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INTRODUCTION
Relevance of the topic. Low-dimensional materials (two-dimensional, one-

dimensional and zero-dimensional systems) are at the peak of research in the field
of materials science, physics and chemistry. These materials are already finding their
first application in various industries such as electronics, energy (batteries, solar
panels), chemical technology (catalysis). It also discusses many potential
applications for low-dimensional materials ranging from the purification and
desalination of water and up to use in medicine (drug delivery). The optical
properties of low-dimensional systems are also intensively studied by modern
science. The main areas of application of the optical properties of low-dimensional
systems under consideration are photochemistry and luminescence. In prototypes of
photochemical catalysts, low-dimensional semiconductors generate an electron-hole
pair, which is then used for the electrochemical reaction occurring on the metal part
of the hybrid system. In the luminescence region, low-dimensional semiconductors
emit a photon due to the recombination of an electron-hole pair induced by an
electric field. If the adsorption of molecules changes the luminescent properties of
the material, then such a material can be used as a sensor. A systematic study, through
modeling from first principles, of the effect of the modification of low-dimensional
systems on their electronic structure and optical properties is the subject of a
dissertation.

One of the main features of low-dimensional systems is the significant
contribution of the surface to all the properties of the material. If the electrical,
optical and magnetic properties of three-dimensional systems can be considered by
the model of an infinite periodic system, while neglecting the contribution of the
surface and the environment. In low-dimensional systems the contribution from the
surface and the influence of doping of near-surface regions, the shape and defects of
the surface, and changes in the surface structure after modification should be taken
into account and the contribution from the adsorption of molecules on the surface is
inevitable. To study these effects, the most prominent representatives of various

classes of low-dimensional materials are considered: ZnO, S-C3;N4 InSe and
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borophene. Zinc oxide usually forms large nanoparticles with a structure identical

or close to the structure of the array and therefore a small contribution of the surface
to physical properties. Carbon nitride forms nanoparticles with an atomic structure
close to the array, but with a large contribution from the surface due to the small size
of the nanoparticles. Indium selenide (InSe) represents a system of layers connected
by weak non-covalent bonds (such systems are called “van der Waals” in modern
literature)[1-3], which are easily melted to form a single-layer membrane (that is,
that is, we can say that the material consists of one surface). A single-layer boron
membrane (borophene), the various allotropes of which have an atomic structure
different from boron crystals, and which, unlike the other systems studied, is a
conductor. Such a choice of objects of study allows us to study the relationships
between the physical and chemical properties of nanomaterials systematically, since
the study covers the most common morphological types of low-dimensional
materials-large and small nanoparticles, van der Waals systems, conductors and
semiconductors.

The main physical property of the materials under study is a change in which
with changes in the atomic structure we will investigate will be their photoactivity.
There are two main ways to increase the efficiency of photoactive materials. The
first method is doping, the second is chemical modification of the surface. Both of
these approaches were studied in the course of the work performed. Zinc oxide was
chosen as an object for studying the effect of doping on the optical properties of low-
dimensional systems, which is considered as a promising material for multiple
applications, such as photoelectronics and photochemistry. [4-7] Beryllium was
chosen as a dopant for ZnO, which, unlike transition metal impurities, is not prone
to clustering in the zinc oxide matrix. [8] Due to the low dimensionality and the large
contribution of the surface in nanosystems, it is not always possible to draw a clear
line between doping and surface modification. Therefore, most of our work is
devoted to this topic. One of the phases of carbon nitride (f-CsN4) was chosen to
study the effect of surface formation, its chemical modification and photoactive

defects. Unlike layered materials such as indium selenide (InSe) or materials with a
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chemically neutral surface, such as ZnO, the surface of f-C3N4 contains chemically

active centers. These centers were identified and simulated for their effect on the
optical properties of carbon nitride before and after modification by means of
hydrogen, oxygen and fluorine. Another way to manipulate optical properties is to
mechanically distort the crystal structure. The most famous example of this
phenomenon is mechanoluminescence. In low-dimensional systems, such a
mechanical action is often unavoidable due to distortion of two-dimensional
membranes under the influence of temperature or substrate. To study this
phenomenon, we chose one of the most promising materials for nanoelectronics and
photochemistry - indium selenide (InSe). This material combines the high mobility
of charge carriers, suitable optical properties with the flexibility of single layers. The
effect of distortions of a single-layer membrane on the adsorption of molecules and
optical properties was considered in our work. Also, using the example of this
material, another phenomenon unique to nanosystems was studied - molecular
doping, which is realized through the exchange of charge between the surface and
molecules adsorbed on it. For a single-layer boron membrane, it was shown that
after inevitable oxidation, it turns from a metal into a semiconductor whose optical
properties are sensitive to the adsorption of molecules. In other words, another
method of manipulating the optical properties of nanomaterials can be implemented
in this system.

Another physical property that will be investigated in our work is the so-called
d0 magnetism. Many nanomaterials not containing transition metal ions exhibit
paramagnetism, and often ferromagnetism in the absence of transition metal ions.
As shown in many works devoted to this problem, such magnetism is unstable from
a chemical point of view. The search for materials with d0 magnetism stable to
chemical influences is an important task not only from an applied, but also from a
scientific point of view. As a result of studies carried out in the course of the work,
various variants of the implementation of chemically stable d0 magnetism on the
modified surface of carbon nitride, in oxidized boron membranes, and in non-

covalently modified indium selenide were shown.
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Thus, the fundamental scientific problem is the lack of systematic knowledge

about the relationship between the features of the atomic structure of a surface, its
chemical stability and the optical and magnetic properties of materials, which
complicates further progress in the development of new nanomaterials for optical
and magnetic applications. The result of this state of affairs is the absence of a clear
protocol for modeling nanosystems, which, on the one hand, leads to the fact that
modeling of nanosystems sometimes turns out to be redundant and does not provide
new information, but more often than not it is insufficient when some of the
important properties are unexplored. Our work is a step towards the creation of a
protocol guiding the systematic theoretical study of the physical properties of
nanomaterials.

The degree of development of the research topic. With the development of
faster computing capability and sophisticated computer programs,
materials simulation is a very important method for scientists and engineers, ideally
and theoretically, the different size of materials can be modeled from first principles.
It is well known that almost all matter is made up of materials, so the design and
optimization of materials are eternal problems, however, the emerging
nanotechnology which changes the distribution and arrangement of atoms to obtain
different properties of materials has brought significant changes in the design of
materials [9]. Nowadays the nanotechnology has been widely used in energy,
medical, aerospace and other fields. [10,11] Computer modeling of nanomaterials
can describe the correlation between the material’s microstructure and its
macroscopic properties quantitatively. The research is optimizing the design of the
material structure through modeling in nanoscale, then calculate the energy of
nanomaterials to assist researching on nanomaterials’ structure and properties.

Nanotechnology is becoming one of the main driving forces for the economic
development of countries around the world. It is widely used in the fields of
information, energy, environmental protection, biotechnology and medicine, various
industries, national defense, etc., which leads to new technological changes,

promotes the transformation and modernization of traditional industries, and forms
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a new industry based on nanotechnology. In the field of information, nanodevices,

which play a key role in next-generation microcircuits, display and memory devices,
which play a key role in the competitiveness of the future information industry. In
the field of energy, nanotechnology can be used in new efficient and alternative
energy sources and storage (such as lithium-ion batteries, solar cells, fuel cells,
hydrogen) and key technologies for efficient use of energy. [12, 13] In the field of
environmental protection, nanotechnology can be used to control water, air and soil
pollution that were previously difficult to control. [14, 15] In biomedicine,
nanotechnology can be used to develop technologies for early diagnosis of diseases.
Rapid, low-cost testing of major diseases such as AIDS, hepatitis, tissue and organ
repair and low-toxic high-efficiency treatment technologies. [16-18]

Currently, there are many software products for modeling the structure and
properties of existing and hypothetical materials. Materials Studio is a relative
mature modeling and simulation software for nanomaterials. Nanomaterials can be
modeled and their physical properties can be calculated with this software. Recently
some researchers use GPU (Graphics Processing Unit) to accelerate the modeling
and simulation for nanomaterials. [19] This work is a simulation of nanosystems and
a description of their resistance to the environment. Zinc oxide has a polar surface
that can form a wide range of nanostructures, in the one-dimensional oxide nano-
systems, it is one of the most promising materials for fabrication optoelectronic
devices, the nanostructure of zinc oxide has high catalytic efficiency and strong
adsorption ability. The electronic structures and optical properties of beryllium
doped zinc oxide have been calculated using this software, we recognized that
doping can improve the efficiency of photoactive materials, beryllium doped zinc
oxide can be used in ultraviolet photoelectric equipment. For the modelling of
carbonitride, we use density functional theory-based methods realized in the plane-
wave pseudopotential approach in the Cambridge Sequential Total Energy Package
codes. In the early research, under the local density approximation by using first
pseudopotential band method, the theory predicts that the hardness of C3N4 can be

comparable to diamond, after the theoretical prediction, the experimenters have the
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opportunity to use various methods for the directed synthesis of this new covalent

compound of high hardness in the laboratory. Various approaches have been
developed, such as synthesis of chemical vapor deposition [20,21], synthesis of
vapor deposition [22,23], synthesis at high temperature and high pressure [24]. But
in the preparation of a carbon-nitrogen film, an amorphous film is obtained in most
cases, and it is difficult to obtain a film of a single crystal phase. Due to the serious
loss of nitrogen content, it’s difficult to obtain the ideal stoichiometry of carbon and
nitrogen by using high temperature and high pressure method. So the study of carbon
properties is more inclined to computational simulation. Without conducting
expensive measurements, modeling the spectrum of electron states of carbonitride
makes it possible to obtain important information about the electronic and optical
properties, and focus on more specific field of practical application, it can be used
in photocatalysts, fuel cell electrodes, lighting equipment, chemical sensors, and
other devices. [25] Two-dimensional materials beyond graphene is emerging area of
current material sciences. Boron monolayers is the one from this class. we not only
demonstrate that borophene (similarly to phosphorene) is unstable at ambient
conditions but provide comprehensive study of the physical properties of oxidized
borophene sheets and suggest possible applications in the areas of solar energy,
sensors, coating and spintronic. Indium Selenide discussed as the one of the most
prospective two dimensional materials, we vary not only the adsorbents but also the
size of supercell and especially the modes of the optimization, we also check the
influence of in-plane and out-of-plane distortions of the substrate, interaction of InSe
with environment at some narrow range of conditions and even slight change of
these conditions could provide significant change in chemical properties. Two-
dimensional materials have ultrathin thickness, the high surface area provides a large
number of reactive sites, which makes them efficient adsorbents for gas molecules,
these materials efficient in catalysis, sensing, solar energy conversion and storage
technologies. [26-29]

Purpose and objectives of the work. The purpose of the thesis is a

comprehensive study of the atomic structure of new materials for optics, electronics
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and photoelectronics based on oxide and low-dimensional systems and the formation

of a systematic description of the relationship between the morphology of the
material, its chemical stability and the effect of modification in various ways
(doping, creating defects, surface oxidation, etc.) on its electronic structure and
optical properties. Another goal of the work is to develop a general approach to an
adequate description of the physical and chemical properties of nanomaterials with
different chemical compositions and morphologies. To achieve the goal of the work,
the following tasks were solved:

1. Obtaining information on the relationship between the atomic structure and
the optical properties of zinc oxide doped with beryllium (Zn,.;Be,O) for various
dopant concentrations.

2. Modeling the atomic structure of carbon nitride (#-C3N4) for a system with
intrinsic defects (vacancies), surfaces, and nanoclusters. Study of the chemical
stability of the surface and identification of the mechanisms of the influence of
defects and their chemical passivation on the optical properties of carbon nitride.

3. A systematic study of the step-by-step oxidation process of allotropes of two-
dimensional single-layer boron. Analysis of chemical stability and study of the
electronic structure of B,O, films.

4. Investigation of the effect of distortions of the crystal lattice of a single-layer
indium selenide (InSe) membrane on the optical properties and the adsorption
characteristics of molecules on its surface. Establishing the relationship between the
adsorption properties and flexibility of a single-layer InSe.

5. Study of the formation of chemically stable magnetic centers with the
participation of oxidized defects on the surface of f-C3N4 and B,O, films.

Scientific novelty:

1. For the first time, a systematic study was made of the effect of a stepwise
increase in the content of beryllium in zinc oxide on its electronic structure and
optical properties.

2. The atomic structure of the f-CsN4 surface and its defects, as well as the

atomic structure of the nanoclusters of this compound, were modeled for the first
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time. The effect of disordering in the atomic structure of f-C3N4 on the formation of
optical properties is revealed.

3. For the first time, a systematic study of the interactions of two-dimensional
boron membranes with the environment was performed.

4. For the first time, chemically stable magnetic centers have been identified in
low-demensional materials that do not contain transition metals .

5. For the first time, the role of various methods of modifying the atomic
structure in the formation of the adsorption characteristics of molecules on the
surface has been established.

6. For the first time, strategies have been developed for modeling the chemical
stability of free two-dimensional systems, two-dimensional systems on a substrate
and the surface of three-dimensional systems.

7. For the first time, a theoretical assessment of the influence of spatial
distortions of the InSe membrane on its electronic structure, optical and chemical
properties has been made.

Theoretical and practical significance of the work:

1. The results obtained expand the fundamental understanding of the
relationship between the atomic structure and the optical properties of pure and
chemically modified low-dimensional systems.

2. The developed approach for assessing chemical stability provides the basis
for further theoretical studies in the field of low-dimensional systems. The
theoretical calculation protocol developed for InSe can be further used to simulate
the electronic structure of similar flexible low-dimensional systems.

3. New methods are proposed to increase the efficiency of photoactive systems.

4. New stable materials for photonics, photochemistry and sensors are
proposed.

5. The detected chemically stable magnetic centers on oxidized defects in f-
CsNs and B.O, films are scientifically interesting as magnetic centers in
nonmolecular materials without transition element atoms. The results can be used

for further development of magnetic materials without transition elements.
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Methodology and research methods. Density functional theory is the most
propagated approach in first principles calculations of realistic systems. This method
plays an important role in condensed matter theory and material sciences. The
electronic structure determines the basic properties of matter such as electric,
magnetic, thermal and mechanical.

In adiabatic approximation we exclude dense small size nuclei from
consideration and reduce multi-atomic system to multi-electron system. In order to
discuss these systems, we make further reduction of multi-electron problem to
single-electron by considering of the motion of electron in the field of others. For
this approach Hartree-Fock method was developed. The main disadvantage of
approximation is ignoring of the spin correlation energy between antiparallel
electrons, while density functional theory considering the correlation energy of
electrons within exchange-correlation therm. Density functional theory established
on Hohenberg-Kohn Theorem, its core idea is to use the density of particles to reflect
properties of the ground states of molecules, atoms and solids, so that the
corresponding electronic structure and total energy can be obtained. However,
Hohenberg-Kohn theorem cannot solve because of the difficulty of the interaction
term in kinetic energy functional, so Kohn-Sham equation is proposed.

Calculations were performed within the framework of the density functional
theory by using the plane-wave pseudopotential approach in the Cambridge
Sequential Total Energy Package codes. We used the generalized gradient
approximation of Perdew-Burke-Ernzerhof scheme to describe the exchange-
correlation potential. For all systems under study, the following procedure was
followed: building a model, choosing parameters for optimization, calculating and
analyzing properties.

Thesis to defend:

1.The varying of the optical properties of Be,Zn;_,O is related to the different

impurity concentration inducing the changes in the lattice parameter.

2.The main contribution to the change in the optical properties of f-C3Ny is

made by the deviation of the atomic structure from ideal. The minimum disordering
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with a standard deviation of 0.3 A atoms from stoichiometric positions is sufficient

to change the absorption spectra of 5-C3Na.

3.Modification of defects on the S-C3N4 surface lead to a significant change in
the energy gap between the valence and conduction bands.

4. The two-dimensional boron monolayer (borophene) is a chemically unstable
material and, regardless of the initial configuration, will oxidize at room
temperature until an amorphous B.O, film forms. Oxidation of borophene leads to
the transformation of its electronic structure from metal to semiconductor, which
makes it a promising material for solar energy, and the influence of adsorption of
molecules on the electronic structure of oxidized borophene makes it possible to
use it as a sensor.

5.The calculated adsorption energies of various gases on the surface of a single-
layer indium selenide (InSe) depend on whether optimization has been made only
of atomic positions (which corresponds to a monolayer on a substrate) or of atomic
positions and lattice parameters (which corresponds to the case of a free
membrane). The obtained results remove the contradictions between the
experimental data and previous calculations.

6.0xidation of borophene, as well as defects on the surface of f-C3N4, can lead
to the appearance of a magnetic moment in these structures due to the presence of
broken bonds. The passivation of these broken bonds is difficult, which makes d0O
magnetism chemically stable in these systems.

The degree of reliability of the work results is determined by the use of
modern certified computer programs for molecular dynamics and quantum chemical
modeling. The results obtained during the work correspond to the known literature
data.

Approbation of work

The main results of the dissertation were presented and discussed at 7
international conferences, congresses, symposia.

Scanning Probe Microscopy (Yekaterinburg, 2017), Master class from Springer
Nature magazine - Publishing Academy (Yekaterinburg, 2017), Scanning Probe
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Metal Ions (Yekaterinburg, 2018), XIX All-Russian Workshop on the Problems of
Condensed Matter Physics (SPFCS-19) in Memory of Tankeev A.P. (Yekaterinburg,
2018), Sino-Russian ASRTU Conference Alternative Energy: Materials,
Technologies and Devices (Yekaterinburg, 2018), The Sixth International Young
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CHAPTER 1. LITERATURE REVIEW
1.The application of density functional theory
1.1.1 Applications in solid state physics
Density functional theory has been used in many fields of the physics and

chemistry, but none so successfully as in the solid state physics. Modern DFT
simulation codes can calculate a broad range of structural, chemical, optical,
spectroscopic, elastic, vibrational and thermodynamic properties of materials. In
semiconductors physics great progress has been made in the modeling of electronic
structure of bulk and defect states despite the severe challenges related with
description of excited states. Studies are no longer restricted to known
crystallographic structures. DFT is increasingly used as an exploratory tool for
materials discovery and computational experiments.
1.1.2 Applications in quantum chemistry

Atomization energies: the most common way of testing the performance of new
functionals is the comparison with the experimental atomization energies of well-
studied sets of small molecules. These comparisons have established the following
hierarchy of functionals:

LDA < GGA < hybrid functionals

Hybrid functionals are progressively approaching the desired accuracy in the
atomization energies, and in many cases they deliver results comparable with highly

sophisticated post-HF methods.

Table 1.1.2.1 — Deviations [kcal/mol] between computed atomization energies and

experiment
Molecule LDA BLYP
CH 7 0
CH3 31 -2
CH4 44 -3
CH, 50 -6
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CoHy 86 -6
F> 47 18
0)) 57 19
No 32 6
CO 37 1
CO; 82 11

Ionization and affinity energies: the hybrid functionals can determined these
energies with an average error of around 0.2 eV for a large variety of molecules.

1.1.3 Applications in molecular electronics
We were able to attribute distinctive features of the current-voltage of the

symmetric and asymmetric molecule to their individual molecular levels obtained

from ab initio calculations. Three subsystems: central cluster and leads [30],
H=Hi+Hr+Hc+V

Central cluster: Density functional calculation (DFT),

He=Yed d
(a) Basis set: LANL2DZ (relativistic core pseudopotentials)
(b) DFT calculations: B3LYP hybrid functional.
Leads: The reservoirs are modeled as two perfect semi-infinite crystals using a tight-

binding parameterization, coupling:

- E_,v__(;l cfj+h.c.)

Vg
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Figure 1.1.3.1 — Total density of states of the molecule and zero-bias total
transmission as a function of the energy for both molecules. The Fermi energy is

set to zero.

Let us start by analyzing the linear response regime, in fig. 1.1.3.1 the total
density of states of the molecule and zero-bias total transmission as a function of the
energy for both molecules. The Fermi energy is set to zero. As can be seen in the
TDOS, in both cases the covalent bond between Au and S results in a strong
hybridization between the molecular orbitals and the extended states of the metallic
electrodes. The formation of wide energy bands suggests the absence of Coulomb
blockade in this type of molecular junction.

The zero-bias total transmission as a 3+ function of energy follows
closely the TDOS. The transmission is dominated overwhelmingly by a single
channel in the energy window shown in the figure, and the corresponding
eigenvalues of at the Fermi energy are Tgm=0.014 and Taym=0.006. The
decomposition of this channel into molecular orbitals provides us information on the

relevance of the different molecular levels.
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1.1.4 Applications in molecular systems modeling
Present trends in the miniaturization of electronic devices suggest that

ultimately single atoms and molecules may be used as electronically active elements
in a variety of applications. Here a candidate to such a theory, which based on the
combination of quantum chemistry methods and Green functions techniques. The
main goal is to show how the electronic structure of single atoms and molecules
controls the macroscopic electrical properties of the circuits in which they are used
as building blocks.

Making the model more realistic [31]: account for proper charge transfer DFT
predicts ~ 0.1 e, Er is shifted down ~ 6 eV, replace the flat DOS by the proper bulk

Pt-Green’s function.
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Figure 1.1.4.1 — Transmission and LDOS projected into one of the

H atoms for two values of the hopping t. Fermi energy is set to zero.
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Figure 1.1.4.2 — Bulk DOS of the Pt reservoirs

The Pt bulk DOS is shown in Figures 1.1.4.1 and 1.1.4.2. We also show the
transmission and the LDOS projected into one of the H atoms for two values of the
coupling to the leads t. One can see that for realistic values of t =1-2 eV, the
transmission at Er can now indeed reach values close to one. Therefore, we conclude
that the high conductance of H; is due to the charge transfer between H, and the Pt
leads and the strong hybridization between the bonding state and the d band of Pt.
This mechanism is not exclusive of Pt and it must also operate in other transition
metals, as it was shown experimentally for Pd, the simple model shows a
transmission compatible with the experiment, the value of transferred charge and the
strong hybridization with the Pt d-band make H, a good conductor.

The conduction mechanism consists of two main ingredients. First, the catalytic
activity of platinum is responsible for a significant charge transfer between H, and
the Pt contacts, which moves the bonding state of the molecule towards the Fermi
energy. Then, the strong hybridization with the d band of the Pt leads provides a
large broadening of the bonding state, finally allowing for a high transmission.
charge transfer and the electronic structure of the metallic contacts are essential for

the proper description of the electrical conduction in single-molecule devices.
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Figure 1.1.4.3 — Transmission and LDOS projected onto one of the H atoms

J
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as a function of energy for the Pt-H,-Pt structure, the central cluster of which is

shown in the inset.

The most probable configuration [32] is shown in the fig. 1.1.4.3, where the H»
is coupled to a single Pt atom on either side (top position). In this geometry the
vibrational mode of the center of mass motion of H,, which is the one seen in the
experiment, has an energy of 55.6 meV, lying in the range of the experimental values.
We also can see that the transmission and the LDOS projected into the orbitals of
one of the H atoms. The total transmission at the Fermi energy is Tiora1 =0.86 and it
is largely dominated by a single channel, in agreement with experimental results. In
the LDOS: the bonding state of the molecule appears as a peak at ~ 6 eV below Er
and the antibonding state, not shown, is located at ~18 eV above Er; around the

Fermi energy the gap between the molecular states is filled due to the strong
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hybridization with the Pt leads, which is indeed the mechanism behind the high

conductance of this molecule. The DFT calculations confirm the conduction
mechanism through hydrogen and provide a good description of the experimental
results.

1.1.5 Current problems of the methodology of basic principles of
calculation
DFT cannot be used to find every single property. Here are some key areas in

which DFT cannot predict properties.

Band Gap: Absolute value of band gap cannot be predicted. GW method is
describe many-body interactions, in practice for computational reasons, some codes
implement this method. This greatly simplifies the calculations, but also makes
important approximations.

High temperature properties: it is not possible to predict various high
temperature properties close to melting point of the material. But a very recently
published paper have improved the formalism which can even account for high
temperature properties [33]. Even after this improvement it would not be possible to
predict various properties close to and above melting point.

Superconductivity and lattice vibrations: superconductivity is attributed to the
formation of Cooper pairs, pairs of electrons interacting through the exchange of
phonon. One way to implement the theory of crystal vibrations in a practical way is
to explicitly calculate the forces between every atom in the crystal and construct the
force constant matrix of the crystal. This force constant matrix then allows us to
calculate the normal modes of at any particular wavevector, q. To calculate the forces
caused by an atom i, we displace atom i, and then use DFT to calculate the forces on
every atom using the Hellman-Feynman theorem. This method of calculating the
force constant matrix by explicitly displacing atoms is called the frozen-phonon
method, phonons calculations usually implemented in codes by frozen phonons
methods. Since it is long distance interaction which is not taken into account in DFT
hence DFT cannot accurately predict superconductivity.

1.1.6 New approaches in first-principle calculations
In addition to DFT, DFT + DMFT is actively developing: Ab initio approach to
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correlated electron materials, powerful tool to study/predict properties of correlated
materials, Hamiltonian from DFT could be inserted in many-body calculations
(depending from atomic structure of the compound).

First-principles calculations have also been extensively applied to interpret
electron energy loss spectra measurements - many (scanning) transmission electron
microscopes are fitted with an electron energy loss spectrum. Electron energy loss
spectra provide a method of probing the bonding within a material. Depending on
the energy range examined the processes involved include excitations of core
electrons into the conduction states, and plasma excitations of the valence electrons.
DFT has been shown to be sufficient to interpret electron energy loss spectra of a
wide range of materials. It is a particularly important technique for the study of
nanomaterials as the latest generation of scanning transmission electron microscopy
can obtain high-energy resolution electron energy loss spectra at atomic-level spatial

resolution.
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Figure 1.1.6.1 — A nitrogen substitutional dopant atom in graphene (a) model used

for simulations, (b) experimental and calculated electron energy loss spectra data

Fig. 1.1.6.1, as an illustration, (a) model used for simulations and (b)
experimental and calculated electron energy loss spectra data [34], CASTEP was
recently used to predict the change in the carbon K-edge spectrum (an excitation of
the 1s electron) owing to the presence of a substitutional nitrogen defect in graphene.
The calculations predicted a pronounced shoulder to the o peak for the carbon atom
directly bonded to the nitrogen. Carbon atoms greater than three bonds from the
defect were shown to have spectra essentially identical to pristine graphene. These
subtle changes were subsequently observed in scanning transmission electron
microscopy electron energy loss spectra measurements on N-doped graphene,
providing direct evidence of the N-C bond.

Example: Below, the spin susceptibility of alkali metals y/yo, where yy is the

Pauli susceptibility of a free electron gas.
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Table 1.1.6.1 — The spin susceptibility of alkali metals

Metal DFT result (LDA) Experiment
Li 2.66 2.57
Na 1.62 1.65
K 1.79 1.70
Rb 1.78 1.72
Cs 2.20 2.24

S. H. Vosko, et al. (1975) [35] make a priori calculations of y for the alkalis using
new variational-principle, density-functional theory of the spin susceptibility y.
Crystalline effects are calculated by the spherical-cell method and the local spin-
density approximation is used for the exchange-correlation functionals.

As seen in Table 1.1.6.1, its agreement with experiment worsens progressively
as we consider larger core systems, to account simultaneously for band effects and
the influence of the core on exchange and correlation, a model Hamiltonian can be
introduced DFT result. This leads to

X/xo(rs)=(my/m) [xn(rs*)/xo(rs*)]
It indicates the importance of the influence of the core electrons on exchange-
correlation. DFT describes very accurately alkali metals. The excellent agreement
between the results and recent experiments establishes the validity of this new theory
and the correctness of the theoretical values for the exchange-correlation
enhancement of y for a homogeneous electron gas for »,<5.

The underestimation of the band gap with LDA or GGAs causes a complete
closing of the computed minority-spin band gap in CoFesMnysSi, predicting the
material to be an ordinary metal and consequently of no use in spintronics

applications. However, the inclusion of a small Hubbard U term (typically around 2
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eV) on the Fe and Mn d-states recovers the localization, and opens up the minority-

spin band-gap while preserving, correctly, the metallic character of the majority
spins.

DFT simulations are increasingly important in the field of device technologies,
and used to study everything from conventional complementary metal oxide
semiconductor (CMOS) devices to future devices based on half-metals,
thermoelectrics or multiferroics. Obtaining the correct band-gap for the constituent

(doped/defect) materials is essential to describe the functionality of these devices.

6L CB
% 4 ._— —-o0— 00— )
i
g f
5
=
o B
N B 15 vt
§ VB
| = 0 2 - 0
E Si VO V() V6 VO+ IO lO 16

HfO,

Figure 1.1.6.2 — Defect levels in HfO; arising from oxygen vacancied and

interstitials in a variety of charge states

In the case of HfO, [36], defect levels in HfO, arising from oxygen
vacancies(V) and interstitials(I) in a variety of charge states shown in fig. 1.1.6.2.
The top valence band (VB) and bottom conduction band (CB) are shown for
reference. The short lines show the energy level position within the gap and the dots
show electron occupancies. On the x-axis, V indicates vacancy and I interstitial with
the superscripts showing the defect charge state. Screened-exchange calculations

showed that the oxygen vacancy gives rise to defect levels near the conduction-band
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edge of silicon, so it was determined that this defect was the main charge trap in
HfO,-Si interfaces. For HfO, to be used successfully in new devices, such defects
must be passivated using an oxygen-rich processing technique (we will discuss it
below in the chapter 4 about the chemical properties of surface and nanocluster of
CsNy4 and unavoidably passivated at ambient conditions.).

The high-k dielectric refers to a material with a high dielectric
constant (k, kappa), as compared to silicon dioxide. High-k dielectrics are used
in semiconductor manufacturing processes where they are usually used to replace a
silicon dioxide gate dielectric or another dielectric layer of a device. For the high-k
materials have a higher defect concentration leading to large electron/hole trapping,
lower mobility, changes in threshold voltages and other sources of instability.
Therefore, it is crucial to understand the electronic structure of the defects and the
processing conditions required to minimize their concentration. This requires
accurate, predictive electronic structure calculations, including excited states and
semiconductor defect energy levels, for which screened exchange is well suited.

The electronic band-gap of a material may be defined as the difference between
the electron affinity (the energy of adding an electron to the system) and the first
ionization energy (the energy of removing an electron from the system); each of
these can be calculated using conventional DFT. But these calculations provide
underestimation of the value of the band-gap because use of exchange-correlation
functional. For providing values of the bandgap closer to experimental, DFT+U is a
popular method for treating the effects of self-interaction and it has been applied to
a wide range of materials.

The example, native vacancy defects in typical strongly correlated oxides NiO
have been investigated using the GGA+U method [37]. First-principles
computations were performed using the Vienna Ab initio Simulation Package
(VASP) code in the calculations, electronic correlations were also included in a
simple rotationally invariant DFT+U version, in this method, the optimal
combination of U =6.3 eV and J = 1 eV was found to improve the prediction of the

electronic structure and magnetic properties.
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Figure 1.1.6.3 — The Total and partial density of states (spin up) of perfect NiO
calculated using 64-atom supercell (a) and oxygen vacancy ina 2 x 2 x 2 NiO

supercell (b). The Fermi energy is set to 0.0 eV.

The above fig. 1.1.6.3 are respectively total and partial density of states of
perfect NiO calculated using 64-atom supercell and total and partial DOS of oxygen
vacancy in a 2x2x2 NiO supercell. It shows the density of states of perfect NiO with
64 atoms supercell. It can be seen that the system exhibits a typical insulator
character with bandgap of about 3.1 eV, O 2p is mixed with Ni 3d at the top of the
valence band, NiO thus is a mixture of charge-transfer and Mott-Hubbard type.

Now, we turn our attention to the DOS of NiO with oxygen defect. As shown
in the figure, an oxygen vacancy leads to formation of a set of impurity levels, with
a low-lying level in band gap and higher lying levels just below the conduction band,
which indicates that electronic structure exhibits a clear donor character. The 3d
states of Ni atoms dominate the impurity states, where as O-2p states contribute little
to it. These impurity levels are formed from the dangling 3d orbital of Ni atoms
coordinating the vacancy site. As shown in the density of states, the bandgap is
narrowing largely and the system becomes semi-conducting. From the calculation,
we also find that the magnetic moment of the system is zero and this nonmagnetic
behavior does not change with ionized state of vacancy. These results indicate that

oxygen vacancy cannot induce half-metal ferromagnetism.
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This is example of CoFeosMny sSi [38], which is a half-metal, meaning that the
states at the Fermi level are completely spin-polarized. Half-metals are of great
interest for spintronics applications because an applied voltage causes a spin current
to flow. The density of states around the Fermi level (dashed line) for the half-metal
Heusler alloy CoFeosMngsSi calculated using PBE (a) and PBE + U (b) (Fig.
1.1.6.4). With the PBE exchange-correlation functional the system is predicted to be
fully metallic, where inclusion of a modest Hubbard U (U = 2.1 eV) opens up a band
gap for the minority spins.
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Figure 1.1.6.4 — The DOS around the Fermi level for the half-metal Heusler
alloy CoFeosMng 5S1 computed using PBE (a) and PBE+U (b).
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1.2From methods to materials

1.2.1 Investigation of the condition of defects according to the properties

of materials

Having described the history of the creation and development of methods for
calculations within the framework of the photomultiplier, we will proceed to
describe the features of the methods associated with the materials selected for study
in our work. Zinc oxide was chosen as an object for studying the effect of doping on
the optical properties of low-dimensional systems, which is considered as a
promising material for multiple applications, such as photoelectronics and
photochemistry. [4-7] Beryllium was chosen as a dopant for ZnO, which, unlike
transition metal impurities, is not prone to clustering in the zinc oxide matrix. [8] To
begin with, we will look at previous achievements in the field of modeling zinc oxide
and other similar objects.

We can predict various phase transformations that takes place under mechanical
strain. Crystal structure changes even when dimension of the system is altered for
example ZnO have wurtzite structure in bulk but it is graphitic in nanowire this can
be predicted by DFT. Calculated cohesive energy per atom of the system we can be
used to predict the phase transformations. Phase transformation are determined
using X-ray and neutron diffraction.

Here we illustrate how phase transformation can be estimated using DFT in
ZnS. ZnS exist in the B3 (zinc blende) at equilibrium and B1 (rocksalt) crystal
structures at high pressure. Transformation takes place when pressure of both crystal
structure is same. Now to calculated pressure at what pressure zinc blend structure
of ZnS changes to rocksalt we use Birch—Murnaghan equation of state that relates
pressure to volume and energy [39].

P=- (OE/0V), where P is pressure, E is energy of the system (in our case energy per
unit cell) and V' is volume of system (in our case volume of unit cell).

To calculate pressure at various volume of unit cell, calculate energy per unit
volume at various volume of unit cell of both zinc blend and rocksalt crystal

structure. Energy per unit cell can be easily calculated using DFT to very high degree
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of accuracy by choosing suitable input parameters. Figure below shows energy per

unit cell vs volume of unit cell of two crystal structure [40].

Slope of the curve give pressure at various volume of unit cell. Common
tangent to two curves give the pressure of phase transformation since at that point
pressure is same for two crystal structure. Thus calculated value of phase
transformation is 16.1 Gpa. Experimental value of pressure of phase transformation
is 15-18 Gpa [41].

It can predict the best possible crystal structure without any input of
experimental data what so ever. Geometries of various organics molecules can be
determined. Defect structure as vacancy, grain boundary etc. can be estimated.
Surface structures and adsorption can be predicted for variety of systems. Diffusion
rate of vacancy, interstitial etc. can be quantified by calculating migration barrier to
diffusion of these species.

Experimentally structural properties are determined using X-ray and neutron
diffraction. Various types of microscopy can also determine structural properties of
the surfaces. Vacancy and interstitial defects have to be measured with various
composition to get diffusion rate.

By the means of DFT we can predict various mechanical properties of given
material such as Elastic Modulus, Compressibility, Thermal expansion coefficients.
Experimentally mechanical properties can be determined using tensile test, hardness
test (Vicker and Rockwell) [42,43]. Thermal expansion can be determined using X-
ray diffraction. By calculating which is phase is stable at various composition and
various temperatures we can plot phase diagram. Phase diagram can be made by
finding crystal structure at various composition and temperature. Various alloy
composition has to be made and crystal structure could be predicted and compared
with experimental phase diagrams.

Band structure and electronic density of states can be calculated of almost any
given system. Dipole moment of molecule, interface can be calculated. Conductivity
and transport properties of materials can be estimated. Ionization energies and

electron affinity can be estimated. Band offset can be calculated at hetero-junctions.
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Experimentally electronic structure of valence can be measured X-ray

photoemission spectroscopy (XES). Conduction band can be studied by the means
of X-ray adsorption spectroscopy (XAS). Band structure on the surface is measured
by angle-resolved photoemission spectroscopy (ARPES). Though band gap is
underestimated by DFT. But change in band gap (trend in band gap) with strain can
be very well approximated. Hence optical spectra can be estimated. Luminescence
and fluorescence of materials can be found using DFT. Band gap, luminescence and
fluorescence can be measured using UV-Visible spectroscopy.

In the early 1990s, p-type thin film preparation of wide bandgap semiconductor
GaN was proposed by Nakamura and other researchers, GaN is used in short
wavelength light-emitting diodes, lasers, and other devices, it is characterized by
wide band gap, high thermal conductivity and excellent chemical stability [44]. But
later it was found that the material of Ga is scarce and costly, highfrequency
performance of GaN is poor and due to its p-type doping is not good, the obtained
hole concentration and mobility are small, which is 0.1%-1% doping efficiency [45],
these factors have led to GaN being affected by photoelectric devices. Therefore,
people hope to find suitable materials to replace GaN. However, room temperature
optically pumping ultraviolet laser of ZnO thin film was first reported at the end of
the 20th century, and it was drawn attention from researchers [46]. So far, ZnO
materials are still being studied, and it has made great achievements in the field of
short wavelength photoelectricity. In comparison to GaN, ZnO is a promising
material with low cost, the same crystal structure as GaN, and their lattice constants
are close. ZnO has a large melting point, it’s easy to doping and non-toxic, its
characteristics include radiation resistance, thermal stability, chemical stability and

electromechanical coupling [47]. The conditions of the zinc oxide film can be less

than 500°C and can grow at low temperatures so that the substrate can be selected

from a single crystal substrate or an amorphous substrate [48]. II-VI wide-gap
semiconductor zinc oxide has become a great importance to the photoelectric

materials, and it was widely used in ultraviolet light photoelectric devices [49,50].
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The band gap of zinc oxide is about 3.37¢V, the binding energy of exciton can reach
as high as 60meV, which i1s much larger than the thermal energy 26meV at room
temperature. As a result, the exciton is stimulated above room temperature. When
compared to the luminescence of the electron-hole pair, the luminous efficiency of
exciton is higher. It has a wide range of applications, including lasers, light-emitting
diodes, gas sensors, ultraviolet detectors, transparent conductive films, solar cells,
blue light, and blue-green light devices [51]. Liu et al. have reported on the
fabrication and characterization of ZnO based metal-semiconductor-metal
ultraviolet sensitive photodetectors and the growth of 1pum thick N-doped ZnO on
the surface of sapphire [52]. They used organic chemical vapor deposition method,
the detector's cutoff wavelength is 373 nm, the resistivity of ntype ZnO was
improved by N-doped ZnO and the photoresponse is very high, reaching 400A/W at
5V bias. ZnO is also regarded as the starting material for white light emission, its
luminescence properties are related to the selection of doping elements, preparation
conditions, preparation methods and excitation conditions.

Experimental [53-55] studies have found that magnesium doped zinc oxide
form Mg,Zn,.,O ternary mixed crystal, as Mg concentrations (x<0.33) increases, the
band gap of Mg,Zn;.,O ternary mixed crystal increases from 3.3 to 3.99eV, but
because of the different crystal structures and large lattice mismatch between ZnO
(3.25A, hexagonal) and MgO (4.22A, cubic) observed crystal phase segregation
between ZnO and MgO as Mg concentrations (x>0.36) [56]. Recently used Be
instead of Mg in order to expand the band gap, the band gap of BeO is 10.6eV, the
lattice structure of BeO as the same as ZnO. Ryu et al. have investigated Be,Zn;..O
ternary mixed crystal, they synthesized BeZnO films on c-Al,O; substrates by the
method of hybrid beam deposition [57, 58]. The experimental results indicated that
the concentration of Be varied over the entire range from 0% to 100% and no phase
segregation between ZnO and BeO was detected. After that, they got ZnO-based
ultraviolet light emitting diodes that employ BeZnO/ ZnO [59]. Recent experimental
works discussed the methods of the synthesis of BeZnO ternary alloys and stability
of the crystal structure [60-63]. In all experimental works [60-65] was detected a
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gradual increase of bandage with an increase of Be-content. Theoretical works about

BeZnO systems mainly considered changes of lattice constants and the band gap
[66,67], quantum wheel behavior [68,69] piezoelectricity [70] or impurities in
BeZnO systems [71,72]. Electronic structure and optical properties of these systems
remain out of focus of current theoretical works.

1.2.2 Modeling of nanosystems and their stability
After mastering the features of the calculation procedure based on doped zinc

oxide, we proceed to review systems in which the features of the nano-state play an
important role. The first object of our study is f-C3N4 or carbonitride. Carbonitride
is currently considered as a prospective material for various applications, such as
photocatalysts, fuel cell electrodes, light-emitting equipment, chemical sensors, and
other devices[73]. Initially, theory has predicted that the hardness of C3N4 with Si3N4
crystal structure can be comparable to diamond [74]. This prediction will be soon
confirmed experimentally [75-80]. All experimental works demonstrate sensitivity
of chemical and optical properties to the method of fabrication [76-81]. The next
step was development of the carbonitride nanostructures, which demonstrate
outstanding fluorescence and luminescence [82-89]. Because formation of C3;N4
films occurs at high pressures and temperatures, unavoidable loss of nitrogen results
in lack of crystallinity in these materials, so the study of carbon properties is more
inclined to computational simulation.

Theoretical modelling of various structural phases of C3N4 reveals the presence
of indirect gap in S, a, and cubic phases and direct gap in graphitic phase. The latter
phase also has the lowest total energy. The cause of the decreasing of the bandgap
in graphitic phase is sp? hybridization of carbon atoms. [90] The phase with the
highest density is the cubic one, while the graphitic one has the lowest. The largest
difference between these structures involves the hybridization of nitrogen and
carbon. There are sp? and sp® hybridizations on carbon and nitrogen in a-C3N4 and
[-C3Ny, respectively. In pseudocubic C3Ny4 or cubic C3Ny, both carbon and nitrogen
is in sp® hybridization [90]. Theoretical modeling reports dependence of optical

properties of [-CsNs on pressure [91]. Bandgap values of a-, f-, cubic-,
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pseudocubic-C3Ng4, g-h-triazine, g-o-triazine, and g-h-heptazine were calculated by
GW method [92]. The pseudocubic phase and g-h-triazine phase had direct band
gaps, while others had indirect band gaps. M. L. Cohen predicted that if copious
amounts of B,C,N. and C nanotubes can be synthesized they may provide new forms
of tough coatings [93]. The study of the structural and electronic properties of Si3N4
and the hypothetical compound C3N4, demonstrates the sound velocity in C3Ny is
estimated to be over 20% larger than that in Si3N4. This large sound velocity could
lead to useful thermal properties in C3Ny, such as a high thermal conductivity. [94]

In aforementioned works, only the systems with perfect crystal structure were
considered. Recent progress in carbon-based plasmonics [94-100] also requires
consideration of the surface and nano-phases of carbonitride. Taking into account
effect of disorder, surface, and defects is the further logical step toward
understanding electronic structure and optical properties of realistic carbonitride
structures [69-89].

Since the successful isolation of graphene, two-dimensional (2D) materials have
been a focus of research in electronic devices due to their unique physical properties
and potential applications. [101-103] Successful production of multiple new 2D
compounds stimulates theoretical design of future members of this class. There two
main approaches to the theoretical predicting of novel 2D materials. The first is
consideration of the layers as naturally layered structures as separate monolayer (for
example graphene and graphite, phosphorene and black phosphorous). The second
approach is varying of the chemical composition of already synthesized 2D
structures with keeping of geometrical structure (for example multiple layered
dichalcogenides beyond MoSe,). The third approachis theoretical design of
completely new compounds (for example silicene and germanene). Recent synthesis
of silicene [104] demonstrate efficacy of latter approach.

The next material to be studied in the framework of our work was borophene,
a two-dimensional boron. Boron is the neighbor of carbon in the periodic table and
similarly to carbon has a multiple valence. These facts stimulate modeling of boron

analogous of carbon low dimensional structures. Initially was discussed stability of
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boron-based materials with fullerene-like boron structures [105], boron nanotubes

[106] and further 2D boron. [107] Dozens of simulated allotropes of 2D boron with
similar atomic structure and almost the same total energy per boron atoms were
reported. The nature of this multiplicity of 2D boron allotropes was also discussed.
[108] Successful synthesis of silicene on metallic substrate [109] stimulate the
modelling of the grown of 2D boron over the most used for the grown of 2D systems
metallic substrates. [110].

Another two-dimensional system for studying the stability and properties of
which was produced is indium selenide. Recently, indium selenide (InSe) with a
hexagonal structure and a typical layered semiconductor [111-113] characteristic has
gained increasing attention owing to its intriguing electronic properties. [114-118]
The experimental results evidence that the thinner InSe films rapid oxidative
degradation. [114] At ambient conditions some small molecules (O,, CO, H,O and
NO,) are always interact with the surface of two-dimensional nanomaterials. These
small molecules can modify the electronic and optical properties of two-dimensional
nanomaterials. [119-123] Another work [124] provides experimental and theoretical
evidences of chemical stability of InSe-monolayers.

1.3 Conclusion
The purpose of this review was to view the trends in study of the effect of the

modification of low-dimensional systems on their electronic structure and optical
properties and see how the study on theoretical and experimental have changed and
are still changing. It is clear from the research reviewed that the greatly favors
applications of low-dimensional materials in electronics, optoelectronics and other
fields due to their physical and chemical properties. Along with this, these materials
were used in catalysis, sensing, solar energy conversion and storage technologies.
Based on the studies and analyzes of literature review, this thesis include more
systematic studies on the electronic structure, optical and chemical properties of
oxide and low-dimensional systems in order to more effective application in

photonics, photochemistry, sensors and other fields.
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CHAPTER 2. THEORETICAL AND METHODOLOGICAL BASIS OF
THIS STUDY
2.1 Density functional theory
Density functional theory [125-128] is the most propagated and used approach

in first-principles calculation. The method has been the dominant technique for the
quantum mechanical simulation of periodic systems in the past. Because of the
development of science and technology, recently density functional theory has also
been adopted by quantum chemists, now it is widely used for the simulation of
energy surfaces in molecules.

As we all know, atoms are made up of nuclei and electrons and the structure of
electronic clouds determines interatomic interactions and the basic properties of
matter. First-principle methods usually apply to studies the electronic structure of
matter. To increase the size of considered systems we must use a certain approximate
method to simplify description of the multi-particle system. At the first step, we
separate the motion of the nucleus from the electron. In other words, the
transformation of a multi-particle system to a multi-electron system, known as the
adiabatic approximation [129].

In order to solve the systems beyond hydrogen atom, the multi-electron
problem is transformed into a single-electron problem when each electron
considered as existing in effective field created by nuclei and other electrons
(Hartree—Fock equation) [130]. But the serious disadvantage of this approximation
is to ignore the correlation energy between electrons with antiparallel spins. Various
approximation used for take into account exchange-correlation energy.

The next step in development of density functional theory is Hohenberg-Kohn
theorem [131]. The core idea of the approach is to use the density of particles to
reflect the properties of the ground state of molecules, atoms and solids, so that the
corresponding electronic structure and total energy can be obtained. However, the
Hohenberg-Kohn theorem cannot solve the difficulty of kinetic energy functional in
the interaction, so the Kohn-Sham equation [132] 1s proposed.

The density functional theory is presently the most successful approach to

compute the electronic structure of matter. Its applicability ranges from atoms,
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molecules and solids to nuclei and quantum and classical fluids. In its original

formulation, the density functional theory provides properties of a systems in the
ground state and the description of the electron density plays a key role.

Density functional theory predicts a large variety of molecular properties:
molecular structures, vibrational frequencies, atomization energies, electric and
magnetic properties, reaction paths, etc. The original density functional theory has
been generalized to deal with many different situations: spin polarized systems,
multicomponent systems such as nuclei and electron hole droplets, free energy at
finite temperatures, superconductors with electronic pairing mechanisms, relativistic
electrons, time-dependent phenomena and excited states, bosons, molecular
dynamics, etc.

The Schrodinger equation:

The ultimate goal of most approaches in solid state physics and quantum

chemistry is the solution of the time-independent, non-relativistic Schrodinger

equation

- - - - - - -

HY (x;,x,,..x,R,,R, ,..R,, )=EY¥,(x,,%,,..%,,R,,R, ,..R,,)
(2.1.1)

H is the Hamiltonian for a system consisting of M nuclei and N electrons:
A N M N M N N M M
Fo-lgve_L 1Vi_2;4+221+22%
2 £ 24 M, Hathy SV ffsa Rz

where A and B run over the M nuclei while i and j denote the N electrons in the

(2.1.2)

system.

The first two terms describe the kinetic energy of the electrons and nuclei. The
other three terms represent the attractive electrostatic interaction between the nuclei
and the electrons and repulsive potential due to the electron-electron and nucleus-
nucleus interactions.

Born-Oppenheimer approximation: due to their masses the nuclei move much
slower than the electrons, we can consider the electrons as moving in the field of

fixed nuclei, the nuclear kinetic energy is zero and their potential energy is merely a
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constant. Thus, the electronic Hamiltonian reduces to

A 1 N N M Z N N 1 A A A
H etec =——2Vf —22—"+22——T+VNE+VW
2£ = o = BV R = Wy =
(2.1.3)
The solution of the Schrodinger equation with e is the electronic wave

function ¥ «and the electronic energy E dec  The total energy Eo is the sum of E e

and the constant nuclear repulsion term Ene :

IA{ elec q’e[ec =E e[eclpelec‘
(2.1.4)
Etot = Eelec + Em-'(?
(2.1.5)
E ~ M M ZAZB
e =1 B>A4 RAB
(2.1.6)

The Hartree-Fock approximation:

Suppose that 7 (the ground state wave function) is approximated as an

v (x,)

antisymmetrized product of N orthonormal spin orbitals , each a product of a

spatial orbital Pu7)and a spin function a(s) = a(s) or f(s), the Slater determinant

¥ a¥.. = fi_rr!‘[rlixzj !‘UJ'EXJ:' LU_\':':I::'
Vi(xy) Py(xy) - Pylry)

(2.1.7)
The Hartree-Fock approximation is the method whereby the orthogonal orbitals

7; are found that minimize the energy for this determinantal form of .
Eyp = Miny —>N)E[WHFJ
(2.1.8)

b

The expectation value of the Hamiltonian operator with * #F is given by
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A N 1 N
Eyr = (WHF|H|5UHF> = zHi "'EE(JU' _Kij)
= =l

(2.1.9)

H, = [P (x) —;Vz V() |7, (0)d x (2.1.10)

defines the contribution due to the kinetic energy and the electron-nucleus attraction

and

- . 1 « - - =
J; =fJWj(x1)Ti (xl)ayfj(xz)‘[/j(xz)dndxz

(2.1.11)

* - - 1 e * - - -
K, =ff‘1’i (XI)SUj(Xl)aWi(xz)Wj(xz)d.X'Idxz (2.1.12)

The integrals are all real, and Jy2Ky =0 heiare called Coulomb integrals,

the Xi are called exchange integrals. We have the property Ji=Ki | The

minimization of the energy functional with the normalization conditions leads to the

Hartree-Fock differential equations:

A

fV =¢e¥,i=12,.,N

(2.1.13)

These N equations have the appearance of eigenvalue equations, where the

Lagrangian multipliers are the eigenvalues of the operator / . The Fock operator / is

an effective one-electron operator defined as

A M
f = _lvf _ZZ_A+VHF(i)
2 T

(2.1.14)

The first two terms are the kinetic energy and the potential energy due to the
electron-nucleus attraction. V# () is the Hartree-Fock potential, the average

. . . =th ..
repulsive potential experience by the ! electron due to the remaining N-1 electrons,
Y p p y g

and it is given by
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Ve () = 3 (7, 00) = K, ()
j (2.1.15)

P - 21 -
Ji() = [19,(x,) ] —dx, (2.1.16)

ha

—

The Coulomb operator represents the potential that an electron at position *1

experiences due to the average charge distribution of another electron in spin orbital

ij. The second term is the exchange contribution to the HF potential. It has no

classical analog and it is defined through its effect when operating on a spin orbital:
K, (%)%, (x,) = f?’}(ﬂ)é%(i)di v (x)

(2.1.17)

The HF potential is non-local and it depends on the spin orbitals. Thus, the HF
equations must be solved self-consistently. The Koopman’s theorem [133] provides
a physical interpretation of the orbital energies: it states that the orbital energy is an
approximation of minus the ionization energy associated with the removal of an
electron from the orbital.

The Hohenberg-Kohn theorem:

Hohenberg-Kohn theorem considered heterogeneous electron gas, one of its
core elements: The ground state of interacting multibody system is determined by
the density function p(r) of particle number. In the adiabatic approximation, it is
usually described that multi-electron multibody problems correspond to the
Hamiltonian H is

e zea.

B , 1 e
RRETR M IR oy

":_’.:'| id

-

=

S

(2.1.18)

Transform H into:

H=T+V,_ +V

ext

(2.1.19)

Where 7 is the kinetic energy of the system, V.. 1s Coulomb interaction between
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electrons, Ve as an external disturbance potential.

K , 1 e’
T+V$=—2—%Zf?f +5?§'|",-—P‘J-|
(2.1.20)
Ve = J V)= Y [rV () (r = 1)
| | (2.1.21)

Here the V(r) stands for a single electron defined extraterritorial potential, it is
compared with the ground state electron density p(r) of the system.

When ¥(r) is a given, the ground state wave function of the corresponding
system can be obtained, and because V(r) and p(r) correspond to each other, so the
ground state energy, the kinetic energy and electron interaction can be expressed as
Elp], TIp] and Vee[p]. In this way, we usually describe the basic variables of all the
physical properties of the ground state of the multielectron system as the density of
the ground state.

The second of its core contents is when the number of particles is constant, the
ground state energy of system can be obtained by the energy functional E[p] to the
variation of the density function. The ground state energy (energy functional) of the

system is as follows:

Wiel>
=T[p]+ Vee[p]+fd3rV(r)p(r)
= F[p]+ f d’rV (r)p(r)

E[p,V]=<g[p]|T+V,, +V,

(2.1.22)
In the upper formula, the physical quantity F[p] varies with the ground state
electron number density, is only functional of the ground state electron number

density, and F[p] is an unknown quantity,

Fp1=Tlp1+ ffarar 2P0 1 i fp)

'
|7"—l"

(2.1.23)

Which Z«[P]is exchange correlation interaction, combining the particle number

density function p(r), kinetic energy 7[p] and the exchange correlation energy
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functional £«[P1, we can work out the ground state energy. In order to solve these
quantities, the Kohn-Sham equation and the local density approximation [134] are
used to solve them.

The Kohn-Sham equations:

Since the interaction between electrons, it is still not easy to solve the
Schrodinger equation of the system strictly. We can only make the corresponding
approximation and correction in the calculation. W. Kohn and L. J. Sham suppose
that kinetic energy functional 7[p] is replaced by the particle kinetic energy
functional 7i[p], and the density function p is the same, Then p can be represented:

N
p(r) = lei(f’) i
(2.1.24)
Where Ts[p] is expressed as

N
Ilp]= Z dry (r)(=V W, (r)
(2.1.25)
And then, according to E[p], the variation of p(7) can be replaced by the variation of

wi(r)

6{E[p(r)]_2Ei[fdnpi*(r)wi(r)_1]}/6wi(r) =0

(2.1.26)
=V + Vs [p (M, (7) = Ep . (7)
(2.1.27)
Vks corresponds to the effective potential in HF equation.
Vis[p(r)]=v(r) + Ve, [p (] + V. [p(r)]
_ p(r)  OE.[p]
=v(r) +fdr|r—r'| + 50 ()
(2.1.28)

Solution of the problem of p(r) and T[p], Vic(p) 1s expressed as an exchange
correlation potential. We must use the local density approximation to calculate
Vie(p), and then we will focus on the local density approximation.

The Local density approximation and generalized gradient approximation:
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As mentioned above, the key step in density functional theory is how to select
and solve the exchange correlation energy, the essence is the calculation of V.(p).
Because the theoretical functional of this paper is dependent on all density
distributions, so Ex.[p] is non-localized to p. Under the condition of very slow

change of electron density space, energy density functional g,[p] becomes

g.lpl=gllp(M]+glp(®IVp()+...
(2.1.29)

Coefficient&cand £ representative electron density localization function. If we look

at the first case, we get the local density approximation,

(LDA)
. 1Pl _¢ (p(r)+p(r) ExP)

VLDA
=) dp(r)

(2.1.30)

exc(p(r)) means the average electron gas Ex.[p] by using the particle p(7) as a function.

As above, the ground state of the system can be obtained from the relation between

exc(p(r))-
According to the method of LDA approximation, the ground state energy of

multibody system can be transformed into:

E2 =Y, —lfd3rd3r'p(r) < o) [dm() == & (00 )0
r 2 r- dp(r)

(2.1.31)

The LDA approximation method is relatively uncomplicated, however, it is
only used in the average electron gas, and the experiment also shows that it ignores
the interaction between electrons, which makes the material research and prediction
become inaccurate. With the further development of science, there are also
generalized gradient approximations [135], this approximation has the following
advantages: it can solve the inhomogeneous system, and the accuracy of the results

is very high, because the generalized gradient approximation considers the charge

density in the whole space. GGA is represented as:

E . [p(r)] = f d’rp(re,.(p(r)Vp(r))
(2.1.32)
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GGA has expressions such as RPBE, WC, PBEsol or PW91, in my calculations,

I can choose the appropriate approximation according to the need. An Example of

GGA'’s, exchange: PW86, B88 (“B”), PWO1, correlation: LYP,

x’ _|Vp|
1+6Bxsinh'x”~  p*?

EXp1=E[p]-pp"”
(2.1.33)

GGA’s improve over L(S)DA but are still not necessarily very accurate; one
reason is the exchange potential doesn’t necessarily have the correct qualitative
behavior, B88 has the correct -1/r asymptotic behavior of the energy density but not
the overall exchange potential.

The Pseudopotential plane wave method:

According to the above contents, the total energy of the corresponding system
and the number of ground state particles can be obtained by solving the kohn-sham
equation, and in order to converge accurately and rapidly for the system in the
process of self-consistent, we must find an appropriate basis function. In specific
problems, different basis functions can be used according to different objects of
study, for example, the tight-binding method, pseudopotential method, affixing
method and orthonormal plane wave method.

The maximum frequency pseudopotential plane wave method [136] is divided
into the following categories: the first is semi-empirical model pseudopotential
method, the second is empirical pseudopotential method, the third is the first
principle ab initio method for modulus conservation pseudopotential calculation.
The second pseudopotential is an important method for studying the electrical and
optical properties of semiconductors, the first and the third pseudopotential are the
most widely used self-consistent to calculate atomic pseudopotential. The model
pseudopotential is local semi-empirical pseudopotential, while the modular
conserved pseudopotential has no other empirical pseudopotential.

We use computer simulation to design materials. It is hoped that the force
between atoms and the physical properties of the material can be achieved through

the first principle method. For example, in Fig. 2.1.1 super-cell geometry, it is
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convenient to have periodic systems such as crystals or surfaces, but for aperiodic

systems, large enough super cell is needed to separate them.

1 1
L X

(a) (b)

-

-----------------------------

&>

(c)
Figure 2.1.1 — Schematic illustration of a supercell geometry for a vacancy in a
bulk solid (a), a surface of a bulk solid (b) and a molecule (¢)
Periodic boundary condition, the time independent Schrodinger equation can
be written as

HY =[T+V¥ = E¥
(2.1.34)

When the potential is periodic, such as for every translation vector R, the potential

1S invariant.

V(r+R)=V(r)
(2.1.35)

Then the Bloch theorem tells us that the solutions of the original Schrodinger
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equation must satisfy the following simpler forms
W(r)=u(r)e”
(2.1.36)
This is an emerging parameter, and different k leads to different solutions, so it
should be fully defined as
Y_(r)=u.(r)e*"
k k
(2.1.37)

u(r). o :
Where *  is aperiodic function

u;(;+ R) - u;(;)
(2.1.38)
The important result here is that we only need to calculate the atoms and
electrons in the range of a unit cell (unit cell vector R). It is naturally convenient to
have periodic systems such as crystals or surfaces. For aperiodic systems, large
enough super cell is needed to separate them. The basic requirement of the size of
super-cell is that the simulated independent object should be separated from the

periodic images in other super-cell without the interaction and non-physical results.

: u_(r) :
So we just have to solve the part * of super-cell wave function

V_(r)=u(re* u(r), . o .
i 2 , because i )1s a periodic function, it can be easily expanded by

Fourier series,

4 (=3 Cee®
(2.1.39)
it only takes a few base functions to reproduce the features of the original function.
In general, the demand for the number of plane-wave bases is determined by the
pseudopotential of the simulated object.
In this work, calculations were performed within the framework of the density

functional theory by using the plane-wave pseudopotential approach in the
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Cambridge Sequential Total Energy Package codes [100]. We used the generalized

gradient approximation of Perdew-Burke-Ernzerhof scheme to describe the
exchange-correlation potential [142]. Energy cutoff of plane-wave was set to be 450
eV, the tolerances for geometry optimization were set as the difference in total
energy within 1 x 107® eV/atom. For all systems under study, the following
procedure was followed: building a model, choosing parameters for optimization,
calculating and analyzing properties.

2.2 Calculation of optical properties by first-principle methods
Optical properties such as the reflectivity, absorption, refractive index,

dielectric function, conductivity and loss function have been widely studied. The
dielectric function with the optical constant, imaginary part and the real part, can
obtain the relation of the reflection, refraction, the coefficient of absorption and
dispersion of light. We can also analyze the macroscopic optical response function
of solid by complex dielectric constant, but only under the condition of linear
response which is defined as

e(w)=¢,(w)+ie,(w)
2.2.1)

According to the superposition and causality correlation principle, the

Kramers-Kronig relations between the real part i and the imaginary part £2 of the
dielectric function are expressed as [137]:
g,(w) =1+£fw%m'
o -w
(2.2.2)

20 = g (w) , ,
g,(w)=- n J; UJJ']2 _wzdw

(2.2.3)

The formula can be used to investigate the band structure and optical properties
of the crystal where @ is angular frequency, thus, when the information on 2 of the

dielectric function is known, the € of the dielectric function can be calculated using

equation. The complex dielectric function is widely used to study the optical

properties of materials; the ®1and *2 of dielectric function are described as follows
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g,(0) =n*(0) -k (w)
€,(w) =2n(w)k(w)

(2.2.4)
or
n() = %[(Sf(mhej(m))“z +&,(0)]"?
o) = lei) reio)' e @) 2.25)

() 1s refractive index, k(®) g extinction coefficient, it refers to the standard

terms of reflection, refraction and absorption of semiconductor, once determined

the real part & and the imaginary part ®2 of the dielectric function, the optical
constants n and k can be calculated.

A bundle of monochromatic light was irradiated onto the surface of an
absorbing medium. After passing through a medium of a certain thickness, the
intensity of the transmitted light was weakened because the medium absorbed a part

of the light energy. Optical properties were simulated further by the formulas:
I=Ie™ (2.2.6)

where 1 is the intensity of transmitted light, 1o s the intensity of incident light, &
is the absorption coefficient, and X is the thickness of the absorbent medium.

2.3 Accounting for weak interactions in first-principle calculations
In chemistry and physics, density functional theory is widely used quantum

chemical method for electronic structure calculations, accurate calculations are
important for density functional theory because weak intermolecular forces, such as
London dispersion force and hydrogen bond, such interactions have different
physical origins: the electrostatic, exchange-repulsion, charge-transfer, induction,
and dispersion interactions, although all of them can ultimately be attributed to the
Coulomb interaction between electrons and nuclei constituting a system[138],
however, a general drawback of all common GGA functionals can not describe long-
range electron correlations that are responsible for van der Waals forces[139], then

the vdW interactions between atoms and molecules play an important role in


https://zh.wikipedia.org/wiki/%25E5%2596%25AE%25E8%2589%25B2%25E5%2585%2589
https://zh.wikipedia.org/wiki/%25E5%2585%2589%25E5%25BC%25BA%25E5%25BA%25A6
https://zh.wikipedia.org/w/index.php?title=%25E5%2585%25A5%25E5%25B0%2584%25E5%2585%2589&action=edit&redlink=1
https://zh.wikipedia.org/wiki/%25E5%2590%25B8%25E6%2594%25B6%25E7%25B3%25BB%25E6%2595%25B0
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determining the structure and energy of chemical species.

Van der Waals forces is the attraction of intermolecular forces between
molecules. The electron charge density is defined as an electron of an atom is in a
certain area in the electron cloud at a specific time, there is no way to know exactly
where the electron is located, they are not in the same area 100% of the time, a dipole
is formed momentarily when the electrons all go to the same area. Although a
molecule is nonpolar, the displacement of electrons makes a nonpolar molecule to
be polar for a moment, the molecule is polar, all electrons are concentrated at one
end, the molecule is partially negatively charged on that end. The negative end
makes the surrounding molecules have an instantaneous dipole to attract the positive
of surrounding molecules, this process is called the London Dispersion Force of
attraction. Because of the forces of attraction between the electrons and protons in
the nucleus are weaker, it is easier to displace the electrons it means the molecule is
also more polarizable.

The Van der Waals equation is

(P+n;—f)(V—nb)=nRT 23.1)

Where P is pressure, V is the volume of gas, in moles n. The intermolecular forces
nza

of attraction is incorporated into the equation with the v term, here a is a specific

value of a particular gas. The variable b is the eliminated volume per mole, which

accounts for the volume of gas molecules. R is a known constant, 0.08206 L atm

mol! K'!, T represents temperature.

Such as non-ideal (real) gases, which is used Van der Waals equation to
calculate an actual value. The van der Waals equation takes into account and corrects
for the volume of participating molecules and the intermolecular forces of attraction.

Taking into account weak interactions, however, the traditional exchange

correlation function cannot accurately describe van der Waals, so van der Waals

correction is very necessary. The dispersion correction in the functional we use a

modified version of the approach [140]. The total energy is Eprr-p = Exs-orr +Ed“ﬂ,


https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Physical_Properties_of_Matter/Atomic_and_Molecular_Properties/Intermolecular_Forces/Specific_Interactions/London_Dispersion_Interactions
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Es-prr is the usual self-consistent Kohn-Sham energy as obtained from chosen

density functional, Eanis the empirical dispersion correction[141]

E Nm—l % Cgf (R )

is =-5 6/ dm, ij

" 6,_2]__,_“;3; e (2.32)
Where *¢ is a global scaling factor depends on the density functional used, Nu is the

: i : : . ... R..
number of atoms in system, C¢ is the dispersion coefficient for atom pair ij, “71is an

1
. . . . . . . jﬂa‘m (R;) = - -
interatomic distance, a damping function Jam s given by " l+e e

R, is the sum of atomic vdW radii. Density functional theory calculations with

where
van de Waals corrections is utilized to study the geometric and electronic properties,
this means stable structures are formed by weak interactions, weak interaction can
not only assemble different two-dimensional materials, but also effectively adjust
the electronic properties of materials.

2.4 Surface modeling in first-principle calculations (Surface as a model for
describing nanoparticles larger than 10 nm).
Theoretical simulations are usually based on the Density functional theory, for

the technical choices such as exchange-correlation functional, and numerical
algorithms to solve the Kohn—Sham equations, they are determined the accuracy and
efficiency of Density functional theory-based methods. The local density
approximation used in bulk or surface systems, that the exchange-correlation energy
describes a homogeneous electron gas of the same density, while the generalized
gradient approximation, there exchange-correlation energy not only depends on the
electron density but also on its local gradient, it solves the over binding of the local
density approximation.

Material simulations have become powerful tools for engineers and scientists.
Modeling the structure of nanoparticle has different sizes, the total number of atoms
is truly represented through the first-principles approach, the similar size and
number of atoms can be different in shape, that correspond with different
volume/surface ratios, various crystallographic surfaces (such as (001), (111) ) and

varied amounts of topological defects of the surface (steps, adatoms). For the
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modeling of the surface, at the first step we calculated the lattice parameters of bulk.
The second step is building of a slab by increasing the lattice parameter along c
crystal axis. For the correct modelling of the surface considering a slab of at least 6
layers within periodic boundary conditions are necessary. In this case the number of
internal layers (four) is twice more than surface layers (two). At the next step we
calculated adsorption energy as the difference between the energies of two optimized
configurations (i) when molecule initially placed in vicinity of the surface (usually
0.25 nm) and (i1) when molecule remotes from the surface at about 0.5 nm. Atomic
structure of the surface of nanoparticles is rather similar to the bulk and therefore
models of bulk and surface can be used for the modelling of large nanoparticles.

2.5 Conclusion
Density functional theory is a very active research direction. Increasingly

accurate exchange-related energy functional approximations are being continuously
developed. The density functional theory is presently the most successfull approach
to compute the electronic structure of matter. It provides us with a relatively efficient
and unbiased tool with which to compute the ground state energy in realistic models
of bulk materials and their surfaces. Density functional theory has been generalized
to deal with many different situations: spin polarized systems, multicomponent
systems such as nuclei and electron hole droplets, free energy at finite temperatures,
superconductors with electronic pairing mechanisms, relativistic electrons, time-
dependent phenomena and excited states, bosons, molecular dynamics, etc. From
physics, chemistry, life sciences to emerging nanomaterials science, density
functionals are becoming a standard research tool. By working with the density,
density functional theory reaches a good balance between efficiency and accuracy.
It is widely used in electronic structure calculations and other field in condensed

matter physics.
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CHAPTER 3. INVESTIGATION OF THE EFFECT OF DEFECTS ON THE
ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES OF
MATERIALS BY THE EXAMPLE OF BERYLLIUM IMPURITIES IN
ZINC OXIDE

We make this work for learn how impurities influence atomic structure and

physical properties in bulk crystal for further do the same for nano-systems. The
nanostructured materials have attracted much attention because of their unique
optical, magnetic, semiconducting properties and potential applications. Zinc oxide
has a polar surface that can form a wide range of nanostructures, in the one-
dimensional oxide nano-systems, it is one of the most promising materials for
fabrication optoelectronic devices, the nanostructure of zinc oxide has high catalytic
efficiency and strong adsorption ability. We used first-principles calculations, chose
ZnBeO as a model system, got Be,Zn;.,O with different component of impurities
(x=0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875, 1) by changing the amount of Be
to replace Zn in the supercell. After structures optimization, we obtained the lattice
constants for the stable structures of Be,Zn;,O with different component of
impurities, then the electronic structures and optical properties of Be,Zn;.,O were
studied.

At the present calculations, the special points sampling integration over the
Brillouin zone were performed using a k-mesh of dimensions 4x4x4 k-points mesh
according to a Monkhorst—Pack scheme [143], we selected Be 2s?, Zn 3d'%s?, O
2s®2p* configuration as the valence states and the basic model was wurtzite ZnO,

supercell 2 x 2 x 1 used in the calculations are shown in Fig. 3.1.

Figure 3.1 — The crystal structure of wurtzite Beo s75Zn¢.1250 alloys.
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The optical properties of the Be.Zn;.xO ternary mixed crystal

Dielectric Function

-2 ) ] L ] ) 1 )
0 10 20 30 40

Energy(eV)

Figure 3.2 — The dielectric function of wurtzite ZnO.

In Fig. 3.2 are report the relationship between the dielectric function of wurtzite
ZnO and photon energy. When the energy is 0 eV, the static dielectric constant is
4.22, which is consistent with the experimental value of 4.00 [144]. In Fig. 3.2, it is
seen that there are three peaks for &, of dielectric function: the energy of the first
peak I1 is about 1.38 eV, it mainly goes through from the valence band at O 2p states
to the bottom of conduction band at Zn 4s states. The energy of the second peak 12
is about 6.76 eV; the transition occurs between the 3d orbit of Zn and 2p orbit of O.
The energy of the third peak I3 is about 10.47 eV, it corresponds to the transition
between the 3d orbit of Zn and the 2 s orbit of O.

The change in the refractive index function is related to the type of media via
an electromagnetic wave. The relationship between the refractive index of wurtzite

Zn0 and photon energy are shown in Fig. 3.3. When the energy is 0 eV, the refractive
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index of ZnO becomes ny=2.05; it is comparable to the experimental value of 2.009

[145]. At low energy region, the huge difference between n and k exist. In contrast,
n is constant at high energy region where k is almost equal to zero. ZnO has less
absorption of high-frequency electromagnetic waves.

As we can see from the Fig. 3.4, the absorption intensity of wurtzite ZnO is
mainly concentrated in the bandwidth of 29.85-1931.86 nm where the strongest
absorption nearby x ~ 85.45 nm. The absorption of BeO is mainly concentrated in
the bandwidth of 32.71-457.98 nm. The strongest absorption is observed at x ~
102.01 nm.

Refractive Index

0.2

0.0 : L 1 L 1 L 1 L 1 L 1 . 1 L
0 5 10 15 20 25 30 35

Energy(eV)

Figure 3.3 — The refractive index of wurtzite ZnO.
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Figure 3.4 — The absorption function of wurtzite ZnO and BeO.

We know that the dielectric function can reflect band structure and spectrum of
Be.Zn;.,O ternary mixed crystal. On Fig. 3.5 displayed the relation of dielectric
function and photon energy, the real part €, and imaginary part &, of the dielectric
function of Be,Zn;,O (x = 0.125, 0.375, 0.625, 0.75, 0.875) are calculated. Based
on Fig. 3.5, one can see that as the energy increases the real part €; of the dielectric
function of Be,Zn;.,O first reach a maximum peak and then gradually attenuated.
The static dielectric constant of Be,Zn;.,O decreases as the Be component increases.

Before we discussed the wider band gap as the composition increases, it
requires the high-energy electrons undergo transition and the decrease of static
dielectric constant, which is consistent with our calculation. The imaginary part ¢,
of the dielectric function represents the absorption of light. As the Be concentration

increases, the three main peaks are constantly moving towards the high energy tail.



56

5 —
— x=0.125|
4+ - x=0.375]
x=0.625
A E \ 2=0.75 |
- A . x=0.875
2 B .".
F1t |
,_‘.tj_’.:»'—'"““""
0F g
s -',-")‘:--
1k =
2 L ! 1 A ] [ VI I DR A
0 2 4 6 10 12 14 16 18 20
Energy(eV)
(@
4.0
— x=0.125
3.0 ' x=0.375
14 R =0.625
25 )
p S A - =0.75
- 7
S 20 . x W =0.875
El = ',' :.' ’I],T,.l
1. .. i i\
> / \._‘;-"" ", .."‘
10F |/ ' "
05
0.0 l 1 el 1 4 1 N L PRI S | i
0 2 B 6 8 10 12 14 16 18

Energy(eV)

®

Figure 3.5 — The real part €; (a) and imaginary part &; (b) of the dielectric
function of Be,Zn;.,O.

Refractive index is related to the interaction of microscopic atoms; it’s the most

important physical parameter. The refractive index will be interpreted to the density

and the local polarizability of these entities. Fig. 3.6 shows the relationship between
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the real part of the refractive index and the energy of Be,Zn;.,O ternary mixed

crystal. When the energy is 0 eV, the refractive index of Be,Zn;.,O decreases as the
Be component increases, the refractive index of Be,Zn;_,O and ZnO is different. The
relation of the reflectivity and the energy of Be.Zn;.,O ternary mixed crystal are
illustrated in Fig. 3.7. We have observed that when the energy is 0 eV, the reflectivity
decreases as the Be concentration increases, the energy is gradually increasing in the
high energy region. The reflectance spectrum at the high-energy region decreases
rapidly as the photon energy increases. On Fig. 3.8 shows the absorption of Be,Zn;.
<O ternary mixed crystal. The band gap of Be,Zn;.,O increases with x. The excitation
energy required for the electron being excited from valence band edge to conduction
band edge. The stronger excitation produces the blue-shift of optical absorption. We
can see clearly from Fig. 3.8, the blue shift of absorption spectrum of the system

becomes more obvious after increasing x. Our results agree with experiment [146].

Refractive Index-n

0.0 : ' : ' : .

0 5 10 15 20
Energy(eV)

Figure 3.6 — The refractive index (n)of Be,Zn;.,O.
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Figure 3.7 — The reflectivity of Be,Zn;.,O.
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Figure 3.8 — The absorption function of Be,Zn;_,O.
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This work Theoretical 2 This work Exp.® Theoretical2 Liattice

parameters
Table 3.1 — Calculated lattice parameter a and ¢ for Be,Zn;..O ternary mixed

crystal. Compared with other theoretical calculations and experimental results.

X Lattice parameter a (nm) Lattice parameter ¢ (/&)
0 0.3290 0.3256 5.29 5.20 5.26
0.1 5.11
0.125 0.3215 0.3190 5.20 5.15
0.25 0.3134 0.3134 5.13 5.08
0.375 0.3083 0.3052 5.06 5.02
0.5 0.3020 0.2972 4.84 4.99
0.6 4.79
0.625 0.2975 0.2924 4.78 4.83
0.7 4.71
0.75 0.2891 0.2889 4.68 4.68
0.8 4.61
0.875 0.2823 0.2808 4.59 4.56
1 0.2753 0.2764 4.47 4.38 4.49

“Ref.[147]. "Ref.[57].

After the structure optimization, the lattice parameters of Be,Zn;..O ternary
mixed crystal have been calculated, table 3.1 show that our calculated compared
with other theoretical and experimental, our results are in agreement with them. Fig.
3.9 show us the lattice parameters decrease linearly as Be doping concentration
increases, the result compliance with Vegard’s law [148] and consistent with
experimental results [57], then fitting the results, we get the linear equation as

follow,
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Figure 3.9 — The Lattice parameters of Be,Zn;_,O with different Be concentrations.
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Figure 3.10 — Total and partial density of states for Be25Zny.750.

The partial and total density of states for Be,Zn;..O are calculated, Fig. 3.10
shows the total and partial DOS for theBeo25Zng 750, as an example. The results
shown that the valence band maximum occupied by O 2p states, and the conduction
band minimum occupied by Zn 4s states. From Fig. 3.11, as Be doping, the

contribution of zinc and beryllium in the conduction band position constantly
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moving to higher energy region, density of states strength Zn 4s states with

decreasing proportion of Zn is constantly reduced, density of states strength Be 2s
states with increasing proportion of Be is constantly increased, make the band gap

width of Be,Zn;_, O increases.
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Figure 3.11 — a, b Beryllium and zinc PDOS of different components

The band structure of the Be.Zn;-«O ternary mixed crystal

Be,Zn,.,O ternary mixed crystal has been widely used in photoelectric devices
and also has requirements for band gap. According to the optimized lattice constant,
the band structure of Beo.125Zn9 5750 and Beg s75Zn¢.1250 ternary mixed crystal has
been calculated. In Fig. 3.12, it is clearly seen that the conduction band and valence
band are respectively in the above and below of Fermi level, the top of valence band
and the bottom of conduction band are also at the same I" point, it is indicated that
the Beo.125Zn03750 and Begg75Zn0 1250 ternary mixed crystal are direct band-gap
semiconductors. With the increase of Be doping, the lattice structure has changed,
the conduction band is constantly moving toward the high-energy tail, the band gap
of Be,Zn;..O ternary mixed crystal increase as the component of Be increases.
Despite the changes in the local atomic structure of BeZnO systems caused by a
mismatch of ionic radii of Be Zn (0.27 and 0.6 A respectively) remain direct gap

semiconductor. This explains the smoothness of the varying of the optical properties.
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Another effect of Be-doping is the change of the number of the states in the
conductive band caused by the difference in the energetics of the orbitals in Zn and

Be that provides changes the number of optical transitions that provide the smooth

shortening of the tail in absorption function (see Fig. 3.8).
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Figure 3.12 — The energy band of wurtzite Beg.125Zn0 3750 (a) and Beg g75Zn0.1250
(b)

Table 3.2 — Band gap Eg and correction Band gap Eg for Be,Zn;.,O ternary mixed

crystal. Compared with other theoretical calculations and experimental results.

E;(eV)
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This work Theoretical Correctional Experimental ©

0 0.734 0.972 3.3000 3.37
0.1 3.53
0.125 1.083 1.325 3.7777
0.25 1.568 1.645 4.3913
0.375 1.816 2.058 4.7679
0.44 4.63
0.5 2.463 2.381 5.5435
0.59 4.74
0.6 5.01
0.625 3.041 3.076 6.2502
0.68 5.45
0.75 4.192 3.799 7.5298
0.875 4.943 5.236 8.4094
1 7.004 7.322 10.600 10.60

“Ref.[147]. "Ref.[57].

The band gap of Be,Zn;.,O ternary mixed crystal is increases with increasing
Be concentrations, but our calculated is smaller than experimental, because of the
semiconductor based on DFT of GGA exchange-correlation effects between
electrons and electron handle deficiency caused errors, but in the same environment,
changing the doping concentration for the same structure system material research,
the band gap was calculated by DFT is still meaningful. In order to close to the
experimental value, Band gap value has been corrected, using the formula[149],

Ebezn 0=E ;?Jl?exan_xO +(1-x) AE,, +x AE,,,

cor cal

¢:BeZm0 g correction band gap of Be,Zn;.,O, ~¢#«#-:0ig calculation band gap of
Be.Zn,_O, x is concentration of Be, 270 is experimental band gap minus calculated

band gap of ZnO, ABgo g experimental band gap minus calculated band gap of BeO.

Correction parameters are experimental of ZnO 3.3eV and experimental of BeO
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10.6¢eV, table 3.2 and Fig. 3.13 shown our calculated compared with experimental

and our calculated results are consistent with experimental results, in Fig. 3.13 we
used the quadratic function shown band gap of Be,Zn;.,O ternary mixed crystal, the
solid line is a fit of our calculation data using the quadratic function, as follow,

E, =3.491+1.173x +5.608x"
and the dotted line is a fit of experimental [150], the formular is

E, =34-21x+93x

and our calculated is consistent with experimental.
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Figure 3.13 — Calculated the Band gap of Be,Zn;.,O ternary mixed crystal for
different Be concentrations.

Conclusion

We have used the first-principle calculations to study the electronic structures
and optical properties of Be,Zn,.,O ternary mixed crystals. The structural parameters
of Be,Zn;.,O ternary mixed crystals have been optimized. The results show that
lattice parameters are almost linearly and obey the Vegard’s law. After correction the
electronic band gap is consistent with experimental results. The results of the density
of states for Be,Zn;.4O show that as Be doping the contribution of zinc and beryllium
in the conduction band position constantly moving to higher energy region, make

the band gap width of Be,Zn;.,O increases. At as the energy increases the real part
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1 of the dielectric function of Be.Zn;..O first reach a maximum peak and then

gradually weakened, the static dielectric constant of Be,Zn;.cO decreases as the Be
component increases. The imaginary part € of the dielectric function as the Be
component increases, the three main peaks are constantly shifted to the high-energy
tail. The refractive index and reflectivity of Be,Zn;.,O ternary mixed crystal are
decreases with increasing Be concentrations. The reflectance spectrum at the high
energy region decreases rapidly as the photon energy increases. The blue shift of
absorption spectrum of the system becomes more pronounced after increasing the
concentration of Be. A key factor influencing the change in the optical properties of
the Be,Zn;..O system is a change in the lattice parameters due to a change in the
impurity concentration. In the lattice of actual crystals, not every equilibrium
position is occupied by atoms, and there are always a few positions that are empty.
Due to the appearance of vacancies, the atoms around them deviate from the
equilibrium position and lattice distortion occurs. Formation of a vacancy leads to
missing bonds and distortion of the lattice. [151] For the surface formation, some
bonds of the surface atoms are broken, the remaining atoms change the length of the
bond to adapt to the new environment. Changes of the symmetry at the surface are
reflected by corresponding changes in the crystal lattice. The interference of
distortions of lattice originating at the terminal surfaces leads to changes of
symmetry of the lattice. [152, 153] Nanostructured materials exhibit many excellent
physical properties, which are different from traditional polycrystalline materials.
These unique properties are usually attributed to the small grain size leading to a
significant increase in grain boundary density. W Qin described the grain size

dependence of the crystal lattice distortion of nanostructured materials. [154]
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CHAPTER 4. INVESTIGATION OF THE ELECTRONIC STRUCTURE,
CHEMICAL ACTIVITY AND OPTICAL PROPERTIES OF f-C3Ny4
We make this work for studies of the electronic and optical properties of ideal

and lightly disordered bulk C3;N4, check the role of the surface and defects, and
discuss chemical stability of the surface and nanoclusters of carbonitride.
Carbonitride 1s currently considered as a prospective material for various
applications, such as photocatalysts, fuel cell electrodes, light-emitting equipment,
chemical sensors and other devices. In some works, only the systems with perfect
crystal structure were considered, we also require consideration of the surface and
nano-phases of carbonitride. Taking into account effect of disorder, surface, and
defects is the further logical step toward understanding electronic structure and
optical properties of realistic carbonitride structures. We demonstrate significant
sensitivity of absorption spectra of f-C3N4 to any kinds of disorder in atomic
structure. Formation and passivation of the surface provides similar changes in
optical properties. The value of the indirect bandgap depends on the chemical
structure of the surface. Functionalization of the active sites on the surface by
monovalent species (hydrogen and fluorine) leads to vanishing of the bandgap in the
case of (001) surface and changes the value of the bandgap in the case of
nanoclusters. Results of our calculations also demonstrate the appearance of
magnetic moments in hydrogenated and fluorinated (001) surface of f-C3Na.

4.1 Description of the crystal structure and the effect of disordering on the
electronic structure and optical properties
At the present calculations, we selected C 2s22p*, N 2s*2p* configuration as the

valence states. The special points sampling integration over the Brillouin zone was
performed using a k-mesh of dimensions 2 x 2 x 2 k-points mesh according to a
Monkhorst—Pack scheme. Calculated non spin-polarized densities of states were
smeared employing Gaussian function of half-width with half-height 0.2 ¢V and
spin-polarized with 0.02 eV. The basic model of bulk CsN4 was shown. Supercell 2
x 2 x 2 (Fig. 4.1.1) of 224 atoms was used for the modelling of disorder and

vacancies in bulk.
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oN
Cc

“ C vacancy

Figure 4.1.1 — Optimized atomic structure of C3N4 supercell with carbon vacancy

The first step of our studies is to check the effect of various kinds of disorder in
bulk on the electronic structure and optical properties of C3Na. Pristine C3Ny is a
wide-gap insulator. In the case of supercell optimization without constrained
symmetry leads to appearance of some disorder in atomic structure (mean square
deviation of calculated atomic positions from stoichiometric is 0.3 A) but does not
provide significant changes in electronic structure (Fig. 4.1.2). The changes in the
band structure (Fig. 4.1.3a, b) is caused by appearance of non-equivalent atoms. The
value of the direct bandgap remains almost the same. Thus, we can conclude that
small amount of disorder does not induce luminescence in this system. These
negligible changes in atomic and electronic structure induce significant changes in
optical properties (Fig. 4.1.4). The blue shift in absorption spectra is similar to the
case of the vacancies in bulk of C3N4. Formation of N-vacancy leads to decreasing
of the bandgap by about 2 eV (Fig. 4.1.2 and 4.1.3d), and in the presence of the
carbon vacancy (Fig. 4.1.1) vanishing of the bandgap occurs (Fig. 4.1.2 and 4.1.3c¢).
According to absorption spectra shown in Figure 4.1.4, the absorption of bulk C3N4

is limited to the UV region of the spectrum whereas the absorption is below UV
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region for supercell. The contribution from the vacancies are clearly visible in Figure

4.1.4. Surprisingly, absorption function does not deviate visibly from the curve for
lightly disordered pure bulk CsN4 (Fig. 4.1.4). Thus, we can conclude that the
presence of the vacancies significantly influences the energies of valence band (VB)
to conduction band (CB) transitions (see Fig. 4.1.3a) but for the absorption function,
elimination of the symmetry is the key parameter. This conclusion is correct for the

other optical properties of discussed systems.

0.8

bulk

supercell

—— C-vacancy in supercell
—— N-vacancy in supercell

Density of States (electrons/eV)

! : . FAWAVAVAY .
2 0 2 4 6
Energy (eV)

Figure 4.1.2 — Total densities of states for various configurations of bulk C3Ny.
Note that some states on Fermi level are caused by the smearing of densities of

states, see band structures on Fig. 4.1.3.
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Figure 4.1.4 — Absorption function for various configurations of bulk C3Nj.

It can be seen from Fig. 4.1.5 that the real and imaginary parts of C3N4 have
two peaks respectively. The first peak of real part is appearing earlier than the first
peak of imaginary part, and the peak value is high, and the second peak of real part
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is still appearing earlier than the second peak of the imaginary part, but the peak

value is low. The imaginary part curve starts with a transition threshold, which is
close to the band gap value of the corresponding compound, and then the curve rises
rapidly, reaching a peak at 7.187 eV. When the energy is greater than 10.761 eV, the
curve gradually increased again, and peaked again at 12.982 eV. The dielectric
constant characterizes the ability of the dielectric to restrain the charge, and the
insulation performance of the material. The larger the dielectric constant, the
stronger the ability to restrain the charge, and the better the insulation performance
of the material. The electron energy loss function is an important factor describing
the energy loss when electrons penetrate the material quickly. The peak of the loss
spectrum represents the plasmon resonance, and its corresponding frequency is the
so-called plasmon frequency. When the photon energy is lower than the energy at
the peak of the loss function, the material exhibits a dielectric function similar to
that of metal, and when it is higher than the energy at the peak, the material exhibits
the properties of an insulator. That is to say, the position of the peak of the loss
function curve indicates the turning point of a material transition from insulator to
metal. In addition, the peak of the loss function curve corresponds to the trailing
edge of the reflection spectrum (Fig. 4.1.7). From loss function in fig.4.1.6 we can
clearly see the peak position of bulk C3Ny4 corresponds to the lowest energy, which
indicates that it is easier to transform from a semiconductor conductor, and it can be

inferred from peak positions of other configurations that this transition is relatively

difficult.
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Figure 4.1.5 — Dielectric function for various configurations of bulk C3Nj.
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Figure 4.1.6 — Loss function for various configurations of bulk C3Nj.
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Figure 4.1.7 — Reflectivity for various configurations of bulk C3Ny.

4.2 Surface modeling and identification of surface activity centers
For the modeling of the surface, we calculated the lattice parameters of bulk

then built a slab by increasing the lattice parameter along c crystal axis (Fig. 4.2.1),
usually one employs a slab of at least 6 layers within periodic boundary conditions.
The nanoparticles of the size above 10 nm, atomic structure of the surface is mostly
similar to the bulk, after that compared the charge value of atoms with the charge
value in bulk, check which atoms have the largest difference, passivation of these
atoms with hydrogen, oxygen and fluorine, after optimization find the configuration

with the lowest total energy.
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Figure 4.2.1 — (001) surface of C3N4 passivated by oxygen.

4.3 Nanocluster Modeling
For the modeling of the nanoparticles, we started our calculation from

stoichiometric C3Ny structure inside empty box (Fig. 4.3.1). Similar to the case of
slab, we recognized active sites on the surface of the nanocluster and performed the
modelling of its passivation. Formation energies were calculated by standard
formula:

Eform = (Eproducts — [Enhost T MEme1/2])/m (4.3.1)
where Enq is the energy of a single molecule in empty box, Enest in the total energy
of the system before attachment of m atoms. Because only diatomic molecules were

considered in our work, we divided energy of molecule by two.

Figure 4.3.1 — bare (a), and passivated by hydrogen (b) nanocluster.

4.4 The effect of covalent modification on the electronic structure and optical
properties of nanostructured (surface and nanoclusters) f-C3Ny
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The next step of our modeling is the check for the contribution from surface

states. Note that for the nanoparticles of the size above 10 nm, atomic structure of

the surface is mostly similar to the bulk. For the modeling of the surface, we used

the slab of 230 atoms (see Fig. 4.2.1). Results of the calculations demonstrate

significant (about 2.5 ¢V) decreasing of the bandgap (Fig. 4.4.1 and 4.4.2a). Visible

decreasing of the bandgap can explain appearance of the luminescence in nanosized

CsNa.
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Figure 4.4.1 — Total densities of states of pristine (a) and passivated with hydrogen

(b), oxygen (c), and fluorine (d) (001) surface of C3Na.
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Figure 4.4.2 — Band structure of pristine (a) and passivated with hydrogen (b),
oxygen (c), and fluorine (d) (001) surface of C3Na.

This decreasing of the bandgap corresponds with appearance of the dangling
bonds on several surface atoms that provide the change in electronic structure (Fig.
4.4.3a,d). These atoms are the source of the surface chemical activity. For evaluation
of chemical activity, we have performed the calculation of the formation energies of
the passivation of these centers with hydrogen, oxygen (Fig. 4.2.1), and fluorine.
The oxygen is the natural source of the passivation agents from the air. Hydrogen
and fluorine have been chosen as the opposite (reduction vs. oxidation) species for
artificial passivation. Calculated formation energies are -1.32, -2.31 and -5.62 eV
for hydrogen, oxygen, and fluorine respectively. These results are evidence for the
significant chemical activity of dangling bonds on (001) the surface of C3N4, which

will be unavoidably passivated at ambient conditions.
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Figure 4.4.3 — Spin-polarized densities of states for the nitrogen atom with
dangling bond on the surface of C3N4 (a) and inside the central bulk-like part of the
slab (d), the same atoms after passivation of the surface by oxygen (b,e), the same

atoms after passivation of the surface by fluorine (c,f).

The passivation leads to drastic changes in electronic structure of surface (Fig.
4.4.3 a, d) but also provides visible influence of the electronic structure of bulk (Fig.
4.4.3 b,c,e,f). Note that passivation with monovalent species can induce magnetic
moment on the passivated atom, which is initially non-magnetic. Appearance of the
magnetic moment is caused by interaction of monovalent species with non-magnetic
lone-pair that provide formation of unpaired electrons of this atom. In the case of
the interaction of the same atom with divalent species, both electrons of lone pair
participate in the formation of the covalent bond. Thus, we can discuss
hydrogenation and especially fluorination as the method for production of
chemically stable sp-magnetic materials.

Passivation of the surface by different species leads significant changes in



77
electronic structure (Fig. 4.4.1 and 4.4.2). In the case of fluorination and

hydrogenation leading to the vanishing of the bandgap, this is corresponding with
partial saturation of dangling bonds available for interactions with monoatomic
species. In the case of the oxidation leading to the decreasing of the bandgap to the
value of about 0.39 eV, this is in qualitative agreement with experimental results.
[155-157] There is a significant absorption variation (around 120 nm) obtained in
the surface on the hydrogen atom of C3Ny4 (shown in Fig. 4.4.4) compared with other
surfaces. Similarly to the bulk, optical properties of the surface mainly depend on
atomic structure and symmetry rather than the presence of defects and its further

passivation (see Fig. 4.4.4-4.4.7). In general, optical functions of the surface are

similar to the bulk with various defects.
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Figure 4.4.4 — Absorption function for surface of C3Ny.
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Figure 4.4.7 — Reflectivity for surface of C3Ny.

The last step of our modeling is C3N4 nanoclusters (Figure 4.3.1). Electronic
structure of nanocluster evidences the presence of dangling bonds on the surface
(Fig. 4.4.8). Similar to the case of slab, we recognized active sites on the surface of
the nanocluster and performed the modelling of its passivation. Negative sign and
large magnitude of formation energies -4.40 eV, -6.99, and -7.11 eV/atom evidence
chemical activity of the cluster. Note that some atoms on the surface of nanoclusters
can be detached in the process of passivation (see Fig. 4.4.11-4.4.13). Similarly, the
surface passivation leads to visible changes in electronic structure (Fig. 4.4.8 and
4.4.9). Oxidation and hydrogenation lead to the formation of the indirect bandgap of
0.27 and 0.46 eV that is in qualitative agreement with experimental results
[155,158,159]. We can see that the absorption of nanoclusters of C3N4 ((Fig. 4.4.10)
is different from surfaces, bulk, and vacancies spectrum. The nanoclusters of C3N4
elaborates that there is continues mountainous peaks (around 95, 110, 135, and 175
nm) obtained in the below-UV region with low intensities. In contrast to the bulk
and surface optical properties of the nanocluster, which are different (Fig. 4.4.10).
This deviates from the patterns typical for other bulkier systems caused by

significant changes in atomic structure of nanoclusters (Fig. 4.3.1).
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4.5 Conclusion
First-principles calculations demonstrate significant sensitivity of the

absorption, reflectivity, refractive index, dielectric function, conductivity, and loss
function of f-C3Njy to the disorder in atomic structure. Fabrication and passivation
of the surface does not significantly change these functions, but the value of the
indirect bandgap depends on the chemical structure of the surface. In the case of

(001) surface of bulky -C3;N4 and in the case of nanocluster, surface is the state of
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chemical activity, and some surface states will be unavoidably passivated. Partial

oxidation of the surface of bulk and nanoclusters of f-CsN4 provides decreasing of
the bandgap to 0.39 and 0.46 eV. Passivation of the surface by monovalent species
(hydrogen and fluorine) vanishes bandgap in the case of (001) surface and changes
the value of the bandgap in the case of nanoclusters. Therefore, functionalization of
the surface of f-Cs3Ny is the route for predictable manipulation of the optical

properties of this material.
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CHAPTER 5. MODELING BOROPHENE OXIDATION

We make this work for discuss the stability at ambient conditions and the
physical properties of oxidized borophene sheets. 2D materials beyond graphene is
emerging area of current material sciences. Boron monolayers (borophene) is the
one from this class. Despite more than 50 works in recent years about modelling
structural composition and physical properties of this material theoretical evaluation
of chemical stability was not performed. We make the step-by-step modeling of the
oxidation of free-standing boron layers, the process of the oxidation will be
exothermic and lead to the formation of foam-like boron oxide films with
incorporation of boron clusters. The physical properties of oxidized boprophene
sheets indicate that it possible application in areas of solar energy, sensors, coating
and spintronic.

5.1 Description of borophene and its structural varieties
Planar hexagonal B36 was proposed as potential bases for extended 2D borophene

[160]. After that, four phases (2-Pmmn, £12, y3 and graphene-like phases) of
borophene have been synthesized on Ag (111) surface or Al (111) surface substrates
under ultrahigh vacuum conditions [108, 161, 110]. The 2-Pmmn phase of
borophene is a corrugated configuration with highly anisotropic electronic and
mechanical properties, 12, x3 are planar without vertical undulations, for graphene-
like borophene on Al substrate is more energetically stable than on Ag substrate
[162]. In 2007, Yakobson's group [163] predicted the existence of mechanically
stable Bso fullerene cage similar to Ceo buckyball. However, hollow cages are indeed
not the ground state structures for the medium-sized BN clusters from N=68,
whereas core-shell configurations are more thermodynamically preferred based on
ab initio global search by different groups [164,165] and others [166,167]. The
energetic unfavorability of these empty boron cages can be attributed to the electron
deficiency of boron, which tends to form more compact structures.

In recent works were reported that borophene is a highly anisotropic metal, the
optical properties of borophene exhibit strong anisotropy as well [108, 168] and

superconductivity induced by the strain. [169] Another experiments reports that the
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only line-edged borophene nanoribbons are stable in the free-standing form and

demonstrate low-resistivity Ohmic conductance [170]. 2D borophene was proposed
as an ideal electrode material with high electrochemical performance for both Li-ion
and Na-ion batteries [171]. The stability of lattice defects including boron vacancy
was investigated, they found find that the mechanical strength of borophene is
reduced by the vacancy, the anisotropy in Poisson’s ratio can be tuned [172]. Studied
on the adsorption behavior of borophene towards SO, molecules by using density
functional theory method [173]. Electronic and mechanical properties of few-layer
borophene, for bilayer structures the AA stacking mode was found the most stable
among the six high-symmetry stacking configurations. From monolayer to
multylayer borophene was observed the robust anisotropic metallic features with
large energy splitting at point 1.7 eV that is corresponding with strong interlayer van
der Waals interactions. Since the layered structures can withstand larger critical
strains than that in monolayer, layered borophene exhibits more flexibility than
monolayer one [174]. NiBs monolayer was proposed as a stable 2D Dirac material
with anisotropic elastic properties with a Young's modulus of 189 N m™!. The
calculation of band indicated that a double Dirac cone feature near the Fermi level
with a high Fermi velocity of 8.5x10° m s '[175].

Stimulated by the Bg fullerene cage, a 2D boron sheet (BS), namely “a-sheet”,
with appreciable stability was constructed [176-178]. By incorporating periodic
hexagonal holes in the triangular lattice to reach the balance between three-center
(3c¢) and two-center (2¢) bonds, this mixed hexagonal-triangular boron sheet (ht-BS)
is more stable than previously proposed buckled triangular boron sheets (t-BS) [179-
182], which can be explained by a chemical bonding picture that the hexagon holes
serve as scavengers of extra electrons from the filled hexagons [183]. In recent
works were reported results of the seeking of more stable structure for 2D allotropes
of boron, including the snub-sheet, gl/8-sheet, g2/15-sheet, al-sheet, f1-sheet,
struc-1/8-sheet [184-187]. All these ht-BSs can be constructed by carving different
patterns of hexagonal holes within the triangular sheet and described by a hexagon

hole density 1, defined as the ratio of number of hexagon holes to the number of
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atoms in the original t-BS.

These works motivate experimentalist to further attempts to synthesize free-
standing borophene. In previous experiments [188,189], single-walled and multi-
walled boron nanotubes have been observed, which hints the possible existence of
boron monolayer sheet since a boron sheet can be viewed as unrolling a boron
nanotube. With metal passivation to stabilize the sp? hybridization, similar silicene
monolayer has been successfully fabricated on Ag(111) and Ir(111) surfaces in
recent experiments [189-193], providing important clues for BS synthesis. On the
other hand, small boron clusters in vacuum were proved to adopt quasi-planar
configurations [109,194-199], which may act as precursors for experimental
synthesis of BS on metal surface via soft-landing of cluster beams [200].

Note that the synthesis of BS was done in the absence of oxygen but possible
application in devices usually will be at ambient conditions. Fast degradation of the
phosphorene [201,202] and oxidation of dichalcogenides [203] suggest that
additionally to mechanical stability chemical stability should be also discussed. In
our work we provide modelling of step-by-step oxidation of two representative types
of borophene sheets and discuss the properties and possible applications of obtained
oxidized boron sheets (OBS).

5.2 A step-by-step description of the oxidation process of two borophene
allotropes.
Multiple structural phases of BS reported in the previous works. [184-187] These

structural phases have almost the same total energy per boron atom. This multiple
structural forms of BS can be classified in several groups denoted by Greek letters.
The most energetically favorable is so-called £ and y types of BS. The first type can
be described as continuous BS with triangular lattice with the pairs of hexagonal
pores nearby (Fig. 5.2.1). Ne number of these pairs of hexagonal pores per unit of
square can vary within this type. The second is the same triangular lattice with the
lines of hexagonal pores (Fig. 5.2.2). The distance between the pores can be different
for BS of'this type. Two structures (one from each class of BS) with minimal number

of the atoms in the supercells have been chosen for the further modeling.
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For both types of studied BSs we have find that the first step of the oxidation

will be decomposition of molecular oxygen on the edges of hexagonal pore (Figs.
5.2.1, 5.2.2). For the check of the favorability of this process we performed the
calculation of formation energy by standard formula:

Eform = E(host+guest) — [E(host) + E(guest)] (5.2.1)
where E(host+guest)] is the energy of the system after decomposition of the oxygen
atom, E(host) is the total energy of the system before this process and E(host) is the
energy of oxygen molecule in ground (triplet) state in gaseous phase. Results of the
calculations demonstrate that for both types of considered BSs this process is
extremely energetically favorable. Because the magnitude of formation energy is
several times larger than activation energy of the oxygen on pure and doped

graphene [204] the process should be barrierless.

Figure 5.2.1 — Optimized atomic structure of the first steps of the oxidation process
of boron sheet of f-type. The numbers near the arrows is formation energies (in

eV) and numbers in the corner of the structures is total magnetic moment of the
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supercell (in pg).

Significant favorability of the first step of the oxidation suggest us to perform
further modelling of step-by-step oxidation. Because distortion of the monolayer in
result of the first step of the oxidation increase the number of non-equivalent pairs
of atoms we considered only decomposition of the next oxygen molecules in vicinity
of the hexagonal pores and on the boron atoms with the largest out-of-plane
distortions. Results of the calculations (Figs. 5.2.1, 5.2.2) evidence similarity of the
patterns of further oxidation for both types of BSs: oxidation continue first on the
borders of hexagonal pores and then goes deeper in the areas of continuous triangular
lattice. All steps of the oxidation process of both types of BSs is also significantly
favorable. This energetic favorability persists when oxidation process turns from
edges of the hexagonal pores into the areas of triangular lattice. Further steps of the
oxidation are also energetically favorable and lead formation of foam-like structures
in both considered types of BSs (see Fig. 5.2.3). Note that in both studied structures
in the process of oxidation occur formation non-oxidized boron cluster with atomic
structure similar to Bj,. [166] Based on results of the modelling that demonstrate
similarity for two representative samples of different types of BSs can propose that

our results are valid for all BSs.
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Figure 5.2.2 — Optimized atomic structure of the first steps of the oxidation process
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Therefore similarly to the phosphorene, [201,202] BSs require fabricati%nBof
additional protective cover from chemically inert material (for example hBN). 205]
From the other hand oxidized BSs (OBSs) can be interesting by itself and further we
provide evaluation of the properties of these materials that can be used in further

applications.
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Figure 5.2.3 — Optimized atomic structure of totally oxidized boron sheet of S-type
with magnetic center passivated by hydrogen atom (a) and totally oxidized boron
sheet of x-type with physically adsorbed molecules of NO».

5.3 The proposal of a simplified method to identify centers of chemical
activity on the surface of two-dimensional systems
Chemisorption is an adsorption in which an adsorbate molecule and an atom

(or molecule) on a solid surface undergo electron transfer, exchange, or sharing to
form an adsorption chemical bond.

For evaluate the most active sites for oxidation by molecular hydrogen we
locate the oxygen atoms above the nearest boron atoms in different non-equivalent
places of BSs and after optimization find the configuration with the lowest total
energy.

5.4 Description of the mechanical and magnetic properties of borophene
In contrast to graphene where formation of epoxy groups does not induce any

magnetic moments oxidation of both considered types of BSs provides appearance
of dangling bonds which is the source of unpaired electrons. [206] The cause of this
difference is odd number of electrons in boron 2p shell. At early step of oxidation
magnetic moments is rather large because adsorption of the oxygen atoms provides
break of multiple bonds. The values of magnetic moments per supercell at early
stages of the oxidation is non-integer because BSs remain metallic. Further oxidation

until final step provides saturation of all dangling bonds in ¥-OBS but surprising


https://baike.baidu.com/item/%25E5%258C%2596%25E5%25AD%25A6%25E9%2594%25AE/394350

91
survival of magnetism (1 pp per cell) in f-OBS. Usually oxidation provide vanishing

of sp-magnetism (also called d0-magnetism) by saturation of all dangling bonds but
in the case of f-OBS where special topology prevents passivation of magnetic center.
[207] Formation of this magnetic state in f-OBS is related with appearance of the
states in vicinity of Fermi level (Fig. 5.4.1). The sharp peak is related with the single
2p' electron localized on non-oxidized boron atom surrounded by oxidized boron
atoms. Survival of the magnetic moment suggest the absence of the second boron
atom suitable for the oxidation in vicinity of magnetic center. To evaluate magnetic
interactions between remote magnetic centers we multiply the supercell along a-axis
and calculate the difference between total energies of the systems with parallel and
antiparallel orientation of the spins on magnetic centers. Calculated difference
evidence that magnetic interactions between the centers is ferromagnetic. The
magnitude of the energy difference between ferro- and antiferromagnetic
configurations is 5 meV. Discussed magnetic moments in OBS can be eliminated
by monovalent species. For the check of this possibility we modeled hydrogenation
of boron atom with magnetic moment in f-OBS (Fig. 5.2.3a). Saturation of dangling
bond provides elimination of magnetic moment and appropriate features in
electronic structure because now unpaired electron on 2p shell participate in covalent
bond with 1s electron of hydrogen that provides shift down of the corresponding
energy level (Fig. 5.4.1). In result of the hydrogenation of magnetic center the value
of calculated within GGA approach bandgap increased from about 0.1 to almost 0.4
eV. Note that DFT provides underestimation of the bandgap. To estimate the values
of the real bandgap we will used relation between GGA and experimental values
discussed in the Ref. [208] Thus the calculated value of 0.1 eV is corresponding with
experimental value of about 0.3 eV and calculated 0.4 eV with the real bandgap of
0.8 eV. Note that discussed passivation is endothermic process and require the
energy of +0.53 eV/H. Thus magnetism in OBS is chemically stable even at room
temperature. This combination of air-stable ferromagnetism and narrow bandgap
makes A-OBS prospective material for spintronic applications but further

experimental exploration of the reproducibility of magnetism in OBS is required. In
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the case of non-magnetic x-OBS the value of the calculated bandgap is larger

(calculated value ~1 eV that is corresponding with the experimental values of order
of 1.8 eV) which in combination of low weight and flexibility makes this material
attractive as material for solar cells. The multiple peaks around Fermi energy
(between -2 and +2 eV) could be the source of multiple optical transitions [208] that
makes OBS optical-active material. The appearance of these peaks is related with
formation of localized states of the electrons on bonds between non-oxidized boron
atoms (see Fig. 5.2.3 and Fig. 5.4.1). Partial oxidation provides break of the
continuous web of the overlapping m-orbitals [184-187] of boron atoms that lead to
the opening of the bandgap. Thus the number of the peaks near Fermi level and the
distance between the peaks depends from initial atomic structure of borophene that
guide oxidation process and amount of non-oxidized boron atoms and as results

localized 2p' states near Fermi level.
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Figure 5.4.1 — Spin-polarized density of states of fully oxidized boron sheet of -
type (red line) and y-type (blue line). Green line is corresponding with S-OBS after
passivation of magnetic center by hydrogen (Fig. 5.2.3a). Charge density

distribution in the part of oxidized f-OBS are shown on inset.
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The next step of our survey of the physical and chemical properties of OBS is

the study of the conditions of adsorption of various molecules on both studied types
of OBS and influence of the adsorption on electronic structure. In our modelling we
considered three types of the adsorbants - nitrogen dioxide, water and hydrogen.
First we calculated enthalpy of adsorption by the same formula that was used for the
calculation of the formation energy. Results of calculations (see Tab. 5.4.1)
demonstrate robust adsorption of nitrogen dioxide and water on f-OBS and less

stable adsorption on y-OBS.

Table 5.4.1 — The enthalpies of adsorption (eV/mol) of selected gases on

OBSs.
Adsorbant/Substrate [-OBS x-OBS
NO> - 0.357 -0.170
HO -0.386 -0.119
H, -0.008 -0.059
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Figure 5.4.2 — Total densities of states of f-OBS (a) and y-OBS (b) before
(red) and after adsorption of nitrogen dioxide (blue), water (black) and hydrogen
(green) molecules. Arrows are indicating possible optical transitions influenced by

adsorption of the molecules.

For the hydrogen molecule stable adsorption will occur only at y-OBS but the
magnitude of the enthalpy of the process is rather small. Unstable adsorption of
hydrogen molecule on f-OBS provides no changes in electronic structure in vicinity
of Fermi level. Contrary, all considered cases of the stable adsorptions provide
visible changes in the positions and shapes of some peaks in vicinity of Fermi level
that should change the intensity and perhaps quench some optical transitions (the

key transitions are shown by arrows in Fig. 5.4.2). In the case of f-OBS will occur
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blue shift in adsorption and in the case of y-OBS red shift. Note that similarly to

other boron nanostructures both studied OBS systems changes in the electronic
structure i1s distinct for each type of adsorbed molecule therefore OBS can be
proposed as sensing material with high selectivity. Adsorption of water provides
appearance of the states at about -0.6 eV that can create additional transitions. So we
can propose OBS as chemically stable humidity sensors.

5.5 The use of oxidized borophene as a membrane for the separation of atomic
hydrogen and protons
Combination of porous structure and chemical stability of OBSs creates

opportunities for possible usage of these materials as membranes for the separation
of the gases. For evaluation of permeability of OBSs we performed calculation of
migration of hydrogen atom and hydrogen protons throughout the centers of the
pores in both considered OBSs. For the simulation of the proton we generate
pseudopotential for hydrogen atom with 0.05¢” on 1s orbital and perform the
calculation of the system with the charge +0.95¢". This method was previously used
for the study of the migration of the proton trough graphene and hexagonal boron
nitride. [209] Results of the calculations demonstrate energy barrier for H' is 0.704
eV for f-OBS and 0.594 eV for y-OBS. For atomic hydrogens the values of the
energy barriers are 0.751 and 0.693 eV. Thus OBSs could be proposed as
impermeable material for hydrogen material and can be used for the coating of the
volumes for hydrogen storage and flowing to prevent hydrogen leakage.

5.6 Conclusion
Our first-principle modelling of the interaction of borophene sheets with

molecular oxygen demonstrate instability of these materials in free standing form to
oxidation. In result of the exothermic oxidation, borophene sheets will turn to foam-
like boron oxide membrane with incorporated non-oxidized boron clusters. Obtained
material is narrow-gap semiconductor and can be used as light-weight chemically
stable solar cells. In some kinds of borophene sheets oxidation provide the
appearance of stable at ambient condition d0-magnetism caused by unpaired
electrons on single non-oxidized boron atoms. Stable physical adsorption of various

gases on oxidized borophene sheets leads to the changes in optically active part of
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borophene spectra that make this material attractive for gas sensing. The calculated

barrier for the migration of protons of hydrogen and atomic hydrogen through the
pores of oxidized borophene demonstrates the impermeability of the membrane for
both considered species, which makes it possible to use oxidized borophene as a

coating preventing hydrogen leakage.
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CHAPTER 6. NON-COVALENT MODIFICATION OF INDIUM SELENIDE
We make this work to solve the disagreement between experimental works and

within theoretical community about adsorption properties and chemical stability of
InSe. InSe discussed as the one of the most prospective two dimensional materials.
We performed modelling of the adsorption of some commonly considered gases on
InSe. In contrast to previous theoretical works we vary not only the adsorbnats but
also the size of supercell and especially the modes of the optimization, we
demonstrate that favorability of the adsorption of the same gas on the same supercell
can be totally different if we optimize only atomic positions and both atomic
positions and lattice parameters. For make our work more comprehensive we check
the influence of in-plane and out-of-plane distortions of the substrate and found that
even minimal distortions (for example stretching at 1%) of the substrate significantly
influence adsorption of the molecules. We can conclude that each previous work is
correct but describe interaction of InSe with environment at some narrow range of
conditions and even slight change of these conditions could provide significant
change in chemical properties. Because InSe is the member of the broad family of
similar materials and more populous class of dichalcogenides is also contain very
flexible 2D membranes results reported in our work can be applied to large number
of real and hypothetic 2D materials.

6.1 Two-dimensional topological materials and their potential application
More and more researchers study two-dimensional topological materials due to

the promise of devices with non-dissipative electric or spin currents, the exotic
electronic states may provide a new approach for spintronics, quantum computation
and many other potential device applications [210-212].

The two-dimensional topological insulator has a non-dissipative boundary state
at its boundary, which provides a preferred material for non-dissipative micro-nano
devices. At the same time, this boundary state is protected symmetrically by time
inversion, so it can resist the disturbance of non-magnetic impurities or defects.
Under the combined effects of spin-orbit coupling and time inversion symmetry

breaking, some materials can achieve a special Hall effect: the quantum anomalous
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Hall effect. Its characteristic is that in the absence of an external magnetic field, the

boundary of the material still has a non-dissipative boundary state. The electrons
transmitted in these channels will not collide with each other. This special Hall effect
provides a new direction for low-power electronic devices in the future.

6.2 Description of the atomic structure of indium selenide and the current
state in the description of the surface activity of indium selenide and related
materials

Since the successful isolation of graphene, the greatly favors applications of two-

dimensional materials in electronics, optoelectronics and other fields due to their
physical and chemical properties. [26-28, 213-215] Two-dimensional materials have
ultrathin thickness, the high surface area provides a large number of reactive sites,
which makes them efficient adsorbents for gas molecules, these materials efficient
in catalysis, sensing, solar energy conversion and storage technologies. [216-218]

Recently, indium selenide (InSe) with a hexagonal structure and a typical
layered semiconductor characteristic has gained increasing attention owing to its
intriguing electronic properties. For example, MoS2 with the direct (monolayer) to
indirect (multilayer) transition, while InSe has an indirect band gap for monolayer
and a direct band gap for multilayer sheets when exceeding a critical thickness. [219]
Bulk InSe has three forms (f-phase, y-phase, and e-phase) with a layered crystal
structure, it has a honeycomb lattice that consists of four covalently bonded Se-In-
In-Se atoms, the layers are bonded together by interactions discussed as the van der
Waals interactions. [220-222] As a two-dimensional material, it was found that the
electron mobility of the boron-nitride/graphene passivated InSe sheet exceed 103
cm? V'S at room temperature. [224, 225] Based on the density functional theory
calculations, the bandgap of InSe transform from direct to indirect semiconductors
as the number of layers decreases. [226, 227] Thus indium selenide has a great
prospective for optoelectronic applications. [228, 229]

The experimental results evidence that the thinner InSe films rapid oxidative
degradation. At ambient conditions some small molecules (O,, CO, H,O and NO,)
are always interact with the surface of two-dimensional nanomaterials. These small

molecules can modify the electronic and optical properties of two-dimensional
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nanomaterials. The lone-pair states of Se at the top of the valence band of indium

selenide make high sensitivity to the external adsorbate. [223] Since high electrical
conductivities, the molecular adsorption changed electrical conductivity [217, 230],
gas sensors based on graphene have some practical applications [231-234]. It is
found that a certain amount of electrons transferred between the adsorbed molecules
on the InSe monolayer and the substrates. [235] Other works have reported positive
adsorption energy of HO molecules on Se vacancies, [236] the different adsorption
sites of the InSe surface for the physisorption of oxygen almost zero adsorption
energy. [235] Another works provides experimental and theoretical evidences of
chemical stability of InSe-monolayers.

Possible cause of this contradictions between results of the theoretical
modelling is using of different types of the optimization of substrates and different
sized of supercells that could be crucial for the modelling of flexible membranes.
Some works reports results for 3x3 InSe supercells [234,124] other for 4x4
[222,223,235] that is corresponding with coverage by impurities 11.1% and 6.3% of
the surface. Additionally, in some works were used only optimization of the atomic
positions for fixed lattice parameters [235] other groups report results after
optimization of both atomic positions and lattice parameters. [222,223,124] The first
case will further denote as ‘optimization positions’ can be discussed as the model of
the surface of bulk of InSe and similar crystals or monolayer on rigid substrate. The
second approach will further denote as ‘optimization all’ is corresponding with the
case of free standing membrane. For evaluate the contribution from the different
approach to the modelling and concentration of impurities we have performed the
modeling of the adsorption of the molecules of four species (02, CO, H,O, NO>) on
2x2,3x3 (see Fig. 6.2.1a,b) and 4x4 InSe supercells with using of the ‘optimization
positions’ and ‘optimization all’ modes. For make our modelling more
comprehensive we have performed modeling of the adsorption over uniaxial strained
and compressed at 1% 4x4 supercell and ripple created from 4x4 supercell (Fig.
6.2.1c). This last part of our work provides evaluation of the contribution from

substrate to adsorption properties of InSe membrane.
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At the present calculations, we selected In 5s25p!, Se 4s24p*, O 2s22p*, C 2s22p*,

N 2s22p*, H 1s! configuration as the valence states. The special points sampling
integration over the Brillouin zone was performed using a k-mesh of dimensions 2

x 2 x 1 k-points mesh according to a Monkhorst—Pack scheme.

Figure 6.2.1 — Optimized atomic structures of CO adsorbed on 2x2 supercell of
InSe (a), water adsorbed on 3x3 supercell of InSe (b) and NO, adsorbed in vicinity
of the ripple in 4x4 supercell of InSe (c).

Cmn

Cs

Calculation of the absorption were performed by the formula: c,ce
| = loe™ 20 (6.2.1)

where I is the intensity of transmitted light, Iy is the intensity of incic®ht light, a is
the absorption coefficient, and x is the thickness of the absorbent medium. A bundle
of monochromatic light was irradiated onto the surface of an absorbing medium.
After passing through a medium of a certain thickness, the intensity of the
transmitted light was weakened because the medium absorbed a part of the light

energy.
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Figure 6.2.2 — Band structure of bulk (a) and monolayer (b) of InSe before
optimization and 2x2 (c,d) and 4x4 (e,f) supercells after optimization of atomic

positions (c,e) and lattice parameters and atomic positions (d,f).

At the first step of our modeling we check the influence of the supercell size
and optimization mode on electronic structure and optical properties. Results of the
calculations demonstrate that optimization the only atomic positions provide
breaking of the symmetry for all considered supercells. The mean displacement of
the atoms from ideal positions is 0.013, 0.006 and 0.005 A for 2x2, 3x3 and 4x4
supercells respectively. Surprisingly but the break of the symmetry does not provides
significant changes in the values of DFT-bandgap (see Fig. 6.2.2b,c,¢e). In the case
of the optimization of both lattice parameters and atomic positions lattice parameters
is insignificantly decreased. The values of the mean displacement of the atoms is
increased comparable to the optimization of the only atomic positions up to 0.075,
0.067 and 0.066 A for discussed supercells. These changes in crystal structure

provides not the only increasing of the number of bandlines but also increasing of
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the value of DFT-bandgap up to 2 eV (Fig. 6.2.2d,f). Note that DFT calculations are

performing at zero temperature therefore at room temperature deviations of the
atoms from ideal positions should be larger. From the other hand these displacement
of the atoms is small enough and does not provides visible influence on optical
properties of InSe such as absorption function (see Fig. 6.2.3a).
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Figure 6.2.3 — Absorption coefficient for various InSe substrates without adsorbed
gases (a),
before and after adsorption of NO; (b)
and after formation of the ripple and further adsorption of NO; (¢)

6.3 The effect of adsorption on the electronic structure and optical properties
of indium selenide

Adsorption energies were calculated by standard formula:

Eads = Einse+moi— [Einset Emol] (6.3.1)
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where Ense 1n the total energy of InSe supercell before attachment of m atoms. The

calculations of En were performed for the single molecule within the supercell of
the same size. In this approach to the calculation of Eo the interactions between
molecules adsorbed on InSe is excluded from adsorption energies and the values of

these energies characterize only InSe-molecule interactions.

Table 6.3.1 — Calculated energies of the adsorption on various molecules on InSe
undistorted substrates (meV/mol), distance between molecule and InSe (d) and
mean displacement (D) both in A. The first numbers in the cells is corresponding
with optimization of the only atomic positions and the second (after slash) with

optimization of atomic positions and lattice parameters.

Adsorbant Supercell Eads d D

02 2%2 -748 | -851 3.214/3.475 0.036/0.032
3x%3 -702 / -762 3.192 /3.058 0.017/0.013

4x4 -756 / +1,079 3.281/2.916 0.005/0.010

CO 2%2 +70/+918 3.409 / 2.620 0.034/0.051
3x%3 +72 [ +101 3.419/3.340 0.014/0.012

4x4 +1,269 / +452 3.102/4.019 0.009/0.103

H20 2%2 +123/ +84 3.134/3.301 0.042/0.041
3x%3 +756 / +380 3.041/3.702 0.019/0.167

4x4 +1,171/ +589 2.948 / 4.002 0.009/0.098

NO- 2%2 +1,432/+1,383 |2.523/3.278 0.048/0.308
3x%3 -15/-944 2.248 1 2.392 0.022/0.136

4x4 +282 / +1,108 2.276 / 4.002 0.014/0.130

The next step of our modelling is the modelling of the energetics of the
adsorption of various molecules. Results of the calculations demonstrate that in the
case of adsorption of molecular oxygen the process is always energetically favorable

except adsorption of 4x4 supercell with optimized both lattice parameters and



104
atomic positions. This result is in agreement with experimentally observed stability

of free-standing InSe monolayer at ambient conditions. [124,237] Decreasing of the
size of supercell is corresponding with increasing of the concentration of the oxygen.
Thus in the case of high pressure of the oxygen or air chemical degradation of free-
standing InSe monolayer could occur. In the case of the optimization of the only
atomic positions adsorption of molecular oxygen is favorable. This type of the
optimization can be discussed as the model for the oxidation of the monolayer on
substrate or the surface of bulk or few layers of layered materials because the
presence of substrate makes top layer rigid. Thus obtained in calculations favorable
adsorption of the oxygen in the case of optimization of the only atomic positions is
also in qualitative agreement with experimentally observed oxidative degradation of
few-layers of InSe. [114]

In the case of adsorption of carbon monoxide and water picture is similar:
physical adsorption is strongly unfavorable. Almost for all cases and both types of
the optimizations decreasing of the concentration of the adsorbants realized via
increasing of the supercell size leads to increasing of the adsorption energy. To
understand the difference between adsorption of molecular oxygen and these two
gases we have checked mean displacement of the atoms if the substrate. Results of
the calculations demonstrate correlation between magnitude of mean displacement
and unfavorability of the adsorption. The cause of smaller distortions of the substrate
after adsorption of the oxygen is sp' hybridization in molecular oxygen that permit
fill empty 5p shells of selenium by lone pairs on 2p orbitals of the oxygen. In the
case of carbon monoxide and especially in the case of water formation of this kind
of bond leads to reorientation of the sp-orbitals of selenium and as results to larger
distortions of InSe substrate. The energy cost of these distortions overcome energy
gain from the filing of the empty 5p orbitals of one selenium atoms by electrons
from adsorbed molecules. Note that different types of the optimization lead to the
different magnitudes of mean displacement of the atoms in substrate.

The last adsorbant considered in our work is nitrogen dioxide. The combination

of the oxygen atoms with lone pairs of the electrons and partially empty 2p orbitals
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of nitrogen. Results of the calculations demonstrate that at moderate concentrations

(3%3 supercell) adsorption of NO; is favorable similarly to the adsorption of oxygen
and at high and low concentrations adsorption is unfavorable similarly to the water
and carbon monoxide. Note that in the case of favorable adsorption on 3x3 supercell
the difference in the magnitudes of the adsorption energies is much larger than in the
case of the adsorption of molecular oxygen. The values of mean displacements are

also rather different.
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Figure 6.3.1 — Band structure of 3x3 supercell of InSe after optimization of the
only atomic positions (a,c) and optimization of lattice parameters and atomic
positions (b,d) before (a,b) and after (c,d) adsorption of NO».

These different patterns of the interactions of NO, with 3x3 supercell of InSe
also leads to the difference in the molecular levels of the adsorbant. The band
structure of InSe substrate remain almost the same after adsorption of NO, for both
types of the optimization (see Fig. 6.3.1). But in the case of the optimization only
atomic positions we can see degenerate orbital on the Fermi level (Fig. 6.3.1c) and

in the case of the optimization of lattice parameters and atomic positions occur split
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of these levels to occupied and unoccupied (Fig. 6.3.1d) that significantly increase

favorability of the adsorption. For make our survey more comprehensive we checked

the influence of the adsorption on the optical properties of the systems. Results of

the calculations (Fig. 6.2.3b) demonstrate that similarly to the insignificant changes

of the band structure of InSe substrate absorption functions is also remain almost the

same.

6.4 The effect of additional distortion of the InSe-substrate on molecular

adsorption.

Table 6.4.1 — Calculated energies of the adsorption on various molecules on InSe

distorted substrates (meV/mol), distance between molecule and InSe (d) and mean

displacement (D) both in A. All results are reported for 4x4 supercell.

Substrate Adsorbant Eads d D

Distortion

Stretch 1% O +769 2.739 0.010

CO +61 3.336 0.009

H20 -411 2.836 0.008

NO> +742 2.206 0.011

Compression O, +535 3.136 0.016

1% CO +362 3.111 0.010

H.O +480 2.622 0.007

NO> +1,384 2.105 0.009

Ripple O, +1,134 2.401 0.039

CO -3 3.192 0.013

H.O +547 2.503 0.030

NO, +83 2.277 0.034

Results presented in previous paragraphs demonstrate that InSe-monolayer is

extremely flexible materials. Fixation of lattice parameters significantly influence

structural, electronic and chemical properties of this materials. Deposition of the
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monolayer on rigid scaffold can provides not only fixation of the lattice parameters

but also change the value of the lattice parameters. To evaluate contribution from the
changes of lattice parameters we performed the calculations of the adsorption of four
previously considered types of molecules on 4x4 supercell after uniaxial stretch at
1% and compression at 1%. Note that in this case lattice parameters are fixed and
only atomic positions are optimizing. Results of the calculations (Tab. 6.4.1)
evidence that planar distortion of the substrate change energetics of the adsorption.
Adsorption of the oxygen became unfavorable in both cases (stretch and
compression of the substrate) and adsorption of the water became favorable on
stretched substrate. Foe all considered adsorpbant distance between substrate and
molecule became smaller (see Tab. 6.3.1 and 6.4.1) and mean displacement of the
atoms in substrate from initial positions is almost the same in the case of stretch of
the surface and larger when substrate compressed. This even very small in-pane

distortion of InSe substrate can significantly influence its chemical properties.
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Figure 6.4.1 — Band structure of 4x4 rippled supercells of InSe before (a) and after
(b) adsorption of NO:x.
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Another type of distortion of InSe membrane that can be induced by scaffold is

formation of the ripples. Note that this ripples can be also induced by thermal
fluctuation of free-standing membrane. [238] Our previous work demonstrate that
the presence of the ripple in graphene substrate can change energetics of physical
adsorption of the molecules. [239] For the building of the model ripple we uniaxially
compress 4x4 supercell at 5% and push up several atoms in the center of the
supercell. This initial structure was further optimized with fixed lattice parameters.
In-plane compression of the supercell is essential for preventing the return of shifted
atoms in initial positions (see Fig. 6.2.1c). Formation of the ripple does not change
significantly band structure (see Figs. 6.2.2f and 6.4.1a) and optical properties (see
Fig. 6.2.3a,c) of InSe monolayer. Distortion of InSe substrate predictable influence
energetics of the adsorption and mean displacement of the atoms in membrane (see
Tab. 6.4.1). Similarly to the adsorption of the molecules on in-plane distorted
membrane distance between adsorbants and substrate is smaller than in the case of
adsorption on non-distorted InSe membrane. Another difference between these two
cases is the influence of the adsorption on band structure of the substrate. In the case
of non-distorted substrate band structure of InSe remain almost the same before and
after adsorption of NO, (Fig. 6.3.1). Adsorption of the same molecule near the ripple
provides decreasing of DFT-bandgap at the value at about 0.5 eV and almost
flattened the lines in valence bands (see Fig. 6.4.1). The nature of these effects is
stronger adsorption-induced displacements of the atoms of rippled substrate (see
results for the calculations with fixed lattice parameters in Tab. 6.3.1 and Tab. 6.4.1).

6.5 Conclusion
The simulation results presented in our works demonstrate that the energetics

of physical (non-covalent) adsorption of various molecules on an InSe monolayer
strongly depends on the size of the supercell and especially on the optimization
mode. Calculations with optimization of the only atomic positions report robust
adsorption of the oxygen at any concentrations contrary to the calculations with
optimization of lattice parameters and atomic positions, which report unfavorability

of the adsorption at low concentration of the oxygen. In-plane and out-of-plane
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distortion of InSe membrane makes adsorption of molecular oxygen unfavorable in

contrast to adsorption of water and carbon monoxide. Difference in the energetics
and favorability of the adsorption can be discussed as the balance between energy
gain from the formation of non-covalent bonds between adsorbants and selenium
atoms and energy costs of distortion of the substrate created by formation of this
bond. Based on results of our calculations we can conclude that chemical stability
of such flexible membrane as indium selenide is strongly depends from multiple
conditions such as the presence of the substrate, distortions created by the substrate
and concentration of the adsorbants. Thus disagreement between previous
experimental and theoretical works can be caused differences in experimental
conditions and in modes of the calculations used by different theoretical teams. Our
results demonstrate that for very flexible materials all distortions-related factors
should be taken into account in interpretation of experimental results and theoretical

modeling.
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CONCLUSION
In this dissertation we report results of the modeling of the atomic structure of

novel materials for optics, electronics and photoelectronics based on oxide and low-
dimensional systems and the formation of a systematic description of the
relationship between the morphology of the material. For maximum consistency, we
studied materials with the most different morphology (large nanoparticles,
nanoclusters,  two-dimensional = membranes) and  physical properties
(semiconductors and conductors), both realistic and hypothetical (two-dimensional
boron). Chemical stability of studied materials and the effect of modification in
various ways (doping, creating defects, surface oxidation, etc.) on electronic
structure and optical properties of materials for use in catalysis, sensing, solar energy
conversion and storage technologies have been investigated. In low-dimensional
systems, the contribution from the surface and the influence of doping of near-
surface regions, the shape and defects of the surface, and changes in the surface
structure after modification are taken into account and the contribution from the
adsorption of molecules on the surface is inevitable, so we selected the most
representative representatives of various classes of low-dimensional materials(zinc
oxide, f-C3Ny4, indium selenide, borophene) and simulated the influence of various
processing methods and the influence of the environment on the physical properties
of these materials.

Zinc oxide usually forms large nanoparticles with a structure identical to the
array and a small contribution of the surface to physical properties. Therefore, to
simulate zinc oxide nanoparticles, a supercell of the ZnO array can be used under
periodic boundary conditions. Zinc oxide doped with beryllium can be used in UV
photovoltaic equipment. Based on our calculations, we have demonstrated that
doping can increase the efficiency of photoactive materials. In our work, we
investigated the relationship between the atomic structure and optical properties of
zinc oxide doped with beryllium (Zn,.;Be,O) for various beryllium concentrations.
The results show that the lattice parameters are nearly linear and obey Vegard's law.

After correcting the band gap value, the electronic band gap is consistent with the
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experimental results, which once again shows the adequacy of the model chosen for
modeling large nanoparticles. The results of the density of states for Be,Zn;..O show
that as Be doping the contribution of zinc and beryllium in the conduction band
position constantly moving to higher energy region, make the band gap width of
Be,Zn,.,O increases. The blue shift of absorption spectrum of the system becomes
more pronounced after increasing the concentration of Be. A key factor influencing
the change in the optical properties of the Be,Zn;_.O system is a change in the lattice
parameters due to a change in the impurity concentration.

The next step in our research was the study of smaller nanoparticles and nano-
clusters. For this purpose, one of the allotropies of carbon nitride 5-C3N4 was chosen,
which forms nanoparticles with an atomic structure close to that of an array, but with
a large contribution from the surface due to the small size of nanoparticles. In the
course of our work, we performed first-principles modeling of the optical and
chemical properties of S-CsN4 in the bulk (pristine and defected), surface and
nanoclusters. We have demonstrated the significant sensitivity of absorption spectra
of f-C3N4 to any kinds of disorder in atomic structure. The formation and passivation
of the surface as a result of interaction with the environment provides similar
changes in optical properties. The value of the indirect bandgap depends on the
chemical structure of the surface. Functionalization of the active sites on the surface
by monovalent species (hydrogen and fluorine) leads to vanishing of the bandgap in
the case of (001) surface and changes the value of the bandgap in the case of
nanoclusters. Results of our calculations also demonstrate the appearance of
magnetic moments in hydrogenated and fluorinated (001) surface of f-CsNy4. The
main contribution to the change in the optical properties of f-C3Ny4 is made by the
deviation of the atomic structure from ideal. The minimum disordering with a
standard deviation of 0.03 A atoms from stoichiometric positions is sufficient to
change the reflection and absorption spectra of f-C3;N4. Modification of defects on
the £-CsN4 surface does not lead to significant changes in these functions, but it can

lead to a significant change in the energy gap between the valence and conduction

bands.
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The next object of our research was chosen with the calculation of a decrease
in dimension and an increase in the contribution from the surface. Since the atomic
structure, defects and chemical modification of the surface of such materials as
graphene, boron nitride and molybdenum disulfide are described in sufficient detail,
two-dimensional boron allotropes would be chosen as the object of study. Dozens of
recent theoretical works have been devoted to this class of materials, but in all these
works the chemical stability of the materials under study has not been investigated.
A single-layer boron membrane (borophene), various allotropes of which have an
atomic structure different from boron crystals, and which, unlike other systems
under study, is a conductor. A step-by-step modeling of the oxidation of various types
of boron monolayers was performed. Results of the calculations demonstrate that
the process of the oxidation is always exothermic and lead toward the formation of
foam-like boron oxide films with incorporated non-oxidized small boron clusters.
Some of these boron-oxide films demonstrate the presence of chemically stable
magnetic centers. Oxidation of borophene leads to the transformation of its
electronic structure from metal to semiconductor, which makes it a promising
material for building flexible solar harvesting devices. Moreover, in some kinds of
borophene sheets oxidation provide the appearance of stable at ambient condition
d0-magnetism caused by unpaired electrons on single non-oxidized boron atoms.
Stable physical adsorption of various gases on oxidized borophene sheets leads to
the changes in optically active part of borophene spectra that make this material
attractive for gas photo-detectors. Calculated barrier of the migration of hydrogen
protons and atomic hydrogen throughout the pores of oxidized borophene
demonstrates impermeability of the membrane for both considered species that make
possible usage of oxidized borophene as hydrogen-leakage preventing coating.

We applied the approaches and skills developed in the course of modeling the
interaction of borophene with the environment to another two-dimensional object -
indium selenide. This material is obtained by exfoliating three-dimensional van der
Waals crystals, but the chemical stability of the obtained single layers is still in

question. Indium selenide represents a system of layers connected by weak non-
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covalent bonds, which are easily exfoliated in liquids to form a single-layer
membrane. Calculated adsorption energies of various gases on the surface of a
single-layer indium selenide depend on whether optimization has been made only of
atomic positions (which is corresponding to the case of monolayer on a substrate) or
of atomic positions and lattice parameters (which is corresponding to the case of a
free membrane). The effect of crystal lattice distortions (strain and buckling) on the
optical properties of a single-layer indium selenide membrane (InSe) and the
adsorption of molecules on its surface was studied. A relationship has been
established between the adsorption properties of a single-layer indium selenide and
membrane flexibility. Our results demonstrate that for very flexible materials all
distortions-related factors should be taken into account in interpretation of
experimental results and theoretical modeling.

In addition to studying the effect of dimensionality reduction on changes in the
physical and chemical properties of materials important for practical application, our
work demonstrates the need for mandatory verification of changes in the atomic
structure of low-dimensional materials as a result of interaction with the
environment, as well as the importance of taking into account all the degrees of
freedom of two-dimensional membranes in modeling their chemical properties. Both
of these methodological results are important for the modeling of other low-

dimensional systems and the development of theoretical materials science.

The author expresses his deep gratitude to the scientific consultant D.V. Bukhvalov

for invaluable help and support in the preparation of this work.
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