum. They discovered that
both monolayers' optical characteristics are achieved in the UV range, and the
results are important. As a result, it may be employed in solar cells, UV optical
nanodevices, nanoelectronic, optoelectronic, and photocatalytic applications as a

very promising material.

G. Chen et al. in 2019 [47] The structural, Kinetic, electronic, and magnetic
characteristics of hazardous gas molecules (H,S, NHj3;, and SO,) adsorbed on
pristine and transition metal atom (Fe, Mn) doped GaN monolayers are studied
using corrected DFT. The results reveal that H,S and NHj3 are physisorbed with low
adsorption energy, charge transfer, and a long adsorption distance on virgin GaN
monolayers. While it is possible to acquire the chemical adsorption character of
SO, on GaN monolayer, this suggests that the virgin GaN monolayer is susceptible
to SO,. They discovered that adding Fe and Mn dopants to a pure GaN monolayer
improves its adsorption ability. Except for SO, adsorbed Fe doped GaN monolayer,
Fe and Mn doping can boost adsorption energy and charge transfer of adsorbed

systems.

V. Ye et al. in 2019 [48] DFT computations are used to explore the interaction
between gas molecules (CO, CO,, O,, NO, NHs, SO, and NO,) and the SnSe
monolayer. They discovered that the SnSe monolayer had a higher affinity for SO,
and NO,, as well as adequate adsorption energies (-6.000 eV and -0.759 eV) and
higher charge transfers (-0.239 e and -0.328 e). Also, chemical adsorption of NO,
was seen on the SnSe monolayer, however physically adsorbing SO, was shown to
be more suited for the adsorption mode of SO, sensors, since the adsorption

quantity of SO, is 6 times that of NO,. As a result, adsorption of SO, is more



frequent than adsorption of other gas molecules. The SnSe monolayer might also be

a good choice for high selectivity and sensitivity SO, sensors.

V. Tian et al. in 2019 [49] Studied the adsorption behavior of five typical
gas molecules (CH4, Ny, Hy, CO, and H,S) on the surface of monolayer GeP3, we
used a first-principles computation. According to their calculations, the GeP;
monolayer may adsorb these gas molecules directly. There are also significant
adsorption energies and charge exchanges between the GeP3; monolayer and the gas
molecules. The electrical behavior of the GeP; monolayer can be substantially
modified after adsorbing these gas molecules. Furthermore, at 300 K, the predicted
recovery time of a monolayer GePs-based sensor is appropriate for CH,, N, and
H,. Their findings show that monolayer GeP3; might be useful in molecular sensors
for CHy4, N2, and H,.

V. Kumar and D. R Roy in 2019 [50] The influence of gas adsorption
(NO,;, SO,, CO,; and NH3) on the structural, electrical, and vibrational
characteristics of stanane monolayer was studied in detail using DFT. These gas
molecules' most stable configuration, electrical characteristics, adsorption energies,
and charge transfer on stanane are all researched and explained in detail. After
contact with gas molecules, the band gap of pure stanane (0.52 eV) is shown to
shift. Adsorption of NO,, SO,, NH3, and CO, gas molecules on p-type stanane-
based material results in changes in the energy band gap and charge density. The
findings indicate that the selectivity of hydrogenated stanane-based gas sensors is
critical for improving their sensitivity. In this experiment, it was discovered that all

gas molecules function as charge donors.



N.ghobadi et al .in 2020 [51] The electrical and spin characteristics of
mono- and bilayer HfSSe are investigated in the presence of a vertical electric field
In this research. Their characteristics are investigated using the density functional
theory. There are fifteen distinct stacking orders of bilayer HfSSe that are taken
into account. The bandgap of the monolayer and bilayer is indirect, however the
bandgap of the bilayer may be efficiently modulated by the electric field. While the
bandgap of a bilayer closes at strong electric fields, resulting in a semiconductor to
metal transition, the influence of a normal electric field on the bandgap of
monolayer HfSSe is rather small. In both monolayer and bilayer structures, spin-
orbit coupling induces band splitting in the valence band and Rashba spin splitting
in the conduction band. The band splitting in the valence band of a bilayer is lower

than in a monolayer, but the vertical electric field enhances it in bilayer one.

X.Zhao et al. in 2022[52] Based on the first-principles calculations, we
studied the structure and electronic properties of HfSSe/Graphene (HfSSe/Gr) and
Graphene/HfSSe (Gr/HfSSe) van der Waals heterostructures (vdWHSs) under the
effects of external electric field and interlayer distance. The results show that the
electronic properties of HfSSe/Gr and Gr/HfSSe heterostructures are not sensitive
to interlayer distance, and the heterostructures always maintain n-type Schottky
contact when the interlayer distance changes. Under the different applied electric
field, the Schottky barrier of heterostructures can be regulated from n-type
Schottky contact to p-type Schottky contact, and it can be further adjusted to
Ohmic contact. In summary, these results are useful in nanoelectronic and

optoelectronic devices in the future experiments.



1.5 Aims of the study

1-The primary aim of this research is to fully understand, by first principles, the
Structural, electronic, and optical properties of 2-D structures based nanostructures
for nanoelectronic devices and gas sensors.

2-Detection of toxic gases through their adsorption on HfSSe monolayer.

3-The electronic and optical properties of gas molecules (including NO, NO,, CO,
CO, and SO,,) adsorbed on HfSSe monolayer are inspected based on the density
functional theory (DFT).

4- Finding materials with unique characteristics for different applications

symmetry, which is aided by the electric field.
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Chapter Two
Theoretical

Background




2.1 Introduction

The study and understanding of natural systems are the main aims of physics
theories. Since the structure on a microscale is responsible for the macroscale
character of matter; the understanding and exploiting the properties of electrons and
atomic-nuclei systems interacting is a primordial step in materials science. Through
guantum theory, the fundamental properties of matter, and especially, in the
condensed case are well known. Full describing of the atomic system requires the
solving of Schrddinger's equation for the concerned system. Unfortunately, there
are analytical solutions of this equation for very few simple system, and accurate
numerical solutions for just a little number of atoms and molecules. However, in

most cases, the use of approximations and assumptions is absolutely necessary [53].

2.2 Schrodinger Equation

One of the most important goals of physics is to characterize the physical
characteristics of interacting many-particle systems using computational physics
and chemistry. Quantum mechanical law can solve any difficulty in the electrical
structure of any system.

The Schrodinger equation, which is written as, is used to explain the
movements of atomic and subatomic systems, electrons, and nuclei [54].

AY = EY (2.1)
Here ¥ is the wave function, H is the Hamiltonian operator, and E is the total
energy of the system.

The Hamiltonian operator has kinetic energy (T) and potential energy (V) for all
particles, is given by [55].

H=T+7V (2.2)

~

T= Te+Tn , V= ‘7ne+Vee+I7nn (2.3)



Theoretically, the kinetic energy is the sum of the kinetic energies of electrons

(T,) and nuclei (T,,), while the potential energy is the sum of three components, the

coulomb attraction between the nuclei and electrons (¥],.), the Coulomb repulsion
between electrons (¥,,), the Coulomb repulsion between nuclei (¥,,,)

The kinetic energy operator is given as [56].

V2

ZmIZ !

. h?

T, = — ZVZ

n 2Ma a
a

Here: m; and Ma are the electron and nuclear mass, respectively

(2.4)

(2.5)

Py is the Laplacian operator of i electrons and a nuclei.

92 0
2 — - 4
Where 7% = = + -~ +

The potential energy operators are given as [54].

. 1 2
Vie = — ame, Za ZI Zq :I_a (2.6)
~ 1 e?
Vee = e, <y (2.7)
~ 1 e?
Van = s Za<b ZoZp R_ab (2.8)
~ ~ ~ 2
H=T+V=-23K, 72 n V2 +V(rR) (2.9)
~ e? ZoZ Z,
V= E[Z§<bﬁ — Va1 X 17 + 21<]r ] (2.10)

Where 7, = |7 — 7y | and Z, is the charge of nuclei, a, Z, are the charge of
r— Ra | » Tla

nuclei b, 77; are the distance between | electron and J electron, r;, = |
— R, |,Rab Is the distance

Is the distance between nucleus and electron, R, = | R

between a nucleus and b nucleus.
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The so-called atomic unit is widely used in theoretical molecular and atomic
physics to avoid dealing with constant factors in lengthy computations and to make
integrals and equations more visible. They are attained by the definition of [55].

Note that in equating (c= e= h=m,=1), the dimensions of these quantities are
disregarded. Hence, equations written in atomic units are not dimensionally correct
in the usual sense.

The atomic unit of length, 1 Bohr, equals the radius a, of lowest
Bohr orbit in the hydrogen atom. In Sl units [57].

4mE,
a, = >~ 0.05nm

me

The atomic unit of energy, 1 Hartree, is defined to be twice the ionization energy
of hydrogen atom (= —E,,,, for the electron in the lowest Bohr orbit with n=1). In SI

units,
me?
E

pot = " e h2n? ~ 272114 eV for n=1

Then the total Hamiltonian for a molecule in atomic units is given by [54].

n . K . K-1 K 7 7
~ b
Roe==5) V=30 %+ ), ) &
=1 a=1 ¢ a=1b=a+1
K n n-1 n
Z, 1
—ZZ—+ Z l (2.11)
a=11=1 @ =1 ]=1+1T”

Hioe = Ty + Te + ‘7ne + Vnn + ‘766 (2.12)
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2.3 Born-Oppenheimer Approximation

Although a molecule contains both electrons and nuclei, nuclear and
electronic movements may be treated separately since nuclei are significantly
heavier than electrons and have more restricted mobility. The Born-Oppenheimer
Approximation describes the reparability of nuclear and electronic motion. Born
and Oppenheimer used a rigorous but sophisticated mathematical analysis to
develop the reparability of nuclear and electronic motion in 1927. As a result, a
molecule's wavefunction may be separated into two halves.
Yiot = Petectronic X Ynuctear (2.13)

The Kinetic energy of nuclei is taken away, while the potential energy of
nuclei-nuclei is fixed. The kinetic energy of nuclei and the potential energy of
nuclei-nuclei may be omitted from the Hamiltonian operator in this case, and the
Hamiltonian operator H can be reduced as follows,

H=T,+V,+V, (2.14)

In the simplified equation, only three energy operators are left. They are
electron kinetic energy T,, electron-nuclear interaction energy ¥,, and electron-
electron interaction energy V... The system can actually be described as all
electrons moving in a potential field of nuclei with fixed positions[55, 58].

2.4 Hartree—Fock Equations

As known, to solve the Schrodinger equation for all electrons in systems
requires solving many of simultaneous differential equations. The calculations are
very difficult and need simplifying the methods and the problem itself. In 1928,
Hartree simplified the problem by making an assumption about the form of the
many-electron wave functions from the product of a set of single-electron wave

functions. Considering this assumption, it was possible to proceed using the
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variational principle. According to the variational principle, the lowest energy

eigenvalue Ej of the trial function @can be expressed as [59].
Ep = (@|a|e) >E (2.15)

(@lo)y — °°
The ground-state energy is denoted by E,. The precise ground-state wave function
Is estimated using this theorem from the trial function with the lowest energy.
Hartree discovered the Hamiltonian equation for the many-electron system,
allowing each electron to be treated as a distinct particle.
The Slater determinant may be used to express the wave function of the Hartree-
Fock method. The Pauli Exclusion Principle and the spin of all electrons are taken

into account in this determinant [60].

Y1(Wa(D) ¥ (D) ¥, (Da() ¥,(DAA) .. ¥y(Da(l) ¥y (1)A(1)

V1(2)a(2) ¥1(2)B(2) Y2 (2)a(2) Y2(2)B(2) .. ¥y (2)a(2) Yy(2)B(2) (2.16)

Bl

W (NN, (VBN (Na(N) ¥, (VBN .. Wy (N a(N)E y (N)S(N)

Where L is the normalization factor.
VNI

The main step in Hartree-Fock methods is to introduce the molecular orbital
expansion and determine the corresponding coefficients based on the variational
principle. The molecular orbitals W;(r) solving the Hartree-Fock equation using the
iterative process of the self-consistent field (SCF) producer vyields [61-63].

Fo,(?) = ¥, (2.17)
Here &; is the electronic energy of the electron in orbital, and F represents the Fock

operator. For closed-shell systems,

n/2

F=h+ Z(Zjl — k) (2.18)
=1

With j, and k; are the coulomb operator and the exchange operator, respectively,
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(@) = j W7|(f)wi,(r') dv'¥(r) (2.19)
r—r

k() = j q]l*|(j)wigr,) AV (7) (2.20)
r—7r

This correction takes into account the effects of spin correlation. Another
correction involves expanding the molecular orbital (MO) in terms of the linear
combination atomic orbital (LCAO) [60,62], thus an individual molecular orbital

¥, is defined as,

N
W, (x) = Z Ci®,(x) u=12..,N (2.21)
p=1

The basic functions ¢, are selected to be normalized, N number of the basis
functions, and C,; represents the molecular orbital expansion coefficients. For
orbital expansion, an appropriate set of basis functions has to be selected, with that
the coefficients C,; may then be adjusted to minimize the total electronic energy
calculated from the many-electron wave function. The resulting value of the energy
will then be as close as possible to the exact energy Eq of the ground state of the
system in the selected limitations, i.e. the exact solution of the Schrodinger
equation [63]

E(®y, by, ......,®y) = E, (2.22)

The equality sign shall be applied only in case ¥ is the exact ground state

function.

2.5 Density Functional Theory

The quantum mechanical approach of density functional theory (DFT) is
frequently used in physics and chemistry to analyze the electronic structure of

many-electron systems. Density Functional Theory is currently the most successful
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and promising method for computing matter's electrical structure. It may be used to
atoms, molecules, and solids, as well as nuclei and quantum and classical fluids. It
Is now one of the most essential tools for computing metal, semiconductor, and
insulator ground state parameters. In computational physics and computational
chemistry, DFT is one of the most used and useful approaches [64].

The DFT's goal is to use solely the electron density idea to identify the
parameters of the ground state of a system with a fixed amount of electrons in a
Coulomb interaction with point nuclei.

The Thomas-Fermi model, published in 1927, calculated the energy of an
atom by representing its Kinetic energy as a function of the electron density and
combining this with the classical expressions for the nuclear-electron and electron-
electron interactions, both of which can be expressed in terms of the electron
density [54]. DFT assumes that the density function instead of the wave functions
W (ry, Iy, 13...) [65].

The fundamental concept of the density functional is that the energy of an
electronic system may be expressed as a function of electron density p(r), which
minimizes the energy of the system. In general, the electron density p(r) is the
number of electrons N per unit volume for a given state. It is dependent only on
three coordinates independently of the number of electrons of the system.
Therefore, the electron density is sufficient to the complete determination of the
properties for an atomic system [54,66].

N = [ p(¥)d7 (2.23)
The DFT calculations are based on the Kohn-Sham-equations; Hohenberg—Kohn

(HK) crossed this problem by presenting two basic results. First, the ground-state

electron density uniquely determines the Hamiltonian, so, the ground states

electronic wave function, and all properties of the system. Second, the correct
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density functional for the electronic energy supposes its minimum for the correct
ground state density [66].
2.5.1 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 p( 7).

The Hamilton operator of the n-electron system within the Born-Oppenheimer
approximation which can be written by [66].
H=T+V,.+7, (2.24)

The external potential V..., is uniquely defined by the electron density p(#). The

total energy can be written as [67].

Ey =T[po] + J Vext (r)po(r)dr + J[po] + Enclpo] (2.25)

where T[p,] is the kinetic energy, Eyc[po] is the non-classical, electron-electron

interaction energy and J[p,] is the classical Coulomb energy defined as,

U po(r1)po (7”2)

|7y — 73]

dr,dr, (2.26)

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

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

Ey = j Ve ) po)ddr + Fuglpo] 227)

where Fy is a universal functional of the electron density ,

Fyklp]l = Tlpl + Jlp] + Enclp] (2.28)

HK theorem assumes that Fyk exists, but the real form of Fyk is not known and
must be approximated. HK theorem reduced the problem of solving the
Schrodinger equation for many bodies to the problem of minimizing a density
functional [66].
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2.5.2 Kohn-Sham Theory

In the real system with the ground state density p(7), there exists a non-
interacting system with the same p(7). Equation (2.28) can rewrite as [66].
Flp] = Tslp] +Jlpl + Enclp] (2.29)
Here Ts [p] is the Kinetic energy of the non-interacting electron system. The
electron density of the non-interacting system is described by a single Slater
determinant of orbitals.

The DFT exchange-correlation energy E,..[p] of interacting electron system

defined in the form

Exclpl = Tlp] — Tslp]l + Enclpl (2.30)
By applying the variation principle, §E/&p(r)=0, to Kohn—Sham functional [62].

Elo) = [ oy veodr + Tslp) + 101 + Eeclp] (231)

The density p(r)is represented by,
n

pr) = & @] (2:32)
i=1

This result in the Hartree-type of one—electron equation [67].

1 72 p(r) B
—5V Ve + mdr + Ve (M) i () = €0 (r) (2.33)

where V,.(r) is the exchange —correlation potential, ¢;(r) is Kohn-Sham orbitals,

and €; is Kohn —Sham orbital energies [67].

SE,c[p]
6P

Equations (2.32)—(2.34) known as the Kohn-Sham equations, are formally precise

Vee(r) = (2.34)

and contain only one unknown term,E,..[p]. Kohn—Sham approach is the famous

work that was embraced in many aims [56].
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2.5.3 Exchange—Correlation Energy
The term "correlation” refers to interactions between electrons in the same

molecule [68]. Hohenberg, Kohn, and Sham's density functional theory is based on
the notion that the total of a uniform electron gas's exchange and correlation
energies can be determined using just its density [69]. The Kohn-Sham exchange
and correlation functional is [70].
Exclp]l = Tlp]l — Tslpl + Veelp]l = Jlp] (2.35)

The Hamilton operator has multiplied by a scaling factor A. for A=0, a system of
non-interacting electrons which could be obtained, while for A=1, a system of
completely interacting electrons will be obtained. From HK theorem, the non-

interactive p can be obtained,

Fy=1[p] = Flp] = Tlp] + V.elp] (2.36)
Fy=olp] = Tslp] (2.37)
Thus, equation (2.35) will be,
Exclp]l = Fy_1lp]l = Fa_olp] = Jlp] (2.38)
L 0Fp]
Exlpl =] da - 2.39
)= | an =5l (239)

Using Hellmann — Feynman theorem [62].

dF;[p]
— =<0 Ve |0 > (2.40)

Where ¢ represents the wave function to the Hamilton operator. Equation (2.39)

will be,

1
Epolp] = f dr < o* | Ve | 0* > —Jlp] (2.41)
0
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1 1
Exc[p] = Ejf _p(rl)p_xc(rl: Tz)dﬁdrz (2-42)
T2
The averaged exchange-correlation p,.. is defined as [70].

Prc(r,72) = p(r)h(ry,72) (2.43)

Where h(ry,1,) is the averaged pair correlation function,

1 1 _
j dAp 2(r, 1) = Ep(rl)p(rz)[l + h(rl,rz)] (2.44)
0

Where p 4(ry,1,) is the diagonal part of the two-particle density matrix. The

exchange—correlation energy depends only on a spherically averagep,..(ry, 15).

1 [0 0]
Buclp =5 [ drp@) | ansdsp (2.45)
0
Here
SA 11 N
pre(r,s) = 7 | Pxe (r,r)dr (2.46)

From the Kohn-Sham density functional theory, the exchange —correlation

functional E,,. is separated into correlation EXS parts and the exchange EXS [71].

Exclp]l = EX°[p] + EE[p] (247)
Where EXSis the HF exchange energy calculated with Kohn-Sham determinant @,
E¥[p] =< &y | Vee | & > 0] (2.48)
EE[p] =< W, [ Voo | Wy > =< §p | Ve | &) > (249)

Where W, is the exact interacting wave function. The correlation energy is a
coulomb interaction of electrons with a neutral charge distribution.
2.6 The Local (Spin) Density Approximation (L(S) DA)

The local density approximation (LDA), proposed by Hohenberg and Kohn

in their initial DFT work, is the oldest, simplest, and probably most significant

functional [72]. The LDA is the simplest approximation to Exc [p(r)], which
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assumes the system is a homogeneous electron gas and Exc [p(r)] depends only on
the local value of electron density. Therefore, Exc[p(r)] can be written in a simple
form [58], 73] .

B2A10] = [ p(ewe ()7 (2.50)

Where ¢, is the exchange-correlation energy per particle. Compared to LDA,
LSDA defines the exchange-correlation potential in terms of the density of o and f3
spins (i.e., spin up and spin down respectively) and was developed for calculating

the properties of open-shell systems [74].

Ex2P4 pa. pg| = f PP exc(pP g, p(F)p)d7 (2.51)

For some features like as equilibrium structures, vibrational frequencies, and
dipole moments, the LSD approximation outperforms the HF approximation;
nonetheless, it is unable to generate the very exact energy data that many
computational chemists require.

In general, the LSDA provides reliable data for systems that closely resemble
a uniform electron gas, i.e., those in which density varies slowly with position.
However, in actuality, atomic and molecular systems do not have uniform electron

densities, necessitating the use of more complex models.
2.7 The General Gradient Approximation (GGA)

The electron density of a real molecule fluctuates a lot from one place to the
next. The functions do not only incorporate electron density, but also gradient
electron density, in order to provide a more precise approximation of exchange
correlation energy.

Therefore, one can have [41].

EféA parpp] = J f(Par P, VPar Vpp)dr (2.52)
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In general, these functions show improvement over LSDA because it takes the
density variation with positions into account. To simplify the problem (E.) often
can be written as a sum of exchange term (Ey) term and correlation term (E.) as
follows [75].

Eyc = Ex + E; (2.53)

The exchange-energy functional can then be gained from the HF exchange term
with the Kohn-Sham orbitals in place of the HF orbitals and approximate solutions
for E.. Different exchange and correlation functions have developed independently
and can be combined in various ways. For example, one popular GGA functional
is PBE, Perdew, Burke and Enzerhof (PBE) [76].

2.8 Perdew-Burke-Ernzerhof (PBE)

There are several instances of GGA functions, such as PBE's GGA [76]. The
exchange part is given by [77].

E;BE — E}I;IEG F;CPBE (255)
EPBE =1+ K — (2.56)

ps?
1+ (%)
Where EFBE would be the exchange enhancement factor to the HEG, Where k =

0.804 and p = 0.21951. While the correlation part is chosen as.

eftd = HEG 4 (1, ,7,1) (2.57)

Where H would be the correlation enhancement factor to the HEG, H is given by
[77].
ely¢3 [t? 1+ At?

log(1 +
e 9t Ty A

H =

(2.58)

$(Q) =[(1+ Z)% +(1— ()3]/2 is a spin scaling factor, { = (n* —n'") /n is the

relative spin polarization, rs is the local value of the density parameter, t = |V,,| /
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(2¢pKrpn) is a dimensionless gradient, K;pnis the Thomas-Fermi screening, S =

0.066725 is a constant and y = (1_;%2) IS a constant. The function A represents
gl = ellEG -1
A= ;I ely¢’  _— 1] (2.59)

2.9 CASTEP Package
CASTEP (Cambridge Sequential Total Energy Package) is an ab initio

quantum mechanical software that uses density functional theory (DFT) to model
the characteristics of solids, molecules, interfaces, and surfaces for a variety of
materials classes including ceramics, semiconductors, and metals. Without any
experimental input, first principle calculations let researchers to examine the nature
and genesis of a system'’s structural, electrical, and optical features. CASTEP is an
ideal simulation tool for studying problems in solid-state physics, materials science,
molecules, and chemical engineering that lack empirical models and experimental
data. CASTEP can help researchers save a lot of time and money by reducing the
number of tests they have to run. CASTEP can compute a wide range of electrical,
optical, and physical characteristics. It can forecast electrical characteristics like
band gaps, density of states, and Schottky barriers, as well as optical properties like
reflectivity, absorption, IR spectra, and dielectric functions. It can even predict
physical properties like elastic constants. CASTEP employed a total energy plane-
wave pseudopotential approach. Core electrons were substituted with effective
potentials that solely affect on the valence electrons in the system to minimize
computation complexity. The contact, exchange, and correlation effects of electrons
in the system were calculated using LDA or GGA after the electronic wave

functions were enlarged using a plane-wave basis set. Geometry optimizations of
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molecules, solids, surfaces, and interfaces are efficient thanks to the use of

pseudopotentials and plane-wave basis sets [78].

2.10 Electronic Properties
2.10.1 Energy Band Gap

The energy band gap is defined as the minimum energy required for an
electron to jump from its bound state into its valence state where it can engage in
conduction [79].

Energy valence (E,) is the lower energy level, and energy conduction (E.) is
the state of energy where the electron is considered to be free.

The energy band gap is the difference between these two energies and
represents the lowest energy necessary to excite an electron from the valence band
into the conduction band [80]. The electrons are directly cognizant of the band gap.
An electric current is formed when a group of electrons all travel in the same
direction. An atom's electrons are organized into states, shells, momentum, spin,
and energy levels [81]. Some electrons have the same energy level as others,
whereas others have different levels. The band refers to the set of feasible electron
states, whereas the band gap refers to the set of electron states that are not possible.
Core levels are bands that are closest to the nucleus. The valence band is the band
that is farthest away from the nucleus. The conduction band follows, in which
electrons are free to flow. The VB and CB overlap in metals, allowing electrons to
freely flow and making them strong conductors of electricity. Insulators are another
type of material in which the VB and CB are separated by a significant distance.
Moving an electron to the CB is quite difficult [82]. Semiconductors are materials

with an extremely thin gap between the VB and CB gaps. In some circumstances,
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they behave as both conductors and insulators. Because of their varied nature,
semiconductors were of little interest when they were originally discovered and
prior to scientists discovering the enigma of the band gap. The concept of an energy
band inspired scientists to research semiconductor applications in optoelectronic
devices [82]. When the electron is hit by light energy called the photon, it can help
the electron to jump across the band gap. In the conduction band, the electron is
free to flow, thus producing an electric current [83]. Measuring the band gap is
important in the semiconductor and nanomaterial industries. The band gap energy
of insulators is large (> 4 eV), but lower for semiconductors (< 3 eV). A diagram
illustrating the bandgap is shown in Figure (2.1) [80]. Direct and indirect energy
band gaps, as shown in Figure (2.2) are the two variants in semiconductors. The top
of the valence band and the bottom of the conduction band both occur at the same
momentum in a semiconductor with a direct band gap, but the maximum in the
valence band occurs at a different momentum than the minimum of the conduction

band energy in a semiconductor with an indirect band gap [80].
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Fig. (2.1): (i) Explanation of the band gap, (ii) Schematic electron occupancy in
allowed energy bands for (a) metal, (b) semiconductor and (c) insulator which
are showing no gap, narrow and wide-band gap respectively. The metal's
conduction band is half-filled, the insulator's conduction band is empty, and

the semiconductor's conduction band has a very tiny population of electrons

[84].
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Fig.(2.2): (a) Direct band gap, and (b) Indirect band gap [80].
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2.10.2. Density of states

The electronic density of states (DOS), which is defined as the number of
states available to be filled at each energy level, is one of the most important
electronic characteristics for any material. The idea of the DOS is crucial to present
here since it serves to emphasize the influence of quantum confinement on the
electrical characteristics of a low-dimensional system [85]. The electronic transport,
electrical, thermal, optical, and mechanical characteristics of a crystalline solid are
all described by the DOS [86]. Semiconductor nanostructures can be classified into
three groups based on their dimensionality. The electron density of states, g(E), for
a three-dimensional (3D) system of volume L? is directly proportioned to the square

root of the energy [87].

o) = 4 ()" vE (2.64)

2T
As a result, the electron may exist in a wide range of energy levels. The DOS

displays a step-like dependency when the dimensionality of the system is reduced
to 2D, which is known as quantum wells (QWSs) because an electron is restricted in
one direction but free to travel in the other two spatial dimensions. The DOS is

broken down into steps, each of which is explained as follows [88].

9(E) == (2.65)

In the direction of confinement, these equal-height stairs correspond to
quantized electrical states. In one-dimensional systems, such as quantum wires
(QWRs), where the electron may only flow in one direction, such as Nanowires, the
density of states resembles an array of spikes, each indicating a quantized electronic

state in the confinement direction.

m*

9E) = 5 (2.66)

T
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When an electron is contained in three spatial dimensions in a OD system, such as
guantum dots (QDs). The most public semiconductor nanostructures can be
classified in terms of dimensionality. This classification, is in fact, supposed
according to the number of orthogonal directions X, y, z in which the structure
patterns have dimensions Ly, Ly, L, smaller than, the so-called characteristic length
(Lo) can be defined as the description of the behavior of electrons in
semiconductors. Figure (2.3) shows how the density of states changes with energy

for semiconductor structures with different geometries[89].

Bulk Q. well
// // __.,-""
Dos
r 4 » 3
C.B
Elirme - e [ -
V.B

i il iii iv
Ly, Ly, L;>Lo | Lx.Ly>Lo>Lz | Lx>Lo¢>Ly,Lz| Lo>Lx,Ly,L2

Fig. (2.3): Classification of nanostructures: (i) Bulk material, (i) Quantum well, (iii)

Quantum wire, (iv) Quantum Dot [90].

2.10.3 Partial Density of States
The partial density of states (PDOS) analysis approach is invalid for high-

energy levels in the conduction band because the partial density of states
representation frequently decays to zero at around 20 eV above the Fermi level.
This is due to the fact that expanding an essentially free-electron state in

terms of a small number of atomic-like basis functions is hard to do with any
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precision. In the partial density of states, only the valance band and the bottom half
of the conduction band are relevant [91].

The angular momenta that should be included in the partial density of states
can be modified using the s, p, d, and f variables. For evaluating electronic
structure, partial density of states are valuable semi-qualitative tools. These results
are further qualified by PDOS, which rotates these contributions according to the
angular momentum of the states. It's frequently used to determine if the DOS's

primary peaks are of the s, p, or d character [92].

2.11 The Optical Properties

The optical parameters are investigated by density functional perturbation
theory. These properties include the absorption coefficient a(w), conductivity o(w),
refraction index n(w), reflectivity R(w), the energy loss function L(w), the dielectric
function e(w), where term w represented the frequency. The dielectric function of
the material points out the linear spectral reaction of the system to the
electromagnetic radiation. The complex dielectric function is formed by summation
the real and imaginary parts as follow [61].
t(w) = & (w) + igy(w) (2.67)

Where the real ¢1(w) part and imaginary part ¢;(w) are given by the well-known
relations [93].
o (1.)’82 ((1.),) ,

s (2.68)

2
sl(a))=1+—PJ
T Jo

e’h z 2
32(60) = W BZKucvlu- Vluck” S[wcv(k) - w]dgk (2-69)
v,C

where P stand for the principal value of the integral, m and e denote respectively for

the mass and charge of electron, u is the unit vector, v and c indicate matrix
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elements of the transitions to conduction band states uc(r) from valence band states
(uw(r)). Besides, the complex refraction index with the real part so-called refraction
index (n) as well as the imaginary part named extinction coefficient (k) can be

expressed as [94].

n*(w) = n(w) + ik(w) (2.70)
1
[ 2 2 2

n(w) = |2 (Zw) + EAD 2+ %2 (w)‘ (2.71)
] 1
[ .2 2 2

= [ETTED_a0) -

The conductivity is dependent on the imaginary part of the dielectric
function. On the other hand, the absorption coefficient is related to complex

refraction index according to the following equation [94] .

o(w) = %.sz(w) (2.73)
2w
a(w) = T'k (2.74)

Here c is the light speed in the vacuum. In addition, the reflectivity can be obtained
by studying the normal incidence on the plane surface and the energy loss function
of the material represents the energy lost by the electrons that pass through the

material, these quantities can be given in the following equations [95].

_ (n(w) = 1D? + k*(w)
 (n(w) + 12 + k2(w)

R(w) (2.75)

& (w)
&% (w) + &% (w)

L(w) = (2.76)
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3.1 Computational Methods

DFT techniques, which were run using the CASTEP program with leveraging
the PBE and ultrasoft pseudopotentials and exchange-correlation energy
functionals, were used to examine the electronic and optical characteristics of
monolayer HFXY (XY=, Se) [97,98].
A 8x8x1 k-mesh Monkhorst-Pack grid is used to evaluate the Brillouin zones. The
optical characteristics were computed with 30x30x1 Monkhorst pack k-mesh,
while the density of state computations were done with 24x24x1 .This k-point level
is critical for displaying the optical spectrum of materials, particularly the
imaginary component of the dielectric function. All calculations are done on a
plane wave basis with a kinetic energy cut-off of 470 eV. All atoms in these Janus
structures are totally relaxed, with convergence criterion of for total energy and
force acting on atoms, respectively. In the Z-direction10® eV and 0.01 eV/A, a
vacuum gap of 30 A was employed to avoid contact between the consecutive
monolayer. Nonetheless, the optical properties are investigated by the density
functional perturbation theory within an energy range between 0 and 25 eV. These
properties include the absorption coefficient a(w), the energy loss function L(w),
imaginary (Im(e(w)) and real (Re(e(w)) parts of dielectric function &(w), refraction
index n(w), the reflectivity R(w), where ® denoted the frequency of incident

photons.

3.2 Electronic Structure of Monolayer

Figure (3.1) shows the structure of HfSSe monolayer that are used in the
present study, one can see from the figure that each simulated system consists of a
4x 4x1 supercell. These materials are arranged in hexagonal structures comprised
of layer cemented together using VdW connections, and all of the layers contain

monoatomic furnace blades in a Dzh symmetry configuration [98]. HfSSe has a
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hexagonal crystal structure with the space group Psm; [99]. These materials are
better for dissociating water from electro-optical sampling, optoelectronic devices,
and non-linear optics like photocatalysis, photodiodes, photoresistors, field-effect
transistors, phototransistors, photovoltaics, and photodetectors[14]. The HfSSe
monolayer has been described as a thermally stable semiconductor with an indirect
energy gap spanning a broad optical spectrum [15-17]. In the bulk form, hafinum
telluride has a moderate direct bandgap of about 0.62 eV [18,19]. This leads to the
production of excitons and the enhancement of photon absorption. The energy band
gap in the region of (1.5 to 2.5) eV is very important for photovoltaics, as this is
where the majority of the Sun's light falls. The band gap of the HfSSe material, on
the other hand, is substantially influenced by its thickness or layer count. Long
carrier lifetimes and photoresponsivity exceeding 10* A/W are seen in the HfSSe
monolayer [20], significant photoluminescence [21,22], photodetectors with a 6 ms
reaction time and high excitonic emission and absorption [23]. As a result, HfSSe
monolayer are thought to be a potential material for thermoelectric devices,
photocatalysis, phototransistors, solar energy, and radiation detectors (including X-
ray). Even though the observed charge carrier mobility is extremely low, the
photoresponsivity of HfSSe multilayered flakes is significantly higher than that of
graphene photodetectors (0.13 A/W) and MoS, monolayer (880 A/W) [100, 101,
102]. Many research groups have been interested in the characteristics of vdW
heterostructures based on HfSSe, however the optical properties of the HfSSe
monolayer have not been fully understood and are mostly unexplored, and need to
be examined further. In this paper, we use first-principles calculations based on
DFT simulations to analyze the optical and electrical characteristics of HfSSe
monolayer in depth . The table (3.1) shows that the smallest value in bond length is
2.584 between (Hf — S) and Bond angel between (Hf — S — Hf) is 91.961.
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Table (3.1) : Bond length A and the bond angle of HfSSe monolayer.

Bond length A Bond angle (degree)
Hf — Se 2.693 Hf — Se — Hf 87.240
Hf — S 2.584 Hf — S — Hf 91.961
Hf — Hf 3.716 Hf —Se — S 43.643
Se—S 3.743 Hf - S —Se 46.006
S-S 3.716 S —Hf-Se 90.35
Se - Se 3.716
A e
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Fig. (3.1): A top view ,B and C side view of HfSSe monolayer, sulfur yellow color,

selenium green color and hafnium brown color.
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3.2.1 Band Structure

The energy ranges that an electron within a solid can travel are referred to as
bands, permitted bands, or simply bands in the electronic band structure of the
solid. Band gap or forbidden bands are energy ranges that do not have an electron
within the material. Due to the limiting widths of the energy bands, band gaps are
basically residual regions of energy that are not covered by any band. The widths of
the bands vary depending on the degree of overlap in the atomic orbitals from
which they emerge. It is of interest to see from Fig. (3.2) that the band structures of
HfSSe monolayer indirect band gap, essentially because the VBM lying among the
I' and K points, while the CBM is located at the M point. The indirect band gap
feature of HfSSe monolayer have been proved using first principles calculations
[103,104]. The calculated indirect gap (I'K—M) of HfSSe monolayer by PBE
functional is 0.620eV as shown in the figure (3.2).

6/// e 3 e

0.620 eV

-6

K-points

Fig. (3.2): Band structure of HfSSe monolayer.
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3.2.2 Density of States

Determine which of the following components should be plotted in the density
of states. Different densities of states for electrons with spin up and spin down can
be formed in a spin-polarized system. As a consequence, a graph-total density of
states is obtained by adding all energy bands together. Their difference yields the
spin density of states, while their addition yields the overall density of states. The
density of state is a valuable notion since it allows integration to be done with
regard to electron energy rather than over the Brillouin zone. Furthermore, the
density of state is frequently employed for fast electron structure investigation.
External pressure can also create changes in electrical structure, which can be
explained using density of state (DOS) analysis [104]. The partial density of states
(PDOS) analysis approach is invalid for high-energy conduction band states; partial
density of states representation will frequently degenerate to zero at roughly 20 eV
above the Fermi level. This is due to the fact that expanding the basically free
electron state in terms of a finite number of atomic-like basis functions is hard to do
accurately. In a partial density of states plot, only the valance band and the bottom
half of the conduction band are relevant. The angular momenta that should be
included in the partial density of states can be modified using the s, p, d, and f
variables. For evaluating electronic structure, partial density of states are valuable
semi-qualitative tools. These results are further qualified by PDOS, which rotates
these contributions according to the angular momentum of the states. It's frequently
used to figure out where the DOS's primary peaks are of the s, p, or d character as

shown in the figure(3.3) .
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Figure (3.3) shows the electronic total density of states (DOS) of Se, S, and Hf

monolayer.
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3.3 Optical Properties
The optical characteristics of materials play a critical role in basic research

and current applications, it is self-evident. The dielectric constants are calculated, as
well as the accuracy with which the refraction index and dielectric constants can be
determined using a combination structure. As a result, the optical characteristics of
reflectivity, absorption coefficient, conductivity, refraction index, dielectric
function, and loss function have been determined. These optical characteristics
were determined for a range of energies from 0 to 25 eV.
3.3.1 Dielectric Function

The optical properties can evaluated from the knowledge of the complex
dielectric function ¢ (®) =¢;(®) + i€ 2(w). The primary optical features of materials
are linked to their imaginary portion in the dielectric function; for HfSSe
monolayer, there is just one prominent peak for both the real and imaginary parts of
the dielectric function, which occurs at (3.48 and 3.25) eV, respectively. The
transitions of the direct electron from the valence band to the conduction band
account for the majority of the peaks. The primary peaks in the real and imaginary
components of the dielectric constant are seen to shift towards the lower energy
region, indicating that input photons are entirely reflected here. This is referred to
as redshift. It's worth noticing that the primary peaks of this monolayer imaginary
parts are comparable to the main peaks of their real-part counterparts, as seen in Fig
(3.4). It is generally known that the imaginary component of the dielectric function
has a significant impact on the medium's absorption. The presence of several peaks
in the imaginary region relates to the transition from one band to the next. As a
result, a single peak in the imaginary section indicates the presence of a single

inter-band transition between the valence and conduction bands. John and Merlin's
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primary peak of the actual portion of stanene matches the main peak of the HfSSe
monolayer rather well [105].

At zero photon energy limitations, the estimated static dielectric function is
2.65 monolayer . The static dielectric constant of HfSSe monolayer is lower than
that of layered GaSe, which is equivalent to 4.7, as determined by Heyd-Scuseria-
Ernzerhof (HSEO6) [106]. Along the parallel polarization direction, however, the
static dielectric constant values of HfSSe monolayer are equivalent to those of
graphene and less than those of well-known 2D materials [105]. The dielectric
constant is a necessary factor in determining the capacitance, so it is possible to

benefit from the large of static dielectric constant to manufacture the capacitor.

Dielectric function

Energy (eV)

Fig (3.4): Dielectric function of HfSSe monolayer.
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3.3.2 Absorption Coefficient

If the frequency of the light is resonant with the transition frequencies of the
atoms in the medium, absorption occurs by propagation. The beam will be lessened
as it develops in this situation. Because only unabsorbed light is conveyed, the
medium's transmission is plainly connected to its absorption. The coloring of many
optical materials is caused by absorption. Ruby is red because it absorbs blue and
green light but not red light. The absorption of light by an optical medium is
quantified by its absorption coefficient. This is defined as the fraction of the power
absorbed in a unit length of the medium. When light traverses through a material,
some energy is absorbed. To measure the extent of radiation energy absorption by a
material, absorption coefficient a is determined as shown in equation (3.1).
a=2wk/c=4rtk/A (3.2)

Where c¢ is the speed of light in a vacuum, o is the cyclic frequency, A is the
radiation wavelength and k is the extinction coefficient.

The absorption coefficient () represents the linear optical response valence
from the bands to the lowest conducting bands [107]. The dielectric function is used
to calculate the absorption [107,25]. The optical absorption spectrum is crucial for
determining the optical characteristics of a material that will be employed in
optoelectronic devices. When a light wave propagates per unit distance in a
particular material, the absorption coefficient is the proportion of light intensity that
Is attenuated. The primary peaks of absorption coefficients are positioned at
8.321eV in the absorption coefficients seen in Fig. (3.5). This indicates that
monolayer absorb UV light in a considerable way. The absorption peaks of the
HfSSe monolayer are extremely comparable to those of single-layer GeP, SiP, and
GeP, which exhibit prominent absorption peaks in the UV region [49]. This

suggests that the HfSSe monolayer has more potential for use in photoelectric
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devices, particularly in the UV area. The absorption and the imaginary component
of the dielectric function are virtually inextricably linked. The imaginary
component revealed that the absorption edge for HfSSe monolayer occurs at
1.81eV, putting the absorption edge in the visible light spectrum. This absorption
edge is quite similar to the UV-vis absorption maximum of silicene functionalized
with phenyl and bigger aromatic molecules [108]. The absorption edge of visible

light is particularly important for photocatalytic activity in practical applications.

15
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Absorption (10%cm™)
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Energy (eV)

Fig. (3.5): Absorption of HfSSe monolayer.

41



3.3.3 Conductivity

Figure (3.6) depicts the estimated optical conductivity as a function of
energy across the energy range of (0-25) eV. For HfSSe monolayer, conductivity
begins at an energy of 2.18 eV. Nonetheless, for HfSSe monolayer, the curves rise
to the maximum optical conductivity at peak 7.91eV. The optical conductivity of

graphene, silicene, and germanene honeycomb crystals is greater than this.

Re

Conductivity (10"/sec)

Energy (eV)

Fig (3.6):Conductivity of HfSSe monolayer.
3.3.4 Loss Function

The loss function, which is a vital characteristic representing the unadaptable
disseminating of high accelerated electrons moving through the material and
characterizing the plasma frequency associated to it, is another key function of
optical properties that has been clarified in this work. The material operates as a
dielectric beyond the plasma frequency and exhibits metallic nature below it. The

peaks of energy loss describe the mixing of plasma frequency in addition to their
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corresponding resonance. The major sharp peak for HfSSe monolayer is located at
11.13 eV, whereas the peak of energy loss for HfSSe monolayer is located at 11.13
eV. This energy denotes the point when this monolayer metallic to dielectric
properties change; following these values, energy loss reduces as photon energy
increases, as seen in Fig (3.7). This monolayer highest energy loss functions occur
in the UV range. As a result, this monolayer can be effective absorbers of low-
medium and low-ultraviolet wavelengths. As a result, the current monolayer can be
used in solar cell applications. As is customary, the energy loss peaks depict the
plasma frequency; plasma frequency is the boundary between the material's
behavior as a dielectric and as a metallic; in more precise terms, any material
behaves as a dielectric at lower values than plasma frequency and as a metallic
material beyond this frequency. The apex of the loss function occurs in the UV

zone, as previously stated.

0.8

Loss Function

0.6

04

0.0

Energy (eV)

Fig. (3.7): Loss functions of HfSSe monolayer.

43



3.3.5 Reflectivity

The computed reflectivity as a function of energy is shown in Fig. (3.8), and
It is discovered that the static reflectivity is 5.82eVV monolayer, which occurs
around zero frequency and when the free carriers are dominant. Above this point,
the curve of displays increases in reflectance as photon energy increases.

The highest reflectivity values are 28% and occur in the middle UV,
indicating that the maximum reflectivity value does not exceed 28% in all

circumstances.
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Fig. (3.8): Reflectivity of HfSSe monolayer.
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3.3.6 Refractive Index (n)

The refractive index n describes the propagation of a beam through a clear
material. The ratio of the velocity of light in free space to the velocity of light in the
medium is defined as this. The frequency of the light beam determines the
refractive index. Dispersion is the term for this effect. As a result, it denotes the
speed at which light travels through a substance. The refractive index increases
with the frequency of incoming light under normal dispersion. When a material
absorbs a large amount of radiation energy, its true refractive index deviates from
normal dispersion and suffers a decrease, known as anomalous dispersion, as the
frequency of the radiation increases. In the optoelectronic characteristics of
materials, the refraction index is very important. At zero photon energy, the static
real part refractive indices for HfSSe monolayer are equal to 1.644. The greatest
value of the refractive index (real portion) for HfSSe monolayer is 1.910, which
occurs at almost 3.383 eV. The refractive index steadily drops beyond this point.
This monolayer can be used as an internal layer coating between the substrate and
the UV absorption layer due to their high refractive indices. In this monolayer, the
refractive index is anisotropic. The extinction coefficient (imaginary component) of
the HfSSe monolayer in the UV region, on the other hand, rapidly decreases with
increasing photon energy and becomes constant after 24 eV as shown in the figure
(3.9).
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Fig. (3.9): Refractive index of HfSSe monolayer.
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4.1 Adsorption Energy

For the study of structural, electronic, and optical properties, a
comprehensive study is carried out for adsorption of gas molecules at different sites
using adsorption locator module to find the sites of low energy absorption of gas

molecules adsorbates. The adsorption energy (E,q) can be calculated according to

[109],

Eqa = Etor — (EHfsse + Egas) (4.1)

Where Enrsse 1S the energy of monolayer (Se and S), Egs is the energy of isolated

gas molecules, and Ey; is the total energy of the system (Gas + monolayer).

According to this definition, a negative value of E,4 indicates that the adsorption is

exothermic and energetically favorable. Contrarily, positive adsorption energy

implies the opposite situation.

Table (4.1). The calculated adsorption energy (E.q), the bond length between atoms in
gas molecules (d) A, between the gas molecules (CO, CO,, NO, NO,,and SO,) and

HfSSe (Se and S) monolayer.

Gas molecules Bond length(d) A Ead(ev)

CO-Se=3.632 CO-Se=-0.10354

CO CO-Hf=5.880 CO-S=-0.10292
CO-S=5.342
CO,-Se=4.458 CO,-Se=-0.24137

CO; CO,-Hf=5.637 C0,-S=-0.24236
C0O,-S=5.512
NO-Se=5.562 NO-Se=-0.26926

NO NO-Hf=5.562 NO-S=-0.26926

NO-S=5.321
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NO,-Se=4.397 NO,-Se=-1.46403
NO, NO,-Hf=5.645 NO,-S=-1.46403

NO,-S=5.469

SO,-Se=4.576 SO,-Se=-1.97503
SO, SO,-Hf=5.926 SO,-S=-1.88768

S0O,-S=5.899

To begin with, the adsorption energy is a sign of stability of the system. The
higher the adsorption energy, the more stable the system under study. Of course,
the adsorption energy is fundamental importance to the properties of material
behavior, such as physisorption or chemisorption. In addition, our outcomes
portend that all the adsorption energies are negative values that infer the exothermic
nature energetically favorable upon adsorption gas molecules. In this work, we take
an attempt to examine the adsorption of several common pollutant gas molecules,
CO, CO,; NO, NO; and SO, which are of great importance for industrial and
environmental, on HfSSe (Se and S) monolayer based on DFT.

Thus, we regularly investigated the adsorption distances (d), adsorption
energies (E.q), the partial density of states (PDOS), and optical properties of the
adsorbed molecules on HfSSe (Se and S) monolayer.

4 .2 Adsorption of CO gas on HfSSe of Se and S Monolayer

The adsorption of carbon monoxide (CO) on monolayer is one of the most
fascinating issues in surface science study. CO is a kind of hazardous gas molecule
that is used in environmental monitoring, chemical process control, space missions,
agricultural, and medicinal applications. CO is a non-irritating, colorless gas that,
when it enters a human's body, mixes with blood hemoglobin, preventing the union

of oxygen and hemoglobin, resulting in hypoxia and suffocating of bodily tissues
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[110]. Figure (4.1) shows the most advantageeous configurations of CO adsorbed
on HfSSe on Se and S monolayer, this monolayer deforms to some extent, and
some atoms shift exterior the plane after relaxation. The most stable scenario for
the monolayer-gas molecules system is when the carbon atom of CO is located in
the center of the monolayer and the atoms in the monolayer surface lie in the plane

and do not migrate outside after relaxing.
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Fig. (4.1): (a)Top view of the adsorbed molecule CO on the HfSSe (b) side view Se
and (c) side view S monolayer, sulfur yellow color, selenium green color
and hafnium brown color.
The bond length between (Hf~CO) of HfSSe monolayer are 5.880 A and (Se-CO)
are 3.632 A and (S-CO) are 5.342 A, respectively. Furthermore, the low adsorption
energy,becouse the large adsorption distance indicate that CO (Se-S)is physically
adsorbed on monolayer via VdW interactions [48]. The E,y of the CO on the
HfSSe-Se monolayer shows comparable value to HfSSe-S which means that CO
molecule may chemically adsorb, acting as a donor. After adsorption, the band gaps
of the adsorbed systems in CO HfSSe on Se (0.618 eV ) and S (0.617 eV) show a
little change as shown in Fig. (4.2)
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Fig. (4.2): Band Structures of HfSSe (a) Se and (b) S monolayer after the
adsorption of CO gas.

the band gaps of the adsorbed systems are smaller; shrink as compared to that of
pristine monolayer. Also, the electrons in full bands can be incited into the empty
band with small energy. All in all, the VBM positions as noticed, do not remain
along the M-T" path as indicated in the band structure diagram, except in the state of
HfSSe,Se monolayer (Fig. (4.2)). In order to further illustrate the interactions of the
CO molecule on the different monolayer systems, their total and partial densities of
states (DOS and PDOS) of the adsorption systems are calculated and presented in
Fig. (4.3). It is found that the DOS of the CO on monolayer shows a little change
after the adsorption and the contribution of the CO electronic levels to the total
DOS is located between(1.3-2 )eV in the VBs and around (-3-4.2) eV in CBs,
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which is far away from the Fermi level. This behavior is similar to the adsorption of
CO on phosphorene [17], stanene [102], graphene-like ZnO [111]and germanene
[45] and further confirming the weak interaction of CO molecule on monolayer

system.

—— HfSSe
— CO

| A e

—— CO on HfSSe
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DOS (electrons/eV)
DOS (electrons/eV)

Energy (eV) Energy (eV)

(a) (b)

Fig. (4.3): DOS of HfSSe (a) Se and (b) S monolayer after the adsorption of CO
gas.

4.3 Adsorption of CO, gas on HfSSe of Se and S Monolayer

Carbon dioxide (CO;) concentrations in the atmosphere continue to grow,
posing a serious danger to humanity's long-term security. As a result, it has risen to
the forefront of global concerns. CO, reduction is regarded as the most difficult
challenge in environmental conservation. The search for acceptable materials (with
the best cost and efficiency) capable of detecting CO, in order to include them in
the manufacture of devices such as sensors is one example of a solution to this
challenge [106].

The most stable configuration of CO, adsorbed on HfSSe is discovered in
Fig. (4.4), which demonstrates that the bond lengths between Hf-CO, of (5.637) A,
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which essentially decrease with the increase of electrons in the elements, are
comparable to CO adsorption on HFXY monolayer. Furthermore, our findings
suggest that all adsorption energies are negative, implying an exothermic character
that is energetically advantageous to adsorption gas molecules. This monolayer are
suitable as a sensor for CO,. Besides, the adsorption of CO, molecule on HfSSe-S
has the lowest adsorption energy (-0.24236 eV) compared to the other molecules
which make it less feasible for CO, sensor with less binding between the molecule
and monolayer. On the other hand, the E,q of HfSSe-Se is almost the same without

charge transition. the adsorbed CO, on HfSSe is a physisorption.
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\Fig. (4.4): (a)Top view of the adsorbed molecule CO; on the HfSSe (b) side view
Se (c) side view S monolayer, sulfur yellow color, selenium green color and
hafnium brown color.

The band gaps of the adsorbed systems in HfSSe,Se (0.628 eV) and HfSSe,S
(0.627 eV) exhibit a minor modification after adsorption, as illustrated in Fig. (4.5).
Clearly, the energy gap in the case of HfSSe,Se monolayer increases by a very tiny
amount, but the band gap in the case of HfSSe,S monolayer decreases due to CO,
adsorption. Kumar and Roy describe single layer stanane as having a similar

behavior [50]. In addition, electrons in full bands can be incited into an empty band
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with a modest amount of energy. In general, the VBM locations, as seen in the band

structure diagram, persist along the I'-M path as shown in the figure (4.5).
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Fig. (4.5): Band structures on HfSSe of (a) Se and (b) S monolayer after the
adsorption of CO, gas.

When gas molecules are adsorbed on monolayer, the DOS in the valence and
conduction bands of the molecules are drastically changed. Gas molecules have a
significant role in the electronic states of a molecular monolayer system. All gas
molecules have distinct and strong contributions, with the exception of CO,, which
has a simple gas contribution in DOS but may be clearly identified. Also, the
adsorption of molecules on the HfSSe monolayer lead to several peaks in the
valance band and in the conduction band, these peaks were different from gas to

another due to the nature of gas molecules. However, the most contribution is in
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the conduction band, in particular, in the region between 3 and 6.5eV, which is
consistent with the reduction of the energy gap in the adsorption systems. DOS of

HfSSe monolayer as shown in Fig (4.6).
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Fig. (4.6): DOS of HfSSe of Se and S monolayer after the adsorption of CO,

gas.

4.4 Adsorption of NO gas on HfSSe of Se and S monolayer

The gas nitric oxide (NO) is colorless. Non-combustible, yet helps
combustible materials burn faster. Inhalation and skin absorption are both extremely
dangerous [15]. We want to investigate the influence of this gas on the structural and
electrical characteristics of these monolayer after it has been absorbed. Figure (4.7)
shows the optimal adsorption structure of adsorbed NO on HfSSe of Se and S
monolayer. The distance between Hf and NO is 5.562 A, while S-NO and Se-NO,
are (5.321and 5.464) A respectively, this means that NO closer to S, which is mean
that this distance decrease with increasing of the number of electrons in the

elements. The larger adsorption energies and shorter distance between the gas
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molecules and monolayer lead to a larger interaction. The adsorption energies for
HfSSe-Se and HfSSe-S are(-0.26926eV) . Because of the weak connections between
the electrons of the monolayer and the NO gas molecules, the adsorption of each gas
molecule on the monolayer is modest. The middle of the monolayer is occupied by
the NO molecule. The monolayer strong interaction with NO results in a
substantially stronger. The fact that these interactions are physisorbed interactions is
clear from the outcome. On the other hand, it's clear that the distance between gas
molecules and monolayer matters a lot. The low adsorption energy and wide
separation height clearly suggest that the NO gas molecules investigated in this work

are physisorbed on the HfSSe of the Se and S monolayer.
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Fig. (4.7): (a)Top view of the adsorbed molecule NO on the HfSSe (b) side view
Se and (c) side view S monolayer, sulfur yellow color, selenium green color and
hafnium brown color.

In general, HfSSe monolayer can share electrons with the gas molecules. The
band structures of the molecule-monolayer systems were calculated to evaluate the
influence of the adsorption of various gas molecules on the electronic properties of
monolayer HfSSe of Se and S monolayer. By comparing with the pristine

monolayer HfSSe of Se and S in Fig. (4.8), there is no energy gap due to the

55



interference of the valence beam with the conduction beam at the Fermi level for
HfSSe of Se and S monolayer and this means that it is conductive. The effect of NO
adsorption on the partial density of state (PDOS) and total density of state (TDOS)
of NO-HFXY systems are calculated and analyzed. Fig. (4.9) displays the PDOS
and TDOS of NO molecule interacts with the surface of HFXY after NO molecule
adsorbed. The TDOS of the NO-HFXY system shows a noticeable change near the
Fermi level and a strong orbital hybridization. It is evident that there are states
available for the occupation at high DOS for a specific energy level and no states
can be occupied at a zero- DOS for energy level. We can see that the states above
Femi energy disappear after the NO adsorbed on, due to the fix of N atom on the S
atoms, which is similar to the previous report [112]. We can see from Fig. (4.9) that

the large overlap at Fermi level evident for HfSSe of Se and S monolayer.
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Fig. (4.8): Band structures of HfSSe (a) Se (b) S monolayer after the adsorption of
NO gas.
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Fig. (4.9): PDOS and TDOS of HfSSe (a) Se and (b) S monolayer after the
adsorption of NO gas.

According to our calculations, the two types of states in HFXY can increase the
bonding energy between the adsorbed NO molecule and the HFXY monolayer
greatly. The adsorbed HFXY (X =S, Se) is more appropriate for NO detection than
pure HFXY.
4.5 Adsorption of NO, gas on HfSSe of Se and S Monolayer

Nitrogen dioxide (NO,) is a caustic and powerfully oxidizing reddish-brown,
smelly, acidic gas. The burning of fossil fuels (coal,853. gas, and oil), particularly
In automobiles, is the primary source of nitrogen dioxide produced by human
activity. NO, is a trace gas in the Earth's atmosphere, where it absorbs sunlight and
regulates the chemistry of the troposphere, particularly in determining ozone
concentrations, according to these sources [73]. Fig. (4.10) shows top and side
views of the adsorbed molecule NO, on the HfSSe of Se and S monolayer. The
distance between NO, gas and (Hf,Se,S )are (5.645,4.397,5.469 )A, respectively,

NO, can be physically adsorbed on monolayer with high adsorption energies (-
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1.46403) eV. NO, shows the strongest affinity with E,q of —1.46403 ¢V for HfSSe,

It can be noticed that the NO, molecule distorts significantly After the adsorption.
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Fig. (4.10): (a)Top view of the adsorbed molecule NO; on the HfSSe (b) side view
Se (c) side view S monolayer, sulfur yellow color, selenium green color and
hafnium brown color.

Figure (4.11) shows the electronic properties of adsorbed NO, gas molecules
on monolayer. Compared with the band structure before adsorption that presented,
it is noted that after the adsorption of the NO, gas molecules, band gap varying is
(0.628 and 0.639) eV for HfSSe of Se and S monolayer, respectively, as can be
observed in Fig. (4.11). This monolayer band structure is sensitive to lattice
symmetry, and the adsorption of NO, gas molecules leads to out-of-plane distortion

of the monolayer lattice. Therefore, a gap varying is resulted, and well agrees with
results of previous investigators.
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Fig (4.11): Band structures of HfSSe (a) Se and (b) S monolayer after the
adsorption of NO; gas.

The symmetry break that transforms a monolayer from a semiconductor to a
semimetal can be attributed to regularly ordered hybridization [113]. This finding
may be explained by a substantial quantity of electron transfer and the creation of
strong chemical interactions between the electron cloud and the orbitals of gas
molecules [103]. In order to further verify the mechanisms of NO, adsorption
interaction, the DOS and the PDOS of monolayer and molecules system are
presented in Fig. (4.12). The adsorption of NO, on HfSSe causes a clear change in

the DOS in the vicinity of the Fermi level because of the contribution of NO,
electronic levels and NO, orbital is dominating.
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Fig (4.12): DOS of HfSSe (a) Se and (b) S monolayer after the adsorption of NO,
gas.

4.6 Adsorption of SO, gas on HfSSe of Se and S Monolayer

Sulfur dioxide (SO,), a poisonous gas, is still one of the most significant
gaseous pollutants discharged into the atmosphere as a result of the combustion of
sulfur-bearing fossil fuels in automotive engines, industrial complexes, power
plants, and homes. The following interaction of SO, with air results in acidic
showers, which can acidify rivers and lakes, degrade soil and forests, and corrode
metals and structures [114]. SO, is a colorless gas that is caustic and has a pungent
odor. Furthermore, sulfurous acid rain is produced when SO, is dissolved in bodies
of water, which is damaging to the environment. When SO, is dissolved in water, it
can produce sulfuric acid, which can irritate the mucous membranes of the eyes and
nose [110]. Fig. (4.13) show the top and side views of the adsorbed molecule SO,
on the HfSSe of Se and S monolayer. When adsorbed of the SO, molecule on the

monolayer, the E,q of the most favorable adsorption configuration are respectively
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(-1.97503, -1.88768) eV for HfSSe-Se and HfSSe-S monolayer with the d(Hf—SO,)
0f 5.926 A, d(SO,—Se) of 4.576 A, d(SO,-S) of 5.899 A.
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Fig. (4.13): (a)Top view of the adsorbed molecule SO, on the HfSSe(b) side view
Se and (c) side view S monolayer, sulfur yellow color, selenium green color and

hafnium brown color.

Nevertheless, this also means that the desorption of SO, from the HfSSe will
encounter greater obstacles by means of UV irradiation [115], or electric field
[116]. The distinct deformation is also observed in this configuration, suggesting
that the molecule SO, interaction is slightly stronger than that of the monolayer
adsorption which shows little deformation. The band gaps of the adsorbed systems
in HfSSe of Se is no energy gap due to the interference of the valence beam with
the conduction beam at the Fermi level and this means that it is conductive and the
band gap in HfSSe of S is (0.025eV) show a prodigious change as shown in
Fig. (4.14). Generally, the band gaps of SO, adsorbed systems are much smaller;

undergoes large shrink as compared to that of pristine HfSSe monolayer. Also, the
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electrons in full bands can be provoked into the empty band with small energy.
Overall, the VBM positions as noticed, remain along the M-T" path as indicated in
the band structure diagram. In contrast, the CBM locations change depends on the
type of monolayer. Most importantly, the energy gap in the case of SO, adsorbed
on HfSSe transfer to a direct energy gap along the M-I" path. Accordingly, the
variations in the energy gap denote to the modification in the conductivity in this
monolayer, which can be efficaciously utilized to perceive the existence of the
studied molecules employing a simple two-probe method. The density of states
(DOS) near the Fermi level appears to be mixed. Figure (4.15) shows that this
mixed states are caused by SO, adsorption. The p orbitals of S and O atoms have a
large overlap with the orbitals of S and Se atoms, and it demonstrates that SO, can
strongly hybridize with S and Se [22]. This has significant effect on the frontier
orbital of the adsorption system, which changes orbital formation, causing the
change in the DOS.
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Fig. (4.14): The calculated band structures of HfSSe (a) Se (b) S monolayer after
the adsorption of SO, gas.

Clearly, Fig. (4.15)(a@) and (b) show that the DOS and PDOS for the SO,
adsorbed on HfSSe-Se and HfSSe-S, but the DOS of SO, molecule contributed near
the Fermi level is subtle and no apparent orbital hybridization is observable in the
PDOS. Meanwhile, the electron sharing between the SO, molecule and HfSSe
monolayer are lacking, which further supports the previous conclusion that the
physical adsorption nature of this system. For the HfSSe monolayer (see Fig.
(4.15)), the total DOS obviously changes around the Fermi level and strong orbital
hybridization, indicating that the electronic properties of HfSSe can be drastically

changed after SO, adsorption. SO, molecule and the monolayer are bound together
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by the intensive orbital hybridization where the orbitals of (X=S, Se) atoms possess
the similar states. The SO, adsorption on monolayer causes a small increase of the
DOS around -2 eV near the Fermi level while another noticeable transformation
occurs around 4.4 eV where the trend of DOS is more gradual here on with the

enlarged area of DOS in the conduction band.
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Fig. (4.15): DOS of HfSSe (a) Se and(b) S monolayer after the adsorption of SO,
gas.

4.7 Optical Properties of Adsorbed molecules on monolayer

The optical characteristics of HfSSe of Se and S monolayer due to the
adsorption of the prior gas molecules will be investigated next. In this part, we'll
concentrate on the effect of adsorption on these monolayer. In the energy range up
to 25 eV, the optical characteristics of adsorbed HfSSe of Se and S monolayer are
calculated.
4.7.1. The Reflectivity

The coefficient of reflection, often known as reflectivity, describes how light
reflects off different surfaces. This is commonly denoted by the letter R and is
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defined as the ratio of reflected power to incident power on a surface. The ratio of
incident light intensity that bounces back from a surface is known as reflectance.
The reflectance, R, of a thin sheet at normal incidence is given by the following
equation:
R=I/I, (4.2)
Where I- is intensity of reflected light and I, is the intensity of the incident light.
Refraction causes the light waves to propagate with a smaller velocity than in free
space. This reduction of the velocity leads to the bending of light rays at interfaces
described by Snell's law of refraction. Refraction, in itself, does not affect the
intensity of the light wave as it propagates constituting electrical energy, scattered
or used to heat a material. The reflectivity curves of molecules adsorbed on HfSSe
of Se and S monolayer are illustrated in Figs. (4.16). It can be seen that the
maximum reflectivity of this monolayer after the adsorption of gas molecules is
dependent on the type of gas as lists in Table (4.2). It can be seen that the largest
static reflectivity is 60% for CO, adsorbed on HfSSe of S monolayer and the
smallest static reflectivity is 16% for NO, adsorbed on HfSSe of S monolayer.
Overall, the maximum peak of HfSSe of S adsorbed with CO, molecule
increases slightly at 8.99 eV with reflectivity of about 60%. Obviously, these
percentages represent the maximum values of reflectivity, which is reaching 60% in
the best case. Meanwhile, the position of strong peaks still in the UV region range
(4.05- 8.57) eV, which is consistent with the absorption coefficient, that is shown in
the preceding sections. The behavior of reflectivity curves is identical to that of
absorption curves, with the exception of the number of peaks, which is more than
three for all gas molecules. Nonetheless, Table (4.2) shows that the reflectivity
values of the HfSSe monolayer are nearly identical to those of the Se and S

monolayer.
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Table (4.2): The calculated reflectivity of HfSSe of Se and S monolayer after the

adsorption of different gas molecules.

HfSSe-S

Monolayer

0.25

0.60

0.22

0.16

0.23

R(w)

—— HfSSe
———CO on HfSSe
——CO, on HfSSe
NO on HfSSe
——NO, on HfSSe
—— S0, on HfSSe

Gas HfSSe-Se
molecules Monolayer
CO 0.26
CO; 0.44
NO 0.23
NO; 0.17
0.20
—— HfSSe 0.6
04+ ——CO on HfSSe
——CO, on HfSSe 05t
NO on HfSSe
——NO, on HfSSe
03} —— S0, on HfSSe 0.4
g
0.2 F [~
0.1+ A
0.0

Energy (eV)

(a)

Energy (eV)

(b)

Fig.(4.16): The reflectivity as a function of energy of HfSSe :(a) Se and (b) S

monolayer after the adsorption of CO,CO,,NO,NO , and SO, molecules.
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4.7.2. The Absorption Coefficient

The absorption coefficient provides useful data about optimum solar energy
conversion efficiency. Figs. (4.17) shows the absorption coefficient curves of
molecules adsorbed on HfSSe of Se and S monolayer. In principle, it is concluded
that there are two absorption peaks in the pristine monolayer, the first at lower
energy than the other which is higher from the former. However, the edge
absorption of pristine Se monolayer begins in mid-infrared (IR) region, whereas
edges absorption of pristine S and Se monolayer are in the visible region, the
absorption coefficients are ranging between 10*cm™ and 10°cm™. After the
adsorption of gas molecules on HfSSe of Se and S monolayer, a very distinctive
and inviting spectacle may be perceived by means of the absorption coefficient of
the adsorbed system as plotted in Figs. (4.17). The main phenomena that can be
seen from this Figure are; the locations of the beginning of absorption and
maximum peaks, number of peaks, and the height of these peaks. The beginning of
absorption of adsorbed SO, on monolayer starts in the far IR region (2 meV) and
the other molecules start in the near IR region between 0.413 eV and 0.823 eV. On
the other hand, the value of CO,/HfSSe of S monolayer maximum peak absorption
is the largest, whose value is 3.01x10* cm™ is positioned at 8.99 eV, followed by
the absorption peak of CO,/HfSSe of Se monolayer (2.39x10* cm™ at 9 eV) and
then the absorption peaks CO/HfSSe of Se monolayer (1.69x10* cm™at 11.10 eV)
as listed in Table (4.3). Clearly, the absorption peaks values increase and the
locations of absorption maximum peaks are shifted to lower energy values
depending on the type of gas molecules in the deep UV region, except the CO and
SO, molecules adsorbed on HfSSe monolayer, which is shifted to higher energy
values. Remarkably, it turns out that the values of the absorption coefficient of
these systems are equivalent to the perovskite, which is supposed to be the main
component of solar cells. The other observation that worth paying attention is the
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CO;, NO,, and SO, molecules adsorbed on the HfSSe monolayer result in new
absorption peaks seem in the UV region. Therefore, it is easy to say that adsorption
In these systems led to an increase in the number of maximum peaks of these
systems, which insinuate that the absorption coefficients of molecules adsorbed on
these monolayer have been earnestly improved. It can be seen from above, that we
can benefit from the molecules adsorbed on HfSSe monolayer in the photoelectric

and optoelectronic devices especially in the UV range.

Table (4.3): The maximum peak values of absorption coefficient (in cm™) of
HfSSe of Se and S monolayer after the adsorption of gas molecules.

HfSSe-Se HfSSe-S
Monolayer Monolayer

CcO 1.69x10% 1.70x10%

Gas Molecules

CO, 2.39x10* 3.01x10*

NO 1.39x10" 1.38x10"
NO, 1.30x10" 1.33x10"
1.14x10* 1.09x10%
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Fig.(4.17): The absorption coefficient as a function of photon energy of HfSSe:(a)
Se and (b) S monolayer after the adsorption of CO,CO,,NO,NO, and SO,
molecules.

4.7.3. Refractive Index

When light enters a substance, its refractive index influences how much light
is twisted, or refracted [18]. Figs(4.18) show the refractive indices of monolayer as
a function of photon energy, from which the static refractive index of monolayer is
calculated. The static refractive indices of adsorbed systems almost similar between
Se and S, except for SO, molecule adsorbed of HfSSe-Se monolayer, whose value
Is 2.36 is alowest to 1.66 of HfSSe -S as displayed in Table (4.4). In general, it is
apparent that there is a similarity between the real dielectric function and the
refractive index curves, where the behavior of these two curves are completely

identical with different values only.
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Table (4.4): The maximum values of refractive index of HfSSe of Se and S

monolayer after the adsorption of gas molecules.

HfSSe-Se HfSSe-S
Gas molecules
Monolayer Monolayer
CO 1.70 1.71
CO, 2.11 2.50
NO 1.80 1.81
NO, 2.22 2.12
SO, 2.36 1.66
35} —HiS%e —HfSse
—Co,ontitsse - G0, m HrSSe
3.0 NOzon HfSSe NOZrm HfSSe
——NO, on HfSSe 3.0 ——NO, on HfSSe

—— S0, on HfSSe

n(w)
n(m)

Energy (eV) Energy (eV)
(a) (b)

Fig.(4.18): The refractive index as a function of energy of HfSSe:(a) Se and (b) S
monolayer after the adsorption of CO,CO,,NO,NO;and SO, molecules.
4.7.4. Dielectric Function
Any system with 2D sheets can utilize the optical dielectric function to
characterize its optical characteristics. The dielectric function of gas molecules
adsorbed on HfSSe of Se and S monolayer is shown in Figs. (4.19) as a function of
photon energy. The real (Re) and imaginary (Im) components of the dielectric

function are determined in this section utilizing polarized light perpendicular to the
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monolayer surface plane. The preceding section indicated that each component of
the dielectric function of pure monolayer has a single peak, implying that there is
only one transfer between the valence and conduction bands. Furthermore, because
of the large real static dielectric constant that occurs at zero energy, our results
suggested that pristine monolayer exhibit higher electronic polarizability. The
actual static dielectric functions of adsorbed systems decrease after adsorption
when compared to the pristine monolayer, with the exception of adsorbed CO, on
HfSSe of the S monolayer, which has the highest value (5.61). The lowest value
(2.11) is for the adsorbed SO, molecule on HfSSe of the S monolayer as shown in
the table (4.5), which correlates to the reflectivity findings of the gas CO, molecule,
as we shall see later . A quick look on Figs. (4.19) and(4.20),leads us to another
deduction, which is there is more than one peak in the adsorption systems with gas
molecules. This mean that there is more than one electronic translation from
valance band to the conduction band. Also, it can be seen from the Figs. (4.19) and
(4.20), that the adsorption of gas CO, molecule on HfSSe monolayer has three
maximum peaks. Additionally, their behavior is similar to pristine monolayer state
with respect to the presence of negative values of the real dielectric function, our
perception is that at these negative values, these monolayer behave as metal within
this range of photon energy. Its behavior is similar to the real part counterpart in
terms of the increase in the peak number and the dwindle in the value of maximum
peak compared with the peak of the pristine monolayer. Totally, the maximum
peaks of the real dielectric function are always lower than the maximum peaks of
Imaginary dielectric function counterpart, which is different from pristine
monolayer. It is important to allude that the highest peak of adsorbed systems
belonging to adsorbed gas on HfSSe of S monolayer as depicted in the Figs.
(4.19)and (4.20). Clearly, the maximum peaks of the real dielectric function are

occurred in the UV region, whereas the most maximum peaks of the imaginary
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dielectric function are happened in the UV region, excluding some cases that are
occurring in the visible region. On the other hand, it is revealed from the results that
the adsorption of gases leads to shifting the maximum peaks to lower energies as
shown in Table(4.5).

Table (4.5): The maximum peak locations of real (Re) and imaginary (Im)
dielectric functions of HfSSe of Se and S monolayer at the photon energy (in eV)

after the adsorption of gas molecules.

Gas molecules | HfSSe-Se HfSSe-S
Monolayer Monolayer
Re Im Re Im
CO 280 (231 |291 |211
CO; 371 |491 (561 |[8.90
NO 251 (212 (291 |214
NO, 401 |[3.13 [3.90 |3.15
SO, 230 |4.10 |2.11 |[4.13
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Fig.(4.19): Dielectric function Real as a function of photon energy of HfSSe :(a) Se
and (b) S monolayer after adsorption of CO,CO,,NO,NO,and SO, molecules.
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Fig.(4.20): Dielectric function Imaginary as a function of photon energy of HfSSe
:(@) Se and (b) S monolayer after adsorption of CO,CO,,NO,NO;and SO,
molecules.
4.7.5. The optical Conductivity

Figs (4.21) illustrates the optical conductivity of the HfSSe (S, Se) monolayer

as a function of photon energy following gas adsorption. In general, the computed
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optical conductivity indicates that there are multiple peaks and minima throughout
the energy range investigated, as shown in Table (4.6). The optical conductivity of
the adsorbed system, as displayed in Figs. (4.21), may be used to experience a
highly distinctive and beautiful sight when gas molecules adsorb on HfSSe of Se
and S monolayer. The number of peaks, the height of these peaks, and the locations
of maximal peaks are the key phenomena shown in these figures. Depending on the
composition of gas molecules in the UV region, optical conductivity values
generally decrease and maximal optical conductivity peaks are pushed to higher
energy values. Adsorbed molecules on the HfSSe monolayer, on the other hand,
cause additional UV peaks to appear. As a result, it's straightforward to conclude
that increased conductivity in these systems resulted in a rise in the number of
maximum peaks, implying that the conductivity of adsorbed molecules on this
monolayer has significantly enhanced. Clearly, the optical conductivity are ranging
between 1.89x10™ sec™ for SO,/HfSSe-Se monolayer and 8.97x10" sec™ for
CO,/HfSSe-S monolayer. Table (4.6) show that the largest value of optical
conductivity is 8.97x10™ sec™ for CO,/HfSSe-S monolayer, followed by the optical
conductivity of CO,/HfSSe-Se monolayer (5.99x10" sec?) and then the
NO/HfSSe-Se monolayer (2.71x10" sec™). Also, it can be seen from Table (4.6)
that the values of conductivity of HfSSe-S monolayer are larger than that of HfSSe-
Se monolayer. Moreover, the photoconductivity and hence optical conductivity of

materials increase as a result of absorbing photons [19].
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Table (4.6): The maximum values of conductivity of HfSSe of Se and S monolayer

after the adsorption of gas molecules.

HfSSe-Se HfSSe-S
Gas molecules
Monolayer Monolayer
CcO 2.61 2.53
CO, 5.99 8.97
NO 2.71 2.62
NO, 1.97 1.99
SO, 1.89 1.99
:'cl(f;:f. HfSSe 8r :ggz: HfSSe
3l N i, NG B
~———NO, on HfSSe 6r ——NO, on HfSSe

—— S0, on HfSSe —— S0, on HfSSe

conductivity( 10" /sec )
~
conductivity (10'%/sec)

=

0 5 10 15 20 25 0 5 10 15 20 25

Energy (eV) Energy (eV)
(a) (b)

Fig.(4.21): The optical conductivity as a function of photon energy of HfSSe:(a) Se
and(b) S monolayer after the adsorption of CO,CO,,NO,NO,and SO,

molecules.

4.7.6. The loss Energy Function
The electron energy loss function is an important optical parameter. Figs.

(4.22) shows the energy loss function as a function of photon energy. Prominent
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peak is found at range (15.2-20.3) eV, which indicates rapid reduction in the
reflectance. As can be noticed from Figs. (4.22) ,that the molecules adsorbed on
HfSSe of Se and S monolayer with gas molecules lead to lower peaks relative to the
pristine monolayer peak, excluding adsorbed CO, on HfSSe-S monolayer that has a
sharp peak equal to 2.91 at 15.2 eV and adsorbed NO, on HfSSe-S monolayer,
which has a sharp peak equal to 2.59 at 18.54 eV as shown in Table (4.7) and Figs.
(4.22). It should be noted that the behaviour of loss function curves are similar to
the absorption and reflectivity peaks that discussed earlier. Clearly, after the
adsorption of molecules on HfSSe monolayer, there is more than one peak but the
most maximum peaks located in vacuum UV region except CO,/HfSSe-S
monolayer which has a maximum peak in the extreme UV range. In contrast,
adsorbed CO molecule on HfSSe-Se monolayer has the lowest value of loss
function (1.60).

Table (4.7): The maximum values of loss function of HfSSe of Se and S monolayer

after the adsorption of gas molecules.

HfSSe-Se HfSSe-S
Gas molecules

Monolayer Monolayer
CO 1.60 1.65
CO; 2.10 2.91
NO 1.70 1.60
NO, 2.45 2.59
SO, 1.93 1.92
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monolayer after the adsorption of CO,CO,,NO,NO, and SO, molecules.
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Conclusions

1.

10.

11.

12.

It has been concluded from the present work that:
HfSSe monolayer is semiconductor with an indirect band gap equal 0.620eV
with the VBM and CBM located on the I'-M path.

. The absorption coefficients of HfSSe monolayer are comparable to the

perovskite solar cells, because it is value can reach 10° cm™.

. The adsorption of gas molecules occurs at simple difference sites on the studied

monolayer.

. The adsorption energies are negative values, which indicate the exothermic

nature energetically favorable upon adsorption gas molecules.

. The adsorption of gas molecules on HfSSe monolayer undergoes physisorption

interaction thus can be used to detecting gas molecules.

. There is no distortion in the structure of HfSSe monolayer in the case of

adsorption of gas molecules.

. Adsorbed gas molecules on the HfSSe monolayer lead to a change in the

electronic properties of this monolayer.

. The energy band gap of HfSSe monolayer is more sensitive to the molecule gas

molecules than other monolayer.

There are many main peaks in all DOS.

The DOS in the valence and conduction bands of the molecules adsorbed on
monolayer are significantly altered upon adsorption of gas molecules.

The optical properties of HfSSe monolayer can be modified by the adsorption
of gas molecules.

The absorption peaks values increase and the locations of absorption
maximum peaks are shifted to lower energy values depending only in CO, gas

molecule.
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13.

14.

15.

16.

17.

18.

19.

20.

The highest optical conductivity occurs in the adsorbed CO, molecules on
HfSSe-S monolayer.

The refraction indices of HfSSe between Se and S monolayer are almost the
same in values except adsorbed SO, of HfSSe-Se is (2.36) large than HfSSe-S
is (1.66).

There is more than one maximum peak of dielectric functions in the
adsorption systems with gas molecules.

The maximum value of reflectivity in the adsorbed systems does not exceed
60% in all cases.

The reflection peaks of monolayer occur in the UV region range (4.05- 8.57
eV), which is consistent with the absorption coefficient.

The highest peak of loss function occurs in 2.91 at the photon energy 10.11 eV
in the case of the adsorption of CO, on HfSSe-S monolayer.

The findings presented in this work inspire new experiments to design and
synthesize the potential HfSSe monolayer based optoelectronic devices.

The calculations provide an effective method to modulate the electronic and

optical properties of the HfSSe monolayer for device applications.

Future Work

The following studies can be suggested for future work:

. Studying the effects of high temperatures and pressure on the electronic

structure and optical properties of adsorbed gas molecules on the HfSSe

monolayer using DFT calculations.

. Investigating the vibrational, electrical, and magnetic properties of adsorbed gas

molecules on the HfSSe monolayer using DFT calculations.
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3. Investigating the effect of doping on the electronic and optical properties of
adsorbed gas molecules on the HfSSe monolayer using DFT calculations.

4. Studying the effect of some defects on the adsorbed gas molecules on the

HfSSe monolayer using DFT calculations.
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