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ABSTRACT

THEORETICAL MODELLING OF BORON NITRIDE COATING

Rake, Nakka
PhD. Mechanical Engineering Department
Supervisor: Prof. Dr. Bilgin Kaftanoglu
2022 September, 194 Pages

In this thesis, the magnetron sputtering (MS) technique was used to deposit a thin layer
of BN coating. The MS technique is one method of Physical VVapor Deposition (PVD).
In the study, the sub-processes of BN coating by MS have already been thoroughly
modelled. Each of these models is characterized by using very specific scales. To
model rarefied gas fluxes, the Direct Simulation Monte Carlo (DSMC) numerical
approach is used. At each time step, the number of molecules (number density) and
their molecular velocities are summed and stored for each cell. From these summed
and averaged values of number density and velocities, all the macroscopic values such
as temperature, pressure and gas fluxes, are extracted. The Samadii™/sciv (Statistical
Contact In Vacuum) program is utilized to model the BN coating in this investigation.
The purpose of the modelling is an optimization of the deposition rate, coating thick-
ness and modelling crystal structure of BN coating. The result from models is applied
in experiments to approve the validation of models' results and to optimize the MS
process parameters. As a result of experimental BN coatings, thickness, crystal struc-
ture, nano hardness and adhesion of the BN coating are measured. To study the struc-
ture of BN coating and understand the correlation between BN phases, low-density
phase (h-BN) and high-density phase (c-BN), CASTEP (Cambridge Serial Total En-
ergy Package) software uses to understand the background of this correlation.
CASTEP software uses to calculate the elastic, electronic and phonon properties of the
h-BN and c-BN phases. In the next step, the quasi-harmonic Debye model code method
is used for deriving thermal behaviour from energy versus volume.

Keywords: Magnetron sputtering(MS); Physical vapour deposition (PVD); Modelling
of BN coating; Direct Simulation Monte Carlo Method (DSMC); Statistical Contact
in Vacuum(Sciv); Density functional theory (DFT).
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sayfa Eylil 2022, 194 sayfa

Bu tezde, Bor Nitriir ince kaplamalar1 icin magnetron sacgtirma teknigi kullanilmstir.
Magnetron sactirma, fiziksel buhar biiylitme tekniklerinden biridir. Bu arastirmada,

magnetron sagtirma yontemi teorik olarak modellenmistir. Her model kendi
Olceklerine gore modellenmistir. Seyreltilmis gaz ortamlarint modellemek i¢in
dogrudan sayisal Monte Carlo yontemi kullanilmistir. Her zaman aralig1 i¢in, molekiil
sayist (say1 yogunlugu) ve onlarin hizlar1 her hiicre i¢in toplanmistir. Toplam ve
ortalama yogunluk ve hiz degerlerinden, tiim sicaklik, basing, ve gaz yogunluk makro
degerleri elde edilmistir. Bor Nitriir (BN) kaplamalarin modellenmesi i¢in bu
aragtirmada “Samadii™/sciv (Statistical Contact In Vacuum)” programi kullanilmaistir.
Modellemenin amaci, biriktirme hizini, kaplama kalinligin1 ve BN kaplamanin kristal
yapisini modelleyebilmektir. Teorik modelden elde edilen sonuglar, deneysel veriler
ile karsilastirllmis ve magnetron sactirma yontemi i¢in en uygun kaplama
parametrelerinin belirlenmesi igin kullanilmistir. Bu arastirmada, BN kaplama sonucu,
deneylerde, kaplama kalinlig1, kristal yapi, nano sertlik ve yapigkanlik Sl¢lilmiistiir.
BN kaplamanin yapisal 6zelligini anlamak, diisiikk yogunluklu (h-BN) ve yiiksek
yogunluklu (c-BN) fazlarii modellemek i¢cin CASTEP (Cambridge Serial Total
Energy Package ) yazilimi kullanilmistir. CASTEP yazilimi, h-BN ve c-BN fazlarinin
elastik, electronik ve phonon 6zelliklerini modellemektedir. Bir sonraki adimda, har-
monik benzeri Debye modeli kullanilarak termal davranig, enerji ve hacim bilgilerin-

den elde edilmistir.

Anahtar Kelimeler: Magnetron Sagtirma, Fiziksel Buhar Biriktirme, Bor Nitriir
Kaplamanin Modellenmesi, Monte Carlo dogrudan Benzesim Metodu, Vakumda

Istatistiksel Temas, Ozgiil Agirlik fonsiyonlar teorisi
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Thin films are employed in a variety of fields, such as semiconductors, optical, elec-
tronic, and magnetic devices, telecommunications, biological, ornamental, and en-
ergy applications, as well as in the biomedical field. These are only a handful of the
numerous, already well-known applications. An effective vacuum coating method is
physical vapour deposition (PVD). PVD has been utilised to increase corrosion re-
sistance and reduce wear.

In PVD techniques, film precursors (atoms or ions) are created through ion bombard-
ment or heating (evaporation) (sputtering).

Both the deposition process (vapour condensation) and the transit of vapour from the
source material to the substrate are carried out by physiological mechanisms with
little or no chemical interaction.

Mono-layered, multi-layered, and multi-graduated coating systems, as well as unique
alloy compositions and structures, can all be deposited using PVVD methods.

One PVD technology is magnetron sputtering. Because phase formation is primarily
driven by kinetics rather than thermodynamics in this method, low-defect-density
films of high-melting-point materials can be formed on unheated substrates.

Given that it has some of the most peculiar physical and chemical characteristics of
any element, boron (B) is an intriguing substance. The fundamentals of the well-
known thin-film deposition technology reactive magnetron sputtering (MS) are
theoretically straightforward and may be condensed into a few lines. But this
seemingly straightforward event is the result of an intricate interplay between
numerous physical and chemical subprocesses.

In this work, many of these subprocesses have already been in-depth modelled.

The Direct Simulation Monte Carlo (DSMC) approach is frequently referred to as the

most effective numerical tool for modelling real engineering problems in a less

computationally intensive environment. To model rarefied gas fluxes, the DSMC

numerical approach is used. The DSMC method is used to describe the behaviour of

large groups of charged particles. Particles occupy space that is divided into cells.
1



Particles are represented by a small number of superparticles. A weighting factor
determines the number of actual particles represented by each super particle. Using
the Boltzmann equation, we can simulate the system's behaviour in a self-consistent
manner.

The most important feature of DSMC is the decoupling of the movement and colli-
sion procedures of the molecules.

In this investigation, Samadii™/sciv (Statistical Contact in Vacuum) package uses to
interpret Magnetron Sputtering. For each time step, Samadii™/sciv employs the par-
ticle method to determine the force acting on each particle. In the next stage, it uses
force and mass to calculate velocity and location. Samadii/sciv calculates the Lorentz
force, which is created by the electric field, magnetic field, and particle collisions.
The finite element method is used to analyse magnetic field and electric field calcu-
lations.

Modelling of Boron Nitride coating intends to improve the PVD process. This model
will focus on the process of energy efficiency improvement with the sputtering tech-
nique. Based on the product and its characteristics DSMC and other techniques are
used to study the BN coating profile. The results of the models are used in experi-
ments to validate the results of the models and to optimize the MS process parame-
ters. The thickness, crystal structure, nano hardness, and adhesion of the BN coating
are measured as a result of the experimental BN coatings.

To study the structure of BN coating and understand the correlation between BN
phases two packages of software are used: Density functional theory (DFT) with a
plane wave basis set is used in CASTEP (Cambridge Serial Total Energy Package)
software to determine the electronic characteristics of crystalline solids, surfaces,
molecules, and amorphous materials. The elastic, electrical, and phonon properties
of the h-BN and c-BN phases will be computed using this software.

The next phase involves determining thermal behaviour from energy against volume

using the quasi-harmonic Debye model code approach.



1.2 Scope of The Thesis

>
>

Chapter 1 presents the introduction, objectives and the aim of this study.
Chapter 2 presents the background topics and a literature review relevant to this
thesis.

Chapter 3 presents the research motivation, research procedure, and methodol-
ogy.

Chapter 4 presents details of magnetic field (MF) and electric field (EF) model-
ling, Ansys Maxwell 16.0 software technique has been used to model MF and EF
and explains the important criteria that should be achieved in these models.
Chapter 5 presents the Theoretical and Experimental Study of BN Coating. This
chapter can be classified into three parts depending on the subject. In the first
part, DSMCs are used to model BN coating. The second part DSMC are used to
calculate the temperature, pressure and gas fluxes in the chamber of the PVD
system. The third part contains the details of the experiments, the Structure and
Characteristics of BN Coatings.

Chapter 6 presents the necessary theoretical background for the density func-
tional theory (DFT). In addition, the definition required to calculate the most im-
portant physical properties of the material is explained in detail. CASTEP soft-
ware is used to calculate the structure and properties of the h-BN and c-BN
phases. The quasi-harmonic Debye model code method is used for deriving the
thermal properties of h-BN and c-BN.

Chapter 7 presents the findings and conclusions of this thesis. Possible future

work in this field is also described.



CHAPTER 2

BACKGROUND OF THE STUDY AND LITERATURE REVIEW

2.1 Introduction

Thin films are condensed layers with a thickness ranging from a few nanometers
to several micrometres that have crystallized or were created through the carefully
controlled condensation of atomic, molecular, or ionic species on a substrate (sup-
port material) [1,2,3]. Applications for thin films include semiconductors, optical,
electronic, telecommunications, biological, energy, food, and biomedical applica-
tions [4,5].

It would be impossible to describe all areas where thin films are useful, but inte-
grated circuits (ICS), photovoltaic solar cells, reflecting or anti-reflection coatings,
and wear-resistant coatings are a few crucial packages [6]. According to the studies
of company BCC, the arena marketplace for thin-film coatings reached nearly $9.8
billion in 2015 and is predicted to attain $11.3 billion in 2021 [7]. In addition, tech-
nological advances in this vicinity might be pushed through packages inside the
fields of energy, aerospace and defence. Trends in nanotechnology and miniaturiza-
tion in industry and microelectronics are candidate application areas in the coming
years. The thin-film deposition is a large gain, the structure of thin film may be
managed via manipulation of the atomic scale strategies [8,9]. There are many dif-
ferent thin-film processes, but they can be broadly divided into two types based on
the physical characteristics of the species that create the films: liquid-phase (solu-

tion) deposition and vapour-phase deposition.

Chemical vapour deposition (CVD) and physical vapour deposition (PVD) are sub-
categories of vapour phase deposition. Precursor gases containing the supply mate-
rial are added inside the reactor and are in contact with the substrate in CVD proce-

dures.



Numerous heterogeneous chemical events (decomposition, desorption, polymeriza-
tion, etc.) occur close to or on the surface as a result of heat, plasma, or gradient
changes, and their structure progressively takes the form of a solid, stable film [10—
11]. On the opposite hand, in PVD strategies, film precursors (atoms or ions) are
produced both through heating (evaporation) or ion bombardment (sputtering). Both
vapour transportation from the source material to the substrate and deposition process
(vapour condensation) take place by physiological mechanisms, with no or few chem-

ical reactions involved [12].

Reactive PVD, which is frequently used to deposit chemicals, combines chemical and
biological deposition. Precursors frequently come from a metal electrode (through
evaporation or sputtering) and the breakdown of a reactive gas (the usage of thermal
decomposition, plasma, etc.). PVD techniques and CVD are occasionally carried out
at low pressure (below atmospheric pressure) or even in a vacuum, allowing for the
environmentally friendly use of supply materials with excellent overall performance
and the reduction of impurities and electricity use. The basics of magnet sputtering,
one of the famous PVD technology, can be defined in element in this Chapter, because

of its significance for this thesis.
2.2 Physical Vapour Deposition -Magnetic Sputtering

An effective vacuum coating method is PVD. PVD has been utilised to increase cor-
rosion resistance and reduce wear. It is necessary for applications that have a practical
purpose, such as tools, optical enhancement, ornamental items, moulds, dies, and
blades. These are just a handful of the many applications that are already widely used
and accepted [13-14]. This method is environmentally benign, and the machinery it
uses needs little maintenance. Processes for machining heavily rely on deposition tech-

niques.

One of the most demanding applications, machining tools needs to have properties

including hot hardness, high abrasion resistance, toughness, and stiffness [15-16].

PVD may also provide coatings with a wide variety of materials and properties, out-
standing adhesion, homogeneous layers, planned structures, graduated properties, con-
trolled morphology, and more [17-18]. Mono-layered, multi-layered, and multi-grad-

uated coating systems, as well as unique alloy compositions and structures, can all be
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deposited using PVD methods. The continual fluctuation in coating qualities through-

out the film is one of the process's benefits [19,20,21].

One PVD process uses magnetron sputtering (MS). Because phase formation is pri-
marily driven by kinetics rather than thermodynamics in this method, low defect-

density films of high melting-point materials can be formed on unheated substrates.

—  Substrate and film growth
Sputtering | I | | I
Gas ——— —
— A —
%e 1
© O
s \ o0 0
O
1 ]

— Sputtering Target

Figure 2.1 PVD - Magnetron sputtering technique

2.2.1 Sputtering
Atoms, molecules, and even clusters can be ejected when an energetic particle
(atom or ion) collides with a solid surface. Sputtering is the process of generating

atoms and clusters through an ion-solid contact.
According to statistics, each ion produces a certain number of sputtered particles.

These particles have specified energy and geographical dispersion when they depart
a target. The target is a cathode containing the source material which is maintained
at a negative potential concerning the chamber walls and the substrate in sputter
deposition.

Sputter deposition is also a highly effective technique for growing all kinds of thin
films with precise crystallographic orientation and micro-structure because of the
employment of magnets to confine the discharge closer to the target and the use of
reactive gases during deposition. The sputtering yield Y, which is defined as the

number of atoms that leave the target per incident ion

Y = sputtered particles/ incident particles (2.2)



Nuclear collisions with the target atoms allow the bombardment particle to discharge
its energy. These expelled target atoms collide with other atoms if they have enough

energy; etc.

The target atoms at the surface can escape if they get enough momentum and move
in the right direction to breach the surface barrier., They can sputter when they leave
the target [22]. The entire sputtering efficiency, as well as the energy and angular
distribution of the sprayed atoms, were theoretically described by Sigmund [23] and
Thompson [24].

2.2.2 Glow Discharge

A glow discharge is formed when a gas, usually a rare gas like Ar, is present Ar+
ions are propelled towards the cathode in an electric field in this glow discharge. The
energetic ions cause various interactions when they collide. The energetic Ar+ ions,
for example, may produce a collision cascade in the target material. Atoms are dis-
placed, and some of them may be able to escape to the VVapor phase from the surface
[25].

2.2.3 Plasma and Secondary Electrons Emission

An electron can be expelled from the target surface to the vapour phase by blasting
it. The likelihood of producing an electron in a normal sputter process is on the order
of 0.1, which is known as the secondary electron emission coefficient. To ionize the
Ar-atoms in the plasma, secondary electrons are required.

Electrons transfer their energy to Ar atoms in an inelastic manner by activating the
Ar-internal atom's electrons. Because of the mass difference between the electrons

and the Ar atoms, this is more likely than contributing to the kinetic energy of Ar.

At radio frequencies (Rf) the electrons oscillating in the glowing space have sufficient
energies to cause ionizing collisions, thus reducing the dependence of the discharge

on secondary electrons and lowering the breakdown voltage.

A plasma is a partially ionized gas that contains roughly equal amounts of positively

and negatively charged particles as well as a varied number of neutral molecules.

The charged particles are most likely electrons and positively charged single ions.



Consequently, the number ne of electrons divided by the sum of electrons and neu-

trons (ne + n) indicates the degree of ionization or plasma density [26,27].

Plasma has two primary qualities that can be used to characterize it at the most basic

level:

1. It is a quasi-neutral medium, with an overall density of electrons and negative
ions equal to that of positively charged ions. The localized imbalance between the
two may exist, but only over a very short space, which is determined by plasma

properties.

2. It has a collective characteristic; charged particles in plasma interact with one
another not just through collisions, but also through long-range electric and magnetic

fields that these particles generate.

To demonstrate these concepts, consider a situation in which the density of nega-

tively and positively charged species is disproportionate.

The electric field formed by the charge imbalance will cause Coulomb forces, which
will cause charge rearrangement. On a macroscopic scale, plasma thus serves as an

electrically neutral medium.

Debye length, D, is the characteristic distance at which a considerable charge

separation may exist. It can be written as:

Ny = 2 (g, KTe (22)

Cne

K [eV/K] is the Boltzmann constant, Te [eV] is the electron temperature, C is the
elemental electron charge, and ne is the electron density, where ¢, is the permittivity
of the vacuum. In a low-temperature plasma discharge, the thermal velocity of elec-
trons is significantly different from that of ions. The reason for this discrepancy For-
mation of a boundary layer at the edge of the plasma known as the plasma sheath. If
the target surface is a non-conductive or insulated conductor and is immediately

negatively charged concerning the surrounding quasi-neutral plasma bulk [28].

Due to the characteristics of the plasma, a sheath region that is frequently referred
to as dark space and is practically isolated from the bulk plasma region forms close

to the target (where the negative potential is applied). Within that dark space, the
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entire voltage drop occurs between the bulk plasma region and the target (with a
negative potential of some hundred volts) [29]. Before striking the target surface
there at an angle parallel to the local target surface normal, Ar+ ions are first accel-
erated to energies equivalent to the applied potential [30]. Therefore, an Ar+ ion
incidence angle of 8 = 0°, in general, applies for magnetron sputtering [31]. It has
no contribution to plasma maintenance since it cannot be propelled by the sheath
(extremely strong repulsion). Thermalized electrons make up the majority of the

electrons in the plasma.

After being ejected from the target, the sputtered particles move through the plasma to

the substrate.

Collisions with other particles, especially rare gas atoms, are possible throughout the

journey.

Each elastic or inelastic collision results in a change in energy and direction. Following

the interaction, the atom continues until it is scattered or adsorbed on a surface.

The average distance between two collisions is known as the mean free path. The

mean free path can be expressed as:

KT

- V2md?P (2'3)

Where p is the pressure,d is molecular mass.
2.2.4 Deposition of Reactive Sputtering

Reactive sputter deposition is a technique for depositing films with a composition that
differs from the target. Because sputtering from a ceramic target is not favoured due
to the target's electrical insulating nature, this approach is employed to deposit ceramic
materials. In most cases, a pure metallic target is employed to deposit the thin coating

by reactive sputtering.

A compound is deposited at solid surfaces when a reactive gas is added to the sputter-
ing system and reacts with the sputtered target material. A high deposition rate and a
stoichiometric film can be achieved this way. Films can also be doped with the neces-

sary amount of gas via reactive sputtering. Because of the difference in secondary



emission coefficient between the ceramic compound and the metal, this hysteresis ef-

fect can also be seen in the discharge voltage.

These hysteresis phenomena demonstrate that operating circumstances are not always
constant but may change depending on previous operations. In addition to the history
dependency, the process's intrinsic instabilities linked to its hysteresis may cause it to
drift into unfavourable operating circumstances. As such, long-term operation stability
is not clear. The compound synthesis on the target is what is responsible for this hys-
teresis behaviour [32]. The hysteresis effect for chemical adsorption of the reactive gas
at the surfaces was theoretically characterised by Berg et al. and Depla et al. [33,34,35].
As was already said, the reactive gas accelerates through the cathode sheath, causing

it to not only chemistry at the target but also implant itself there.
2.3 Boron and Boron Nitride Definitions

Boron (B) is a fascinating material since it has some of the most unusual physical
and chemical properties of any element. Elemental B is a refractory, light substance
having a melting point of 2177 °C. At room temperature, it is a non-metal that is chem-
ically inert. It is also hard, strong, and effective in absorbing electrons. Boron is di-
vided into isotopes ranging from Bs to Bi2, some of which have an extremely short
half-life due to instability. There are four major allotropies of crystalline boron: v, f3,

o,and T.

atomic atomic weight
number —mM8¥ —— 5 10811 i
G _1 __ acid-base properties
symbol o we—— B of higher-valence oxides
A
electron Boron [ crystal structure
configuration o, ] N
[He]23229 1 \ physical state
0O, 0|
name boron at 20 °C (68 °F)
D Other nonmetals — Solid

@ Rhombohedral (q Weakly acidic

Figure 2.2 Boron definition
10



Periodic table of the elements

] Alkali metals

[] Alkaline-earth metals

[[] Halogens

2 group [J] Noble gases

'E,_ 1* [] Transition metals [] Rare-earth ellamants (21, 39, 57-71) 18

y 1 ] Other metals and lanthanoid elements (57-71 only) 2

L 2 [ other nonmetals [] Actinoid elements 2 s ® 18 A4 He

3 P 5 6 7 8 9 10

2l L | Be B|c|N|O| F |Ne
11 12 13 14 15 16 17 18

3| Na Mg 3 4 5 6 7 8 9 10 11 12 Al Si P S Cl Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 a3 34 ES 36

& K Ca | Sc Ti v Cr | Mn | Fe | Co Ni Cu | Zn | Ga | Ge | As | Se Br Kr
a7 38 39 40 41 42 43 44 45 46 a7 48 49 50 51 52 53 54

| Rb Sr Y Zr Nb | Mo | Tc Ru Rh Pd Ag Ccd In Sn Sb Te 1 Xe
55 56 57 72 73 74 75 76 77 78 79 80 a1 82 a4 85 86

¢l cs Ba La Hf Ta w Re | Os ir Pt Au Hg TI Pb Bi Po At Rn
87 a9 104 [105 [106 [107 [108 [109 [110 [111 [112 [113 [114 [115 [116 (117 [118

“|'Ffr |Ra|Ac | Rf | Db | Sg |Bh |Hs | Mt |Ds |Rg|cn [Nh | FI [Mc | Lv | Ts | Og
\anthanoid series & |2 59 60 61 62 63 64 65 66 67 68 69 70 71

Ce Pr Nd | Pm | Sm | Eu Gd Tb Dy Ho Er | Tm Yb Lu
o i 20 o1 92 o3 94 a5 o6 97 o8 99 100 (101 [102 |[103
actinoid seres 7 | v | pa | U | Np | Pu [Am [cm | Bk | cf | Es | Fm | Md | No | Lr

The chemical element B has an atomic number of 5. In the Periodic Table, it's between
the 111 and V groups, as seen in Figure 2.3. It has a 0.117 nm atomic diameter and a
molar volume is 4.6 cm3/mol. Boron's electrical arrangement in its ground state is 1s2

252 2pt. By sp? hybridization, boron can form three covalent connections.

Figure 2.3 Periodic Table

It's a metalloid because it possesses both metal and non-metal qualities.

BN is easily produced from BCIs (boron trichloride) and NHs (ammonia) through the

following reaction:

BCIs + NH; — BN(s) + 3HC1

(a) Cubic BN

1 ol
g [0M1)

(b) Wurtate BN

J

(¢) Hexagonal BN

1)

Figure 2.4 Boron Nitride allotropies
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Boron nitride (BN) is a synthetic substance that, although its discovered in the early
nineteenth century, was not commercialized until the second part of the twentieth cen-
tury.

Boron nitrides have the chemical symbol BN.

B: N = 1: 1 is the stoichiometric ratio.

Hexagonal (h-BN), rhombohedral (r-BN), cubic (c-BN), and wurtzite (w-BN) crystals
are all examples of BN allotropies, as illustrated in Figure 2.4.

The low-density BN crystal lattices h-BN and r-BN are formed of planar layers of BsNs
hexagons, with three covalent connections connecting each atom to its three nearest
neighbours according to the sp? hybridized atomic orbitals [36].

The two high-density polymorphs c-BN and w-BN show four strong covalent bonds
between the three-dimensional lattice in which each atom is an sp* hybrid and the near-

est neighbours atom, forming a tetrahedron around them [36].

* Cubic boron nitride (c-BN)

c-BN was initially synthesized in 1957, but com-
mercial manufacturing of c-BN has only begun in
the last 15 years. Next to diamonds, cubic boron ni-
tride (c-BN) is the second hardest substance. Cut-
ting tools and forming dies are coated with c-BN

coatings.

Experiments and industrial applications demon-

strate that tool life is extended and performance is improved.

Because of its superior mechanical and chemical qualities, cubic boron nitride (c-BN)

has been used as a significant coating material for cutting tool applications.

Aside from its high thermal conductivity and electrical resistance, it does not react

with ferrous metal or oxygen at high temperatures.

Chemical stability towards ferrous metals and oxygen at high temperatures like

1300°C is an area where c-BN outperforms diamond [37-38].
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c-BN is employed in the powder metallurgy or PVD coating of tool steels, the coating
of die steels in sheet metal forming, and direct applications to the end product when

high wear resistance is required [39,40-41].

Its antimicrobial properties also open up possibilities for biological applications [16].
Experimental studies and FE simulations on micro-milling of Ti—6A1-4V alloy with
fine grain uncoated and c-BN coated are presented in the research of Ozel [42].

For uncoated and c-BN coated micro-tools, the effects of machining parameters on
surface roughness, burr development, and tool wear are examined.

Foruncoated and c-BN coated micro-tools, finite element modelling is used to forecast
forces, temperatures, and wear rates.

The c-BN coated carbide tool outperformed the uncoated carbide tool in terms of tool
wear and cutting temperature, according to this study.

* Hexagonal boron nitride (h-BN)

Balmain [43] created hexagonal h-BN for the first time. Hexagonal BN has a lamellar
crystalline structure, with strong covalent bonding between molecules inside each
layer and virtually weak van der Waals forces connecting between layers [44].

When blended at low quantities (as little as 1 wt%) with liquid lubricants — oils,
greasers, and fuels — powdered h-BN can dramatically reduce friction and wear. The
h-BN is regarded as a "pure" lubricant.

The electrical insulator h-BN is white. The characteristics of the c-BN and h-BN are
different, as indicated in Table 2.1.

Table 2.1 Comparison of c-BN and h-BN properties

Properties c-BN h-BN
Density (g/cm3) 3.48 2.34
(TVT;;T%,CSQEC“C“V'W 1300 550 [45]
Melting Temperature (°C) 2973 2600
Oxidation Temperature (°C) 1200 1100 [46]
Hardness 45-55 GPa | Mohs’s scale of hardness is 2 [45]

In their study, Narayan and colleagues found that nanocrystalline h-BN could be con-

verted directly into phase-pure c-BN in the air at room temperature and atmospheric
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pressure [47]. Nanosecond laser pulses are used to develop a supercooled molten state
of BN, which is quenched into a new BN state called QBN, similar to the formation
of Q-carbon. QBN is used to obtain high-quality, phase-pure c-BN produced by reg-
ulating the nucleation and growth of c-BN [47].

*  Waurtzite boron nitride (w-BN)

The shock compression of hexagonal BN produces w-BN, a metastable super hard
material that is a high-pressure polymorphism of BN that can only be manufactured
as micrometre-sized particles [48].

*  Rhombohedral boron nitride — (r-BN)

r-BN is rarely witnessed in BN polymorphs. r-BN has also an sp? bond structure as
well as h-BN [49].

« Explosive boron nitride (e-BN)

Batsanov et al. were the first to discover e-BN. The approach is explosive, and it
works by compressing h-BN powder with a shock wave [50]. At 200-350°C, e-BN is
transformed to r-BN. Furthermore, above 400°C, e-BN is transformed to w-BN.

* Turbostratic boron nitride (t-BN)

(t-BN) is another boron nitride polymorphism. Turbostratic BN (t-BN) can be
described as a highly disordered h-BN by random rotation and displacement of a
hexagonal plane around its c-axis. Consequently, the interplanar distance along the
c-axis in t-BN depends on the degree of disorder and is larger than in h-BN [51].
Thermal transformation of t-BN into the stable, hexagonal ordered layer lattice struc-
ture was increased by heat treatments at 1500—1800 °C for 15min—5h, according to
Alkoy et al [52].
* Amorphous boron nitride (a-BN)

The sp? structure of t-BN is different from the sp* structure of a-BN. One of these,
known as sp*~amorphous BN, resembles diamond-like amorphous carbon. Boron for-
mation is amorphous at low temperatures (about 600-800 °C) [53,54,55]. Stoichio-
metric thin films of a-BN are transparent and insulating, according to some studies
[56].
a-BN has mostly been investigated as an intermediary or starting material for the
synthesis of hexagonal BN (h-BN) or cubic BN (c-BN). a-BN can be made in a
variety of ways, including high-energy ball milling of h-BN in air and N2 gas [57],
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explosive reactions of borazines with metals at high temperatures [58-59] and solid-
state reactions of nitrogen-containing materials like urea or melamine with boric

acid in the air or N2 atmospheres [60].

2.4 Literature Review

Much research examines how to improve the PVD technology by increasing
plasma ionization, reducing dark areas, improving target utilization, improving
atomic bombardment efficiency, or even raising deposition rate and optimizing gas
selection [61-62].
Kamenetskikh et al, Under conditions of coating exposure in the plasma with a low
energy (100 eV) electron beam, two variants of BN coating deposition were com-
pared: RF magnetron sputtering of h-BN target and DC pulsed sputtering of B target.
By varying the electron beam current, it is possible to control the ratio of ion fluence
to the number of atoms in the coating in the range of 2-24 A and optimize the con-
ditions of c-BN phase formation. The maximum c-BN phase content in coatings
produced by sputtering B and h-BN targets was 83% and 58% with intrinsic stresses
of 13 and 5 GPa [63].
Kaftanoglu et al. developed a (PVD) system for covering tools and dies with film
(BN). Different coatings were applied to different types of substrates. quality test
with coating thickness, nano hardness, scratch, AFM, SEM and FTIR measure-
ments. The coatings improve hardness, reduce friction and increase resistance to
high temperatures. BN coating applied for cutting tools leads to extended tool life in
the laboratory and industrial applications [64-65].
Molecular dynamics (MD), density functional theory (DFT), and Monte Carlo (MC)
simulation are only a few of the mathematical modelling and numerical simulation
techniques now in use.
Newton's equations of motion are primarily understood through MD [66], and DFT
is frequently used to compute and forecast material properties for material develop-
ment [67,68]. Because they use repeated random samples of experiments that are

somewhat comparable to provide statistically meaningful numerical data, MC is fre-
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quently used for systems that are overly complicated [69]. Direct Monte Carlo sim-
ulation (DSMC) was used in the current investigation to examine how BN targets
behave in MS coatings.

To compare the sputtering yield values for BN and BNSIO: in the energy range of
100 eV to 550 eV, Ranjan et al. used two grid ion optics and a beam incidence angle
varying from normal to 85°. With 1.2 Sccm of Xenon gas flow and a base pressure
of 5.5 * 10® mbar in the main vacuum chamber, the operating pressure for ion source
firing was 1.65 x 10* mbar. Both materials exhibit an increase in yield at a 55° angle.
Yields are often poor below 250 eV and reach their peak around 500 eV and at a
55°angle. It was found that the yield shape profile is non-symmetric at oblique inci-
dence and symmetric at normal incidence [70].

The velocity profiles, pressure profiles, density profiles, and concentration distribu-
tion of the process gas species (Ar and N2) across the sputtering chamber were pre-
dicted using the Fluent-ANSY S analytical tool by Kapopara et al [71].

The gas flow in the PVD reactor was examined by Bobzin, the findings reveal that
the placement of the gas inlet port and substrate has a significant impact on gas dis-
tribution inside the chamber and over the substrate, where the reactive gas will react
and form a coating. TiN coatings in the sputtering system were modelled using Com-
putational Fluid Dynamic CFD software. To characterize the plasma reactor
CC800/9 in an industrial setting, a CFD model was created. It is feasible to replicate
the neutral gas flow of argon and nitrogen using the model that has already been
established.

FLUENT-ANSYS® was the program used. The Navier—Stokes equations and the
Boltzmann equation are used to explain gas flow and kinetics, respectively. The re-
sults for the transition regime's gas flow were quite different. The model was able to

provide a precise physical description using Boltzmann's equations [72].
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Modelling of Magnetron Sputtering of BN Coating

Reactive magnetron sputtering is a well-known thin-film deposition method. This
technique's fundamentals are conceptually simple and can be summarized in a few
lines. However, the complex interplay of various physical and chemical sub-processes
lies behind this simple thing. Many of these sub-processes have already been
thoroughly modelled in this study. Each of these models is characterized by the use of
very specific scales.

Kanta et al used Artificial neural networks (ANN) to predict atmospheric plasma
spraying (APS) process parameters to manufacture a coating with the desired structural
characteristics. Deposition yield and porosity were the coating structural
characteristics [73]. Therefore in this study, we try to use ANN to predict the MS
coating properties. The data for all experiments about BN coating in the lab are
collected. The number of experiments is 160, unfortunately, these experiments are not
enough. Therefore this approach has been cancelled. The ANN method needs at least
400 experiments to make predictions for MS characteristics and then make
optimization for results.

RSD2013 - Reactive Sputter Deposition: This software models the reactive sputtering
process of a single sputtering target in (pulsed) DC mode with one reactive gas added.
RSD2013 models the hysteresis of the process. The software has been developed by
Koen Strijckmans[74]

SiMTra - Simulation of the Metal Transport: SiMTra is a binary collision Monte Carlo
program that allows the user to simulate the transport of sputtered particles through
the gas phase flux during sputtering [75]. The two packages of Ghent university can

be used with a metal target and DC power supply. The type of target in this research
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is a semiconductor and the applied power on the target plate is Rf. Therefore these

packages are not efficient to model BN coating.

The model begins with magnetic fields, progresses to electric fields, plasma, particle
transport, solid particle interaction, and chemical interactions between active gas and
target plate particles, and concludes with thin-film growth as shown in Figure 3.1.
There is a significant push to model the entire magnetron deposition process to replace
trial and error experiments. Modelling magnetron sputtering necessitates precise
magnetic and electric field values. Using finite element models (FEM), this can be
accomplished with high precision for the most complex magnetic configurations. The
ANSYS Maxwell FEM package is used to simulate both magnetic and electric fields
in this study.

The sputtering system's Knudsen number ranges from 0.1 to 10, rarefied gas flow
conditions must be considered. As a result, Direct Simulation Monte Carlo (DMSC)
appears to be the best approach for dealing with this issue. Samadii™/sciv (Statistical

Contact in Vacuum) package [76] uses to interpret Magnetron Sputtering in this study.

Process Parameter

BN Coating Thin Film Coating Properities

Voltage, Gas, Target Deposition rate, Thickness of

coating

modelling

Substrate,... .

System Configuration:

Location of magnets,

Geometry: Target, Chamber

modelling of
Atoms
transport (4)

modelling of
Sputtering

modelling of
Deposition (5)

modelling of Electric
Field (2)

Figure 3.1 Steps of magnetron sputtering model
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3.1.1 Direct Simulation Monte Carlo (DSMC) Method

Bird's DSMC method is the dominant numerical method for solving engineering
problems involving rarefied gas flow [77]. The degree of gas rarefaction is classified

using the dimensionless Knudsen number (Kn)
Kn=)ML 3.1)
where A is molecular mean free path length and L is physical length scale.

Based on Kn, gas flow can be classified into four regimes [78,79,80] as shown in Table
2.2

Table 2.2 Classified gas flow regimes depend on Kn

Regime Kn
Continuum flow Kn<0.001
Slip flow 0.001<Kn<0.1
Transition flow 0.1<Kn<10
Free molecule flow Kn>10

The conventional Navier-Stokes equation, which is based on the continuum
assumption, is only applicable to flows when Kn < 0.1 with slip boundary conditions
at a solid wall. Even with high order slip boundary conditions, the solution of Navier-
Stokes' equation produces very large errors when Kn > 0.1 [80]. Multiple statistical
mechanics models were developed to evaluate rarefied flows at high Knudsen

numbers.

The Direct Simulation Monte Carlo (DSMC) approach is frequently referred to as the
most effective numerical tool for modelling real engineering problems in a less
computationally intensive environment. The DSMC method is stochastic modelling of

the Boltzmann equation.

To model rarefied gas fluxes, the DSMC numerical approach is used. The DSMC
method is used to describe the behaviour of large groups of charged particles. Particles
occupy space that is divided into cells. Particles are represented by a small number of
superparticles. A weighting factor determines the number of actual particles
represented by each super particle. Using the Boltzmann equation, we can simulate the

system's behaviour in a self-consistent manner.
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The most important feature of DSMC is the decoupling of the movement and collision
procedures of the molecules. First, all molecules are moved for the given time step.
Their new location is found, at this step, collisions with boundaries are also investi-
gated and accordingly, molecules that are found out of bounds are either reflected
(wall), re-positioned at the opposite side (periodic conditions) or removed (open
boundaries). A new sort in cells is performed. Next intermolecular collisions are per-
formed, considering only molecules within the same cell. At each time step, the num-
ber of molecules (number density) and their molecular velocities are summed and
stored for each cell. Every few time steps (defined by the user) an averaging is taking
place (time-averaging). From these summed and averaged values of number density
and velocities all the macroscopic values such as bulk velocity, temperature, pressure,
stress tensors, heat fluxes, etc. can be extracted.

Samadii™/sciv package uses to interpret Magnetron Sputtering. For each time step,
Samadii™/sciv employs the particle method to determine the force acting on each par-
ticle. In the next stage, it uses force and mass to calculate velocity and location.Sama-
dii/sciv calculates the Lorentz force, which is created by the electric field, magnetic
field, and particle collisions. The Samadii™/sciv program will be utilized to model the
BN coating in this investigation. Its most representative feature is that calculates
probabilistic collision using the concept of (SUPER-PARTICLE) also known as the
Direct Simulation Monte Carlo Method (DSMC).

3.1.2 The Internal Parameters of The PVD Coating Model

o Substrate dimension and geometry.

o Target dimension.

o Definition of the material properties type of material for both substrate and
target.

. Definition of the target to substrate distance T-S.

o Amount and type of power applied

o Substrate rotation with direction.

o Definition of the deposition angle.
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3.2 Modelling of BN Coating Structure and Properties

In this study modelling the polymorphic transition mechanisms from the hexagonal
boron nitride (white graphite), a soft solid lubricant to cubic boron nitride (borazine),
a super abrasive is done. According to the literature, the phase transition from h-BN
to c-BN is driven by high temperature and pressure [81]. Therefore, two software are

used to study this allotrope transform:

e 2D field analysis of pressure, temperature and gases properties in the cham-
ber by using DSMC

DSMC is used to study the gases' properties, pressure and temperature distribution in
the MS system in XY coordinate. Samadii™/sciv software uses to interpret the trans-

formation of the BN allotrope. How do the previous properties affect the BN phases?

e Study the BN crystalline structure by using density functional theory (DFT)

and Quasi Harmonic Debye Model

CASTEP (Cambridge Serial Total Energy Package ) software uses density functional
theory with a plane wave basis set to calculate the electronic properties of crystalline
solids, surfaces, molecules, and amorphous materials. This software will be used to
calculate the elastic, electronic and phonon properties of the h-BN and c-BN phases.
The Quasi Harmonic Debye Model is used to study the thermal properties of h-BN and
c-BN.

3.3 The Basic Information of Computer That Used to Submit Simulation

. LAPTOP-OBKIOUVU
o Processor: 11th Gen Intel(R) Core (TM) i7-11370H @ 3.30 GHz.

o Installed Ram: 16.0 GB (15.7 GB usable)

o System type: 64-bit operating system, x64-based processor
J Edition: Windows 10 Home, Linux

. GPU: NVIDIA GeForce RTX 3070 Laptop GPU

o Intel(R) Iris(R) Xe Graphics
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3.4 Experimental Facilities for Magnetron Sputtering
3.4.1 PVD Magnetron Sputtering System

The facilities of the BOREN Center of Competence for Boron Coatings at the Metal
Forming Center of Excellence at ATILIM university were used to prepare all of the
coating experiments. PVD Magnetron Sputtering system was manufactured by the
VAKSIS company. PVD Magnetron Sputtering system contains Vacuum Chamber,
Control Panel, Gases and Computer as shown in Figure 3.2. A detailed description of
the deposition process tests is presented below. A high vacuum is used in PVD tech-
nology. A thin film of BN coating will be deposited in this study using the reactive
MS process. The target plate comprises h-BN, a single-crystal structure with a purity
of 99.9%. D2 steel is the substrate type. The substrate geometry is 30 mm in diameter
with 7 mm thickness.

Two gases, namely inert gas Ar and reactive gas N, are used. The radiofrequency (RF)
power supply is applied to the target plate. The target geometry is 250 x 100 x 5 mm.
An unbalanced magnetron, two magnetic poles and a cooling system are found behind
this plate. The magnetic field traps electrons and increases the efficiency of the pro-
cess. The total pressure of the two gases is maintained at 0.005 Torr. The substrate
temperature is 300 °C, and the deposition time is 6 h. A plasma cleaning process is
applied to the substrate before the deposition process under 250 W RF power with 0.05
Torr pressure and an Ar flow rate of 50 sccm for 15 min.
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Figure 3.2 Parts of PVD magnetron sputtering system
3.4.2 Substrate preparation

Substrate preparation plays an important part in the coating adhesion and the coating
quality (durability). The substrate has to be properly prepared to achieve maximum
bond strength. For the D2 substrate after heat treatment and polishing, an ultrasonic
cleaning machine is used for high-quality cleaning as shown in Figure 3.3. In the ul-
trasonic cleaning machine, the temperature is set to 65 °C. Duration is adjusted to 20

minutes. Samples are passed through the distilled water and rinsed in the last stage.

Figure 3.3 Ultrasonic cleaning machine
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It is critical to comprehend and grasp all process steps involved in the magnetic sput-

tering technique preparation process to get better thin layer deposition.

Cleaning the substrate is required before the deposition to ensure better adherence be-
tween the coating and the substrate. Because contamination sources occur from bad
surface conditions or system-related sources, it is vital to clean the entire vacuum sys-

tem to prevent contamination.
3.4.3 Experiment of Magnetron Sputtering Steps

First step: Prepare the vacuum chamber, which entails gradually increasing the tem-
perature while also activating the vacuum pumps to lower the pressure inside the

chamber, as illustrated in Figure 3.4.

‘ e g : ol -

Figure 3.4 PVD coating system

Second step: Coating takes place. Coating occurs in the second stage.

The depositing substance is projected onto the substrate's surface. It is possible to em-
ploy a variety of materials. Then, in the vacuum chamber, an inert gas is supplied,
which is accelerated by applying a high voltage (Rf) in the direction of the magnetic

between the target (coating material) and the substrate (workpiece), resulting in the
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release of atomic-sized particles from the target. Argon has been used with reactive

gases such as nitrogen.

Third step: The temperature and pressure inside the vacuum chamber have returned
to normal. Knowing which variables can be controlled when a coating is being depos-
ited is essential. Examples of these factors include the number of pumps, the number
and kind of targets, substrate geometry, reactor occupancy rate, pressure, gas type, gas
flow, temperature, and current density. The rate of film deposition and adhesion, how-
ever, will be impacted by changes in the parameters. Particle size and film thickness
variations can therefore have an impact on coating characteristics such as hardness,

Young's modulus, morphology, microstructure, and chemical composition [82].

Good plasma etching and excellent substrate surface cleaning ensure effective adhe-
sion [83].

3.4.4 Experimental Determination of Coating Thickness

Coating thickness is measured using the Filmmetrics Fzo thin film analyzer as
shown in Figure 3.5. The F2o analyzer has a thickness range of 15 nm — 70 um and the
Wavelength Range is 380-1050 nm. By either reflecting or transmitting light through
the sample and then evaluating this light across a range of wavelengths, the F2o anal-

yses thin-film properties.

Fzo THIN FILM
THICKNESS
MEASUREMENT DEVICE

Figure 3.5 F2o thin film thickness measurement device
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3.4.5 Experimental Determination of Coating Characterization

The characterization of coated samples is investigated using Fourier Transform In-
frared Spectroscopy (FTIR) as shown in Figure 3.6. To explore the crystal structure of

a BN thin film, the adsorption mode is applied.

(FTIR) is a method for acquiring an infrared spectrum of a solid, liquid, or gas's ab-
sorption or emission. An FTIR spectrometer simultaneously collects high-resolution
spectral data over a wide spectral range. Compared to a dispersive spectrometer,
which can only detect intensity over a restricted range of wavelengths at once, this

gives it a significant advantage.

Figure 3.6 Fourier-transform infrared spectroscopy device
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3.5 Research Motivation

Modelling of Boron Nitride coating intends to improve the Physical vapour deposi-
tion (PVD) process. This model will focus on the process of energy efficiency im-
provement with the sputtering technique. Based on the product and its characteristics

DSMC and other techniques will be used to study the BN coating profile.

To reduce manufacturing times, the process parameters must be optimised. The dep-
osition rate must be regulated to improve the plasma density and energy available dur-

ing the process.

The purpose of the modelling is an optimization of the deposition rate, coating uni-
formity, modelling crystal structure, modelling coating thickness and coating homo-

geneity. Improve the characteristics of coating, hardness and adhesion.

The deposition rate depends on the sputtering process, maximum power density, mag-
netics and coating zone geometry. Coating homogeneity depends on the gas distribu-

tion, Magnetic, Deposition angle and Film density.
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CHAPTER 4

MODELLING OF MAGNETIC AND ELECTRIC FIELDS

4.1 Introduction

The magnetic field traps electrons and increases the efficiency of the process. For
the generation of a magnetic field permanent magnet alloys like NdFeB, Al-Ni-Co and
NdFeBss are used, which have a magnetic field strength. The magnetron is used for
sputtering of 250 mm length of the planar target with a width of 100 mm and thickness
of 5mm. The magnetron consists of an inner magnet S-pole and an outer magnet N-

pole.

Sputtering occurs when a target material is bombarded with high-energy ions. loniza-
tion of gas in an ion source, extraction, and post-acceleration through one or more

electric fields to obtain final energy before hitting the target.
The negative potential (bias) is held on the target to be hit by the energetic ions.

When a gas (e.g., Ar) is introduced into the system, the electric field ionizes some of
the gas atoms, resulting in a discharge, as described in Chapter 2 (p.7) An electron can
be expelled from the target surface to the vapour phase by blasting it. To ionize the
Ar-atoms in the plasma, secondary electrons are required.

Electrons transfer their energy to Ar atoms in an inelastic manner by activating the Ar-

internal atom's electrons.

At radio frequencies (Rf) the electrons oscillating in the glowing space have sufficient
energies to cause ionizing collisions, thus reducing the dependence of the discharge on

secondary electrons and lowering the breakdown voltage.

Ansys Maxwell 16.0 software technique has been used to model the magnetic and

electric fields.
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4.2 Type of Magnetic Fields

There are different types of magnets for sputtering applications. Planar, cylindrical
with an axial magnetic field, or rotating around a set magnetic meeting are all possi-
bilities. Thornton [84,85] Gil and Kay [86] likely invented the primary with cylindrical
geometry and the axial magnetic field for thin film deposition on an industrial scale.
The development of rotatable tubular magnetics for high-deposition rate coating of

bigger surfaces and enhanced target utilization [87].

The magnetron configuration of our greatest interest is the planar magnetron, which is
widely used for thin film deposition in both laboratory and industrial applications
[88,89]. Permanent magnets, electromagnets, or a mixture of both can be used to gen-
erate a magnetic field in a planar design, usually placed behind the target. The primary
benefit of a planar magnetron is that it produces uniformly coated substrates because

the sputtered material has a strong forward direction parallel to the anode.

In this configuration, the substrate is typically far from the target and the plasma is

held too effectively on the target surface.

As a result, it would be difficult to customise the film structure and extend the plasma
towards the substrate, which is necessary for successful ion bombardment of the grow-
ing film. The magnetic strengths (fluxes) across the pole faces of the outer and inner

poles are equal in a balanced magnetron (see Figure 4.1a).

The outside ring of magnets in an unbalanced magnetron, on the other hand, is stronger

than the core pole, or vice versa.

In these cases, some magnetic field lines are directed towards the substrate, and elec-

trons can follow these field lines.

As a result, the plasma can flow outwards towards the substrate, improving charged
particle transport to the forming film [90]. Two such unbalanced layouts are shown in

Figures 4.1b and c.
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Figure 4.1 Schematic diagram of plasma confinement for balanced and unbalanced

magnetrons [90].
4.2.1 Modelling of the Magnetic Field in MS System

Ansys Maxwell 16.0 software technique has been used to model the magnetic field
(MF). Ansys Maxwell 16.0 solver works by solving the Maxwell equation to discretize
the nodes of each space using the Finite Element Method. There are three solvers

available in Maxwell to model magnetic fields.

These solvers are Magnetostatic, Eddy Current, and Transient Magnetic. The type of
solver used in this study is magnetostatic. The magnetic field, following the Maxwell

Equations, it can be written:

)
VxH=J+—
5 (4.1)

V-B=0 (4.2)

Where H is the magnetic field strength, B is the magnetic flux density,

<

oD
is the current density, and (E ) is the electric displacement current density.

Relative Permeability and Bulk Conductivity of materials are used as input

parameters to find the magnetic field as shown in Table 4.1.
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Table 4.1 Boundary condition of the magnetic field

Bulk Conductivity

Solver Material Relative
Permeability [91] (siemens/m)
NdFeB35 1.0997 625000
Magnetostatic | h-BN 0.999 4.98
Ar 1.0003 0
N2 1.00057 0

- 200

100

- -100

- -200

Figure 4.2 Geometry of magnetron sputtering system

The fine mesh was applied to reduce the error analysis result to 1% as shown in

Figure 4.3.

500 (mm})

250

Figure 4.3 Mesh of magnetic field modelling
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In MS the most important magnetic flux density distribution is above the target plate.
The maximum magnetic flux density on the target plate is ~ 0.38 T as shown in Figure

4.4. The magnitude and direction of Magnetic field strength are shown in Figure 4.5.
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Figure 4.4 Magnetic flux density distribution :(a) Magnetic flux density distribution

in the MS system and (b) Magnetic flux density distribution on the target plate.
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4.3 Modelling of the Electric Field in MS System

system.

Figure 4.5 The Magnitude and direction of Magnetic field strength in the MS

Ansys Maxwell 16.0 software technique has been used to model the electric field
(EF). There are three solvers available in Maxwell to model electric fields. These solv-
ers are Electrostatic, AC Conduction, and DC Conduction. The type of solver used in
this study is Electrostatic. Relative Permittivity and Bulk Conductivityof materials are

used as input parameters as shown in Table 4.2.

Table 4.2 The relative permittivity and Bulk Conductivity of different materials in

the MS system

Solver Material | Relative Permittivity Bulk_Conductlwty
(siemens/m)
NdFeB35 | 1 625000
h-BN 4.3 4.98
Electrostatic | Steel-D2 | 1 2000000
Ar 1.000513 [91] 0
N 1.000580 [91] 0
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4.3.1 Modelling of Electric Field for Different Substrate Bias Voltages

The calculation of EF is based on two excitations of the voltage. The voltage of the
target plate and the substrate bias voltage. The voltage of the target is -300 V and the
substrate voltages are 0,100 and 250 V as shown in Table 4.3. The type of substrate
is D2 steel.

Table 4.3 The boundary condition of the electric field

No. | Name of Target | Substrate | T-S Power Substrate
Model material material | (mm) | Supply (W) Voltage
(v)
1 Model Al h-BN 1xD2 80 900 0
2 Model B1 h-BN 1xD2 80 900 100
3 Model C1 h-BN 1xD2 80 900 250

T-S: Distance between Target and Substrate.
The result of voltage and energy variation between the target plate and the substrate of

Model-Al are shown in Figures 4.6,4.7 respectively.
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Figure 4.6 The variation of voltages between the target and the substrate of Model -
Al.
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Figure 4.7 The change of energy between the target and the substrate Model -Al
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The voltage distribution in the MS system when the bias voltage of the substrate is 0
V is shown in Figure 4.8.

Yoltage[¥]
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Figure 4.8 The voltage distribution in the MS system. The bias voltage is 0 V
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The results of the Electric field for different excitations of the substrate bias voltages

are shown in Table 4.4.

Table 4.4 The result of the electric field for different excitations of the substrate bias

voltage.

Name of the gi_sstance Substrate Emax. (V/m) | Dmax. (C/m?) Max.energy
model (mm) voltage (V) ' ' density(J/m2)
Model-Al 0 3.43469¢e4 3.0606e-7 8.2273e-3
Model-B1 80 100 4.0511e4 3.6075e-7 1.2392e-2
Model-C1 250 4.6494e4 4.1403e-7 1.6969e-2

E: Electric field strength.

D: Electric flux density.

T-S: Distance between target and substrate.

4.3.2 Modelling of Electric Field for Different Applied Power Supply on the Tar-

get Plate

At the same MS condition but with different power supply 900,1200 and 1500 W

with two substrate voltages 0,250 V respectively. In the first step, six models are

built to understand the effect of the power supply on the coating. In the next step, the

power supply of 1100 W with bias substrate voltage 0 V is modelled (Model-G1).

The result is summarized in Table 4.5.

Table 4.5 The result of the electric field for different power supplies and with bias
substrate voltage 0 and 250 V.

Rf-

Target

Nameof | T-S | Power | plate \S/gﬁ Emax. Dmax. mae)r(. densit
the model | (mm) | supply | voltage V) (V/m) (C/Im3) R /mg)y y
W) (V)
Model-Al 90 | -300 | o | >*%% |30606e7 | 822733
Model-A2 | 80 | 1200 | -3464 | 0 | 4.8977e4 | 4.3614e-7 | 15239%-2
Model-A3 1500 | -388 0 | 5.4857e4 | 4.8850e-7 | 19118e-2
Model-C1 900 | -300 | 250 | 4.6494e4 | 4.1403e-7 | 1.6969e-2
Model-C2 | %0 [ 1200 | 3464 | 250 | 4.9466e4 | 440497 | 16095e-2
Model-C3 1500 | -388 | 250 | 3.3552e4 | 2.9878e-7 | 7.0390e-3
Model-GL | 80 | 1100 | 31754 | 0 | 4.4895e4 | 3.9979e-7 | 1.2805e-2
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4.3.3 Modelling Influence of the Substrate position on the EF Profile

Two models were built to study the effect of substrate position on the EF calculation.

The first model (model-E) builds with four small substrates to find EF as shown in

Table 4.6. The geometry of the substrate is 30*30*7 mm. The substrate's material is

D2 steel. They fixed at different positions in the chamber. In the second model (model-

E1), the input parameters of model-E1 are applied with one substrate. The substrate

geometry is 50*150*7 mm. The purpose of this model is to study the effect of distance

between the target plate and substrate. The centre point of the target plate is (25,0,0).

The electric field result of these samples is found, as shown in Table 4.7. For more
details see Figures 4.12, 4.13 and 4.14.
Table 4.6 The input parameters of modelling EF for model-E and model-E1

Name of the | Name of | Sub.Center | Rf-Power Target Substrate
model substrate | (X,Y,2Z) | supply(W) | voltage (V) Volt (V)
Sub.1 (65,0,-60)
Model-E Sub.2 (105,0,-10)
Sub.3 | (145,0,40) 900 -300 0
Sub.4 (185,0,90)
Model-E1 Sub.1 (65,0,0)

Table 4.7 The result of the electric field for multi-substrates with different positions
in the chamber

Name of | Power Target Subs. Emax. Dmax. Max. energy
model supply voltage (V) | voltage | (V/m) (C/Im3) density

(W) V) (J/m’)
Model-E 900 -300 0 3.6245e4 | 3.2276e-7 | 8.1854e-3
Model-E1 900 -300 0 4.1566e4 | 3.7014e-7 1.1372e-2
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Figure 4.12 The electric field result of Model-E. (a) The electric field strength, and
(b) The electric energy.
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Figure 4.13 Voltage distribution between target plate and substrate (model-E1)
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Figure 4.14 Modelling of Magnitude and direction of Electric Field (model-E1).

To study the effect of (T-S) distance on the EF, We will compare the EF result between
model-Al and model-E1, both of them have the same boundary condition with two
different distances between the target plate and substrate. The distances are 80 and 40
mm respectively. Figures 4.15 and 4.16 show the result of energy density and electric
field strength on the substrate respectively. The maximum energy density and electric
field strength are on the edge of the substrate. Decreasing the T-S distance from 80 to
40 mm will increase the energy density from 0.00012 J/m3 in the centre of the substrate
to 0.0003 J/ms,
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Figure 4.15 Energy density analysis on the substrate surface. (a) T-S distance is 80
mm and (b) T-S distance is 40 mm.
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The electric field strength increased from 4800 V/m to 8200 V/m as shown in Figure

26.
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Figure 4.16 Electric field strength analysis on the substrate surface. (a) T-S distance

is 80 mm and (b) T-S distance is 40 mm.

Figure 4.17, Shows the distribution of electric field strength between target and sub-

strate. Decreasing the distance from 80 mm to 40 mm will increase the maximum elec-
tric field strength from 5000 V/m to 8250 V/m.
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Figure 4.17 Electric field strength analysis along the path between the centre of the
target plate passes through the centre of the substrate. (a) T-S distance is 80 mm and

(b) T-S distance is 40 mm.
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4.3.4 Modelling Influence of the Substrate Material on the EF Profile

One model builds with five small substrates. The geometry of the substrate is

30*30*7 mm. Five types of materials are used. These types are D2, Aluminum, Ti,

TiN, and glass as shown in Table 4.8. The purpose of the model, study the effect of

substrate materials on the EF profile. The boundary condition is shown in Table 4.9.

Table 4.8 The relative permittivity and Bulk Conductivity of different substrate
materials in the MS system

. Relative Bulk Conductivity
Solver Material o )
Permittivity (siemens/m)
NdFeBss |1 625000
h-BN 4.3 4,98
Steel 1 2000000
Ar 1.000513 0
Electrostatic | N, 1.000580 0
glass 3.7-10 [92] 0
Ti 86 — 173 [92] 1820000
TiN 1 8670000
AL " 38000

Table 4.9 The input parameters of modelling EF for different substrates material

Name

Name of | ¢ Type of Sub.Center | Ri-Power Target Sub.

il substra | material Point (x,y,2) supply voltage (V) Voltage
model te < W) V)

Sub.1 1xAl (105,0,-110)
Sub.2 1xD2 (105,0,-50)

Model-F | gyp.3 1XTi (105,0,-10) 900 -300 0
Sub.4 IXTiN (105,0,40)
Sub.5 1xglass (105,0,90)

The result of EF is shown in Figures 4.18 and 4.19, Table 4.10 summarized the

result.

Table 4.10 The result of the electric field for multi-substrates with a different type of

material
Target Max.
Name of T-S SRJ-P;)Wer plate \S/gﬁ Emax. Dmax. energy
the model | (mm) (V\%py voltage V) (Vim) (C/m2) density
V) (J/m?)
Model-F 80 900 -300 0 3.5653e4 | 3.1749%e-7 | 8.1404e-3
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Figure 4.18 The electric field strength of Model-F
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CHAPTER 5

THEORETICAL AND EXPERIMENTAL STUDY OF BN COATING

5.1 Introduction

Samadii™/sciv (Statistical Contact in Vacuum) package uses to interpret
Magnetron Sputtering. For each time step, Samadii™/sciv employs the particle
method to determine the force acting on each particle.
In the next stage, it uses force and mass to calculate particles' velocity and location.
Samadii/sciv calculates the Lorentz force, which is created by the electric field,
magnetic field, and particle collisions. Its most notable feature is that it uses the theory
of (SUPER-PARTICLE), also known as the Direct Simulation Monte Carlo Method

(DSMC), to calculate probabilistic collisions.
5.2 Theoretical Modelling of BN Coating

The Samadii™/sciv program will be utilized to model the BN coating in this
investigation. The input parameters of the BN coating model are summarised in Table
5.1.

Table 5.1 Boundary condition of MS of BN coating

Substrate Substrate

No. | Model- | Target T-5 T(°C) | Rpm | Magnetron | Voltage Time

Name material . Geometry | (mm) (hr)

Material v)
(mm)
900w,40/8

Model- . sccm

1 Al h-BN 1xD2 | 150*50*7 | 80 300 Off AN, 0 6

T-S: The distance between target and substrate.

50




5.2.1 Geometry and Mesh

The target geometry is 250*100*5 mm. The centre point of the target is (25,0,0).
The substrate geometry is 150*50*7 mm as shown in Figure 5.1. The centre point
(position) of the substrate is (105,0,0). Mesh Import from COMSOL- Multiphysics to

Samadii/sciv software.

250 500 (mm)

Figure 5.1 Geometry of magnetron sputtering system for modelling

e Mesh will create in COMSOL- Multiphysics.

e Save the file as mphtxt

e Change the file from mphtxt to dll type file.

e Import mesh from COMSOL- Multiphysics to Samadii/ sciv software as shown
in Figure 5.2.
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Figure 5.2 Mesh of magnetron sputtering system for modelling

5.2.2. Material Define: Ar, N2, BN, 2N

o Define the molecular mass, density, and ionic charge as shown in Figure 5.3.

e In Samadii/sciv library there is a definition for four types of materials Oz, Hz, N2,
and Ar.
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5.2.3 Assemble

Boundary condition type:

e Define the magnetic poles and chamber as constrained wall

e Define the target plate (BN) as a sputtering target

sputtering Target — change from collided particles to the defined particles and generate

new particles.

Define the Sputtering yield data for BN as a function of incident ion energy Ar+. The

energy dependence of the sputtering yield under a normal angle (0°) and oblique angle

(45°) ion incidence are applied [93]. The sputtering yield:70 [ev] means applying the

sputtering data to only over 70 ev particles.

e Define particle inlet for MS system for both gases Ar and N2. The velocity of gas
will be calculated by dividing the flow rate by the area of the cross-section. The

area of the cross-section is 33.19 mmz2.

e Define the substrate surfaces as deposition walls. The boundary conditions are

shown in Figures 5.4 and 5.5.

* Processes (1): Wall adsorption= [wall adsorption of material* wall adsorption of the
body] *100%

The Wall adsorption coefficient is a number that sets the percentage of particles that
collide with the body attached to the body.

Wall adsorption = [0.8*1] *100%=80% of collision particles of BN with substrate sur-
face will be deposited.

The remained particles of (BN) after the process (1) those get the speed with temper-
ature (get enough energy) will deposit on the substrate.

 Processes (2): Diffusion rate: The percentage of wall collision particles will be af-
fected by the wall temperature and cosine distribution. For example, when diffusion
rate = 0.8 that means 80% of wall collision particles get wall temperature energy and
the remaining 20% go under specular reflection.
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(b)

Figure 5.4 The boundary condition of MS system: (a) constrained wall and (b) sput-
tering target
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(b)
Figure 5.5 The boundary condition of the MS system: (a) particle inlet and (b) depo-
sition.
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Note: The deposition rate can be applied only on 2D therefore the substrate departs

into a 2D surface as shown in Figure 5.6.

Substrate-00.elm
Substrate-01.elm
Substrate-02.elm
Substrate-03.elm
Substrate-04.elm
Substrate-05.elm

After defining the boundary conditions for all parts in the MS model, choose draw to

assemble and regen to fixed assemble with this boundary.

geometry
of substrate

from 3D to
2D

Figure 5.6 Depart the substrate on 2D surfaces
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5.2.4 Boundary Setup
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Figure 5.7 Boundary condition of modelling
5.2.5 Creation of Particles

Change the defined flow rate to particle number

Working Path
gpu

I samadii:particle-creation
[ 0:GeForce RTX 3070

* add new vim
* draw assm
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flowrate : 8.000e+00 [sc
-inlet-particle let body
- run info
L. * edit run-info.
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9
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3 (2. ss7e+oo) [EA]
Particle Creat Step

‘total particle number
- chemical reaction
- * rate function
‘- reaction-0

: 300000

standalone 3D

Figure 5.8 Creation of particles
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FN of DSMC particle: define the number of molecules represented by one particle
(FN). DSMC particle: define the number of representative particles to be generated

during the 1-time step.TSC (Time Scale Constant): Define the time step.

Make particle level: the number of how many particles are used to represent the graph
(Maxwell-Boltzmann distribution, cosine distribution, and spatial distribution) by
DSMC particles. Define the preparation particle number (level 1 = 300,000 [EA], max-
imum 5,000,000 [EA]). The process will change the defined flow rate to particle num-

ber as shown in Figure 5.9.

Boltzmann distribution_N2

1
/\
0.8 7 %
l. “

: \

. %
\

d

. 1 h
. \
" :: \
—
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vel

(@)

Boltzmann distribution_Ar

0.96 VN

../ \
/ \
0.48 ‘.:
/

0.24 \
e —

0 400 800 1200 1600 2000

vel

(b)
Figure 5.9 Boltzman Distribution (probability density Vs velocity) for Ar and N2 in
(Model-A1)
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Maxwell-Boltzman Distribution:

—I’T]V2

2K T
E(l)3 *V2e B
/4 KBT

(5.1)

. . ZKBT
The typical speed is:v = (5.2)

p m

B SKBT
Root mean square speed Vrmp_ —2 (5.3)
m

Ks: Boltzman constant.
T: Temperature, m: mass.

5.2.6 Electric Field and Magnetic Field Import

The electric and magnetic field will import from Ansys Maxwell (Chapter 4) to Sama-
dii Software.

Export 3D mesh position data in Samadii/sciv to Ansys Maxwell file then export so-

lution as shown in Figure 5.10. Submit this solution in Samadii/sciv.

& | &
W1 File Edit View Project Draw Modeler Maxwell 3D Tools
: - Named Expressions Context: Maxwel3DDesignl P A -
bl x is | °E ERN P S P
= . & B ’ Hame: ~ Solution: Setupl : Lastdaptive v i® i o 39 7{"
i iocO00Cod i ) ® P2 [vacuum ] | [Model -l i
iR L7 CodivnBgn & (o] ) Mag D MaglSmoothi<! || e o I H =]
{ @ [obext - vigwe is |2 o Export Solution x
Project Manager = S NE, 4‘5"'
= 1] Project-EF-OV - Lines Ouiput fie name:
Coordinats
& ;aﬂmﬂ'HDD&m1 (Bectrostatic) ,Ié mua:'ﬂm I F-4Ph.D.Hakka Loify\EF ModeHhesis\E F-1200with 0V fid ]
Model

Library: Load From., Save To..

[Vec : E_Vector
F-Ph.D.Nokka Lolfy\EF Modelthesir\erporibesh.pts Ol

¥ Include points in output fi

" Calculate giid points

@ (ol (o
0 mm 0 m o m
Push Pop Rilp RID Exch ‘ ‘ l
Input General Scalar Yector |
Quanty ¥ B Vec? Scal? ‘ =] | o] | 7]
Geomelr. 1 Hatl ‘ =] | o m ]
Constant_+ e Pow Mag [ i [ o [ i
Number. / il Dot
F Neg Tig ¥ C QUK QE !
T E
Gieom Setlings Abs ad % Divg |
Read Smooth i Curl |
) ] . Complex ¥ Min % Tangent N
Domain Max ¥ HNormal
M kv Unitves &
4 Ln KFom ¥
g Log

Figure 5.10 Export of the electric and magnetic field from Ansys Maxwell

Import Bx, By, Bz [T] Magnetic data file and Ex, Ey, Ez [v/m] Electric data file from
Ansys to Samadii software.
The field frequency and phase are defined. The frequency is 13.65 MHz, and the phase

is 0° as shown in Figure 5.11.

60



Electric field: E=Er cos(2rtf t — ) (5.4)
Magnetic field: B=Br cos(2rf t — ¢) (5.5)
f : frequency, ¢ : phase

The converted result is indicated in Figures 5.12 and 5.13.

samadiizfield import

* electric field import...

Figure 5.11 Import of electric and magnetic fields

Lorenz force

F=q(E+V*B) (5.6)
F: external force (N)

B: Magnetic field (T)

E: Electric field (v/m)

V:ion speed (m/s)

g: quantity of electric charge (C)
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Figure 5.13 Convert maxwell electric field to Samadii/sciv electric field (Model-Al)
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5.2.7 Chemical Reaction
TCE (Total Collision Energy) uses for chemical reactions.

TCE is a probability chemical reaction method using the Arrhenius equation and total
collision energy when particles collide with each other.

Arrhenius equation:
Forward: kf = AfT nfe (— f;—;) (5.7)

Backwards: kr = AbT nb (5.8)

K: The rate of chemical reaction,Ea: Activation energy, R: universal gas constant, T:

temperature.
Af, Ab: forward, backward frequency factor - nf, nb: forward, backward temperature
exponent.

preFieldData.p3

Figure 5.14 Arrhenius equation of the chemical reaction
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5.2.8 Run Information and The Launch of Model

The collision model is defined as a collisional mean defining whether a collision
between particles. In this model we used the application of artificial base condition,
the base temperature and pressure (input value) is defined. The maximum collision

number in a cell is calculated from Equation (5.9)

(NCOL ) g = N EN@COmar At 5o

2Vc

(Ncol.)max:Maximum collision number.

N: Particle number.

N : Average particle number.

(o * Cr)max.Collision cross-section * maximum relative velocity.

At: TSC*(the time it took for the fastest molecular to travel the unit cell).

Vc:Volume of the cell.

— PrasexVc

(5.10)

KB+Tphase

Prase: The base pressure and Trase: The base temperature.

& samadii/sciv v21R1 %64 @LAPTOP-OBKIOUVU (292)

| Working Path | samediizrun-info
epu
] :GeForce RTX 3070

=" add new vim ~
* draw assm
-

~* regen

~inlet-Ar.elm
inlet-N2.elm

- target.elm
substrate-00.elm

~ substrate-01.elm

-~ substrate-02.elm
substrate-03.elm

~substrate-04.elm
substrate-05.elm

Figure 5.15 Run information of MS model
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gerr . (R (5.11)

Collision determination p

coll :{ f

Ucrcr}max

R, : Random value (0~1)

The variable hard sphere (VHS) method is used to calculate the diameter of collision

as shown in Equation (5-12).

(w-1/2) 1/2
d=d 2Kg et 1 (5.12)
re errZ[C*rJZ F(S/Z—wj
m
=12 (5.122)
m +m,
y
2
) 3o(mKBTIref /;r) -

d =
ref 4(5—2(0)(7—260),uref

d.., - DAMC standard molecular diameter.

- V1sCosity index.
7, - DSMC standard molecular temperature.

r: Gamma function.

m . Reduced mass.

c,.c’.- Relative speed before and after the collision.

Input the time of simulation and HCA, Find the number of iterations required to

complete the model as shown in Figure 5.15.

In this model: The time of simulation is 1.2e-4 s.

65



5.2.9. Solver Module

Check the applied module, and the simulation status before launching the model as

shown in Figure 5.16.

Working Path samadii 3 solver module setup
!w -
[] 0:GeForce RTX 3070 Ll =

tal"get.elm H collision kernel
- substrate-00.elm B thermal boundary import kernel
S . il']|:| ort inlet
- substrate-02.elm -
- substrate-03.elm B virtual surface & material
- substrate-04.elm
- substrate-05.elm
- pole.elm M unstructured grid kernel
- chamber.vim B adaptive cell-size
-~ motion
.. * adit motion I motion body kernel
- * test motion B wall growth
- * wall growth
L« boundary setup M particle in cell kernel
--* create
- * extract from file
- run info
- * edit run-info.
- field import
~* electric field

M sputtering target

M electro-magnetic field import kernel

¥ chemical reaction module

~* rate function
- reaction-0

§ _standalone 3D

Figure 5.16 The applied module of the MS model
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5.2.10 Progress of BN Coating Model

In the out file, it is possible to check the progress of your model and display the
result by the HyperCube8 program as shown in Figure 5.17.

x0000002000.hca

motion :

motion ¢ @ / 1
[Time ] G WBEE+BE s [Time ]2.9495¢-86;s
(mN A [in N ) 25498 EA. =
[out l [out N ] 6
[dEpuszum N ] 8 EA [deposition N
[total N'] @ [total N ] 32

m ,
I
motion !

[Time ] 25 ﬂSdﬁE—ES S

[in N 2624' ERL o

fout N ]szssa EA .

[depositian, N } 12% A

[total Ni¥ 224080

Rendering Control

100 /{1 def.color vk
100 12 def.color vE:
| 100 [2{§ def.color v
0000081372 hca

motion :
{\'xme ] 4 71912{55 S

Rendering Control

Figure 5.17 Progress of modelling of BN coating -Model-Al
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5.2.11 The Result

5.2.11.1 Deposition Efficiency of Coating

Dep-0_surfacePre.hca
Deposition Name : Dep-8
motion time @ @. Blﬂﬂe+ll [S]

¢ 3.8343e-05 [s]

s—-time
e-time : 4.8666e-85 [s]
body @ substrate-81.elm '
material BN
J ‘,‘ ‘I'
\I |'I { ll ‘Ik

dep051t1on (all body) :
L 7 5647e

deposition (body)
dep051t10n efficiency

.

helght [Ars]
BN @ x 2.023e-19
éD—suface info f
unit : [mm]
origin-point

Xy z ! 1.050e+02 -2. 50|
tangential-x-vector

X y z ¢ B.000e+p@ 1. Bﬂ@:
min / max ‘@ @.000e+0@ //

tangential-y-vector |
y Z.87&w@tHe+00 0.000
N7 eEE1d - @BBe+IB
B 6.750+018
B 6.19e+018 /
. 5.62e+018 '
5.06e+018
4.50e+018
3.94e+018
3.37e+018
81e+018

|

25e+018

69%e+B18
12e+@18
62e+@17

@

25
2,
g L8
1.
o,
a.

Figure 5.18 Deposition efficiency of Model-Al (t=4.8e-5s)
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5.2.11.2 Deposition Analysis (Deposition Rate and Thickness of coating)

In Samadii software, It is possible to find cumulative deposition thickness [#/m2].
Calculating the deposition thickness based on an arbitrary point. Creates a circle with
a certain size around the measurement point and calculates the number of particles

inside the circle as the deposition rate. The time of simulation is 4.8e-5 s.

Calculate the average thickness within the 2D area. Set the area-plot division to 1,1. It

calculates the section as one area.

To change the deposition rate unit [#/m2.s] to [nm/s], we will use Equation (5.13)
[Deposition rate (#/m2.s)*Volume (m?®)]en *1E9 (nm/m) = (nm/s) (5.13)
Example: Find the thickness of the coating of Model-Al in nm unit at t=4.8e-5 s

in Figure 5.19.

[2.02E18 (#/m2.s)* (46.5E-27/2300) (m?)] BN *1E9 (nm/m) =0.04084 nm/s

0.04084 (nm/s)*6 (hr)*3600 (s) =882.1252 nm

* height [A/s]
BN : x 2.0233e-19

* 2D-suface info
unit : [mm]
origin-point
x,y,Z : 1.0500e+02 -2.5000e+01 -7.5000e+01
tangential-x-vector

x,y,z : 0.0000e+00 1.0000e+00 0.0000e+00
min / max : 0.0000e+00 / 5.0000e+01
tangential-y-vector

x,¥,z : 0.0000e+00 0.0000e+00 1.0000e+00
min / max : 0.0000e+00 / 1.5000e+02

* 2D-Area plot info

name : Dep-0_Area-0

unit : [mm]

s-point : +0.0000e+00 +0.0000e+00
+1.0500e+02 -2.5000e+01 -7.5000e+01

e-point : +5.0000e+01 +1.5000e+02
+1.0500e+02 +2.5000e+01 +7.5000e+01

divsiion number : 11

* deposition rate
material : BN

max / min : 2.02e+18 / 2.02e+18 [#/m2/s]
max / min : 0.408%0 / 0.408%0 [A/s]

/ /
FnadgtJjox { |
L Ll bl

Figure 5.19 The average deposition rate with a 2D-area plot of Model-Al (t=4.8e-5s)
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To find the deposition efficiency of BN modelling, the time of the model will extend
to arrive approximately at the steady-state situation. The time of the model will be
1.2e-4. This time will give a good idea about what will happen with the progress of
the model. The deposition rate results in the model will be divided into two areas:
a)Area 1 (deposition rate of the thin film-nano film). The time of it is 4.8e-5s, b)Area
2 (deposition rate of the microfilm). The time of this section is 1.2e-4s as shown in
Figure 5.20.

samadii : Mnumber.csv - (] X

I particle number [C\Ti
particle number

250000000 i D D BN ~
<==E Area2 = [Joan

(] DRI#/s] Ar
; [ Dri#/s1 N2
v

M Line v

200000000 |

Solid

<

150000000 i

<8 (none)

~
ool <

100000000 t Area I T bol size 7

50000000 v 0 0

3 0.00014 | 2500000
al [ 0

0 2.8E-05 5.6E-05 8.4E-05 0.000112 0.00014
time[s]

update

Figure 5.20 The deposition rate for nanofilm and microfilm of Model-Al
When the simulation is running, various log files are created for example history file
(record the progress of the model), a number file (record the number of particles in
the area of simulation), and a Boltzman Distribution file. The result of these files can
be opened by HyperCube Plot. From the Number file as shown in Figures 5.21 and
5.22, it is possible to find :

e (N): Number of particles (#).

e (D): Number of deposited particles at the deposition surface.
e (DR): Deposition Rate (#/s).

e (K): Number of escaped particles without deposition (#).

e (KR):Escaped Rate (#/s).
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50000

particle number
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mem . N Ar
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10000
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0 2E-05

4E-05 6E-05
time( 3]

8E-05  0.0001

0.00012 0.00014

Figure 5.21 The Ar and N2 particles (#/s) in Model-Al
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particle number

200000

150000 /
100000 /

/|

50000 //
0
-2E-05 0 2E-05  4E-05  6E-05 BE-05 0.0001 0.00012 0.00014

tme[s]

(a) Number of sputtering (BN) particles

particle number

100

40 +1

r il
20 M ] +

-2E-05 0 ZETGS 4E-05 6E-05 BE-05 0.0007 0.00012 0.00014
time[s]
(b) Number of deposition and escaped (non-deposition) BN particles

particle number

250000000

I o:=n
B «sn

200000000

150000000 1

100000000

50000000

-ZE-05 0 2E-05  4E-05  6E-05 8E-05 0.0001 0.00012 0.00014

tme[s]

(c) The deposition rate and Escaped rate (hon-deposition) of BN particles

Figure 5.22 The Details of BN Particles of Model-Al
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With the progress of the model, it is possible to find the details of the coating profile
for all the steps. For example efficiency of deposition, deposition rate, and thickness

of the coating as shown in Figures 5.23 and 5.24.

Deposition Name : Dep-4 /
motion time : 0.0000e+00 [s) /S £
s-time @ 8.1110e-05 [s] b AW
e-time : 1.2000e-04 [s] P 4
body : substrate-81.elm /
material @ BN j iy W4
deposition (all body) : 2.4761e+13 ool /{_ 1_-57
deposition (body) : 1.2847e+13 [E Frerda.elm /)
deposition efficiency : 51.883% o ¥4
height [A/s]) g // Lo
BN @ x 2.023e-19 A 4 7
20-suface info o //

unit ¢ [mm] ; / / .
origin-point / / Vi Y
x yz ' 1.050e+02 -2.50
tangential-x-vector / / y /
X yz : 0.000e+00 1.0 ) o / / /4
min / max_: 0.000e+@ / /
tangential-y-vecto d /) Vi

y %.77 e+@0 / // /

N g, 65619 - 00 /) Vi J )/
5.29e+@019/ / / / /
5.06e+019 e J
4.82e fG /,' / / /,,;'r{/ / /

: ¢ l’///l“ ///l / ‘;,’;/ /
& J
/ o
./ /
/’ ,"" /f/"
g d “:"/
/ / / //, : /_‘f”;'
<,2\‘§‘98+@J’9 7 ",' "‘/' /,’ ""‘ // )?r/
2.462{@19" ocalox Sl

Figure 5.23 Deposition Efficiency of Model-Al at Time= 1.2e-4s
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" height [A/s] A

T
BN : x 2.0233e-19 4

* 20-suface info
unit : [mm)
origin-point
X,y,2 4 1.0500e+02 -2,5000¢+01 -7.5000e+01
tangential-x-vector
%,z + 0.0000e+00 1.0000e+00 0.0000e+00
min / max : 0,0000¢+00 / 5.0000e+01
tangential-yvector
%Y,2 : 0.0000e+00 0.0000e+00 1,0000e+00
min / max : 0,0000e+00 / 1.5000e+02

) ¢ 2.4761e+13
1.2847e+13 (£

* 2D-Area plot info

name : Dep-4_Area-3

unit : [mm)

s-point : +0,0000e+00 +0,0000e+00
+1,0500e+02 -2.5000e+01 -7.5000e+01

e-point : +5,0000e+01 +1.5000e+02
+1,0500e+02 +2.5000e+01 +7.5000e+01

divsiion number : 11

* deposition rate

material : BN

max / min : 4.40e+19 / 4.40e+19 [#/m2/s)
max / min : 891133 / 8.91133 [A/s]

Figure 5.24 The average deposition rate with a 2D-area plot of Model-A (t=1.2e-45s)
5.2.11.3 Deposition Uniformity
Uniformity is a common application that can be used to compare deposition properties

of films in the same condition.

By using a 2D line, the start point of the line is (20,150) and the endpoint is (0,0). The
line will be divided into 100 points. The thickness will be calculated for all these

points. The uniformity Equation (5.14) is :
Uniformity %=[(hmax-hmin)/( hmax+hmin)]*100% (5.14)

The uniformity of coating is 85.7% as shown in Figure 5.25.
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psition Name : Dep-4
ion time : 0.0000e+00 [s]
ime : 8.1110e-05 [s]
ime : 1.2000e-04 [s]

origin-point A
XY,z : 1.0500e+02 -2.5000e+01 -7.5000e+01
tangential-x-vector

XY,z : 0.0000e+00 1.0000e+00 0.0000e+00

min / max : 0.0000e+00 / 5.0000e+01
tangential-y-vector

%Y,z : 0.0000e+00 0.0000e+00 1.0000e+00

min / max : 0,0000e+00 / 1.5000e+02

Subssarerdf plar,

¢ substrate-@1.elm
prial

bsition (all body) : 2.4761e+13 4
psition (body) : 1.2847e+13 [EA
psition efficiency : 51.8835"

* 2D-Line plot info ght [A/s]
name : Dep-4_Line-0 i x 2.023e-19
unit : [mm]

suface info
s-point : +2.0000e+01 +1.5000e+02 ¢ [mm)
+1.0500e+02 -5.0000e+00 +7.5000e+01
e-point : +2.0000e+01 +0.0000e+00
+1.0500e+02 -5.0000e+00 -7.5000e+01

divsiion number : 100

point 7
© 1.050e+02 -2.500

* searching distance : 1.500000e+00 [mm]
* searching distance factor : 1.000000

* Deposition Uniformity
material : BN
uniformity : 85.7143 [%]
[min : max] : 7.3921e+18 : 9.6097e+19 [#/m2/s]
[min : max] : 1.4956e+00 : 1.9443e+01 [A/s]

v

02 +00 [mn]
7 1. p0at0e

¥ 3O EcaBifde+19 [#/m2/s)
(17 1.4956@ : 19.44286 [A/s)

Figure 5.25 The uniformity with the 2D-line plot of Model-Al at time=1.2e-4s
5.2.12 Validation of Model-Al Result Compared with The Experiment Result

The thickness of coating calculated by the DSMC model is compared with
experimental results (Run 153) [*]. The strong agreement between the outcomes
demonstrates the model's capacity to predict the coating thickness accurately, as shown
in Table 5.2.

Table 5.2 The result of BN coating thickness for Model-Al compared with the exper-

iment.
Sub. Exp. Model.
_ T
No. L] SUb'. Rpm Magnetron Voltage | Thickness Thickness | Error%
Name Material C)
V) (nm) (nm)
900w,40/8scc
1 le del- 1xD2 300 off m Ar/N; 0 861.0286 882.1252 24

[*] Run 153 has the same boundary condition as model Al. The facilities of the BOREN Center of
Competence for Boron Coatings at the Metal Forming Center of Excellence at ATILIM university
were used to prepare this experiment.
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5.3 Modelling Influence of The Input Parameter on The Coating Profile

In this part, we will investigate the behaviour of PVD under different input
parameters. These parameters are substrate bias voltage, power supply, the volumetric
flow rate of gases, the distance between target and substrate and the study of the effect

of substrate material type on deposition rate.

5.3.1 Modelling The Influence of The Substrate VVoltage On The Deposition
Profile

Study the effect of the substrate voltage variable on the coating. The substrate
voltages are 0,100 and 250V. The result of the electric field for different excitations of
the applied voltage is shown in (Chapter 4, Table 4.5,p.39 ). The boundary conditions
are shown in Table 5.3. The effect of the substrate voltage (100 and 250 V) on the
deposition efficiency and deposition rate at times 4.8e-5 s and 1.2e-4 s are shown in
Figures 5.26,27,28,29,30 and 31 respectively.

Table 5.3 Boundary Condition of MS Modelling and experiments for different
substrate bias voltages

Exp. Substrate T-S Subs. i
e - Time
No. Bl Name | Target Substrgte Geometry | distance | T(°C) Magnetron Voltage
Name Material (hr)
[+] (mm) (mm) V)
Run 900w,40/8sccm
1 | Model-a1 | 193 | hBN 1xD2 | 150*50*7 | 80 300 AN 0 6
Run 900w,40/8sccm
2 | Model-B1 | 154 | h-BN 1xD2 | 150%50%7 80 300 AN 100 6
Run 900w,40/8sccm
3 | Model-c1 | 152 | h-BN 1xD2 | 150%50*7 | 80 300 AN 250 6

[*] The facilities of the BOREN Center of Competence for Boron Coatings at the Metal Forming Cen-
ter of Excellence at ATILIM university were used to prepare this experiment.
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Deposition Name : Dep-3
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deposition (body) : 3.57
dep051t10n efficiency :

helght [A/s]
x 2.823e-19

* 2D surface direction info
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nt [mm]

_

ZD—suface info
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origin-point /
x y z ¢ 1.850e+82 -2. SZB
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X y z ! B.000e+00 1. BB@
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Figure 5.26 Influence of the substrate voltage on the deposition efficiency(t=4.8e-5 s)
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Figure 5.27 Influence of the substrate voltage on the deposition rate (t=4.8e-5s)
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Figure 5.28 The deposition efficiency of BN particles when bias voltage=100 V at
time=1.2e-4
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Figure 5.31 The deposition rate of the substrate voltage 250 V ( time=1.2e-4s)
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(2) The deposition rate and Escaped rate of BN particles when substrate voltage=0 V
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(b) The deposition rate and Escaped rate of BN particles when substrate voltage=100V
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(c) The deposition rate and Escaped rate of BN particles when substrate voltage=250V
Figure 5.32 The deposition rate and escaped rate of BN particles with different

substrate voltages
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The effect of variable bias substrate voltages on the deposition rate of BN particles is

shown in Figure 5.33.
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Figure 5.33 Compare the deposition rate of the different substrate bias voltage

5.3.1.1 The Correlation Between Different Substrate Bias VVoltage and Thickness of The
Coating for Experiment and Model.

The results from the models are compared with experiments in this investigation.
The model and experimental results demonstrate a good correlation. The result of the
models provides an effective approximation with experiment results [*] for substrate
voltages 0 and 100 V with errors of 2.4% and 7%, respectively. Moreover, the result
of the substrate voltage (250 V) is remarkably close to the experiment with an error of

0.7%, as shown in Figure 5.34.

[*] The details of the experiment's result are shown in Appendix B
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Figure 5.34 The substrate bias voltage vs. Thickness for models and experiments

5.3.2 Modelling The Influence of The Power Supply on The Deposition Profile

At the same MS condition but with different power supply, 900,1200 and 1500W
with two substrate voltages 0 and 250 V respectively as shown in Table 5.4. The type
of target plate is h-BN. Six models are built to understand the effect of power supply
on coating parameters. The result of the electric field for different excitations of the

applied voltage and power supply are shown in (Chapter 4, Table 4.5,p.39)
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Table 5.4 Boundary Condition of MS Modelling with different power supply and sub-
strate voltage 0 and 250 V.

Substrate T-S Sub. .
No. '\:Ic;(rjﬁel' iﬁgf;?;f Geometry | Distance (o-[:) Rpm | Magnetron Voltage ILT)E
(mm) (mm) (v)

900w,

1 | Model-Al 1XD2 | 150*50%7 80 | 300 | off | A40/8scem 0 6
AI’/Nz
1200w,

2 | Model-A2 1IxD2 | 150*50%7 80 300 | off | 40/8scem 0 6
AI‘/Nz
1500w,

3 | Model-A3 1XD2 | 150*50%7 80 | 300 |off | A40/8scem 0 6
AI’/Nz
900w,

1 | Model-Cc1 1xD2 | 150*50%7 80 | 300 | off | A40/8sccm 250 6
Ar/Nz
1200w,

2 | Model-C2 1XD2 | 150*50%7 80 | 300 |off | A40/8scem 250 6
AI‘/N2
1500w,

3 | Model-C3 1xD2 | 150*50%7 80 | 300 | Off 401483“”“ 250 6
r/Nz

The result of the six models is shown in Table 5.5. From the models, it is clear that the
relation between the power supply and the thickness of BN coating is not proportional.
The thickness increase when the power increase from 900W to 1200W but it is de-
creased at the power of 1500 W when the substrate voltage is 0 V. As well as when
comparing this result with the same condition but the substrate voltage is 250 V the

models show that the coating thickness decrease when the power supply increase.
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Table 5.5 The MS Models result -Effect of power supply on the thickness of BN coat-

ing
i Substrate | Deposition | Thickness
No. I\ﬂlzcrjne(!. ?\bljgf'et;?;f T(°C) | Rpm Magnetron Rate
Voltage(v) |  (#/m2.s) (nm)
900w,40/8sccm
1 | Model-Al | 1xD2 |300 | Off Ar/N2 0 2.02 e18 882.1252
1200w,40/8sccm
2 Model-A2 1xD2 300 Off Ar/Nz 0 2.41el18 1052.4365
1500w,40/8sccm
3 | Model-A3 | 1xD2 | 300 | Off Ar/N2 0 2.26 €18 986.9322
900w,40/8sccm
1 Model-C1 1xD2 300 Off Ar/Nz 250 5.21el7 150.3713
1200w,40/8sccm
2 Model-C2 1xD2 300 Off Ar/N: 250 4.29 el7 123.8182
1500w,40/8sccm
3 Model-C3 1xD2 300 Off Ar/Nz 250 4.20 e17 121.2206

The deposition rate result when substrate voltage 0 V with power supply 900,1200
and 1500 V are shown in Figure 5.35.

Influence Power Supply on Deposition Rate
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Figure 5.35 Influence of the power supply on the deposition rate when substrate voltage
is (OV)
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With the progress of coating, the deposition efficiency result for three models at power
supply 900,1200 and 1500W with substrate voltage(0V) are close to each other. The
highest efficiency on power is 1200V. It is 52% as shown in Figure 5.36. In Figure

5.37, the power 1500W gives the best uniformity of 89%.
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Figure 5.36 The deposition efficiency and uniformity when power supply=1200 W

and substrate voltage (0V).
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Figure 5.37 The deposition efficiency and uniformity when power supply=1500 W

and substrate voltage (0
From Figure 5.38, We note that there is no wide difference in the deposition rate of

BN particles at power 900,1200, and 1500 W when the bias substrate voltage is 250
V. The deposition efficiency for all of them is close to 33%. This small difference in
the deposition rate caused the small difference in the thickness of the coating as shown

in Table 5.5.
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Influence Power Supply on Deposition Rate
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Figure 5.38 Influence of the power supply on the deposition rate at substrate voltage
(250 V)
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5.3.3 Modelling Influence of The Variable Volumetric Gas Flow Rate on The

Deposition Profile

Three models build to study the effect of the volumetric flow rate of gas on deposition
profiles. The volumetric flow rate for both gases Ar and N2 will be changed. This
change of flow rate will have the same Ar to ratio N2. The Ar: N ratios are 40:8,80:16
and 10:2. The details are shown in Table 5.6.

Table 5.6 The Boundary condition of MS Models with variation of gas flow rate.

del b Substrate T-S T Sub.

Model- Sub. Time

No Name Target Material Geometry Distance o) Rpm | Magnetron Voltage ()

(mm) (mm) W)
900w,
Model-D1 e 40/8sccm

1 | Model-ay | BN 1xD2 | 150%50%7 80 300 | Off P 0 6
900w,

2 | Model-D2 | h-BN | 1xD2 | 150%50%7 80 |[300 |off | t0/2scem 0 6
Ar/N2
900w,

3 | Model-D3 | h-BN | 1xD2 | 150%50%7 80 | 300 | Off 80{:?;?”‘ 0 6

The results of deposition rate for both Model-D2 and Model-D3 with Ar: N2 are 80:16
and 10:2 shown in Figures 5.39 and 5.40 respectively.
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Figure 5.39 Influence of the variable volumetric gas when Ar: N> =80:16 sccm on the

deposition rate at time=4.8e-5s
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Figure 5.40 Influence of the variable volumetric gas when Ar: N2 =10:2 sccm on the

deposition rate at time=4.8e-5s

From these models, we note that the number of sputtering BN particles is high when
Ar: N2 is equal to 40:8 and 80:16. The number of sputtering BN particles when Ar:
Nz is 10:2 is low compared with two previous models as shown in Figure 5.41.The
deposition efficiency of 40:8 and 80:16 models at steady state (t=1.2e-4s) are 52% and
49% respectively.The highest deposition efficiency when Ar: N2 (10:2) is 53%.
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BN sputtering particles as a function of gas flow
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Figure 5.41 BN sputtering particles (#/s) on the different volumetric flow rates of Ar
and N

The deposition rate of the three models is shown in Figure 5.42 and the thickness of
the coating results is shown in Table 5.7.
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Figure 5.42 Deposition rate of BN particles on different volumetric flow rates
of Ar and N



Table 5.7 The result of MS Models with the variation of gas flow rate

Model- Sub Substrate Dep.
No. “ | TCC) | Rpm Magnetron rate | Thickness(nm)
Name Material Voltage(v)
(#/m2.s)
Model-D1 900w,40/8sccm ” 02
1 1xD2 | 300 Off Ar/N: 0 .18 882.1252
(Model-A1) e
900w,10/2sccm
2 | Model-D2 1xD2 | 300 Off Ar/Na 0 9.95e16 43.4512
900w,80/16sccm
3 | Model-D3 1xD2 | 300 Off Ar/N: 0 ‘ng 2200.9461

5.3.4 Modelling Influence of The substrate -Position on The Deposition Profile

Two models were built to study the effect of substrate position on the deposition
profile.
In the first model (model-E), four small substrates were fixed in four positions in the
chamber as shown in Figure 5.43. The geometry of the substrate is 30*30*7 mm.
In the second model (model-E1), only one substrate is used. The geometry of the
substrate is 50*150*7 mm. This model was built to study the effect of target substrate
distance on the deposition profile. The distance is 40 mm.
The result of the electric field for the two models is shown in (Chapter 4, Table 4.7,

P.40). The boundary condition is shown in Table 5.8.

Table 5.8 The Boundary condition of MS Models with different T-S distances

Sub.Name Sub.
No Sub Substrate T
Model-Name Target M .'I Magnetron Voltage
ateria centre (°C)
v)
Sub.1 (65,0,-50)
Sub.2
(105,0,-10)
1 Model-E h-BN 4xD2 900w,
Sub.3
(145,0,40) | 300 40/8sccm 0
Ar/Na2
Sub.4 (185,0,90)
2 Model-E1 hBN | 1xD2 Sub. (65,0,0)
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Figure 5.43 Geometry of BN modelling with different T-S distances

\ -~

The maximum thickness of the coating is at substate 1. while the thickness at substrate
4 is 0 nm as shown in Figures 5.44 and 5.45. The result of Model-E shows a large
difference in the thickness of the coating with the change of the substrate position as

shown in Figure 5.46.
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Figure 5.44 Deposition rate of BN coating of model-E (Sub.1 and Sub.2)
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Figure 5.45 Deposition rate of BN coating model-E (Sub.3 and Sub.4)
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Figure 5.46, shows the effect of the substrate position on the coating thickness. The

centre point of the target plate is (25,0,0). The result of Model-E is summarized in

Table 5.9.
2500
__ 2000
€
£ 1500
(7]
0
c 1000
-z
=
i -
S 500

Sub.Position Vs coating thickness

(65,0,-60)

(105,0,-10)

(145,0,40)
- (185,0,90)
A
40 80 120 160

Substrate Center

Figure 5.46 Thickness of BN coating Vs Substrate position (the centre point of the

substrate) Model-E
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Figure 5.47 Deposition rate of BN particles (Model-E1), T-S distance 40 mm
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Table 5.9 The result of MS Models with different T-S distance

Model- Sub Sub. T Substrate | Deposition | Thickness
No. N Material Rpm | Magnetron Rate
ame aenal | Name | (°C) Voltage(v) | (#/m2.s) (nm)
Sub.1 4.96e18 2166
Sub.2 2.15e18 938.9
900w,
1 Model-E 4xD2 30017 rirs
Sub.3 40/8sccm 328 .
300 | Off AN, 0
Sub.4 0 0
4.92e18 2149
2 Model-E1 1xD2 Sub.

5.3.5 Modelling Influence of The Substrate Materials on The Deposition Profile

One model builds with five small substrates. The geometry of the substrate is

30*30*7 mm. Five types of materials are used. These types are D2, Aluminum, Ti,

TiN, and glass. The material of the target plate is (h-BN). The result of the electric

field for multi-substrates with a different type of material is explained in (Chapter 4,
Table 4.10,p.47). The purpose of the model, study the effect of substrate materials on
deposition profile. The boundary condition is shown in Table 5.10. This model

contains 34 surfaces due to departing all the substrate geometry to the 2D surface as

shown in Figure 5.48. The centre point of the target plate is (25,0,0).

Table 5.10 The Boundary condition of MS Models with different T-S distances

) Sub. Sub.Center | T-S T Sub. i
No Model Substrate Rpm | Magnetron Time
Namme Geometry oint (xy2) | mm | ) p g Voltage (hr)
(mm) i v)
1xAl (105,0,-110)
1xD2 (105,0,-50) 900w,40/8
1 Model-F 1XTi 30*30*7 (105,0,-10) 80 300 Off sccm Ar/Nz 6

1XTiN (105,0,40)
1xglass (105,0,90)
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= e L B [ ]| - ST o] = | .
Figure 5.48 The 2D faces of Model-F

With the progress of the magnetron sputtering model, the particles of BN are

sputtering. The active gas N2 is ionized to 2N due to a chemical reaction with the BN

target as shown in Figure 5.49. The result of Model-F is summarized in Table 5.11.

000.hca

on : B8 7 1
] 9.5182e-06 s
] 14139 EA
[out, N 1 49375 EA
[deposition N ] 486 EA
[total N ] 64080 EA

-| Rendering Control

Figure 5.49 The chemical reaction between the BN target plate and N2 gas caused to
produce of 2N (Model-F)
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Table 5.11 The result of the MS Model with a different type of substrate material

Substrate Deposition Thickness
No. '\ﬂ:f: Miijebrlial :-q:, (;) Rpm | Magnetron Voltage Rate (#/m2.s) (nm)
V)
1xAIl 1.6e18 698.7
1xD2 900w,40/8 2.10e18 917
1 Model-F 1XTi 80 | 300 off sccm Ar/N2 0 1.96e18 855.9
1XTiN 2.62e18 1144.2
1xglass 1.7e18 751

5.4 2D Field Analysis of BN Coating Model

The 2D-Analysis (X-Y coordinates) of properties in the chamber of the MS system is
done. These properties are gas density and flux, pressure and temperature. This
analysis aims to study the effect of the input parameters of coating on the pressure and
temperature distribution in the chamber. Then understand how the pressure and

temperature change the character of the BN particles that arrive at the substrate.

This analysis may help to understand the transformation mechanism of the h-BN phase
to c-BN.

Field-1_Field_Densty_Arhca

.65de-B07
.8

A0 ENWLBEUITONO N @D WO

Figure 5.50 Density analysis of Ar in model-Al
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Figure 5.51 Density analysis of Nz in model-Al
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Figure 5.52 Flux analysis of Arin model-Al
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Figure 5.53 Flux analysis of Nz in model-Al
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Figure 5.54 Density and flux analysis of Ar in Model-C1,(a) Ar density and

(b) Ar flux
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Figure 5.55 Density and Flux analysis of Nz in model-C1,(a) N2 density and (b) N2
flux
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From Figures 5.56,5.57 and 5.58, When comparing the pressure and the temperature
of model-Al and model-C1 (When the bias voltage is 0 and 250 V), increasing the
bias voltage of the substrate leads to an increase in pressure and temperature. The FTIR
analysis of the experiment result (Run-152) shows that the h-BN transform to c-BN.

Field-1_Field_Press.hca

name : Field-1

p:essuré[?a]

time |\
motion/time i 0.0000e+00 [s]
s-time : 3.8343e-05 [s]
e-time : 4.8666e-05 [s]

min :/3.55676e-02_[P

max 1‘." 4.86918e-01F [Pa

1]

IS

EEEEET
o
i
w

Figure 5.56 The pressure of model-Al
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Figure 5.57 The pressure of mod
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Figure 5.58 Influence of bias substrate voltage on temperature distribution in the

chamber,(a) model-Al and (b) model-C1
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5.5 Optimization of BN Coating

5.5.1 Modelling Optimization of BN Coating

From the previous models, We can say that the maximum deposition rate at power

supply is 1200 W and substrate voltage OV as shown in model-A2.In the study of the

effect of the volumetric gas flow rate of Ar and N2, the maximum deposition rate when

Ar: N2 is 80:16 sccm as shown in model-D3.Therefore we will combine these

boundary conditions as input parameters to optimize the BN coating thickness as

shown in Table 5.12. The result of the model shows a high deposition rate, see Figure

5.59.

Table 5.12 The input parameters of the BN coating optimization -(Model-G)

Sub T-S T Substrate
Model- Sub. ' Time
No N Target Geometry | Distance Rpm Magnetron Voltage h
ame Material °c) (hr)
(mm) (mm)
(v)
1200w,80/16
1 | Model-G h-BN 1xD2 50*50*7 80 300 Off scem Ar/Na; 0 6
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Figure 5.59 The result of the BN coating model (Model-G) at optimization boundary

conditions.
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Table 5.13 The result of the BN coating optimization (model-G)

Sub T Substrate Dep. rate Thickness
No. Model-Name Mat . | Rpm Magnetron
aterial | (ocy Voltage(v) (#/m2.s) (nm)
1200w,80/16
1 Model-G 1xD2 300 Off scem Ar/Na2 0 5.72e18 2498

Due to some technical issues in the MS system in the facilities of the BOREN Center
of Competence for Boron Coatings, the maximum Rf-power supply that can be applied
i 1100 W.

Therefore, we will build a new model (Model-G1) with this new parameter and check
the result before Preparing the coating experiment as shown in Table 5.14. The electric
field for this model is summarized in (Chapter 4, Table 4.5, P.39).

The result of Model-G1 is summarized in Table 5.15.
Table 5.14 The input parameters of the BN coating optimization -(Model-G1)

- Sub Sub. T-5 Substrate .
No NZr:e- Target P ot Geometry | Distance T(°C) | Rpm | Magnetron | Voltage (;]r?)e
(mm) (mm) v)
1100w,
80/16
1 | Model-G1 | h-BN 1xD2 50%50*7 80 300 | Off Sco 0 6
Ar/Na2
Table 5.15 The result of the BN coating optimization model-G1
Substrate
Model Sub o | Dep. rate Thickness
No. Target N T(°C Rpm Magnetron Voltage
Name \ Material A g g (#Imz.s) (nm)
V)
1100w,80/16
1 Model-G1 h-BN 1xD2 300 Off scem Ar/N2 0 4.21e18 1840

From table 5.15, The thickness of the coating is 1840 nm (model-G1). The power
supply is 1100 W. The 2D analysis of the maximum temperature and pressure of the
model-G1 analysis is 3700 C and 0.95 Torr.

The 2D analysis shows that there is a correlation between the change in pressure and
temperature with the change of characteristics of BN particles. Increasing the maxi-
mum temperature in the chamber will increase the chance to transform h-BN to c-BN,
therefore we will apply the model-G1 parameters as a step to combine a high deposi-
tion rate and high-density polymorphs (c-BN).
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5.5.2 Magnetron Sputtering Experiment-Optimization of BN Coating

e Run 203

A detailed description of the experiment (RUN 203) is presented below, the main pa-
rameters are listed in Table 5.14. A high vacuum is used in PVD technology. D2 steel
is the type of substrate, and the substrate geometry is 30 mm in diameter with 7 mm
thickness. Four substrates are used in different positions. The result of the closest sub-
strate to the target will be compared with the substrate result in Model-G1 (both of
them have the same parameters). The radio frequency (RF) power supply is applied to
the target plate. The gas flow rates of Ar and N are 80 and 16 sccm, respectively. The
total pressure of the two gases is maintained at 0.005 Torr. The power supply is 1100
W. The substrate bias voltages are 0 V. The vacuum temperature is 300 °C, and the
deposition time is 6 hr. A plasma cleaning process is applied to the substrate before
the deposition process. F2o Filmmetrics is used to measure the thickness of BN coat-
ings. For each BN-coated substrate, ten measurements are taken and the averages are
computed.

e RUN 209

The same boundary conditions are applied in the two experiments Run 203 and Run
209 with a different target to substrate distance (TSD). The target to substrates dis-
tances are 100,200,230 and 290 mm for experiment Run 203, While for experiment
Run 209 are 50 and 290 mm. . Two substrates with angels angles of 0° and ~42°

from the target plate centre are applied in Run 209 as shown in figure 5.60.

P2
67.3 mm

45 mm

< Ple—p3

50 mm
concoms 290 MM et

Q=41.98°
P=Substrate position

Figure 5.60 The substrate position in experiment Run 209

110



Theoretical and experimental studies of BN coating show that the TSD has an impact
on thickness. For a D2 substrate, the coating thickness is 1900.7 nm and 3296.5 nm,
respectively, when the TSD is 100 mm and 50 mm. The coating's increased thickness
is 1395.8 nm. When compared to P1, the deposition rate for angle 42° D2 substrate at
P2 is higher in experiment Run 209. (figure 5.60). The coating has a thickness of
3518 nm. The distribution of the magnetic field on the target plate is the cause of

these variations (See Chapter 4, Figure 4.4, P.32).

According to figures 5.61 and 5.62, the difference in coating thickness and BN phase
for substrates with varied TSD with an angle of 0° is caused by changes in the kinetic

energy of BN particles and the electric field as a function of TSD.
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Figure 5.61 Distribution of the EF between the target and the substrate with different
(TSD),(a) 40 mm,(b) 100 mm,(c) 200 mm,(d) 230 mm and (e) 290 mm (Theoretical
analysis of BN coating Models)
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The electric field strength on the surfaces of the substrates is calculated. The maximum
electric field strength is on the edge of the substrate. The EF becomes stable from 25
mm of the substrate’s edge. Decreasing the T-S distance from 100 to 50 mm will in-
crease the EF in the substrate’s centre from 5270 V/m to ~8700 V/m as shown in Fig-
ure 5.62.
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Figure 5.62 Electric field strength analysis on the substrate surface as a function of

TSD (Theoretical analysis of BN coating Models)

The coating thickness of RUN203-D2-4 is 200.41 nm. The coating thickness of
RUN209-D2-3 is 188.45 nm. The coating thickness is decreased by 11.96 nm. The
result for both substrates is closed (The substrates have the same TSD).

e Run?217

This experiment will submit by using a bias substrate voltage of 180 V . We try to
increase the hardness of the substrate. D2 steel is the type of substrate. From the model
and experiment the deposition rate decrease with increasing the bias substrate voltage.
Therefore, we will try to increase the deposition by increasing the amount of volumet-
ric gas flow rate. The gas flow rates of Ar and N2 are 90 and 18 sccm, respectively.
The total pressure of the two gases is maintained at 0.005 Torr. The power supply is
1100 W. The vacuum temperature is 300 °C, and the deposition time is 6 hr. The target

to substrate distances is 50 and 290 mm.
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5.5.2.1 FTIR Measurement Results

The FTIR analysis for all substrates in experiments Run 203, Run 209 and Run 217
are found. When comparing the Substrate D2-1 in Exp. Run 203 with D2-1 in Exp.
Run 209, The same parameters with TSD 100 and 50 mm respectively. The surface
morphology test by FTIR indicates that the h-BN coating deposition layer is affected
when the TSD is changing. The FTIR result shows that the low-density BN crystal
lattices (h-BN) transform into high-density polymorphs cubic BN (c-BN) when TSD

is 50 and 100 mm.
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Figure 5.63 FTIR analysis of D2-1 in experiment Run 203 (TSD =100 mm)
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Figure 5.64 FTIR analysis of D2-1 in experiment Run 209 (TSD =50 mm)

The h-BN allotrope transforms into other phases like Turbostratic BN (t-BN), Rhom-
bohedral BN (r-BN) Explosive boron nitride (e-BN) and Amorphous boron nitride (a-
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BN). When comparing the result of four substates, The closest substrate (D2-1) to the
target plate-BN transforms to c-BN while this allotrope type doesn’t available on the
substrate (D2-4) when the T-S distance is 290 mm (The details of this experiment are

in Appendix B).

For experiments (203 & 209) all the substrates have the same boundary condition, the
difference is T-S distances. This indicates that the first transformation of the h-BN
allotrope occurs in the vacuum and the last transformation occurs at the moment of
collision of the BN particles with the sample. Two factors affect the collision, first the
kinetic energy of BN particles, shortening the distance between the particles and sub-
strate allowed it to keep its energy. The second is the electric energy of the substrate.
The electric energy is affected by bias substrate voltage, power supply and the (T-S)
distance. The couple's energy will change the h-BN allotrope. That means the coating
thickness and allotrope is affected by the distance between the target - substrate and
substrate energy.

FTIR analysis for substrate (D2-1) in experiment Run 217 is found, see Figure 5.65.
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Figure 5.65 FTIR analysis of D2-1 in experiment Run 217 (TSD =50 mm)
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5.5.2.2 Adhesion, Hardness and Friction Measurement Results for Run 203, Run

209 and Run 217

e Run 203 & Run 209: The BN coating quality was measured with the scratch test.
Adhesion of BN coatings is measured by the Revetest® device. . The BN-coated
surface is tested by scratching it with a diamond tip at a constant speed. A Rockwell
diamond tip with a radius of 200 um was used for the scratch test. The Rockwell-
type indenter creates a scratch on the sample’s surface with increasing force. The
load applied during the scratch test starts from 0.5 N and goes up to 150 N. The
scratch length on the sample is 3mm, and the diamond tip advanced at a speed of
6mm/min as shown in Figure 5.66. The residual depth and penetration depth are
measured during the test as shown in Figure 5.67. The result of adhesion
measurement shows that the farthest substrate to the target plate (TSD is 290 mm)

has the highest adhesion to the other. The scratch tip began to scratch out the coated

surface at 58.43 N. The scratch tip began on the substrates when TSD are
50,100,200 and 230 mm are 23.76,19.2, 3.72 and 3.70 N respectively.

Figure 5.66 Image of Adhesion measurement for substrates as a function of TSD, a.50
mm,b.100 mm ,¢.200 mm ,d.230 mm and e.290 mm for experiment 203 & 209.
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Figure 5.67 The scratch measurement, the residual depth and penetration depth of the
substrates, a.TSD is 50 mm and b. TSD is 290 mm for the experiment (209).

Nano-Hardness measurements (NHM) were performed with the CSM Nano-
Indentation Testing Device. The NHM shows that the farthest substrate from the target
plate has the highest hardness as shown in Figure 5.68. The result of the average
measurement of friction coefficient for substrates is very close to each other and it is

(0.81-0.85).
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e Run 217: The Adhison of substrate D2-1(TSD =50 mm) is increased to 75.55 N.
The adhesion of substrate D2-3 (TSD=290 mm) is 52.15N.

The hardness measurement, when the applied force is 250 mN for substrates with TSD
50 and 290 mm is 8.5 and 9.8 GPa. The hardness measurement, when the applied force
is 5 mN for substrates with TSD 50 and 290 mm is 9 and 11.2 GPa. The hardness of
the BN coating increased compared with the previous experiments (Run 203 and Run
209) as shown in 5.68, but the thickness of the coating decreased. The thickness of the

coating is < 50 nm.

Hardness (GPa)

(a) 6.6

Thickness (nm)

(b) 8z

250 5.2

150 5

50 43
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 46

75D (mm)

Thickness (nm)

Figure 5.68 Result of hardness measurement (Run 203 & Run 209) as a function of
TSD and thickness with different applied loads,(a) The applied load is 5 mN and (b)
The applied load is 250 mN.
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e What is the progress?

To find the advantages achieved from the new parameter that is applied in experiment
Run 209, the result of our experiments will be compared with the result from the liter-
ature review. Hacaloglu study, two groups of experiments classified as BN coating by
Inductively Coupled Plasma (ICP) and without using ICP (reference experiment) [94],
for the same bias substrate voltage but different boundary conditions, (different power
supply, volumetric gas flow rate and TSD).

BN coating without using spindle mechanism, substrate voltage is 0 V. The power
supply is 900 W. The volumetric gas flow rate ratio Ar/N: is 40/8 [94]. Compare with
experiment Run 209, Decreasing the TSD, and increasing the volumetric flow rate of
Ar and N2 gases with power supply led to an increased deposition rate of coating
(thickness of coating) and coating adhesion results. In both the reference experiment
(without using ICP) and the 500W ICP power applied experiment, scratches started
immediately. In the 1500W ICP power applied experiment, scratch started at almost
44N for OV [94]. Increase the power supply effect on the BN phases and the hardness
of the coating. The hardness in the reference experiment is 1.3 GPa when the applied
load is 250 N and 0.6 GPa when the applied load is 5N While the hardness in experi-
ment Run 209 is 4.8 and 3.4 GPa as shown in Table 5.16.

Table 5.16 Compares the characteristic of the BN coating experiment Run 209 with

the experiment from a literature review [94]

Hardness (GPa)
Thickness
® Exp. state 250 mN | 5mN
S (nm)
©
E No ICP 3038.4 1.3 0.6
%' 500 W (ICP) 2177.1 3.1 1.3
L
1500 W (ICP) 1551.3 5.4 3.4
Run 209 | No ICP 3296.5 4.8 3.4
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5.6 The Results

5.6.1 The Correlation of BN Coating Models and Experiments

Table 5.17 The boundary conditions and results of BN coating models and experi-
ments.

The input parameters The result (output)
Substrate . Exp. Model
No. '\,\/‘I;’g]eel Sub. O-E TcF))rr Magnetron Voltage T'Q: N Thickness Thickness EL;‘"
(°C) ( ) v) (hr) (nm) (nm) 0
900w,40/8
1 Model-Al 1xD2 300 0.005 sccm Ar/N: 0 6 861.0286 882.1252 24
900w,40/8
2 Model-B1 1xD2 300 0.005 sccm Ar/N: 100 6 699.93 746.7495 6.69
900w,40/8
3 Model-C1 1xD2 300 0.005 sccm Ar/N2 250 6 149.4073 150.3713 0.65
1200w,40/8
4 Model-A2 1xD2 300 0.005 sccm Ar/N: 0 6 1052.4365
1500w,40/8
5 Model-A3 1xD2 300 0.005 sccm Ar/N2 0 6 986.9322
1200w,40/8
6 Model-C2 1xD2 300 0.005 sccem Ar/N2 250 6 123.8182
1500w,40/8
7 Model-C2 1xD2 300 0.005 sccm Ar/N2 250 6 121.2206
900w,10/2
F8 Model-D2 1xD2 300 0.005 sccm Ar/N2 0 6 43.4512
900w,80/16
9 Model-D3 1xD2 300 0.005 sccm Ar/N2 0 6 2200.9461
2166
900w,40/8 938.9
10 Model-E 4xD2 300 0.005 scem Ar/Na 0 6 2323
0
11| Model-E1 1xD2 | 300 | 0005 | S00W.408 0 6 2149
sccm Ar/N2
1xD2 917
1xAl 698.7
900w,40/8
12 Model-F 1xTi 300 0.005 sccm Ar/N2 0 6 855.9
IXTIN 1144.2
Ixglass 751
13 Model-G 1xD2 300 0.005 [ o0/16 0 6 2498
sccm Ar/N:
1100w,80/16
14 Model-G1 1xD2 300 0.005 scem Ar/N: 0 6 1900.7 1840 3.19

Note: The distance between the target and substrate for all the models is 80 mm ex-
cept model-E.
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5.6.2 The Result of 2D Analysis of the BN Coating Model

From 2D -analysis of temperature and pressure, We note that the substrate bias voltage, power
supply and gas volumetric flow rate affected temperature and pressure. These two parameters
mostly play an important role in the first transformation of the h-BN phase in the chamber.

Table 5.18 2D field analysis of BN coating model

Model Magnetron Sub. | Ar-Density N: -Density Ar-Flux N: -Flux
No |- con%itions Volt | (g/m3) (;/m3) Max/Min (ng.m/h) (ng.m/h) P (Pa) |T(K)
Name (V) | Max/Min Max/Min Max/Min
900w, 40/8
1 |Al  [scemArN: | 0 %'218'5’8'66' 2.220-6/1.59¢-7 | 1.7e7/1.22¢6 |3.9¢6/2.79¢5 2'49’0'0 2687/191
1200w,40/8 07200
2 |A2 |scemArN: | 0 [27e7/7.9e8|49e 824011  |4.2e7/7.8266 |4.27e6/86e3 |0 72/00 | 36801262
1500w,40/8
' 2.99- 3.3607/5.38¢ 0.49/0.0
3 |A3 [scemAnN: | 0 [39% - l4zesn : 37600 |2 3121/101
900w, 40/8
4 |BL |scemArNa | 100 3'039'7’7'3e' 4.72¢-8/5.82-10 | 3.0667/6.5¢5 2'79“’8'889 2'381’0'0 3548/314
900w, 40/8
' 3.03e- 3.47e7/2.48¢ |3.9166/2.7% |0.56/0.0
5 |Cl |scemArN: | 250 [30%% o |526e8/376e9 |3 : o 3830/321
1200w,20/8
6 |C2 |scomArNa | 250 2.92e- |5 100.8/0 3.28e7/1.42¢ | 3 p306i0 | 08100 | o4gor5a3
7/7.66-8 6 5
1500w,40/8
7 |c3  |scemarN. | 250 |287¢ 5.89¢-8/0 2.92e7/7.16e | 3 490610 | 06100 | 41007074
717.65¢-8 5 6
900w, 1072
' 1.21e- 9.14¢6/6.67¢ 0.099/0.,
8 D2 sccm Ar/N2 0 713.076-8 2.06e-8/0 2 7.72e5/0 007 1718/132
900w, 80716
9 |D3 |scemArN. | 0 |44 9.126-8/9.99e-11 |5.667/1.1266 | 7.8¢6/6.37e4 | 0901 | 3200241
71.276-7 2
900w, 40/8
9.57e- 1.72e7/4.82e |4.69e6/1.61e |0.43/0.0
10 B | emame | O |y |2e8/87e11 : ; ) 2426/40
900w, 40/8
1 e 0 [131e-587e 15 aoe-pr1.68e-7 | 19e7/1.42e6 |4.1e6/2.88e5 | 0400 | 26907200
sccm Ar/N2z 7 5
900w, 40/8
12 |F |scemArNa | 0 |1e-6/5e-8  |6.60-8/2.96e-10 5'336'7’4'029 ‘11'7796’3'83‘3 2'42’0'0 2400/55
1200w,
80/16sccm 5.53e- 6.44e7/6.04e | 5.87€6/3.93e |0.98/0.1
13 |6 |30 0 |52%  |Lotermssens |? : 2 3850/238
1100w,
80/16sccm 4.52e- 5.33e7/5.03e | 5.67e6/3.53e |0.95/0.1
14 |e1 |30 0 |35 . |e1esmoenr |3 : . 3700/230
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5.7 The Correlation between Input Parameters and the Coating Profile

The effect of substrate voltage, power supply, gas volumetric flow rate and distance
between target and substrate (T-S) on the thickness of the coating is shown in Figures
5.69,5.70,5.71 and 5.72.
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Figure 5.69 The effect of substrate voltage and power supply on the thickness of the

coating. The Ar and N2 flowrate is 40 and 8 sccm respectively.
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Figure 5.70 The effect of substrate voltage and gas flow rate on the thickness of the

coating at the constant power supply, The power supply is 900W.
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Figure 5.71 The effect of power supply and gas flow rate on the thickness of the BN
coating in models at constant substrate bias voltage, The substrate bias voltage is OV.
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Figure 5.72 The effect of power supply and distance between target and substrate

(T-S) on the thickness of the coating at constant substrate bias voltage, The bias

voltage is OV and Ar, N2 flowrate is 40 and 8 sccm respectively.
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5.8 The Correlation between Input Parameters and the pressure, Temperature
of MS System

The effects of substrate voltage and power supply on the pressure and temperature in

the chamber of the MS system are shown in Figure 5.73.
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Figure 5.73 The effect of substrate bias voltage and power supply on the pressure and
temperature of MS system at constant gas flow rate, The gas flow rate of Ar and N

are 40 and 8 sccm.
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CHAPTER 6

THE STRUCTURE AND PROPERTIES OF BN ALLOTROPES

6.1 Introduction

To study the structure of BN coating and understand the correlation between BN
phases, low-density phase (h-BN) and high-density phase (c-BN), CASTEP (Cam-
bridge Serial Total Energy Package) software uses to understand the background of
this correlation. CASTEP uses first-principles quantum mechanics computations.
CASTEP uses Density Functional Theory (DFT) and plane-wave pseudopotential
methods to investigate the characteristics of crystals and surfaces of semiconductors,
ceramics, metals and minerals. Surface chemistry, structural properties, band structure,
the density of states, and optical quality are all common applications.
One of the most successful and widely used methods of electronic structure calcula-
tions is DFT. DFT is a method for deriving the properties of condensed matter systems
from fundamental principles by solving the many-electron Schrédinger equation. In
DFT methods, the energy of the system is determined by the electron density instead
of the wave function. The primary function of any DFT implementation is the ability
to minimize the energy to obtain the electronic ground state of the system.
In this study, CASTEP software is used to calculate the structure and properties of the
h-BN and c-BN phases. This chapter provided the necessary theoretical background
for the DFT. In addition, the definition required to calculate the most important phys-

ical properties of the material is explained in detail.
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6.2 Literature Review

Boron nitride (BN) nanoparticles have distinguished characteristics and the potential
for usage in a wide range of technologies, among other materials. Among the many
potential industries where BN has been effectively applied are photonics, aircraft, and
medicine.

Using first-principles calculations within spin DFT, Xu et al. examined the electrical
and magnetic characteristics of BN-doped graphene superlattices. The effects of the
inserted BN nanodots' geometrical sizes and shapes were examined by the researchers.
The BN nanodot's size affects the superlattice's band gap. An inversion symmetry
between the valence and conduction bands concerning the Fermi level is seen when
the B and N atoms in the BN nanodot are switched [95]. The cubic zincblende form
or a brand-new wurtzite form can be immediately transformed from the hexagonal,
graphite-like boron nitride under static high pressures. It seems that a catalyst is not
necessary. The wurtzite form is favoured at low temperatures, below 300 K, while the
zincblende form is chosen at high temperatures, between 2500 and 4000 K. The lowest
pressure necessary for the conversions is roughly 115 kbar; somewhat greater pres-
sures on the order of 130 kbar are sufficient for temperatures above and below 2000
K. The dense phase crystallites, despite being small, provide effective x-ray diffraction
patterns that can be exploited to determine their crystal structures [96].

Grimsditch as well as others, Brillouin scattering has been used to determine the sin-
gle-crystal cubic boron nitride's three independent elastic stiffness constants Cij, which
are c11=820, ¢12=190, and c44=480 GPa. The resulting bulk modulus, 400 GPa, from
two independent estimations based on x-ray measurements in a diamond anvil cell is
reasonably consistent. A value of dB/dP=3.0 is found to be the best fit for the x-ray
results using the bulk modulus [97].

Cai et al. use the first-principle method to compute the surface energies of the primary
phases in the Li-N-B synthesis system to clarify the process for producing cubic boron
nitride (c-BN) with catalysts under high pressure and temperature.

Density functional theory is used to calculate the surface energy of low-index surfaces
made of lithium boron nitride (LisBN2), c-BN, and hBN at 1700 K and 5.0 GPa, re-
spectively. The surface energies of the major low-index surfaces of cBN are (111) >
(001) > (110), those of hBN are (1010) > (1120) > (0001), and those of LisBN: are
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(100) > (110) > (0001) [98]. To evaluate the possibility of using boron nitride (BN)
nanoflake for a SO. gas capture technique concerning environmental problems with
gas pollution, density functional theory (DFT) simulations were made. To do this, a
typical model of a hydrogen-capped B12N12 coronene-like surface was taken into
consideration. To create the S@BN model and the O@BN model, two beginning po-
sitions for SO: gas were chosen: first perpendicularly positioning the S side of SO-
towards the BN surface, then once more placing the O side of SO2 perpendicular to
the BN surface to create the O@BN model. The findings suggested that disregarding
the beginning position, the SO, molecule's most advantageous sites were strangely
parallel to the BN surface. In this instance, the gas molecule was nearly in the centre
of the surface, indicating that the surface had the right size for the molecular adsorption
process [99].

A first-principle approach based on DFT has been used to analyses the surface energy
of the low-index surfaces of cubic boron nitride (c-BN) and hexagonal boron nitride
(h-BN), to demonstrate the transition mechanism of c-BN single crystal under high
temperature and high pressure (HTHP). Under 1800 K and 5.5 GPa, the surface ener-
gies of the h-BN (110), (100), and (0001) facets and the c-BN (110), (100), and (111)
facets, respectively, are calculated using the GGA to be 0.200 eV, 0.427 eV, 0.336 eV
and 0.210 eV, 0.430 eV, and 0.410 eV.

The surface energy values of the hBN and c-BN facets are, respectively, 0.221 eV,
0.444 eV, 0.354 eV, and 0.250 eV, 0.436 eV, 0.475 eV under 2000 K and 6.0 GPa.
The lattice plane of (100) in hBN is parallel to the plane (100) of cBN, and the relative
difference in surface energies between the two facets at 1800 K, 5.5 GPa, and 2000 K,
6.0 GPa, respectively, is only 0.7% and 1.2%. According to the Modified Thomas-
Fermi-Dirac (TFDC) electron theory, the direct transition of hBN into c-BN can be
induced. Based on the surface energy of hBN and cBN, this implies that c-BN is most
likely to be changed by hBN under HTHP [100].

KOKTEN and others, the energetics and structural features of hexagonal boron nitride
sheets doped with silicon and phosphorus were investigated using simulations based
on density functional theory. The dopant atoms were substituted as an impurity in the
system at either the B or N sites in a neutral charge state. The study, investigation into

the effects of cell size on calculated parameters including bond length, charge transfer,
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and defect formation energies was extensive. It was found that when silicon or phos-
phorus atoms are substituted, link lengths increase in comparison to the original sheets
[101].

Stagi et al. describe the correlations between structure and defects [102].

According to calculations by Kim et al., the existence of a vacancy defect, which re-
sults in a geometric distortion in the hexagonal lattice structure, can affect the elec-
tronic structure of monolayer h-BN [103].

DFT is used by Bernardi et al. to explain the characteristics of the electronic energy
gap and optical absorption spectra of carbon-boron nitride monolayers [104].
According to He et al., the super hard boron nitride phase known as Z-BN was exam-
ined within the context of the DFT using first-principles calculations as a potential
intermediate phase between h-BN and zinc-phase BN (c-BN).

The research demonstrates that Z-BN is a transparent insulator with an indirect band
gap of approximately 5.27 eV, strong structural stability, and high density equivalent
to c-BN. Unexpectedly, it has a Vickers hardness of 55.88 GPa. Because of its low
transition pressure point of 3.3 GPa, this new BN phase can be produced experimen-
tally by cold-compressing h-BN [105].

He et al. investigated the structural stability, electronic structure, and optical properties
of BN-doped black phosphorescent material systems at various concentrations using a
generalized DFT approach. It was discovered that the BN-doped black phosphorescent
material was more stable than the B and N atom-doped materials. The structural sta-
bility of the system decreases gradually as the doping concentration increases, and the
structure with a doping concentration of 25% is the most stable [106].

DFT was utilized by Khan et al. to thoroughly examine the borophene/boron nitride
(B / BN) interface and discover a new anode material for lithium-ion batteries (LIB).
With a large charge capacity and a low energy barrier, borophenes make good two-
dimensional (2D) anode materials, although they are unstable when employed alone.
According to the study's findings, the borophene layer's thermal and mechanical sta-
bility is greatly increased by properly preparing the interface with the boron nitride
substrate. Furthermore, Li diffusion at the interface has a low energy barrier, according
to Nudge Elastic Band (NEB) simulations. A B/BN interface is a great option for LIB

anode materials because of these advantages [107]. Khan et al. used DFT to analyses
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the borophene/boron nitride (B / BN) interaction in detail and find a new anode mate-
rial for lithium-ion batteries (LIB). Although they are unstable when used alone, boro-
phenes make good two-dimensional (2D) anode materials due to their high charge ca-
pacity and low energy barrier. The results of the study show that by appropriately pre-
paring the interface with the boron nitride substrate, the thermal and mechanical sta-
bility of the borophene layer is significantly improved. Nudge Elastic Band (NEB)
simulations also show that the energy barrier for Li diffusion at the contact is minimal.
These benefits make the B/BN interface a fantastic choice for LIB anode materials
[107].

DFT was used to examine the dopamine (DPM) adsorption behaviour on BN
nanostructures in the gas and solvent phases. According to our findings, the DPM ad-
sorption on the BN nanocage is more powerful than that on other BN nanotubes.

The discoveries so far have been predicted to help adsorb DPM and produce new hy-
brid molecules [108].

A new pulsed laser annealing (PLA) method was used to grow boron nitride (BN)
films with varying proportions of cubic phase content on a (0001) sapphire substrate.
A hexagonal boron nitride (h-BN) target is ablated with a pulsed KrF laser (£ = 248
nm) during a pulsed laser deposition process, followed by a pulsed laser, to synthesize
cubic boron nitride (c-BN). The Annie ring (PLA) was used. (A= 193nm) ArF laser.
The study discovered that laser power density can modulate c-BN phase content during
PLA processing.

As the bulk phase content increased, the optical bandgap of the produced BN films
increased, resulting in a correlation between the optical bandgap in the film and the c-
BN phase content [109].

The binding and electrical properties of covalent functionalization of Bi2Ni2 and Bi6Nie
clusters with 5-aminolevulinic acid medicines were studied by Soltani et al. using DFT
simulations. With the help of the B3LYP technique, they discovered that 5-AVA (NH2
group) was drug-loaded and could covalently bind to Bi2Ni2 and B16N16 nanoclusters
with roughly comparable binding energies of 2.01 and 1.95 eV, respectively. In com-
parison to the B3PW91 and PBE techniques, the outcome is entirely different. The
functionalization of the 5-AVA medicines on the Bi2N12 and B16N16 clusters demon-

strates their significant impact on the electronic characteristics of the adsorbent. It is
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anticipated that BN cluster-containing 5-aminolevulinic acid (5-AVA) pharmaceuti-
cals will be used in biomedical devices and medication delivery systems [110].
Beheshtiana et al. looked at the characteristics of chemically altered BNNT with sul-
famide molecules using B3LYP and PBE functionals. Sulfamide was found to diffuse
into the tube wall and release an NHs molecule.

According to the B3LYP functional, this process releases around 10.4 kcal/mol of en-
ergy, with a 4.8 to 10.5% change in the tube's energy gap. Additionally, a modest re-
duction in the work function may facilitate the emission of field electrons from the
BNNT surface. Sulfamide's chemical modification of BNNTs causes very minimal
modifications to their electrical characteristics, making it an effective way to clean
these tubes [111].

Korkmaza and others, a semiconductor vacuum against point defects, hexagonal boron
nitride (h-BN) enable a stable and predictable spin state at ambient temperature.

It is suitable for applications in quantum engineering because of this.

For defining those features, first-principles techniques are a crucial instrument.

The removal of either the void type B atom (VB), the void type N atom (VN), or both
the B atom and the N atom (DV) results in three different types of vacancies.
Researchers are interested in hybrid graphene and hexagonal boron nitride (C-BN)
nanostructures because of their complementing electronic characteristics [112].

In contrast to hexagonal boron nitride (h-BN), which has a huge band gap, graphene
is a semiconductor with a zero band gap. A hybrid zigzag graphene atomic chain doped
with boron nitride and a zigzag boron nitride atomic chain doped with carbon pairs
were both studied by Thakur et al. for their structural, electrical, and mechanical prop-
erties. While ZGRBN has an indirect band gap, ZBNGR has a zero band gap. Through
the use of strain and an outside electric field, the second hybrid's band gap is adjusted
and converted to metal. During chain compression, it is discovered that the first hybrid
uses more braking energy. The significance of hybrid atomic chains in device applica-
tions is highlighted by these investigations [113].

often et al. investigate the structural and electronic properties for both unrelaxed and
relaxed cases of oxygen-doped cBN(110) surface by DFT calculations. The oxygen
atom has been substituted in a neutral charge state on both the B site (OB) and the N
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site (ON ). Defect formation energies, [unrelaxed (E of ) and relaxed (Ef )], and relax-
ation energies, Er, have been calculated. It has been found that substitution ON is more
probable, moreover, the ON causes an inward relaxation of the first neighbour surface
B atom [114].

The majority of theoretical model research is focused on h-BN, c-BN, and w-BN,
while some works explore the interaction between h-BN and c-BN, according to the
literature survey.

Two theoretical models suggest that hBN is more stable than cBN: generalized gradi-
ent approximation and local density approximation calculations [115-117].

Under HTHP circumstances, the research focuses on the conversion of h-BN to c-BN.
More research is required because there is no literature addressing the conversion of
h-BN to c-BN at high temperatures and high vacuum pressure.

At 1800 K, 5.5 GPa, and 2000 K, 6.0 GPa, respectively, it is discovered that the relative
surface energy difference between the lattice plane of (100) in h-BN and plane (100)
in c-BN is only 0.7% and 1.2% [100].

It has been suggested that the DFT method's inherent flaws become crucial for the
small energy variations in the BN system.

The additional research covers the topics of doped BN, flaws, and BN characteristics,

as given in Table 6.1.
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Table 6.1 The condensed theoretical modelling investigations of BN by DFT

Subject

Details of study

Doped BN

The significance of geometrical size and shape in the research of BN-
doped graphene superlattice [95], Si and P-doped h-BN sheets [101],
Using a density generalized theory approach based on the first principles,
the structural stability, electronic structure, and optical characteristics of
BN-doped black phosphorene systems at different concentrations were in-
vestigated [106]. Additionally, the structural, electronic, and mechanical
properties of hybrid zigzag graphene atomic chains with boron nitride
doped and zigzag boron nitride atomic chains with carbon pairs doped
were investigated [113].

An oxygen-doped cBN(110) surface was examined for its structural and
electrical characteristics in both its relaxed and unrelaxed states using den-
sity functional theory computations [114].

Transformation of BN
phase

The wurtzite form is favoured at low temperatures, below 300 K, whereas
the zincblende form is preferred at high temperatures, between approxi-
mately 2500 and 4000 K. Both forms regularly coexist. The minimal pres-
sure needed for the changes is around 115 kbar at 2000 K [96]. A first-
principle approach based on density functional theory has been used to ex-
amine the surface energy of the low-index surfaces of cubic boron nitride
(c-BN) and hexagonal boron nitride (h-BN) to demonstrate the transition
mechanism of a c-BN single crystal under high temperature and high pres-
sure (HTHP) [100]. Tuning optoelectronic characteristics by converting h-
BN to c-BN [109]. Transform the intermediate phase of boron nitride
known as h-BN into the superhard Z-BN phase. Transform h-BN interme-
diate phase between h-BN and zinc blende BN, a superhard boron nitride
phase known as Z-BN is proposed (c-BN) [105]

BN properties

Elastic constants of cubic boron nitride are measured[97].

Explain the characteristics of the optical absorption spectrum and elec-
tronic energy gap of carbon-boron nitride (CBN) monolayers using DFT
[104]. DFT calculations were used to examine the dopamine (DPM) ad-
sorption behaviours on the BN nanostructures in the gas and solvent phases
[108], as well as the electronic and optical characteristics of BN nanoclus-
ters functionalized with 5-AVA. It is anticipated that BN cluster-contain-
ing 5-aminolevulinic acid (5-AVA) drugs will be used in biomedical de-
vices and medication delivery systems [109].

Studies on the borophene/boron nitride interface for use as an electrode
[107] and the potential use of boron nitride (BN) nanoflake for a SO: gas

Application capture approach with environmental difficulties with gas pollution [98]
have been conducted.
The relationships between defects and structure [102].
The hexagonal lattice structure of monolayer h-BN may deform geometri-
Defect cally as a result of the presence of a vacancy defect, according to simula-

tions in a report[103]. The boron nitride hexagonal (h-BN) structural de-
fect [112].
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6.3 Schrodinger Equation

The eigenvalue problem was one of the most significant issues in quantum chemistry
when the renowned Schrédinger equation was established in 1926.

For (N-body) systems, the time-independent Schrédinger equation can be written as
follows:

HWY=EW¥ (6.1)

Where 1 is Hamiltonian energy, vis the wave function (N-body) and E is the total en-

ergy of the system.
e’Z, e’ e’Z2,Z
H ——Z w Vi Z am Vi D e (62)
i<j I’” k<l rk|
h 77 i
h= 5 , Where is reduced plank constant (6.3)

m,. Is the electron mass, m : is the nuclei mass, e is the electron charge, Z is the number
of atomic, r is the distance,(i,j) is electron indices and (k,I) are nuclei indices.

The system's overall energy comes from five sources. The kinetic energy of the elec-
tron and the nuclei are the first two terms. The three further terms are the attraction
between the electron and the electron, the nuclei - nuclei, and the electron with the
nuclei. For N-body systems, the Schrédinger equation cannot be precisely solved.
Only approximations will work to solve the equation.

The Born-Oppenheimer (BO) approximation can be utilized to reduce the complexity
of the issue. The ability to discriminate between a molecule's electronic and nuclear
motions is a prerequisite for the BO approximation. Nuclei-electronic motion coupling
is mostly ignored by the BO approximation. Atomic nuclei can be thought of as sta-
tionary since they move far more slowly than electrons do in a chemical environment.
The electronic Schrodinger equation can be stated in the following way after the BO

approximation:

VAN
(Hel +VN )¥el = Eel el (6.4)

€'z, Z— (6.5)

i<j Ij
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Where V| is a constant for nuclear-nuclear reputation energy, ( \Pel ) is the electronic

N

wave function, He| and g the electronic Hamiltonian operator and electronic en-

ergy, respectively.

The system'’s total energy can be calculated from Equation (6.4) by adding the elec-
tronic energy and the constant nuclear-nuclear repulsion energy [118].

6.4 Hohenberg- Kohn Theorems

The relationship between electron density and the energy with electronic characteris-

tics of atoms and molecules was established by Pierre Hohenberg and Walter Kohn

in 1964. The work of Hohenberg and Kohn served as the forerunner of density func-

tional theory DFT as we know it today [119].

e According to Hohenberg and Kohn, there is a distinct ground-state electron density
for every external potential.

e By minimizing the density function relating to the density of electrons, energy can
be obtained.

6.5 Kohn-Sham Method

Since around fifty years ago, the Kohn-Sham approach has been applied to solid-state

physics. The method has grown in favour among physicists and chemists along with

the development of more precise density functionals, particularly because it frequently

enables accurate treatments of molecular systems that are not possible with more con-

ventional quantum mechanical techniques [120, 121]. Calculating the ground-state

energy requires knowledge of the ground-state density.

It was proposed by Kohn and Sham in 1965 [122] that it is possible to substitute an

effective Hamiltonian of non-interacting particles in an effective external potential for

the original system's Hamiltonian, producing the same ground-state density [123, 124].

Eks[p]:T ks[p]+J‘drVext(r)p(r)+EH[p]+Exc[p] (66)

Here, T « IS the Kinetic energy of the non-interacting system., E . the exchange-

correlation. [, is the Hartree functional, which describes the electron-electron inter-

action using the Hartree-Fock method, and it is given by
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E.le]== I p0p(r )drdr (6.7)

r=rf

The difference is referred to as the exchange-correlation, E xc .

( E int ) is an approximated version of the internal interaction of the electrons. There-
fore, the differences between the exact and approximate solutions for the kinetic en-
ergy, and electron-electron interaction terms were represented via ( E x¢ ) which is

expressed by:

E wc[P]1=(Enlr]-E.[p])+(T[P]-T «lr]) (6.8)

In light of this, if the exchange-correlation ( E xc ) is precisely known beforehand, the
Kohn-Sham method could be a potent tool for obtaining an exact ground-state density.
The local density approximation (LDA), which is illustrated in Equation 6.9, is one
method for analyzing the exchange-correlation function [125].

~[dm()E () 6.9)

LDA

Ew =

Although LDA assumes density as a constant, there are specific situations when this
approximation is incorrect and density change must be taken into account. The ex-
tended gradient approximation is another way to the exchange-correlation function
(GGA).

GGA depends on the density gradient (f(n(r), V(n(r)))) given by equation (6.10).

GGA

= _1d fn(r), v(n(r)) (6.10)

Different GGA approaches, such as Perdew-Burke-Ernzerhof (PBE) [127], Perdew-
Wang (PW91) [126], and others, accept different values of f(n(r)), V (n(r)).
The most used approximations for exchange-correlation functions are LDA and GGA.
The LDA + U or GGA + U approach is another choice. Based on an LDA or GGA
function type, it has additional parameters to support orbit-dependent interactions. For
highly restricted orbitals like d and f, interaction parameters are crucial.
In comparison to the LDA and GGA parameters, the U parameter is better. The asso-
ciation function is yet another function utilized in DFT computations.
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The Hartree-Fock term density function is included in the hybrid function, which is
orbit-dependent. More than LDA or GGA, the coupling function predicts the excitation
energy. One of the most common hybrid functions is B3LYP [128].

6.6 Pseudopotentials

The nucleus and all electronic interactions are included in the DFT calculation. To
make the issue more manageable, a pseudopotential method was developed, which
ignores the strong Coulomb interaction with the nucleus and the effects of the core
electrons in favour of the effective potential operating on the valence electrons.

Due to the modest contribution of core electrons to a material's energy and the over-
whelming contribution of valence electrons, pseudopotential approaches have little
impact on the accuracy of DFT calculations. The concept behind pseudopotential ap-
proaches is the scattering of electrons from the nucleus. Valence electrons are addi-
tionally drawn to the nucleus. The valence electron’s wavefunction must be orthogonal
to the nucleus' wavefunction of the nucleus.

DFT computations were performed using pseudopotential techniques including Norm
conserving [129], Ultrasoft [130], and Projector Augmented Wave (PAW) [131]. In
all-electron calculations, normalized norm-conserving pseudopotentials yield the same
results.

The pseudopotential that upholds the standard, however, is not particularly smooth,
and an extremely soft pseudopotential with a smooth function is another pseudopoten-
tial technique. Ultra-soft pseudopotentials also provide accurate results. The PAW
method has a smaller cut-off radius than the ultrasoft pseudopotential. The DFT cal-
culation is self-consistent. Before we can get any other information, we first need to
predict the density. The Kohn-Sham equation can be solved using this density to de-
termine the density and energy of the ground state.

A density is used to determine potential energy. If the initial estimates match the
observed densities, the calculation is complete. If the initial estimates do not match the
achievement density, a new estimate is created and the previous steps are repeated.

electron density.
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6.7 Crystal Structure

Atoms are arranged in the periodic table to create crystals. As a result, the crystal has
periodic physical characteristics and is translationally invariant. According to the lat-
tice vectors a, b, and ¢ with the angles, between these vectors, seven crystal systems
were produced, including the cubic, trigonal, hexagonal, tetragonal, orthorhombic,
monoclinic, and triclinic crystal systems [132], as given in Table 6.2. In experimental
literature research and on numerous websites, such as the Bilbao Crystallographic
Server [132] and the Materials Project [133], the crystal structure of a material can be

found. Additionally, the crystals' visualisation was created using the VESTA program.

Table 6.2 The crystal systems, lattice vectors and the lattice angles

crystal systems | lattice vectors lattice angles

Triclinic as==bs=c |a*xy=p

Monoclinic a=b=c o=y =90° = f3
Orthorhombic a=b=c a=y==90°
Tetragonal a=Db=c a=y==90°

Cubic a=b=c o=y ==90°
Trigonal a=b=c a=y=8<120°,=90°
Hexagonal a=b=c a = =907,y =120°

6.8 Band Theory
It was believed that the energy of electrons may provide details about the characteris-
tics of solids. The energy of each electron in an atom has been determined using free-
electron models. This model disregards the exchange and correlation properties of
electrons and treats them as non-interacting particles. Although this model works
well for metals, it is unable to account for semiconductors' magnetic, superconduct-
ing, optical, and electronic capabilities. After that, we must think of a model that can
account for these traits more effectively. Equation (6.11) states that electrons can be
thought of as existing in a periodic potential, which is created by nuclei and other
electrons.

V(r) =V (r+rn)

_ _ (6.11)
rn =na-+ n2b+ ngC
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r~n is the arbitrary translation vector with n1, n2, and n3 being integers. a , b~ and ¢
are lattice vectors. The Schrodinger equation with the periodic potential yields, the
wavefunctions as plane waves:
Wy (F) =U, (F)eik'F

U, () =u (r+,) (6.12)
Bloch's theorem, which describes this periodic potential and the plane-wave solution,
is also known as the Bloch state of electrons. The reciprocal lattice can be used to ob-
tain this periodicity as well. Concerning the reciprocal lattice vector G, the periodic
potential generates the following energy eigenvalues for the Bloch state:

E(k)=E(k+G) (6.13)

The solid electron band structure is an energy band formed by these energy values.
For electronic band structures, knowing the k value is sufficient. Some bands are va-
cant while others are filled with electrons. The band gap is the energy differential be-
tween the lowest vacant level and the highest occupied level. The substance is referred
to as an insulator if the band gap is substantial. Electrons can flow from the occupied
band to the empty band in semiconductors because the band gap is lower than that of
the insulator. Consider simply the first Brillouin zone for semiconductors

In semiconductors, the conduction band is the unoccupied band while the valence band
is the occupied band. Metal does not distinguish between bands that are occupied and
those that are not. The metal's electrical conductivity is the result of the ability of elec-
trons to move from the occupied to the unoccupied band.

The intersection of the occupied and unoccupied bands is known as the Fermi level.
The density of states (DOS) is one more way to visualize band structure.

The percentage of states that a system must assume for each energy is represented by
its (DOS).

6.9 Mechanical Properties

Elastic constants (Cij) could be determined to evaluate a crystal's bonding style, duc-
tility, and mechanical stability. For each technical application, understanding a mate-

rial's mechanical and dynamic behaviour based on its elastic constants is crucial.
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These constants provide details regarding the material's stiffness, hardness, and sta-
bility. A desirable quality to assure a crystal's durability in any application is its me-
chanical stability against outside forces. The stress-strain method [135] and the vol-
ume-conserving method [134] were both employed to calculate single-crystal param-
eters. In comparison to the volume-conserving strategy, the stress-strain approach
converges more quickly.
Elastic constants are abbreviated as Cij, these elastic constants must satisfy the well-
known Born stability requirements [136-138] for a combination to be mechanically
stable. Table 6.3 lists the Born stability criteria for the BN crystal phases.

Table 6.3 Criteria of Born stability for various crystal phases

Crystal phase Stability criteria
Cii >0,..where(i=12,...,6)

C11+C22-2C12>0

Orthorhombic C11+C33-2C13>0
C22+C33-2C23>0
[C11+C22+2(C12+C13+C23)]>0
Cii >0,..where(i =1,3,4,6)
C11-C12>0

Tetragonal C11-2C13+C33>0
2C11+2C12+4C13+C33>0

Ciq >|C12|

2
2C13 <Cas(CQr1+C12)

C44>0;Ce6>0

C66 =(C11-C12)/2
C11>0

C12>0

C44>0

C12>C44
C11+2C12>0
C11-C12>0

Hexagonal & Rhombohedral

Cubic

The mechanical properties such as bulk modulus (B), shear modulus (G), Young's
modulus (E), and B/G can be calculated using these elastic constants. Hardness (Hv),

Poisson's ratio (v), and Pugh's modulus can all be calculated [139].
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The bulk and shear modulus are calculated using the VVoigt-Reuss-Hill approximations.
The Reuss bound is the lower limit of the moduli under the assumption of uniform
stress, while the VVoigt bound is the upper limit of the moduli under the assumption of
uniform strain throughout the crystal. The Hill approximation is frequently employed
to generate reliable estimates of the elastic parameters for polycrystalline materials.
Poisson's ratio (v) and Pugh's modulus (G/B) (the latter of which was created by Chen
et al. [140] ) can be used to determine the brittleness or ductility of a material. If the
G/B > 0.5 indicates brittleness, otherwise, the material is assumed to be ductile
[141,142]. Frantsevich's rule states that v = 0.33 is the critical value of the Poisson's
ratio, with higher values denoting ductility and lower values denoting brittleness [143].
To identify the bonding type of the investigated materials, the G/B ratio and Poisson's
ratio () have also been determined. The material has a predominance of covalent bond-
ing if the G/B ratio is approximately 1.1 [139].

A G/B ratio of about 0.6 indicates that ionic bonding predominates in the material
[139].

If the normal value is 0.25 for ionic materials and roughly 0.1 for covalent materials.
The details of calculated bulk moduli (B), shear moduli (G), Young’s moduli (E), Pois-
son’s ratio (v), Pugh’s modulus (G/B) and Vickers hardness (HV ) are listed below:
The bulk and shear moduli of the hexagonal phase are:

5 _2C11+C12+4C13+C33
.

9 (6.14)
C11+C12+2C33-4C13+12C 44 +12C
Gy = ALFC12+2C3374C13+2C44+2°C o6 (6.15)
30
C11+C12C33-2C 123
B = (6.16)
C11+C12+2C33-4C13
2
G S[C11+C12C33-2C13C44C66] 617)
R ™ 6B, C44Cpp+2C11+C12C33-2C13C44+Cop '
The bulk and shear moduli of the cubic phase are:
C11+2C
Bv=7113 12 (6.18)
-C1o+
GV:Cn C12+3C44 (6.19)

5
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B, =B (6.20)

v

Goo 2C11C12C44

6.21
4C44+3C11C12 (6.21)

The B and G values were calculated by taking the average of the Bv (Voigt), BR
(Reuss), and Gv values, as well as the GR values.

+

B::Eﬁ%fgl (6.22)
+

G::§B§§¥ (6.23)

Young's modulus can be calculated using Equation (6.24) for all crystal structures.

9GB
G+3B (6.24)

Another polycrystalline property, Poisson's ratio (v) and Pugh’s modulus:

E —

2
(B—35G)
- — % 3 (6.25)
(B+2G)
3
Pugh’s modulus=B/G (6.26)

The hardness (Hv) is calculated from [144]:
H, = 2(KZG)O.585 _3
G (6.27)

6.10 Calculations of the h-BN Structure and Properties

6.10.1 Build crystals structure of h-BN

To create the h-BN structure, some adjustment was needed. The crystal group is 194
P63/MMC. The lattice lengths are 2.516,2.516 and 7.258 A. The angles' degree is

a = =90and =120, Then the atoms of B and N were added to the structure as

shown in Figure 6.1.

140



Figure 6.1 The crystal structure of h-BN, The grey atoms (N) and the green atoms (B).
6.10.2 Geometry Optimization

With the use of the geometry optimization assignment, a three-dimensional periodic
system's geometry can be improved to produce a stable structure.
The interaction between electrons and ions was described by the norm-conserving
pseudopotential. The contact, exchange, and correlation potentials were described us-
ing the Perdew-Burke-Ernzerhof (PBE) function with generalized gradient approxi-
mation (GGA). To establish the appropriate cut-off energy and K-point, we do nu-
merous tests. The energy cut-off is 800 eV, and the K-point is set at 18x18 x 6. The
algorithm Broyden-Fletcher-Goldfarb-Shannon (BFGS) is used in geometry optimi-
zation and properties calculation.
6.10.3 Elastic Constants
Elastic constants (Cij) could be determined to indicate the bonding style, ductility (or
brittleness), and mechanical stability of a crystal. The tensor of elastic constants can
be obtained using elastic calculations, which offer all the essential data.
After complete geometry optimization, this calculation will be sent.
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The findings of the stress-strain approach used to determine the elastic constants are
shown in Table 6.4. Compounds meet the Born stability criterion for mechanical sta-
bility, as inferred from Table 6.4 [136]. The mechanical properties, including bulk
modulus (B), shear modulus (G), Young's modulus (E), Poisson's ratio (v), and hard-
ness (Hv), have been calculated using these elastic constants and are shown in table
5. The listed results in Table 5 are compared with studies in the literature on the elas-

tic properties of h-BN.

Table 6.4 The elastic constant (C ijj (GPa) of h-BN

C 33
48.25

C 44
0.394

Ci2
117.62

Cis
-34.94

C s
260.03

Cu
637.67

Check the stability of the elastic constant. For the Hexagonal crystal system:
C11 > |C 12|
2
2C13 < C33 (Cll + C12)
C,>0,Cy>0
Cee = (C11 _Clz)/ 2

Table 6.5 Calculation of bulk modulus (B), shear modulus (G), Young’s modulus
(E), and Poisson’s ratio (v) for h-BN

Scheme (B) Bulk mod- | (G) Shear modu- | (Y) Young mod- | () Poisson
ulus (GPa) lus (GPa) ulus (GPa) ratio

Voigt 146.95 130.7 302.59 0.156

Ruess -48.69 0.98 2.98 0.512

Hill 49.12 65.88 136.59 0.334

Exp. 37 [52]

DFT [53] | 102.76 74.43 179.86 0.20829

The B/G ratio could be used to determine the bonding type of the materials. Pugh’s
modulus=B/G= 0.74 > 0.5 indicating the h- has covalent bonding dominantly.
Two-dimensional (2D) and three-dimensional (3D) visualizations illustrate the aniso-
tropic elastic characteristics of h-BN. To calculate the direction-dependent Young's
modulus, linear compressibility, shear modulus, and Poisson's ratio, the elastic con-
stants were used in the ELATE program [147]. Figure 6.2 illustrates the results for

the h-BN molecule.
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Figure 6.2 Direction-dependent of (h-BN) (a) Young modulus, (b) linear
compressibility, (¢) Shear modulus, and (d) Poisson's ratio
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6.10.4 Electronic Properties

» Band structures are crucial properties of semiconductor materials since they dic-
tate the majority of the electrical and optical capabilities that make these materials
valuable in technology. The function type is GGA with (PBE). The calculation
results are shown in Figure 6.3. The evaluated band gap is 4.461 eV, indicating
that this is a semiconductor material with a wide bandgap. The experimental de-
termination of the h-BN band gap is 5 eV [103].

Band gap is 4.461
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Figure 6.3 Calculation of band structures
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» The Density of States (DOS): The electronic properties of the structures were
also analysed using the density of states (DOS), as shown in Figure 6.4, which

reflects the number of electronic states accessible for occupancy per energy level.
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Figure 6.4 Calculated Density of State of h-BN

6.10.5 Optical properties

The dielectric constant, which represents a compound's ability to hold an
electrical charge, is one of its most important optical properties.
Real and imaginary components make up the complex dielectric function. The imagi-
nary component refers to energy absorption in a material, whereas the real component
refers to the compound's ability to hold an electric charge.
Knowing the energy dependence of these components can help predict the behaviour
of a material when it is exposed to a given light.BN was subjected to DFT simulations
to disclose its varied optical characteristics [148-149].

The spectra of dielectric function components ( .z = ) were displayed in

+ -
real  “image

the (0 -25) eV range as shown in Figure 6.5.
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Figure 6.5 Calculation of dielectric function of h-BN, (real and imaginary compo-

nents)
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6.10.6 Phonons
The significance of the phonon of lattice dynamics is illustrated by the large number
of physical properties that can be clarified utilizing phonons: infrared, Raman, and

neutron phonons. The calculation result is shown in Figures 6.6 and 6.7.
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Figure 6.6 Phonon of h-BN
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Figure 6.7 Density of Phonon State of h-BN
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6.11 Calculations of The c-BN Structure and Properties

6.11.1 Build crystals structure of c-BN

To create the c-BN structure, some adjustment was needed. The crystal group is 216
F43m and the lattice type is cubic. The lattice lengths are a=b=c= 3.631 A. The angels'

degree is « = g =5 =90. Then the atoms of B and N were added to the structure as

shown in Figure 6.8.

Figure 6.8 The crystal structure of c-BN, The grey atoms (N) and the green atoms (B).
6.11.2 Geometry Optimization

With the use of the Geometry Optimization assignment, a three-dimensional peri-
odic system's geometry can be improved to produce a stable structure.
The interaction between electrons and ions was described by the norm-conserving
pseudopotential. The contact, exchange, and correlation potentials were described us-
ing the Perdew-Burke-Ernzerhof (PBE) function with generalised gradient approxi-
mation (GGA). The energy cut-off is 550 eV, and the K-point is set at 8x8 x8.
Geometry optimization and property calculation both use the Broyden-Fletcher-Gold-

farb-Shannon (BFGS) algorithm.
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6.11.3 Elastic Constants

The tensor of elastic constants can be obtained using elastic calculations, which offer
all the essential data. After complete geometry optimization, this calculation will be
submitted. Table 6.6 displays the outcome of the elastic constant.

The measurements are made using Brillouin scattering, and the three independent
elastic stiffness constants Cij of single-crystal cubic boron nitride have been meas-
ured [97]. The findings are compared to the Grimsditch investigation.

The mechanical properties, including bulk modulus (B), shear modulus (G), Young's
modulus (E), Poisson's ratio (v), and hardness (Hv), have been calculated using these

elastic constants and are shown in table 6.7.

Table 6.6 The elastic constant (¢, (GPa) of c-BN

Reference C 11 C 12 C 44
This study | 759.14 142.88 432.76
Exp.[4] | 820 190 480

Check the stability of the elastic constant. For the Cubic crystal system:

C

11~ C

12>O

C

11+2C?12 >0

c,,>0

44
c-BN satisfies all of the mechanical stability criteria, indicating their elastic stability.
Table 6.7 Calculation of bulk modulus (B), shear modulus (G), Young’s modulus (E),

and Poisson’s ratio (v) for c-BN

Ref. Scheme (B) Bulk mod- | (G) Shear (YY) Young modu- (v) Pois-
ulus (GPa) modulus (GPa) | lus (GPa) son ratio
This Voigt | 348.29 382.91 840.65 0.0977
study | Ruess | 348.29 372.49 823.80 0.10580
Hill 348.29 377.70 832.26 0.10175
EXp. 400 [97]

B/G ratio and Poisson's ratio could be used to determine the brittleness or ductility of

the material and determine the bonding type of the materials.
Pugh’s modulus=B/G= 0.92 > 0.5 and Poisson's ratio is 0.10 < 0.33 indicating
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the c-BN is a brittleness material and has covalent bonding dominantly.

The hardness (H) is calculated from:

Hy = 2(k 260585 _3

k=2
B
H=67.77 GPa

In both 2D and 3D, the anisotropic elastic characteristics of c-BN have been seen.
The ELATE programme [54] has been used to get direction-dependent young's mod-
ulus, linear compressibility, shear modulus, and Poisson's ratio using the estimated

elastic constants. Figure 6.9 shows the outcomes for the h-BN molecule.
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Figure 6.9 Direction-dependent of (c-BN) (a) Young modulus, (b) linear
compressibility, (¢) Shear modulus, and (d) Poisson's ratio
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6.11.4 Electronic Properties of (c-BN)

Band structures and Density of States (DOS): Two exchange-correlation functions
are used to calculate band structure and DOS. The function types are GGA and hybrid
(HSEOQ6). The GGA with the density gradient (PBE) method is applied. The calcula-
tion results are shown in Figures 6.10 and 6.11. The evaluated band gap is 4.517 and
6.546 eV. Experimentally determined values of band gap for c-BN is 6.4 eV [150].
From the CASTEP calculation, the best result is by the HSE06 function.

Band gap is 4.517 eV
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Figure 6.10 Calculation of (c-BN) band structures and density of state by GGA func-
tional
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Band gab is 6.546 eV

D e ——

25
20

—

(eV

Energy
&
|

Band Energy

Density of States (electron/eV)

-30 : : : : :
0 1 2 3 4

Energy (eV)

Figure 6.11 Calculation of (c-BN) band structures and density of state by HSEQ06 func-

tional.
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6.11.5 Optical properties:
The calculation results are shown in Figure 6.12.
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Figure 6. 12 Calculation of dielectric function of c-BN, (real and imaginary compo-
nents)

6.11.6 Phonon of (c-BN)

The phonon of (c-BN) result is shown in Figures 6.13 and 6.14.
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Figure 6.13 Phonon of the c-BN
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Figure 6.14 Density of Phonon State of c-BN

6.12 Thermodynamic properties of h-BN and c-BN Determined Using The
Quasi Harmonic Debye Model

Two of a solid's most important thermodynamic characteristics are the equation of
state (EOS) and chemical potential. A given crystalline phase's behaviour in response
to changes in the macroscopic factors, primarily pressure (p) and temperature, is de-
termined by the EOS of that phase (T ). The thermodynamic properties of h-BN and
c-BN are calculated using the quasi-harmonic Debye model (non-equilibrium Gibbs
function) G*(V; P; T) as shown in Equation (6.28) :

G (ViPiT)=E(V)+PV+A, [0(V)T] (6.28)
Where E(V) is the total energy per unit cell, PV is the constant hydrostatic pressure

condition, AVib[H(V);T] is vibrational Helmholtz free energy and O(V) is the De-
bye temperature. The quasi-harmonic Debye model code Gibbs [151] has become a
popular and inexpensive method for deriving thermal behaviour from energy versus
volume. The data of energy versus volume was obtained from electronic structure
crystal calculations. Energy calculation as a function of volume for both h-BN and c-
BN phases is determined using the CASTEP software [152]. The intersection point
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(V, E) between the h-BN and c-BN curves is when Volume (44.77669 A**3) and
Energy (-174.47766 eV/atom) as shown in Figure 6.15.
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Figure 6.15 The energy versus volume for BN with two structures h-BN and c-BN

The quasi-harmonic Debye model is used to obtain the properties of h-BN and c-BN.
The equilibrium configuration of the system will be the minimum of this Gibbs func-
tion, which depends, of course, on T and P. This scheme allows for quasiharmonic
crystal equilibrium geometries and any other thermodynamic property of the crystal to
be a function of the macroscopic parameters P and T. The difficulty of determining the
Debye temperature is greatly simplified by the isotropic solid approximation, but it
would be ideal to further minimize the number of parameters required to determine the

Debye temperature of the system in any configuration.

There are two alternative strategies for this. First, imagine that the solid behaves like
a fluid. The second possible method for the reduction of an elastic constant is based on
the value of Poisson’s ratio for the crystal. In a continuum, the Poisson ratio is defined

as the ratio of transverse to longitudinal deformation when subjected to axial tension,
and it can be demonstrated [153] that this ratio V = —&trans / €longitudinal applies to an

isotropic solid. Different curves are illustrated for h-BN and c-BN for example Bulk

modulus and volume versus pressure in the temperature range of 0-2500 K, thermal
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expansion (a), heat capacity and volume versus temperature in the pressure range of
0-7 GPa. The fitting routines work internally in atomic units (bohr? and hartree). For

the details of input and output for Gibbs code see ( Appendix C).
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Figure 6.19 The thermal expansion versus temperature for h-BN and c-BN at different
pressure
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CHAPTER 7

CONCLUSION AND SUGGESTIONS FOR FUTURE WORK
7.1 Conclusion

The Direct Simulation Monte Carlo (DSMC) Method is used to calculate probabilistic
collisions between particles in the vacuum of a PVD system. The Samadii™/sciv pro-
gram was utilized to model the BN coating in this investigation. Many models are built

to study the effect of input parameters on the BN coating profile.

Three distinct bias voltages are used to generate three different BN coating models

under the same conditions. The bias voltages are 0, 100 and 250 V.

The modelling of BN coatings at various substrate voltages reveals that the deposition
rate decreases as the substrate voltage increases. The decrease in deposition rate caused
a decrease in coating thickness.

The escaped rate of BN particles is highest than the deposition rate in substrate voltage
(250V), therefor the deposition efficiency is low compared with two other types. With
the progress of the BN coating model, the deposition efficiency increased. The highest
deposition efficiency is when substrate voltage (0V) and the least when substrate volt-
age (250V).

The result of the models gives a good approximation with experiment results for both
substrate voltage 0V and 100V with errors of 2.4% and 7% respectively. As well as
the result of the Model when the substrate voltage is 250V, is very close to the exper-

iment with an error of 0.7%.

Modelling the influence of the power supply on the deposition profile, the applied
power is 900,1200, and 1500W with two substrate voltages 0 and 250V.

From the first group of three models (substrate voltage=0V), When the power supply
increase from 900W to 1200W the thickness of the coating increases but when power
is 1500W, the thickness becomes less than at power 1200W. That means we couldn’t

say the deposition rate is proportional to the power supply.
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In the second group when substrate voltage is 250V, the thickness of the coating de-
crease when the power supply increases, and the effect of increasing of power supply

on the deposition rate is limited.

Three models are built to study the effect of the volumetric gas flow rate change on
the deposition profile. The volumetric flow rate for both gases Ar and N> will be
changed. This change in flow rate will have the same Ar to N2 ratio (5:1). The Ar: N2
ratios are 80:16,40:8 and 10:2. From these three models, the highest deposition rate
when Ar: N2 is 80:16 . The deposition rate is 5.04 e18 (#/m?. s) and the thickness is 2.2

um.

When applied the 10:2 (Ar: N2 ) the thickness of the coating decrease, mostly that’s
due to a decrease in Ar ionization Ar+ which is lead to a decrease in the number of
sputtering particles BN. Despite that for the thin layer (nano-thickness) which is < 50
nm the 10:2 is efficient with a high deposition rate of 53%.

To study the effect of substrate position on the coating thickness (target to the substrate
distance). Four substrates are defined with different TSD. The substrate position in the

chamber plays a significant role in the coating profile.

The model shows that decreasing the T-S distance to 40 mm will increase thickness to
2149 nm compared with 882 nm when T-S is 80 mm.

To understand the effect of substrate material on the coating thickness, five substrates
with the same geometry and same parameters are used. The type of materials is Al,
D2, Ti, TiN, and glass. The thickness of coating from highest to lowest is TiN, D2, Ti,
glass, and Al.

From the previous models, optimization thickness of the coating is possible by apply-
ing a power supply of 1200W, the substrate bias voltage is 0 V and optimizing the Ar:

N2 flow to 80:16 will lead to improving the coating thickness.

When comparing the Model-G1 (power supply=1100W, substrate bias voltage=0V
and Ar/N2=80/16), these input boundary conditions lead to an increase in the thickness
of coating from 882 (model-A) to 1840 nm (model-G1).In the experiment, the
thickness of the coating increased from 861 nm to 1940 nm (Run 203) with high

homogeneity.
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The same boundary conditions of Run 203 are applied to Run 209 but the TSD will be
50 mm. The thickness of coating when TSD is 100 mm and 50 mm for D2 substrate
is 1900.7 nm and 3296.5 nm respectively. The thickness of the coating increases is
1395.8 nm. The hardness and adhesion are increased when TSD decreased to 50 nm.
From the experiment Run 217, When substrate voltage increased to 180 V with power
supply 1100, even with an increase in the gas volumetric flow rate of Ar: N2 to 90: 18
sccm, the thickness of the coating is less than 50 nm. The good advantage of this ex-
periment is the good hardness of the coating. The hardness is 11.2 GPa. FTIR result
shows that the low-density BN crystal lattices (h-BN) transform into high-density pol-
ymorphs c-BN and w-BN. h-BN allotrope transforms into other phases like Tur-
bostratic BN (t-BN), Explosive boron nitride (e-BN) and Amorphous BN (a-BN).

DSMC is used to find the properties in the vacuum such as temperature, pressure and
gas fluxes. The result of the 2D field analysis for temperature and pressure of models
is submitted. From this analysis, we try to predict the transformation of the BN
allotrope. How the BN structure is changed.

To study the structure of BN coating and understand the correlation between BN
phases, low-density phase (h-BN) and high-density phase (c-BN), CASTEP (Cam-
bridge Serial Total Energy Package ) software uses to understand the background of
this correlation.CASTEP software uses to calculate the elastic such as the calculation
of bulk modulus (B), shear modulus (G), Young’s modulus (E), and Poisson’s ratio.
The electronic and phonon properties of the h-BN and c-BN phases are calculated. The
evaluated band gap is 4.461 eV and 6.546 eV for h-BN and c-BN respectively, indi-
cating that the BN is a semiconductor material with a wide bandgap. In next step in-
volves determining thermodynamic properties from energy against volume using the
quasi-harmonic Debye model code approach. Different curves are illustrated for h-BN
and c-BN for example Bulk modulus and volume versus pressure, thermal expansion
(o), heat capacity and volume versus temperature. The results show that the bulk mod-
ulus increases as pressure increases and decreases as temperature decreases. The vol-
ume of the BN crystal is a function of pressures at different temperatures, the unit cell
volume of the crystal increase as the pressure decreases. The volume increases with
increasing temperature. The calculation of thermal expansion coefficient (a) and heat

capacity (C), shows that the (o) increases as the pressure decreases. The (o) increases
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with increasing temperature. When the temperature increases, the heat capacity goes
up until arrives approximately at the linear situation at a higher temperature for both
h-BN and c-BN. At low temperatures, the heat capacity changes tend to go to zero at
absolute zero. The heat capacity decreases when the pressure increases. The tempera-
ture and pressure ranges in the thermal properties calculation are different for h-BN
and c-BN due to structural stability differences. The maximum temperature and max-
imum pressure that can be applied to the h-BN structure without distortion are 2500 K
and 7 GPa respectively. The maximum temperature and pressure applied on c-BN are
1600 K and 4 GPa respectively. Since the range of the parameters (temperature and
pressure) are different, we couldn't find the correlation or the energy requirement to
transform h-BN to c-BN in the PVD system (high temperature with vacuum pressure).
We think the h-BN phase will not transform into the c-BN phase directly. This means
there is an interphase between these two phases. The result shows that the h-BN phase
is more stable than the c-BN under high pressure and temperature.

7.2 Suggestions for Future Work

Reactive magnetron sputtering is a well-known thin-film deposition method. This
technique's fundamentals are conceptually simple and can be summarized in a few
lines. However, the complex interplay of various physical and chemical sub-processes
lies behind this simple thing.

The model begins with magnetic fields, progresses to electric fields, plasma, particle
transport, solid particle interaction, chemical interactions between active gas and target
plate particles, and concludes with thin-film growth. Since a sputtering system's Knud-
sen number ranges from 0.1 to 10, rarefied gas flow conditions must be considered.
This study discovered a very good correlation between models and experiments. High-
quality BN films were obtained at high deposition rates when low substrate voltage
(0V), power supply (1100) W, and volumetric flow rate Ar, N> of 80 and 16 Sccm,
respectively are applied. As a result, Direct Simulation Monte Carlo (DMSC) appears
to be the best approach for dealing with this issue. The first goal of this study (theoret-
ical modelling of BN coating) is to optimize deposition rate, coating uniformity, and
coating homogeneity. To reduce production times, process parameters must be opti-

mized.
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The second goal is to simulate the crystal structure of a thin film and determine the

relationship between coating parameters and BN allotropes.

This study is not the end; it is only the beginning of more research. Our suggestions

for future work are :

>

The substrates in this study are simply modelled without rotation, so this model
can be developed to study the effect of substrate rotation with direction on the
coating.

The MS model can be supplemented with induction coupled plasma (ICP). The
experiment Run 209 parameters can be applied with inductively coupled plasma
to increase the hardness of coating without losing the high deposition rate of BN
particles.

Study the effect of magnetic pole design on sputtering.

This study can be expanded to model multiple targets made of various materials
with different substrate materials and different types of power supply.

The correlation between the h-BN and c-BN phase needs more studies.

In this study, DFT is used to calculate the elastic properties such as the calculation
of bulk modulus (B), shear modulus (G), Young’s modulus (E), and Poisson’s ra-
tio. Then extended to calculate the electronic and phonon properties of the h-BN
and c-BN. In the next step, the quasi-harmonic Debye model code method is used
for deriving thermal behaviour from the energy versus volume of these two phases.
This method can be used to study more BN phases such as (w-BN),(t-BN), (e-BN),
(r-BN) and (a-BN).
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APPENDIX A

THE HISTORY FILE OF MODELLING OF BN COATING (MOEL-A1)

Metariver Technology
http://www.metariver.kr

samadii-sciv Ul version: 3.7.5.g1
samadii-sciv solver version : v3.7.5.a3-x64
Sun Oct 17 22:19:15 2021

product key: S23I-H57S-MTV6-TH47
*module check

solver (GPU) : 1

collision kernel: 1

unstructured grid kernel: 1
electric/magnetic field import kernel: 1
particle in cell kernel: 1

chemical reaction kernel: 1

sputtering target: 1

working path: C:\Model-BN\Model-A1
volume mesh import [Node 19263/ element 93294 ]
creat particle number: 16 [#]

creat step : 1 [step]
particle number [in body] : 0

Search elements in cell

element number; 27490

cell number info

Field cell: 93294

CLL cell: 125000

Element in the cell: 1192767

volume mesh in the cell:2623142
motion setup : 0 [1]
motion type : 0

motion body number : 0
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motion number: 1

*GPU info*

driver ver. : 462.35

#0 GeForce RTX 3070 Laptop GPU (0000:01:00.0)

* material info *

01 : mass[kg]

02: viscosity coefficient| Ns/m"2]

03: viscosity index

04 : Reference diameter[m]

05: Wall Adsorption coefficients

06: symmetry factor

07 : density[kg/m”"3]

08: degree of freedom: total

09: degree of freedom: rotation

10: collision number: rotation

11 : collision number : vibration(C1)

12 : collision number : vibration(C2)

13 : characteristic temperature[K] : rotation

14 : characteristic temperature[K] : vibration

15 : characteristic temperature[K] : dissociation

16 : characteristic temperature[K] : ionization

17 : characteristic temperature[K] : reference

18: variable wall adsorption coefficient

19: wall adsorption temperature-1 (WAC=0.0)

20: reference temperature (Tref)

21: wall adsorption coefficient at Tref

22: wall adsorption temperature-2 (WAC=1.0)

Ar/ N2/ BN/ 2N/

01:6.63e-26 4.65e-26 4.65e-26 4.65e-26

02 :2.12e-05 1.66e-05 3.50e-05 1.66e-05

03 :8.10e-01 7.40e-01 7.60e-01 7.40e-01

04 :4.17e-10 4.17e-10 6.50e-10 4.17e-10

05 : 1.00e+00 1.00e+00 8.00e-01 1.00e+00

06 : 1.00e+00 1.00e+00 2.00e+00 1.00e+00
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07 : 1.66e+00 1.25¢+00
08 : 0.00e+00 0.00e+00
09 : 0.00e+00 0.00e+00
10 : 0.00e+00 0.00e+00
11:0.00e+00 0.00e+00
12 : 0.00e+00 0.00e+00
13 :0.00e+00 2.88e+00
14 : 0.00e+00 3.37e+03
15:0.00e+00 1.14e+05
16 : 0.00e+00 1.81e+05
17 :2.73e+02 2.73e+02
18:0 0 0 0
19:0 0 0 0
* body info *
inlet-Ar.elm

N: 6257/E: 12510
[particle-inlet]

material: Ar

2.30e+03
0.00e+00
0.00e+00
0.00e+00
0.00e+00
0.00e+00
0.00e+00
0.00e+00
0.00e+00
0.00e+00
2.73e+02

flowrate : 4.000000e+01 [sccm]

inlet velocity : 2.050000e-02
cosine distribution
A:1.0000
N: 0.0000
B: 0.0000
M: 0.0000

temperature [K] : 5.760000e+02
diffusion rate [0-1.0] : 1.000000
wall adsorption coefficient [0-1.0] : 0.200000

inlet-N2.elm
N: 6257/E: 12510
[particle-inlet]

material: N2

flowrate : 8.000000e+00 [sccm]

inlet velocity : 4.100000e-03
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1.25e+00
0.00e+00
0.00e+00
0.00e+00
0.00e+00
0.00e+00
2.88e+00
3.37e+03
1.14e+05
1.81e+05
2.73e+02



cosine distribution
A: 1.0000
N: 0.0000
B: 0.0000
M: 0.0000
temperature [K] : 5.760000e+02
diffusion rate [0-1.0] : 1.000000
wall adsorption coefficient [0-1.0] : 0.200000
target. elm
N: 572/E: 988
cosine distribution
A:1.0000
N: 0.0000
B: 0.0000
M: 0.0000
temperature [K] : 3.000000e+02
diffusion rate [0-1.0] : 0.000000
wall adsorption coefficient [0-1.0] : 0.000000
substrate-00.elm
N: 96 /E: 150
[deposition]
cosine distribution
A:1.0000
N: 0.0000
B: 0.0000
M: 0.0000
temperature [K] : 5.760000e+02
diffusion rate [0-1.0] : 0.800000
wall adsorption coefficient [0-1.0] : 0.800000
substrate-01.elm
N: 96 /E: 150
[deposition]
cosine distribution
A:1.0000
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N: 0.0000

B: 0.0000

M: 0.0000
temperature [K] : 5.730000e+02
diffusion rate [0-1.0] : 0.800000

wall adsorption coefficient [0-1.0] : 0.800000
substrate-02.elm

N: 32/E: 30
[deposition]
cosine distribution
A:1.0000
N: 0.0000
B: 0.0000
M: 0.0000
temperature [K] : 5.760000e+02
diffusion rate [0-1.0] : 0.800000

wall adsorption coefficient [0-1.0] : 0.800000
substrate-03.elm

N: 32/E: 30
[deposition]
cosine distribution

A: 1.0000

N: 0.0000

B: 0.0000

M: 0.0000
temperature [K] : 5.760000e+02
diffusion rate [0-1.0] : 0.800000

wall adsorption coefficient [0-1.0] : 0.800000
substrate-04.elm

12/ E: 10
[deposition]

cosine distribution
A:1.0000

N: 0.0000
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B: 0.0000
M: 0.0000
temperature [K] : 5.760000e+02
diffusion rate [0-1.0] : 0.800000
wall adsorption coefficient [0-1.0] : 0.800000
substrate-05.elm
N: 12/ E: 10
[deposition]
cosine distribution
A: 1.0000
N: 0.0000
B: 0.0000
M: 0.0000
temperature [K] : 5.760000e+02
diffusion rate [0-1.0] : 0.800000
wall adsorption coefficient [0-1.0] : 0.800000
pole. elm
N: 629/E: 1102
[rigid-constrained]
cosine distribution
A: 1.0000
N: 0.0000
B: 0.0000
M: 0.0000
temperature [K] : 3.000000e+02
diffusion rate [0-1.0] : 0.100000
wall adsorption coefficient [0-1.0] : 0.100000
* cell info *
cell number: 125000 [50/ 50/ 50]
cell size : 9.93e-03/ 8.60e-03/ 8.70e-03
min : -3.98e-02/ -2.95e-01/ -2.00e-01
max : 4.57e-01/ 1.35e-01/ 2.35¢-01
* simulation condition *
base pressure : 1.333220e-08 [Pa]
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base temperature : 3.000000e+02 [K]
collision: VHS model
output file create
HCA file interval: 1000
out file interval: 1000
sorting number: 4
sorting interval: 250
* chemical reaction info *
N:4|AnEa
exchange(forward) : BN + N2 -=> BN + 2N
1.300000e+16 0.000000e+00 1.000000e-25
exchange(forward) : N2 + BN -> 2N + BN
1.300000e+16 0.000000e+00 1.000000e-25
exchange(reverse) : BN + 2N -> BN + N2
1.000000e+20 1.000000e+00 0.000000e+00
exchange(reverse) : 2N + BN -> N2 + BN
1.000000e+20 1.000000e+00 0.000000e+00
* volume mesh info *
volume mesh node number: 19263
volume mesh element number: 93294
* electric field import *
electric field number: 1
[0] C:\Model-Agasratio\Model-A40/etield-0.efin
frequency: 13.650 MHz
phase difference : 0.000000e+00 [degree]
* magnetic field import *
magnetic field number: 1
[0] C:\Model-Agasratio\Model-A40/mfield-0.mfin
frequency: 13.650 MHz
phase difference : 0.000000e+00 [degree]
* motion #0 / 1
Initial ITERATION : 0
Start Time : +0.000000e+00 [s]
End Time :+1.200000e-04 [s]
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vx[m/s] vy[m/s] vz[m/s] rvx[rad/s] rvy[rad/s]
rvz[rad/s]

+0.00e+00  +0.00e+00  +0.00e+00  +0.00et+00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00et+00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00et+00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00et+00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00e+00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00e+00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00e+00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00e+00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00et00  +0.00e+00
+0.00e+00

+0.00e+00  +0.00e+00  +0.00e+00  +0.00et+00  +0.00e+00
+0.00e+00

TIME Iteration

time step : 1.525310e-09
simulation start time : 0.000000e+00
simulation end time : 1.200000e-04

start iteration number : 0

[ 0 ]T:0.000e+00 s | N: 0/ O][ 0.00s, 0.00 s]

[ 250 1 T: 3.813e-07 s | N: 3851/ 4000 |[ 73.90 s, 73.90 s]
[ 500 ] T: 7.627e-07 s |N: 7098/ 8000 |[ 62.52's, 136.43 5]
[ 78674 ]T:1.200e-04 s |N: 217989/ 1258784 |[ 73.78 s, 24808.31 s]

* motion #0 : completed...

simulation complete
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APPENDIX B

THE RESULTS OF THE EXPERIMENTS
B.1 Thickness Measurement Results

The thickness of BN coatings is measured with F20 Filmmetrics. 10 measurement is
taken for each BN-coated substrate and their averages are calculated as shown in Table
B.1.

Table B.1 Result of thickness measurement in the experiments

No. Result of measurements (nm) Average

RUN 152-D2 63.82 | 34.77 | 26.25 | 245.1 | 304.6 | 235.7 | 1548 | 61.61 | 66.73 | 150.1 | 149.4073

RUN 153-D2 930.5 | 871.6 | 859.3 | 886.3 | 783 811.2 | 885.3 861.0286

RUN 154-D2 681.5 | 8864 | 670 | 710.7 | 6779 | 681.1 | 683.4 | 670.6 | 666.6 | 671.1 | 699.93
RUN 203-D2-1 | 1890 | 1816 | 1833 | 1891 | 1929 1972 1911 1902 1955 | 1908 1900.7
RUN 203-D2-2 | 351.5 | 334.7 | 325.0 | 359.2 | 378.9 | 399.9 | 359.2 | 360.2 | 352.9 | 3429 | 356.44
RUN 203-D2-3 | 360.0 | 360.0 | 360.0 | 360.0 | 357.1 | 360.0 | 360.0 | 360.0 | 360.0 | 360.0 | 359.71
RUN 203-D2-4 | 206.7 | 201.8 | 199.6 | 195.3 | 196.7 | 198.3 | 2085 | 201.1 | 199.8 | 196.3 | 200.41
RUN 209-D2-1 | 3219 | 3397 | 3111 | 3255 | 3364 3277 3264 3234 3322 | 3522 3296.5
RUN 209-D2-2 | 3450 | 3575 | 3500 | 3741 | 3971 3500 3440 3634 3116 | 3258 3518.5
RUN 209-D2-3 | 188.4 | 190.7 | 196 | 183.5 | 184.1 181 184 190.8 | 190.5 | 195.5 188.45

RUN 217-D2-1

The thickness is less than 50 nm, therefore we could not measure it.

RUN 217-D2-3
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B.2 BN Phases Result (FTIR Analysis)
The Alpha FTIR device is used to examine the phases of the formed BN coatings.

FTIR Analysis as a function of TSD, (a) 50 mm, (b) 100 mm, (c) 200 mm, (d) 230
mm and (e) 290 mm
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ar27
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APPENDIX C

THE QUASI-HARMONIC DEBYE MODEL CODE FOR THE h-BN Structure

C.1 Input File (Sample. Inp)

BN

h-BN.outl

24.82

-6.41786245

0

00.20819

80.01.0203.04.0506.07.08.09.010.011.012.013.0 14.0 15.0 16.0 17.0 18.0 19.0
20.0 21.0 22.0 23.0 24.0 25.0 26.0 27.0 28.0 29.0 30.0
1240.01.02.03.04.05.06.07.08.09.010.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0
19.0 20.0 21.0 22.0 23.0 24.0 25.0 26.0 27.0 28.0 29.0 30.0 31.0 32.0 33.0 34.0 35.0
36.0 37.0 38.0 39.0 40.0 41.0 42.0 43.0 44.0 45.0 46.0 47.0 48.0 49.0 50.0 55.0 60.0
65.070.0 75.0 80.0 85.0 90.0 95.0 100.0 105.0 110.0 115.0 120.0 125.0 130.0 135.0
140.0 145.0 150.0 155.0 160.0 165.0 170.0 175.0 180.0 185.0 190.0 195.0 200.0 210.0
220.0 230.0 240.0 250.0 260.0 270.0 280.0 290.0 300.0 320.0 340.0 360.0 380.0 400.0
430.0 460.0 490.0 500.0 560.0 600.0 640.0 680.0 720.0 750.0 800.0 850.0 900.0 950.0
1000.0 1100.0 1200.0 1300.0 1400.0 1500.0 1600.0 1700.0 1800.0 1900.0 2000.0
2200.0 2400.0 2500.0 2800.0 3000.0 3300.0 3500.0

21
307.9391004  -6.410423106
294.279664  -6.414431455
291.6372321 -6.415023134
289.0095116  -6.415564833
286.3963674 -6.416052876
283.797867  -6.416488367
281.2139429  -6.416866159
278.6445952  -6.417187724
276.0896888 -6.417448283
273.5492912  -6.417652247
271.0232676 -6.417788591
268.5117528 -6.417859151
266.0145444  -6.417862459
263.5316423 -6.417797043
261.0630467 -6.417659597
258.6087575  -6.417446813
256.1686397  -6.417159426
253.7426933  -6.416793394
251.3309859 -6.416345776
248.9333149  -6.415814367
246.5497478  -6.41519733

193



C.2 Output File (Sample. Out)

Gibbs - (P, T) thermodynamics of crystals from (E, V) data

(c) M.A.Blanco, E.Francisco, and V.Luana, Universidad de Oviedo Questions, bugs, updates:
miguel@carbono.quimica.uniovi.es

BN

Number of data points: 21

Static EOS calculation - Numerical results Vmin(static; P=0) = 267.12 bohr"3
Gmin(static; P=0) = -0.02 kd/mol

NUMERICAL EQUILIBRIUM PROPERTIES

P(GPa) G(kJ/mol) V(bohr3) V/IVO B(GPa) rel.err.
"""""" 000-0.02 267.12100000 86,87 0.115550
1.0023.68 264.130.98881 90.89 0.017648
2.0047.13 261.300.97822 94.78 0.004732
3.0070.32 258.610.96815 98.57 0.001852

4.0093.29 256.050.95855  102.25 0.001209
5.00116.03 253.60 0.94939  105.84 0.000928
6.00138.55 251.26 0.94060  109.34 0.000801
7.00160.87 249.00 0.93217  112.76 0.000925

NUMERICAL EOS PRESSURE DERIVATIVES

P(GPa) V(bohr3)  V/VO Pfit(GPa) B(GPa)B' B"(GPa-1)
"""""" 0.00267.121.00000 ~ 0.00  86.87 4.0905-0.142165
1.00264.13 0.98881 1.00  90.89 3.9566-0.126141
2.00261.30 0.97822 200 9478 3.8373-0.112942
3.00258.61 0.96815 3.00 9857 3.7300-0.101914
4.00256.05 0.95855 4.00  102.253.6329 -0.092586
5.00253.60 0.94939 5.00  105.84 3.5445 -0.084612
6.00251.26 0.94060 6.00  109.34 3.4634 -0.077731
7.00249.00 0.93217 7.00 11276 3.3888 -0.071743

INPUT AND FITTED VALUES OF THE LATTICE ENERGY

V(bohr"3) E_inp(hartree)E_fit(hartree)
246.549748 0.002665120 0.002659956
248.933315 0.002048083 0.002045894
251.330986 0.001516674 0.001516538
253.742693 0.001069056 0.001069749
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