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ABSTRACT

THE SIMULATIONS OF AMORPHOUS BORON
MATERIALS

Tevhide Ayca YILDIZ
Ph.D. in Materials Science and Mechanical Engineering
Advisor: Prof. Murat DURANDURDU

January 2023

Boron-based materials and their technological applications have great interests in
many scientific and technological areas from materials science to medicine. This
doctorate thesis was prepared for the purpose of investigating the atomic structure,
electrical and mechanical properties of different boron based amorphous materials by
using an ab-initio molecular dynamics technique. The results obtained via a
computational method were presented in three main chapters. In the Chapter 3, the
influence of hydrogenation on the atomic structure and the electronic properties of
amorphous boron nitride (a-BN) was examined. The structural evaluation of a-BN and
the hydrogenated (a-BN:H) models revealed that their short-range order was mainly
similar to each other. Hydrogenation suppressed the formation of twofold coordinated
chain-like structures and tetragonal-like rings and leaded to more sp? and even sp®
bonding. Furthermore, hydrogenation was found to have an insignificant impact on the
electronic structure of a-BN. Secondly, in the Chapter 4, an amorphous boron carbide
(a-B4C) model was generated. The pentagonal pyramid-like motifs were found to be the
main building units of B atoms in a-B4C and some of which yielded the development of
B1> icosahedra. On the other hand, the fourfold-coordinated units were the leading
configurations for C atoms. a-B4C was a semiconducting material and categorized as a
hard material. In the Chapter 5, amorphous boron carbides (BxC1-x, 0.50<x<0.95) were
systematically created. With increasing B/C ratio, more closed packed materials having
pentagonal pyramid motifs form. All models were semiconducting materials. Some
amorphous compositions were proposed to be hard materials.

Keywords: Amorphous, Hydrogenation, Boron Nitride, Boron Carbide, Ab-

initio molecular dynamics technique



OZET

AMORF BOR MALZEMELERIN SIMULASYONU

Tevhide Ayca YILDIZ
Malzeme Bilimi ve Makine Miihendisligi Anabilim Dali1 Doktora
Tez Yoneticisi: Prof. Dr. Murat DURANDURDU

Ocak 2023

Bor esasli malzemeler ve teknolojik uygulamalar1 malzeme biliminden tip alanina
kadar bircok bilimsel ve teknolojik alanda biiyiik bir ilgi gormektedir. Bu doktora tezi,
ab-initio molekiiler dinamik teknigini kullanarak farkli amorf bor malzemelerin atomik
yapisini, elektronik ve mekanik Ozelliklerini incelemek amaciyla hazirlanmistir.
Hesaplamali metot aracilifiyla elde edilen sonuglar ii¢ ana boliimde rapor edilmistir.
Bolim 3°te, amorf bor nitriiriin (a-BN) atomik yapisi ve elektronik 6zelliklerine
hidrojen eklemenin etkisi incelenmistir. a-BN ve dort farkli hidrojen konsantrasyonuna
sahip a-BN:H modellerinin yapisal degerlendirmeleri kisa erim diizenlerinin esas olarak
birbirleriyle ayni oldugunu gostermistir. Hidrojenasyon, iki kat koordinatll zincir
benzeri yapilarin ve dértgen benzeri halkalarin olusumunu baskilar ve daha fazla sp? ve
hatta sp® bagi olusmasina sebep olur. Ayrica, hidrojenasyonun a-BN’nin elektronik
yapisi {izerinde &nemsiz bir etkiye sahip oldugu gériilmiistiir. Ikinci olarak, boliim 4’te,
amorf bor karbiir (a-B4C) modeli olusturuldu. B atomlar1 i¢in besgen piramit benzeri
motifler, a-B4C’deki ana yapi birimleridir ve bazilart Bi> ikosahedralarinin olusumuna
sebep olur. Ote yandan, dért kat koordinatli birimler C atomlar1 i¢in 6nde gelen
konfigiirasyonlardir. a-B4C yariiletken bir malzemedir ve sert malzeme olarak
kategorize edilebilir. Bolim 5°te, farkli B oranlarina sahip amorf bor karbiir bilesikleri
(BxC1x, 0.50<x<0.95) olusturulmustur. Artan B/C oraniyla, besgen piramit motiflerden
olusan daha kompakt malzemeler olusur. Amorf bor karbiir modellerin hepsi yari

iletken malzemelerdir. Bazi amorf bilesiklerin sert malzemeler oldugu 6nerilmistir..

Anahtar Kelimeler: Amorf, Hidrojenlesme, Bor Nitriir, Bor Karbiir, Ab-initio

molekiiler dinamik teknigi
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Chapter 1

Introduction

1.1. Why Boron?

As many scientists studied on boron said that ‘Boron is a unique and essential
element for life and living’. When considering the capacity of structure and bonding of
boron, as if it looks like that boron wrote the rules of the game itself. For a long time,
there have been prevalent discussions across different areas of science and technology
all related to the simple element of boron. So, what is exciting about boron for scientists
and researchers? There are many striking considerations behind these. Now let us
explain the reasons, first of all, as importance of boron for countries, especially Tiirkiye,
and then give brief information of historical process, physical and chemical properties

and usage areas of boron to understand its importance of boron scientifically.

1.2 Boron Sources

The cosmic abundance of boron is relatively low compared to hydrogen, carbon,
nitrogen and oxygen[1]. Although it has low abundance, it is found in soil (10-20 ppm),
rocks (0.5-9.6 ppm) and water (0.01-1.5 ppm)[2]. However, it is never found as a free
element naturally because it is eager to form compound with C and other elements
owing to its high chemical affinity character. Its mineral forms such as borax, kernite,
pandermite and hydrated sodium borates are fundamental commercial boron

minerals[2].
1.2.1 The Shining Star of Tiirkiye: Boron

The essential boron deposits, which are described by scientists as the energy
source of 21% century, are found in Tiirkiye with a fraction of approximately 73% of the

world’s total reserve. The most abundant boron reserves in Tiirkiye are tincal and



colemanite and these deposits are placed at Kiitahya-Emet, Balikesir-Bigadi¢ and
Bursa-Kestelek[2].

Tiirkiye is known as the leader country that produces the refined boron products.
As shown in Figure 1.1, boron products are commonly used in Tirkiye for necessities

such as glass, ceramic, cleaning-detergent, adhesive, etc.

m Glass m Ceramic m Cleaning-detergent m Agriculture = Adhesive m Other

Figure 1.1 Distribution of usage areas of boron in Tiirkiye[2].

Boron, which should be used in many important areas as well as domestic
requirements and versatile material, has potentials to play key roles in the development
of significant technological innovations, especially in advance technology products.
Hence, it is important to develop necessary research projects on boron and boron-based

compounds for the future of Tiirkiye.
1.2.2 The Situation of Boron in the World

The importance of boron is gradually increasing all over the world due to the
decrease in raw material and energy sources each day. Tirkiye is followed by Russia
and USA with 7.7% and 6.2%, respectively, in terms of total reserve of boron as

presented in Figure 1.2.



1,70%  1,20%
2,80% 1,60%1,50% 0 70%

S

u Turkey m Russia m USA m Chile = China
m Peru m Serbia m Bolivia m Kazakhstan m Argentina

Figure 1.2 Distribution of the total boron oxide(B203) reserves of the world by
country[2].

The consumption of boron products and the usage areas on industrial basis in the
world exhibit substantial differences by countries. From general perspective, glass
sectors with a fraction of 47% are the highest ratio whereas the cleaning-detergent

products with a fraction of 2% are the lowest one on sectoral basis as shown in Figure

1.3.
2‘ ‘

m Glass m Agriculture = Ceramic u Cleaning-detergent = Other

Figurel.3 Distribution of usage areas of boron in the world[2].



1.3 Application Areas of Boron

It is known that the chemistry of boron owns multi facets. Boron has numerous
application areas ranging from medicine sectors to space technologies as depictured in

Figure 1.4.

Figure 1.4 The versatility of boron in all areas of application.

The boron compounds have been used by pharmacologist for several decades and
some boron compounds which are called as caged-boron compounds (carboranes) are
widely used in medicinal chemistry[3]. As known, boron has two essential isotopes: 1°B
and 'B. B isotope appears to be a high absorption cross section and hence it is
categorized as a good neutron absorber. It can have applications in nuclear reactors in
order to control nuclear reactivity and to shutoff rods[4]. In 1936, four years later after
the discovery of neutrons, Locher[5] suggested, for the first time, the possible usage of
boron compounds as well, in boron neutron capture therapy for the purpose of detecting
cancer cells. Because of the electron-deficient character of boron, it can find possible
applications in energy-conversion devices, for example, organic light emitting diodes,
organic photovoltaics and organic field effect transistors[6]. Thanks to the lightness of
boron and the capacity of forming B-H bonds, boron-based materials can be thought as
alternative materials[7] for chemical hydrogen storage. The combination of compelling
properties of boron such as high melting point, oxidation resistance etc. suggest its

possible applications in aerospace technology[4,8—-11] as well.



1.4Boron Chemistry

1.4.1 A Brief History of Boron Element

The name of boron is coined from the Arabic ‘buraq’, that was the name for
borax[12]. The history of boron, similar to other light elements such as lithium and
beryllium, dates back to the early phase of the universe, which is called Big Bang
nucleosynthesis[1]. Boron was not identified as an element until 1808. For the first
time, two French chemists Joseph Louise Gay-Lussac and Louise Jacques Thenard, and
a British chemist, Sir Humphry Davy, individually separated boron during the heating
processes of B2Os with potassium metal[12]. In 1824, boron is defined as an element by
Swedish chemist Jons Jacob Berzelius, who discovered modern chemical notation and
considered to be one of the fathers of modern chemistry[13]. In 1892, a purer form of
boron (containing ~90% boron) was isolated by Henry Moisson[12]. In 1909, a major
breakthrough for boron chemistry was accomplished by American chemist Ezekiel
Weintraub by producing pure boron with ~99% impurity by sparking a mixture of boron

chloride and hydrogen[12].
1.4.2 Physical and Chemical Properties of Boron Element

Boron is one of the closest neighbors to carbon and the lightest member of the
I11A group, which is called as the aluminum family, in the periodic table. However, it is
an intriguing member of family. All other members of the group are metal whilst boron
is the sole nonmetallic element[14]. Boron exhibits novel and splendid chemical and
physical features: it has low densities ranging from ~2.34 to 2.52 g/cm?, quite high bulk
modulus (~185-227 GPa) and high melting points (>2000 °C) and hence hardness and
neutron-capturing capability[15-18]. In addition to these superior characteristics, one of
the essential properties of boron is that it shows electron deficiency nature. As known
boron has three valence electrons, however it must be occupied four orbitals. By means
of this situation, boron can have ‘two-center-two-electron bonds (2c2e)’ and exceptional
‘multi-center-two-electron bonds’. Via multi-center bonds concept, boron has large
numbers of allotropes, 16 in total[19,20], four of which a-rhombohedral[21-23], -
rhombohedral[24], y-orthorhombic[25,26] and P-tetragonal boron structures[27], are

accepted to be thermodynamically stable. Now, let us mention them concisely.



1.4.2.1 a-Rhombohedral Boron Crystals

The name of a-rhombohedral boron comes from a space group of R-3m. Amongst
boron allotropes, a-rhombohedral crystal presents the simplest structural motif and it is
generally symbolized with a-B12 since the unit cell possesses 12 boron atoms in the
rhombohedral settings. Namely, a-rhombohedral boron holds one icosahedron in each
rhombohedral unit cell[28]. Figure 1.5 presents the unit cell in a hexagonal (a) and
rhombohedral (b) structure[28]. As exhibited in Figure 1.5, the boron atoms are
positioned on two six-fold sites and each one is also crystallographically independent of
each other.

a-rhombohedral boron can have different color, red and maroon color and it
exhibits the different electronic structure at room temperature. Its direct band gap was
anticipated to be 1.94 eV whereas its indirect band gap was found to be 1.54 eV[29].
The bulk modulus of a-rhombohedral boron was anticipated as 208 GPa and 213-224
GPa theoretically and experimentally, respectively[29,30]. a-rhombohedral boron
possesses several remarkable qualities, for example, self-healing from radiation
damages and a high hole mobility. By means of its extraordinary characters, it is
suitable to be an excellent candidate for novel electronic devices such as direct energy

conversion devices and neutron detectors[31].



Figure 1.5 Unit cells of a-boron: in different settings a) hexagonal settings, b)
rhombohedral[28]. Copyright 2009 John Wiley and Sons

a-rhombohedral boron can be procured using different protocols. The
crystallization amorphous boron is the well-known technique to get high quality o-
rhombohedral boron samples[32,33]. Another possible and effective method of
synthesizing a-rhombohedral boron is pyroltic decomposition of boron trihalogenides

on surfaces[34].
1.4.2.2 g-Rhombohedral Boron Crystals

The crystal arrangement of p-rhombohedral boron is based on different forms.
The first basic description of B-rhombohedral boron was provided by Kolakowski in
1962[35]. Figure 1.6(a) illustrates its unit cell. The more modern view on the structure
of B-rhombohedral boron was enhanced by Geist et al. and Hoard et al. in 1970[36,37].
B-rhombohedral boron owns the space group R-3m, parallel to a-rhombohedral boron,
however its rhombohedral unit cell is considerably larger than that of a-rhombohedral
boron[28].



Figure 1.6 Different descriptions of the unit cells of -boron: a) hexagonal settings,
b) rhombohedral settings, c) Bsa unit, d) Kagome net of icosahedra[28].
Copyright 2009 John Wiley and Sons

In a rhombohedral structure, as given in Figure 1.6(b), the icosahedra are located
at the corners and in the middle of the edges. In other words, the unit cell has four
icosahedra in total. Two Bgzs units are positioned on the body diagonal, which compose
of three icosahedra and connected with boron atom in the middle of the rhombohedral
unit cell[28]. The Bss units are shaped by combining twelve boron atoms of a central
icosahedron with twelve half-icosahedra and identified as super-icosahedra[38]. These
super-icosahedra in B-rhombohedral boron follow the arrangements of the cubic close
packing of spheres. The Bags unit (Figure 1.6(c)) is formed three shell sub-nanoparticles:
B1> icosahedron with a usual diameter (nearly 0.8 nm) is located inside and it is
surrounded by a Bi2 sheath[28]. Lastly, in the Figure 1.6(d), the crystal structures of -
rhombohedral boron are illustrated via Kagome nets, which is a lattice motif found in a
crystal arrangement and consists of corner-connected triangles of atoms. The Kagome

nets of icosahedra possess an ABC stacking that is vertical to the ¢ axis[39].



B-rhombohedral boron is a grayish black in color and has a semiconducting
character[40]. The melting point is between 2450-2723 K and its bulk modulus is 185-
210 GPa[41].

B-rhombohedral boron can be obtained by different chemical processes such as

the crystallization of the boron melt[12] and purification by zone-melting[24].
1.4.2.3 y-Orthorhombic Boron Crystal

The production of a new boron structure at pressure higher than 10 GPa and at
temperatures nearly 1500 °C was reported by Wentorf in 1965[15]. However, the
existence of this form has been contradictory until 2008[42,43]. This high pressure
boron phase was studied both experimentally and theoretically[25,42,43]. According to
these studies, the high-pressure crystal presents an orthorhombic crystal belonging to
Pnnm space group. Its unit cell comprises just 28 atoms. Thus, the new boron form is
called as y-orthorhombic boron crystal and it is symbolized with y-B2g[25]. The crystal
arrangement of y-orthorhombic boron can be defined as a distorted cubic packing of B1»

clusters having B2 pseudo pair motifs (dumbbells) positioned at the octahedral sites[44].
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Figure 1.7 Perspective view of y-orthorhombic boron crystal[44]. Copyright 2011
American Physical Society

Several experimental studies show that y-orthorhombic boron can be synthesized
under different pressure (7-20 GPa) and temperature (1500-2500 K) conditions
depending on starting materials, like amorphous boron, a-B12 and B-B1oe[45].

y-orthorhombic boron is a semiconductor material with band gap energy of

nearly 1.7 eV. Since it is optically transparent and thermally stable (beyond 1000 K in



the air), it can be categorized as an attractive material for materials science and

technology[26].
1.4.2.4 B-Tetragonal Boron Crystal

Initially, two different tetragonal structures of boron were reported. The first
tetragonal form recommended by A.W. Laubengayer et al., which is named a-tetragonal
boron, was considered as a true adaptation of pure boron and was investigated by J.L.
Hoard et al. in 1958[46-48]. A later study showed that this structure, actually, is related
to the tetragonal phase of boron-rich forms with a three-dimensional structure of B
icosahedra stabilized by small amount of impurities[49].

The second one, which has distinct denomination such as j-tetragonal, tetragonal
Il or tetragonal 111, was first discovered by Tally et al. in 1960[50]. After nearly two
decades, its structural investigation was executed by Vlasse et al.[51]. In the later years,
various experimental studies on the -tetragonal boron were subjected[52,53]. However,
its physical characteristics have not exactly clarified in these studies. B-tetragonal boron
was found to be stable in region between -rhombohedral and y structures[54] at high
pressure. In addition to these experimental studies, there have been limited numbers of
theoretical investigations on p-tetragonal boron[55,56]. Its theoretical band gap energy
was calculated to be 1.16-1.54 eV[56], quite parallel to 1.29-1.50 eV reported for -
rhombohedral boron[57]. No experimental information about its band gap energy has
been reported in the literature so far.

According to two different studies belonging to the same theoretical group, the
unit cell of B-tetragonal crystal have 190 or 192 atoms[27,51]. Figure 1.8 demonstrates
it[56]. The unit cell consists of 196 atoms. It has a tetragonal lattice and is a member of
P41 or P43 space groups. The crystal comprises of two particular subunits. The first one
is a double icosahedron B:. The second one is a single icosahedron Bi». These are
depicted in different colors in the Figure: grey ones represent the icosahedra while
orange ones denote as double icosahedra. The single and double icosahedra are

connected to each other as well.
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Figure 1.8 Presentationf-tetragonal boron viewed along two different directions,
<001> (upper panel) and <100> (lower panel)[56]. Copyright 2015
Elsevier

On account of the complex bonding and varied crystal structures, the
investigations of boron allotropes still will continue to be a charming, however,

challenging research issue for researchers and scientists.
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1.5 Boron-Based Materials

As well as the studies on boron allotropes, the characteristics of boron make it
possible to produce boron-based materials with other elements such as carbon, nitrogen
and hydrogen. The created different boron-based materials have been contributing to
materials science by providing opportunities to explore and pioneer improver and
innovator materials. Before presenting our studies in detail, let’s provide some

information on boron-based materials studied in this thesis.
1.5.1 Boron Nitride

Boron nitride (BN) is considered as one of the essential ceramics and is distinctive
among the I11-V materials in its capacity to form strong covalent bonds. BN has been of
great interest across a wide range of research areas in materials science for long years in
so far as its doozy specialties, for example, good thermal conductivity, a wide band gap
and the capacity of hydrogen uptake[58-68]. In virtue of these features, BN is a likely
candidate for many areas and can be used various high technological applications. BN
own four different crystal arrangements which will be explained below briefly. The

structures of boron nitride are depicted in Figure 1.9[69].
1.5.1.1 Hexagonal Boron Nitride (h-BN)

The primarily synthesized form of BN is a hexagonal arrangement (h-BN), that is
akin to graphite[70]. h-BN has a rather excellent chemical stability even in monolayer
form[71]. Monolayer h-BN is sometimes denotes ‘white graphene’ and can be obtained
from bulk BN[72]. In two-dimensional layered structure of BN, in the layers, between
boron and nitrogen atoms forms hexagonal rings and the B-N bonds are quite strong
covalent bonds whilst the layers are hold together by weak Van der Waals force, similar
to graphite. Thus, h-BN can effortlessly squeezable under external stresses[73].

The melting point of h-BN is quite high and it is nearly 3000 K. It is insulator and
a good thermal conductor[74]. It can be obtained under different protocols. Some of
these techniques are chemical reaction between boron and nitrogen compounds[75], hot
pressing[76], and chemical vapor deposition methods[77].

h-BN exhibits remarkable electronic properties. Hence, it can be used in a broad
range of optoelectronic areas[71] like optical[61,78,79], electro-optical[80,81] and
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guantum optics[82]. Because of some physical characters of h-BN, it is favorable in the
usage of vacuum technology[83] as well.

There are some discrepancies about the electronic structure of h-BN, specifically,
its band gap was reported between 3.0 and 7.5 eV[61,84-86].

hexagonal BN (h-BN) rhombohedral BN (~BN!

Figure 1.9 The structures of boron nitride[69]. Copyright 2019 Elsevier

1.5.1.2 Rhombohedral Boron Nitride (r-BN)

The second two-dimensional structural form of BN is the rhombohedral one (r-
BN)[87]. When the crystal structure of r-BN is investigated, it is seen that its structure is
akin to the h-BN arrangement and similarly consists of hexagonal layers with sp?
bonding. However, the stacking sequence of them is different each other: r-BN occurs a
three-layered stacking sequence (ABCABC) whilst h-BN has two-fold stacking
arrangement of ABABJ[88].

r-BN has a distinctive property from the rest three BN polymorphs. Namely, it can
easily transforms into any other BN structures[88] depending on experimental pressure

and temperature conditions. r-BN is the least studied BN phase until recent years since
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it could be fabricated by just two forms: in a mixture with h-BN or/and small
whiskers[89,90].

1.5.1.3 Cubic Boron Nitride (c-BN)

The cubic arrangement of BN (c-BN), which is the diamond-like structure of BN,
was synthesized by Wentorf at high temperature and pressure conditions in
1957[91,92]. c-BN owns the zinc blende arrangement and it comprises of fourfold
coordinated boron and nitrogen atoms in a three-layered packing arrangement of
ABCABC.

c-BN is the most attractive and studied phase amongst of the BN crystals. The
most distinguishing characteristic of c-BN is that it is second hardest material[93]. Due
to its useful characteristics, c-BN can be thought as a good alternative to diamond[94].
It is known that c-BN is stable at high temperatures relative to diamond. In addition, it
does not exhibit any reaction with ferrous metals[95]. Considering all these features, it
Is a suitable candidate for cutting tool applications.

Similar to diamond, it is a good insulator having band gap energy of ~6 eV and
hence it is considered as a perfect material for electronic applications[94]. Unlike
diamond, it has not only p-type but also n-type dopant[95]. Due to its wide band gap
and capability of n- and p-type doping, it is a desirable material for high temperature

and high-power applications in electronic and optical devices.
1.5.1.4 Wurtzide Boron Nitride (w-BN)

The other crystal structure of BN arrangement is the wurtzide boron nitride (w-
BN). In 1963, it was reported that w-BN could be obtained in the range of 300-2500 K
temperature and under static pressure above 1100 kbar[96]. In addition, a few years
later, some studies reported about the formation of w-BN as well as zinc-blende
structure under shock compression[97,98]. Namely, in analogy to c-BN, w-BN can form
at high temperature and high pressure environments[99-101] but it is a metastable
phase of BN[102,103]. Therefore it is rather challenging to achieve its pure phase using
common growth methods[104].

w-BN has an isostructural character with other nitrides in group Il such as GaN,

AIN and InN, for using optoelectronic devices[102]. The optical band gap of w-BN is
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investigated for compacted nanoscale w-BN powder and it is found to be nearly 8.7 eV,
which is quite coherent with theoretical prediction of 8.5 eV[105,106].

w-BN demonstrates remarkable mechanical features as well. Its hardness is in the
range of 24-54 GPa[101,105]. Moreover, some studies speculated that w-BN might be
almost as hard as or even harder than diamond[104,107]. Therefore, in recent years, the
attention of mechanical properties of w-BN is increasing. As a result of not only micro
structural features of w-BN but also mechanical properties for the single phase, w-BN

has been exposed[108].
1.5.2 Boron Carbide

Boron carbide is a prominent composition among the carbides due to its notable
characters. By combining its properties, it can be adapted for various usages in different
technological areas. Let’s give some examples about its properties and usage areas. Its
high melting point and thermal stability yield the application of boron carbide as a
refractory material[109]. Due to its high hardness and low density, it is an model
material in ballistic uses[110,111]. Boron carbide is well-known as a good neutron
absorber. Therefore, it can be used in nuclear applications[112]. Moreover, it has a
semiconducting nature. Thus, it is a good candidate for novel electronic devices[111].

Boron carbide was exposed by Wohler in the mid 19" century while he was
studying pure boron[113]. The material was synthesized with different stoichiometric
phases as BsC and BsC by Joly in 1883 and by Moisson in 1894, respectively[114].
Until 1934, the stoichiometric B4C was identified[115] and the investigations about
boron carbide were relatively limited. After that time, the studies related to boron
carbide including many different boron-carbon compounds have started to attract
attentions by scientists. At the beginnings, the researchers mainly focused on
determining the phase diagram of complex boron-carbon systems[116,117]. Later,
exhaustive studies were done on the purpose of the exploring features of boron
carbide[111,118-120]. Nowadays, due to its extraordinary properties, boron carbide has
been extensively studied and still continues to arouse curiosity.

The crystal arrangement of boron carbide is one of the fundamental issues of
different studies in the literature[111,120-124]. Its primary crystal consists of 12-atom
icosahedra located at the vertices of a rhombohedral lattice of trigonal symmetry,

belonging to R-3m space group, and the linear chains having 3 atoms. Figure 1.10
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illustrates the crystal phase of boron carbide[121]. Because of the elemental boron’s
affinity to shape cage-like structures of different sizes, the icosahedra within boron
carbide form[120,123-126].
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Figure 1.10 The crystalline phase of boron carbide. Its lattice shows the association
between the rhombohedral (red) and the hexagonal (blue) unit
cells[121]. Copyright 2011 John Wiley and Sons

In fact, by using diffraction measurement methods, information about the crystal
arrangement of boron carbide can be obtainable. However, owing to the similarities of
boron and carbon atoms in terms of electronic and nuclear scattering cross-section (!B
and 2C isotopes), it is pretty hard to separate these two atoms via characterization
protocols.

Scientists started from the question ‘What is the true stoichiometrical phase for
boron carbide?’ in order to determine its phase diagram. The phase diagram of boron
carbide has been controversy amongst scientists for years. After meticulous studies,
different types of the B-C phase diagram were propounded in the literature[127-132].
Figure 1.11 exhibits commonly used ones[129,130]. It is most recognized that the stable
phase of carbon atom is in the range of ~8% C and ~20% C[111,131,132], although
single crystal (Bz2C which correspond to ~24% C) was reported[110]. Boron carbide
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has a mixture of stable phase beyond ~20% C. Low C content phases, equaled to below
nearly 8% C content, are usually accepted to be the stable phase of boron carbide. It is
clearly seen that from Figure 1.11, as C content increases (roughly 16% C), similarly,

the melting temperature increases.
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Figure 1.11 Phase diagram of boron carbide[121]due to (a) Ekbom and
Amundin,[129]and (b) Beauvy,[130]. Copyright 2011 John Wiley and
Sons

1.6 Motivation of the Study

The motivation of this study is based on two pillars. The first one is the
technology vision project including 2023 targets of Tiirkiye offered by The Scientific
and Technological Research Council of Tiirkiye (TUBITAK) in 2003[133]. In this
report, it is aimed for Tiirkiye to create its own technologies. In order to achieve this
target, making important breakthroughs in the field of technology and focusing on
technological innovations are essential. Some of the recommendations expected to
accomplish in the 2023 vision of Tiirkiye are as follows:

e To generate new materials based on technologies related to the production of

boron minerals and to model new materials by using ab-initio method,

e To create new energy technologies such as hydrogen and boron fuels

alternative to fossil fuel,
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e To develop the semiconducting technology,

e To product nanotechnology and advanced ceramic materials (including

semiconductor materials),

e To enhance materials technologies (especially ceramic technology based on

boron materials).

Considering all these purposes, it is seen that this thesis is quite overlap with the
technology vision project of TUBITAK.

The second source of the motivation of this study is that Tirkiye is a leader
country to produce the refined boron products having extraordinary properties. Research
on boron-based materials have aroused great interest over many decades for scientists
due to their prodigious properties such as high hardness, chemical resistance, low
density, superconductivity, high melting temperature, neutron scattering and
thermoelectricity. Amongst of the boron-based solids, boron nitride, boron carbide,
boron oxide and boron lithium are commonly studied not only experimentally but also
theoretically. By virtue of their unique features, they are used in the latest technology
areas like power electronic devices, superconductors, heat resistance applications,
nuclear reactor coatings, body armor vests, neutron capture therapy method, lithium-ion
batteries, and especially semiconductor technology.

Boron-based materials, especially boron carbide, own quite complex structures.
Moreover, the crystal structures of some boron-based solids have been debated for
many years. In order to understand their local structures, knowing the relationships
between physical properties and crystal structures are essential. Although there are some
experimental studies as well as limited number of theoretical investigations on their
atomic structures, the correlation between their physical properties and crystal structures
is not wholly explained yet.

Experimental studies also suggest that boron-based materials can be obtained in
amorphous forms under different environments. However, the fundamental questions
regarding their amorphous forms are still unsolved e.g., their physical properties, atomic
structures, electrical and mechanical characters are not known clearly yet and current
experimental protocols cannot provide clear evidence at the atomistic level.
Additionally, there are limited numbers of theoretical investigations in the literature,
which focus only specific stoichiometries and shed light onto the experimental studies

on disordered forms of boron-based materials.
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As a result of, taking into all considerations mentioned above, it is seen that there
are still some properties to be discovered for boron-based materials to contribute both

2023 vision of Tiirkiye and materials science.

1.7 Overview

The remainder of this thesis is structured as follows:

After giving some fundamental information about boron and its applications, the
importance of boron for Tiirkiye and world, boron-based materials in studied this thesis
in chapter 1, we provide a brief knowledge of computational science and theoretical
bases of density functional theory (DFT) in chapter 2.

In chapter 3, the impact of hydrogenation on the microstructure and the electronic
behavior of amorphous boron nitride (a-BN) is examined via first principles
simulations.

In chapter 4, an amorphous boron carbide (a-B4C) structure is modeled and its
physical and chemical properties are revealed in details.

We have modeled amorphous boron carbide compositions with different B
concentration (BxCix, 0.50<x<0.95) and their structural, electrical and mechanical
characters are meticulously inspected in chapter 5.

Finally, in chapter 6, the thesis is concluded with a brief summary and a few final

remarks for future outlook.
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Chapter 2

Theoretical Framework

Computational science is a multi-discipline field combining some branches of
science such as physics, applied mathematics and materials science, etc. The aim of
scientists who specially focus on the computational science is to examine realistic
physics, engineering or mathematics problems by modeling them and then try to
comprehend their behaviors. The existence of this scientific area has been the result of
the considerable developments in high performance computing over the last few
decades and a developing necessity for novelty perspective for scientists in areas where
not only theories but also experimental techniques are of limited capability. The
limitations of experiments and theories are completely independent of each other. The
restrictions of experiments might be caused owing to the high cost of executing
experiments, absence of the capability of devices or instruments. On the other hand, the
limitations of the theories generally depend upon the lack of analytical solutions of the
complex systems.

The developments of computer and computational systems have gained
advantages and facilitated to scientists for many improvements in materials science. The
computational science used in various physics main fields like atoms and molecular
physics, quantum physics and condensed matter physics are commonly categorized with
two main topics as direct and inverse methods. In the first method (in direct method), in
other words unbiased protocols, as the name suggests, while a material is modeled,
there is no needed any prior knowledge from experiments, out of some basic parameters
such as its chemical compositions, physical constants, and density. The point to be
noted in such an approach requires the usage of an accurate potential. Another important
point is to create a model, which is coherent with experiments. Traditional Monte Carlo
and Molecular dynamics are two good examples for the direct method. In other

respects, in inverse method, the concept is to use important experimental data in order
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to generate a model. The reverse Monte Carlo technique is a good example for inverse
method[134-137].

Computational
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Figure 2.1 Scheme of some computational methods used in materials science.

In this thesis, amorphous models are contracted by using an ab-initio molecular
dynamics approach. Before giving the elaborated information of our studies, we purpose
to issue a clear, brief, introductory presentation of the most basic equations, important
for theoretical bases of our calculations in this chapter.

2.1 Density Functional Theory

2.1.1 An Introduction the Density Functional Theory

Density functional theory (DFT) is known as the one of the most commonly used
procedures for ab-initio simulations in order to explore the structure of solids and
liquids. The basis of the DFT dates back to 1970s. However, DFT has been gained the

essential popularity between physicists, chemists, and materials scientists since the
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beginning of the 1990s[138,139]. The success of DFT was supported by the 1998 Nobel
Prize to Walter Kohn, who made significant contributions in the development of
DFT[140]. In a word, especially, for the past 3 decades DFT has been a fundamental
technique for the quantum mechanical calculations of periodic or non-periodic
structures. Consequently, what are the mathematical foundations of this method? Let’s

take a quick look at it now.
2.1.2 The Mathematical Background of Density Functional Theory

The Schrédinger wave equation, in shortly Schrodinger equation, is one of the

most fundamental formulas of quantum mechanics, can be written as

01//
Yot

in the time-dependent form. Here v is the wave function for any system. As known, all

= Hy (2.1)

matter consists of a large number of subatomic particles such as nuclei, electrons and
their interactions with each other. Hence, in the atomic units, the Hamiltonian

operator, H, of a system can be given:

N
="ZV 3 ;1;, Zm R zZ|r_r| zZ|RZIZ]R,| (2.2)

In this equation, the first two terms stand for the kinetic energy of electrons and
nuclei, correspondingly, and M; symbolizes the mass of the nucleus. The other terms
denote the potential energy of charged particles, electron-nucleus, electron-electron and
nucleus-nucleus, correspondingly. i and R, represent the position vector of the electron
and nucleus, correspondingly and Z; indicates the charge number of the nucleus.

The solution of Equation 2.1 will be quite hard because a macroscopic structure
consists of many particles, almost Avogadro’s number and its wave function involves

lots of parameters (degrees of freedom), and can be expressed as
V= l//(rl,rz ey rn’, v, 01, O3, ..., Oy, Rl' R2, ey RN' t) (23)

here o; signifies the spin of the electrons. There are several approaches to make the
problem easier. The first approximation is the stationary ground state character of the
system, which means that H depends just upon the state of the system. Hence, assuming

that A is the time-independent, now let’s rewrite the Schrodinger equation,
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in which E ;,; symbolizes the total energy of the system. In the circumstances, the wave

function for the time-independent form can be defined as below,

V= V/(rl,rz, v, Ny ooy O, O3, .., Oy, Rl' Rz, ey RN) (25)

2.1.3 Bohr-Oppenheimer Approximation

The second simplification is the Born-Oppenheimer approximation[141], which is
one of the approaches to evaluate the Schrédinger equation of many particle systems
having more complex structures than systems including one or two electrons. Let’s try
to explain this simplification. Since a proton is much heavier, roughly 2000 times, than
an electron, the motion of the nucleus (including both proton and neutron) will be very
slow compared to that of electrons. This situation is the key point where the Born-
Oppenheimer approximation comes into play. The approach separates nucleus and
electron motions from each other. It neglects the motion of the nucleus as it very little
compared to the motion of the electrons and assumes that the electrons move in the
potential caused by the nuclei whose position fixed in space. Consequently, in Equation
2.2, the Kinetic energy of the nuclei can be separated out, and the expression based on
between nucleus and nucleus interaction can be accepted as a constant which stands for
Ei. The system just includes the electron-electron and electron-nucleus interactions any

more. Now, the eigenvalue equation is expressed for the electronic system and is given

by,

ﬁelec Velec = Eerec Yelec (2.6)

where v, specifies the wave function including system of n electrons and their

interactions in the external field of the fixed nuclei.
Veiee = Yelec (ry, T2, ., Ty -, O, Op, e, Op) (2.7)
H,,.. presents electronic Hamiltonian and formulated by,

e = 1Zn:v2+1z ! z Z 2.8)
elec — — 5 i ) - .
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The eigenvalue E,,.. is responsible for the energy states of the system. The total

energy, abbreviated Eiot, can be computed as:

Etot elec + EII

NI»—\

i (2.9)

By means of Equation 2.9, the solution of the problem for the periodic systems
like crystalline solids can be more practical.

In 1929, for the first time, purposed by Felix Bloch, Bloch’s theorem[142] offered
a different perspective for the solution of Schrodinger equation in a periodic potential.
According to this theorem, it is accepted that the primitive unit cell has just a few
particles, instead of a large number of particles in a crystal. For this situation, the wave

functionsy,, . can be converted into the following form

Vi) = €U (7) (2.10)

in which n signs the band index (n=1,2,3,....), and k refers to reciprocal vector in the

first Brillion zone. U, (r) is a function related to periodicity of the crystal

Uni(r + T) = Upg (1) (2.11)

here T represents a translation vector of the lattice. e?*™ defines a plane wave.

Although the solution of the problem has become a little easier by dint of this
approximation, there are still difficulties to straight evaluate the Equation 2.6 owing to
the Schrodinger equation for a system having more than a few particles. We can
overcome these difficulties by using electron density concept, which is defined in the

Equation (2.12), instead of using the electron wave function.

n(r) = Nfdrzfdr,v W (ry,ry, ry)w(ry, ry, .., Ty) (2.12)

2.1.4 The Hohenberg-Kohn Theorems

In 1964, the basis of the DFT, Hohenberg-Kohn Theorems[143], were ingeniously

proposed. The two theorems are fundamentally specified as follows [144]:
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e Theorem |

‘For any system including interactions of particles in an external potential Vex(r),
the potential is uniquely identified via ground state particle density, which stands for
no(r). Even though, the first Hohenberg-Kohn theorem mindfully proposed that a
functional of the electron density exists, the theorem states anything about the actual
form of the functional '[145].

e Theorem 11

‘A universal functional for the energy of system E[n] can be determined in respect
to the density n(r). The exact ground state energy of the system defines with global
minimum value of the functional E[n]. In addition, the density n(r) minimizing the
functional is the exact ground state density no(r).The two theorems clearly state that, if
the exact form of the total energy functional E[n] was described, it could be used by
way of the minimization process to accurately find the ground state density no(r), from
which, in theory, all ground state features could be determined’. Thus, the total energy

functional in theory can be written as

Efn] = T[n] + Enneln] + f 0 Vet () + Ey (2.13)

here T[n] represents the kinetic energy of the interacting electrons, in the meantime, the
other terms are the potential energies. The second term signifies electron-electron
interaction. The third term is the Coulomb interaction between the electron density n(r)
and the external field V,,.(r). The last term is the nuclei-nuclei interaction.
Nevertheless, there is an obstacle to solve the problem for the system of n-
interacting electrons’ system: The main question here is to define the form of T[n] and
Ein[n]! Thankfully, this impediment can be overcome by help of the Kohn-Sham

approach[146]. Just now, let’s take a look at this approximation.
2.1.5 Kohn-Sham Equations

Kohn and Sham propounded a useful approximation to find a solution for the
difficulties which mentioned above in 1965. The general concept of the theorem is to
substitution of a real system of interacting particles in Equation 2.6 by an artificial
system of non-interacting particles having the same charge density n(r) of the real

system. Now, in addition to the external potential Vex(r), all non-interacting particles
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depend upon another potential called as the effective potential Ves(r) and is formulated
as

Vors (1) = Vire (1) + f l:ﬁ"'r),l dr' + Vo (r) (2.14)

The second term in the equation presents Hartree potential, which related to the
Coulomb correlation between the electrons. V,.(r) stands for exchange-correlation
potential. To evaluate the Kohn-Sham equation, it is essential to determine the
exchange-correlation potential.V,.(r) can be computed from the exchange-correlation
energy functional Ex.[n(r)] by

_ OExc[n(r)]

1) = =50 215)

For the non-interacting potential, y; (Kohn-Sham wave functions) can be defined as

1
<_ 2V Veff(r)> v (1) = ey () (2.16)

Equation 2.16 is referred as the Kohn-Sham equation, which is the single-particle
Schrodinger-like equation. The eigenvalue of the non-interacting single particle is

defined with &;, which is related to the Kohn-Sham eigenstate y,. For a system

including N-non-interacting particles, the particle density n(r) can be practically

calculated via

N
n() = > |y, (2.17)

The total energy functional is formulated by

Egs[n] = Ty[n] + f 1V () + Enarereeln] + Excln] + Ep (2.18)

here T;[n] is the kinetic energy functional of the non-interacting particles and can be

obtained as follow:

N
1
Tlnl = =5 ) < ylv?ly, > (2.19)
i=1
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Enareree[n] is the typical Coulomb energy functional owing to the particle density n(r).

The representation of the Ey4,+¢c [11] functional is tendered by

B lj‘ n(r)n(r")

EHartree [n] - 2 |T _ rrl drdr’ (2'20)

2.1.6 Exchange-Correlation Functional

The accuracy of DFT calculations for the lowest-state energy and density
distributions of a real system can be developed via better approximations for exchange-
correlation functional Ex.[n] since in the Kohn-Sham formula which is identified in
equation (2.16), Exc[n] is not accurately known. Now, the exchange-correlation

functional, which is used in this thesis, will be introduced in the next sections.
2.1.6.1 The Local Density Approximation for Exc[n]

The local density approximation (LDA) is not only easiest method but also
practical one to obtainEy.-[n]. The LDA was proposed in the same year as the Kohn-
Sham equation was formulated[146]. The background view of the LDA is quite
apprehensible: The exchange correlation energy per electron, in other word, the value of
energy density €24 (n(r)), at that point can be thought of the same as that for a
homogeneous electron gas (€™ (n)), of the same charge density[147]. By this way,

ELDA[n] could be approximated as the following

ELPA[n] = f n(r) €h9™ (n(r))dr (2.21)

The LDA, which is the majorly basic approximation, has been demonstrated to
give rather good results for many atomic, molecular and crystalline interacting electrons
systems, even in the systems the density of electrons is rapidly varying.

In addition, for the open-shell atoms and molecules, an advanced version of the
LDA which is known as local spin density approximation can be exploited[148]. In the
extended form of LDA, electron spins are adjusted distinct Kohn-Sham orbitals and can

be obtained bit much accurate results.
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2.1.6.2 Generalized Gradient Approximation for Ex¢[n]

In LDA, as mentioned above, a system is considered as homogeneous. However,
as known, in the real system, there is in homogeneity with spatially changing electron
field. Therefore, an improved form of LDA, called as generalized gradient
approximation (GGA), is enhanced to approximate Ey.[n][149-151]. The main concept
of the GGA within the DFT framework is that depending upon both electron density
n(r) and its gradient Vn(r) at the same point r.

The general form of the GGA functional is expressed as
ESGAn] = fn(r) €S54 (n(r), Vn(r))dr (2.22)

Even though various exchange and correlation functional types can be used in
different combinations together, just some of them are usually preferred in the studies.
The calculations in this thesis are accomplished using the GGA, offered by Becke (for
gradient exchange functional)[149] and by Lee, Yang and Parr (for correlation
functional)[152] to predict the exchange correlation energy.

2.2 Molecular Dynamics

Molecular dynamics (MD) is a useful computer simulation scheme to inspect
dynamical and structural characters of materials at the atomistic level. MD is commonly
used in various scientific disciplines such as theoretical physics, materials science, even
in the interdisciplinary like biophysics and biochemistry. MD method can be separate
two sub-categories: classical MD and ab-initio MD. Both of these methods own
comparatively the pros and cons. This part aims to give a brief knowledge about
classical MD and ab-initio MD.

2.2.1 Classical Molecular Dynamics

The theoretical fundamental of the MD method is formed on the statistical
thermodynamic rules. The classical MD approach is conceptually accepted to be the
simplest one[153-157]. Because, it is clearly known that the a system which has
interacting many-particles such as atoms and molecules interacting can be numerically
solved via Newton’s popular law, which is called equations of motion. Therefore, the

basis of this approach is considered to be practical and utilizes classical mechanics.
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Now the basic concept is that time averages of the observables can be taken through this
path and based upon the statistic mechanics (the ergodicity hypothesis). This idea
enounces that the time averages are equaled to ensemble averages of the suitable micro
canonical (NVE) ensemble. It is known that Newton’s equation of motion preserves the
total energy (E). Thermodynamics changeable like temperature and (T) and pressure (P)
can be deduced from circuitously and they show oscillations due to the limited number
of atoms (N). Therefore, it is needed to straightforwardly define other ensembles of
statistical mechanics, including constant volume and constant temperature (NVT) or
another form (constant pressure and constant temperature, NPT)[158]. Sometimes, it is
an advantageous to directly identify the ensembles. However, in physics of condensed
matter, modern physics and chemistry, many fundamental phenomena have non-
classical rules, in other words quantum effects. For this reason, it is required to apply
approximations. The most common methodology is the ab-initio MD or Car-Parrinello
method [159]. Now, let’s qualify the current status of the theory of ab-initio MD from a

modern view.
2.2.2 Ab-initio Molecular Dynamics

The methodology called as ab-initio MD, in which finite-temperature dynamical
trajectories, are created via forced computed ‘on the fly’ from electronic structure
calculations[160]. Due to the elimination of drawbacks of classical MD, ab-initio MD
has had extensive effects in modern theoretical research. ab-initio MD enables structural
arrangements including bond breaking or formation of new bonds, etc.[161].

This approach can be stated in terms of Lagrange

3N
1
L=T—V= EZ MV — E[u(ry, T, o Tan)] (2.23)
i=1

According to the Lagrange equation, the calculations can be performed consecutively.
Namely, initially, the lowest energy state is computed. Later, the location of nuclei is
altered by dint of a MD step. And then, the new lowest state is once more determined,

and so on.
2.2.2.1 Car-Parrinello Method

In mid 1980s, R. Car and M. Parrinello[159] reformulated ab-initio MD in the

form of a two-component classical dynamic system. The fundamental concept of an
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efficient and precise ab-initio scheme is the combined the dealing with nuclear and
electronic degrees of freedom. In other saying, the Car-Parrinello method holds not only
classical MD of nuclei but also electronic character of ab-initio MD. Thence, it can be
seen as a key-stone of up to date simulation techniques in many computational scientific
fields[162]. Almost, until mid 1990s, ab-initio MD simulations were preponderant by
the Car-Parrinello technique and thus this method had a synonym for ab-initio
MD[163].

This method determines the extended Lagrangian technique and the equation is

given as follows:

3N

1 1 2

Ez mVZ — E[y(ry, 73, ..., T30)] + Ez 2/1] dr | l//j(r)| + Lot (2.24)
i=1 j

As obviously seen, the first two terms are same as in Equation 2.23. In addition to them,
the third one presents the kinetic energy of fictitious mass which is signified with p. The

term L, is due to the orthogonality for one —electron functions.
2.2.2.2 Parrinello-Rahman Method

The first version was suggested by Andersen[164] in 1980. According to this
method, the volume of the cell can change whereas its shape cannot alter. In other
words, the shape is conserved by permitting the cell to change isotopically. Hence, this
approach is more convenient for liquid simulations, not materials under non-isotropic
stress or phase transitions. And one year later, the method was extended by Parrinello
and Rahman[165,166] to allow changes not only cell lengths but also cell angles. By
means of the Parrinello and Rahman method, both pressure and stress can be controlled
in the simulation of a molecular system under externally applied stress. Moreover, the
Lagrangian of the system is revised with a term symbolizing the kinetic energy of the
cell depending upon a fictitious mass (W). Thuswise, the Parrinello-Rahman Lagrange
for a simulation box having lattice vectors a, b and c is described by

1 . . 1 ..
L=5 miStGS,— ) > p(ry) + W (Ah) - Poyed (2.25)

i i>)

in which h is a matrix contracted by lattice vectors. The volume of simulation box is

defined by 2 = deth = a. bxc, Sirepresents the position vector in fractional coordinate
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for atom i. G is equal to hth and is a metric tensor, where ht is the transpose of the
matrix h. The second term is a pair potential. The fictitious mass is represented by W

in the third term. P,,, stands for the hydrostatic pressure applied.

By using Equation (2.25), the equations of motion are practically got

§= mflzx(rij)(si - $;) -GG, (2.26)
i+j
Wh = (T — Poxt)o (2'27)

where y(r) is the — d¢/rdr' The matrix o has elementso;; = 5!2/6’1”, and the matrix

7 is given in dyadic tensor notation via,

O = 2 m;v;.v; + Z ZX(rij)(ri —r))(r;— 1)) (2.28)

i j>i

where v; = hS,. Equation 2.26 and 2.27explore the dynamic of a simulation cell having
N particles with periodic boundary conditions. Equation 2.27 presents the connection
between the variation of h, microscopic tensor © and external pressure.

In the DFT calculations, the Kohn-Sham wave function which stands for
w,(r) are fixed on h cell and it is known that not only v, (r) but also h depends on
fields since h are Lagrangian degree of freedom. Now, the wave function can be
determined with denominated the scaled coordinate (S = hr). The orbital yi(r) as

described by unscaled cell h are converted as follows

1 1
ypi(r) = \/—ﬁw(h‘lr) = \/—ﬁ\v(S) (2.29)

In this situation, the resultant charge density in the unit cell is represented via

n(r) = %n(s) (2.30)

Both scaled fields y(s) and charge density n(s) do not rest on the dynamical
variables due to the cell degrees of freedom. Nevertheless, original y(r) depends upon

h owing to the normalization of the cell volume which is defined Q=deth.
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Now, the Lagrangian can be written for ab-initio molecular dynamics by pressure

control

1 s
L=u) [dslueI +3 ) mS;6s) — Elfw).(hs)
l ! . (2.31)
3" A0 ([ dS Y SIS) = ) + W (BR) — Paret)
il

In Equation 2.31, nine dynamical degrees of freedom are correlated with h,
namely the lattice parameters of the simulation box, and the integrals are integrated on
the scaled simulation box. In the formula, the third term gives the DFT-LDA energy
functional. & is the identity matrix. The fourth term defines the orthonormality
constraint on the Lagrangian multipliers which stand for y; and A;. W is the fictitious
mass similar to in the classical Parrinello Rahman method and w is inertia parameters
which control the time scale of electronic motion. M; typifies the mass of nuclei.

The equation of motion in DFT-LDA method is given by

SE
i (8) = - £ Mg () 2.32
' SYE(s) Lt (2:32)
St = =2 Gy — GuplipaS]
] = Mjan ap apUpaj (2.33)
. 1 -
hop = W(nay — Pext Oy )2(hY)5 5 (2.34)
in which mg,, is,
1 cp e oE
Mgy = E z Mij GS]' - mhgy (235)
J

ay

The differences of the above Equations (2.33 and 2.34) from the classical
Parrinello Rahman method are that quantum mechanical terms are replaced for the

classical forces on ions and the internal stress.
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2.3 Modeling Amorphous Structures

Before expressing the common techniques for modeling amorphous materials,
let’s designate the meaning of the word amorphous.

The word amorphous is stemmed from Greek. The word comprises of
combination of two words: without and morphe (shape, form)[167]. Namely, the
amorphous word refers to being shapeless or formless. The crystalline solids exhibit a
definite and regular geometry whereas amorphous forms have irregular geometric
shapes. The most important differences between crystalline and amorphous solids, an
ordered form consists of long-range order while a disordered form owns a shorter range
order.

Though there are lots of obscurities about the physical and chemical properties of
amorphous systems, they continue to draw interest of scientists due to their discovered
distingue characters day by day. There are different techniques to construct models of
amorphous materials based on the specific chemistry and order of materials. Now, let’s

clarify some general methods for production of amorphous materials.
2.3.1Continuous Random Network

The continuous random network (CRN) is a favorable protocol for the definition
atomic character of strongly covalent bonded amorphous materials. This method, firstly,
was introduced by Zachariasen[168]. The underlying insight of this procedure is that the
materials are accepted to include of building blocks of tetrahedral, as their crystalline
structure do. However, the atoms are randomly oriented and connected. In the modeling
disordered arrangements, CRN method is quite useful as well as impressively simple.
The substantial advantage of the model is that each atom wholly performs its bonding
characters. In other word, all atoms are ideally coordinated. The eligibility of CRN is
commonly specified by means of the amount of strain. By dint of this model,
convincing definitions of the topology of elemental amorphous semiconductors can be

provided.
2.3.2 Quenching from Melt

Another alternative method for constructing a disordered network is the

guenching from melt. This scheme is a well-known process used for producing an
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amorphous material from a crystal structure. While producing of an amorphous
arrangement, MD conducts like an experimental protocol. The process of the traditional
MD method (as used in this study) is fundamentally as follows: In the first step, the
initial crystal structure is exposed to temperature, higher than its melting temperature.
Thus, the structure converts into a liquid phase. In the second step, a simulated
annealing protocol is carried out to the system in order to relax a local minimum energy
state. And then the material is cooled from its liquid phase at the certain time scale for
its chemical ordering. Lastly, the final configuration at room temperature is relaxed via

suitable geometry optimization technique.

2.4 Simulation Conditions

In this dissertation, the calculations are based on the SIESTA package program.

Therefore, in this section, some general information about SIESTA will be introduced.
2.4.1 SIESTA

SIESTA is not only a method but also computational code, to fulfill impressive
electronic character calculations and ab-initio MD simulations of solids, liquids or
molecules[169]. The word SIESTA consists of the initial letters of ‘Spanish Initiative
for Electronic Simulations with Thousand Atoms’. The method enables strongly quick
simulations via minimal basis sets and quite exact calculations with complete multiple-
zeta and polarized bases. By means of its useful performance, the usage of the
computational code is preferred a wide different of systems, such as metallic surface,
nanotube, nanocluster, amorphous semiconductors, ferroelectric films, and
biomolecules. The method has showed as citation more than 12000 times so far. The
essential advantages of SIESTA are showing excellent performance for finite systems,
dealing with computationally demanding system (>10000 atoms) which are out of the
plane-wave codes and it is an open-source.

The calculations in this dissertation were employed by using the version 3.2 and
4.1 of SIESTA.
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2.4.2 Pseudopotentials

The pseudopotential concept has owned a deep effect on the comprehending of
the electronic behavior of semiconductors. In the beginnings of 1980s, the combining
DFT method with pseudopotential resulted in remarkable advance for perceptive
electronic characters of materials. In the beginnings, there were some uncertainties the
exactness of DFT method for determining electronic and structural energies. However,
the direct numerical application of structural energies to problems including bond
lengths, compressibility and phase stability exhibited conclusively the capability of
pseudopotential methods to these problems[170].

A norm-conserving pseudopotential method is used in SIESTA to estimate the
electron-ion interaction. Pseudopotentials, in other words, effective core potentials are
used to disregard the inactive core electrons from an explicit treatment in quantum
chemical calculations. These potentials are suitable techniques to incorporate the
essential scalar relativistic impacts into calculations[171]. In short, the idea of
pseudopotential is linked to substituting the results of the core electrons with an
effective potential. Consequently, a modified effective potential term is used in the
Schrédinger equation.

To define the ion-electron correlation, the norm-conserving Troullier-Martins

pseudopotentials were adopted in this dissertation[172].
2.4.3 Basis Sets

In a theoretical calculation or modeling, the orbitals of a system can be defined a
mathematical term which are called as a basis set, which consists of a simple functional
building block. Any set of mathematical functions building the practical molecular
orbitals can be preferred.

As known, an atomic orbital characterizes the wave-like behavior of an electron in
an atom. The basis sets consist of numerical atomic orbitals (NAO). SIESTA employs
NAO, a numerical solution of the Kohn-Sham equation for an isolated pseudo atom can
be obtained by the Numerov scheme, which is feasible to linear ordinary differential
equations as Schrodinger equation is. In order to define the basis functions, the choice
of two points is important: the first one is changeable radial component and the second
thing is well-identified spherical harmonic for a particular orbital. The radial part of an

orbital consists of radial function such as single-C, double-¢ or triple-C. The advantages
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of NAOs are that they can be produced with any shape with no extra computational
cost, NAOs can be eliminated expensive long-range correlations, and they can be
basically localized. In this dissertation, in the first study the double-¢ (DZ) or double-g
(DZ) plus polarized (DPZ) and in the rest two studies the double-C (DZ) basis sets were

chosen for valence electrons.

2.4.4 Periodic Boundary Conditions

In order to investigate properties of materials via computer simulation using a MD
method, a simulation box is required. A unit cell in MD is commonly termed to as
periodic box. When the large simulation box is used, the extremely extensive
computational time is required to complete calculations. On the other hand, if a much
smaller simulation box is used, most atoms can locate the edge of the simulation cell.
Besides, in a simulation cell, for all atoms, homogeneity and ideal situations may not be
continuously achieved. All these problems can be dealt with using periodic boundary
conditions.

The essential aim of the usage of periodic boundary conditions to prevent the
existence of surface and to evade enormous number of atoms or greater size of
simulation cell. Shaping an infinitely large unit cell by repeating the simulation cell
along space can be considered as periodic boundary conditions as shown Figure 2.2.
The rules in a simulation cell are as follows: firstly, an atom moves off the cell, right
after, one of its images come along the other side with precisely following the same
direction. Hereby, the atoms in the simulation cell preserves and it is considered that

there is no change and having no surface in the system.
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Figure 2.2 The schematic demonstration of periodic boundary conditions in 2D.
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2.4.5 Geometry Optimization

The one of the best ways of the determining a molecular structure is the geometry
optimization procedure, which is a useful theoretical tool. Moreover, by means of the
geometry optimization, the structural changes in a molecular system can be identified.
The general goal of the geometry optimization, in other saying, local optimization is to
minimize the total energy of the systems.

In this dissertation, for all calculations, the geometry optimization was fulfilled
via a conjugate gradient (CG) variable cell technique, which is a convenient protocol to
solve unrestrained optimization problems like energy minimization, in which not only
the atomic positions but also the volume of the simulation cell was optimized at zero
pressure. In addition, in the all calculations, the force criteria of 0.01 eV/A were

accomplished for the purpose of optimization of the structures.
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2.5 Structural, Electronic and Mechanical Analyses

In this part, it is aimed to complete the chapter 2 by tendering a brief knowledge

about the structural, electronic and mechanical analysis techniques used in this study.
2.5.1 Pair Distribution Function

The pair distribution function (PDF) having several different definitions such as,
radial distribution function (RDF) and pair correlation function (PCF) is a powerful
analytical method to gain quantitative view into the structure of materials. The PDF
offers the possibility of finding an atom at a distance ‘r’ from a given atom as

demonstrated in Figure 2.3.

Figure 2.3 The spatial discretization for the evaluation of the radial distribution
function.

The number of atoms dn(r) at a distance between r and r+dr can be computed,
N
dn(r) = Vp(r)éhtrz (2.36)

in which N is the total numbers of atoms. V refers to the volume of the system. p(r)
stands for the PDF. In the Equation 2.36, the volume of the shell having dr width can be

effortlessly computed,
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4 4
Vshetr = §TL’(T‘ + dr)3 — §1‘rr3 ~ 4mrdr (2.37)

The PDF is given by

No Np
N _
") = Trrzor, I 7 (2.38)
i=1 j=1

where N, Na, and Np represent the total number of atoms and the number of o and 3

type atoms, respectively, used in the simulation cell whose density is p.
2.5.1.1 Bond Properties and Coordination Numbers

The first peak position of PDFs can be practically used to determine the mean
bond separation for each atom pair in the structures. The total and partial coordination
numbers (CNs) are implemented to gain different perspectives onto the local structure
of a material at the atomistic level and hence by way of cutoff distances (the first

minimum) of PDFs, the CNs were estimated for all structures in this study.
2.5.2 Bond Angle Distribution Function

The bond angle distribution function (BADF) is performed to provide further
information on local chemical structure of materials. The BADF £(6), (6 is the angle
between atoms) in the nearest neighbor coordination shell can be analyzed by the

following equation

dy rdy
£(60) = 1672 f f R? R2g(R)g(Ry)gs (Ru, Ra, 6) Ry dR, (2.39)
0 0

Here d is the possible maximum bond length between two neighboring atoms.
2.5.3 Electronic Properties

The electronic structure of ordered and disordered materials can be probed via

electron density of states (EDOS), and can be calculated

Ny
1
penos(E) = EZ 5(E — &) (2.40)
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where Ny stands for the total number of occupied electronic states. &; represents the

energy eigenvalues.
2.5.4 Mechanical Properties

The equation of state (EOS) involving thermodynamic rules is commonly used
formula by physicist, chemists and materials scientist. The equation identifies the state
of materials under some physical conditions such as pressure (P), volume (V) and
temperature (T).

In this thesis, for the purpose of inspecting reaction of a material to external stress,
the EOS, was used. Now, let’s try to express the EOS via not only practical but also
useful equations. For a solid under isothermal conditions, the basic form of EOS can be
defined in terms of bulk modulus (K), which measures the compressibility of a solid

under uniform pressure.

K, = V(ap) K’—(aKO) (2.41)
o~ av). ° \ar/; '

in where, the equilibrium bulk modulus of a solid stands for Ko, K, represents the first
derivative of K with respect pressure. Meanwhile, pressure can be expressed as a

function of volume, namely,

P(V) = — (g—§>s (2.42)

By means of Equation 2.37, the bulk modulus can be rewritten as

KWV)=V O°F
V) = <W>T,s (2.43)

Now, K can be calculated by fitting the energy-volume relation of materials to the
third order Birch-Murnaghan EOS,

e R T R

By using Equation 2.37, the third order Birch-Murnaghan EOS can be

3
9V,K

KI
16 *

E(V)=E, +

reformulated in terms of P(V),

R ORO)

(%)5 - 1]} (2.45)
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The advantage of writing the formula in terms of P(V) is that if the P-V values are
known, bulk modulus and enthalpy can be also achieved by fitting the data to the third
order Birch-Murnaghan EOS.

Named after Simeon Poisson, Poisson’s ratio is the negative of the ratio of
transverse strain to longitudinal strain computed by the application of a uniaxial strain
along the principal axes. The ratio is practically calculated via following equation:

_ALy/L
YU = T AL L

(2.46)

in which Ls are the magnitude of the supercell’s vectors and i and j introduce the
principal (X, y and z) directions.

Young modulus (E), also called as modulus of elasticity, is a quality of the
material that expresses correlation between stress and strain in a material under a

uniaxial deformation. E can be practically achieved by using the following equation:
E=3K(1-2v) (2.47)

Shear modulus (p), also called as modulus of rigidity, gives the information about
the ratio of shear stress to shear strain of the material within the restricted elastic

deformation and can be calculated by means of the next formula,
E

"2+

Vickers hardness (Hv), a measurement technique of the hardness, is the

m (2.48)

denomination of the resistance of a material to deformation. Hy can be computed four

different equations as follows[173-176],

H, = 0.151p (2.49)
B il 0.585
H, =2 (F) — 3 (GPa) (2.50)
1 1.137
H, = 0.92 (E) (w0708 (2.51)
H, = 0.0635E (2.52)
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Chapter 3

Hydrogenated Amorphous Boron
Nitride: A First Principles Study

The work presented in this chapter is published in T.A. Uchdyiik, and M.
Durandurdu. "Hydrogenated amorphous boron nitride: A first principles study."” Journal
of Non-Crystalline Solids 502 (2018): 159-163.

3.1 Introduction

Boron Nitride (BN), a 111-V compound, is a synthetic material having crystal
structures similar to carbon. It is a wide band gap semiconductor. Due to its unique
physical and chemical features, it has been attracted a great deal of scientific and
advanced technological interests. It is one of promising candidates as a superhard
material after diamond.

BN forms four different crystal structures: hexagonal (h-BN), rhombohedral (r-
BN), cubic (c-BN) and wurtzite (w-BN)[177]. The ground state structure of BN is the h-
BN phase being a two-dimensional layered material with a weak Van der Waals force
[178]. h-BN has various superior features[179]. The rhombohedral BN (r-BN) also
forms in a two-dimensional structure[87], similar to h-BN. Amongst the other phases, r-
BN is the least understood one[180]. Cubic BN (c-BN) can be manufactured from h-BN
and r-BN at high temperature and pressure conditions[92]. Due to its extreme hardness,
it can be used as a protective coating of heavy-duty tools[181]. The high pressure and
temperature treatments can possess a phase transformation from h-BN to a wurtzite
structure (w-BN) as well[182], which can be classified as a superhard material.

Amorphous BN (a-BN) can be synthesized using various experimental techniques
such as high frequency chemical vapour deposition and ball milling[183-185] but
relative to the crystalline forms, it has been little explored and hence less understood
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[186-191]. Amorphous materials have coordination defects and strained topologies,
which significantly influence their electrical and physical properties. Their main
coordination defect is undercoordinated atoms i.e. dangling bonds. Hydrogenation
somehow not only passivates the dangling bonds but also breaks strained and weak
bonds in amorphous materials and yields more ordered configurations[192]. Such
hydrogenation induced structural changes improve significantly their physical and
electrical properties. Consequently hydrogenated a-BN (a-BN:H) has been studied
experimentally as well[193,194]. Although there are few theoretical studies on a-BN
[73,195] to shed some light on its atomic structure and electronic properties, to our
knowledge, there has been no attempt to investigate theoretically a-BN:H. Thus
currently the impact of hydrogenation on the atomic structure and electric properties of
a-BN is not well known. And hence in this work, we generate a-BN:H with four
different hydrogen contents based on an ab initio technique and compare them
structurally and electronically with pure a-BN to fill the gap in the literature. We find
that hydrogenation induces drastic structural changes in the network compared to pure
a-BN. Yet in spite of the changes, hydrogenation is found to have a small influence on

its electronic properties.

3.2 Methodology

The SIESTA package[169] based on the density functional theory (DFT) was
used to perform molecular dynamics (MD) simulations. The atomic orbital basis set was
selected as a double-zeta plus polarized (DZP) orbital for the valance electrons. The
pseudopotentials were produced by the Troullier and Martins approach[172]. The Becke
gradient exchange functional[149] and Lee, Yang, and Parr correlation functional[152]
were applied to estimate the exchange correlation energy. The MD simulations were
performed within the NPT (isothermal-isobaric) ensemble in which temperature and
pressure were controlled by the velocity scaling and the Parrinelo-Rahman
techniques[166], respectively. The time step of each MD simulation was set to 1.0 fs.
We chose a 216-atom liquid BN model (108 B atoms and 108 N atoms) at 3300 K as an
initial structure. We removed arbitrarily 5 B and 5 N atoms from the melt, replaced 14,
22, 30 and 46 H atoms and created 220, 228, 236 252-atoms models that were labeled as
modell, model2, model3 and model4, respectively. The hydrogen concentration is
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about 6.4, 9.6, 12.7 and 18.2 % for the modell, model2, model3 and model4,
correspondingly. Experiment[194] suggested the existence of 5-10% hydrogen in a-
BN:H film. So the modell and model2 consist of a H concentration in the experimental
range. On the other hand, model2 and model3 have a higher H concentration than the
experimental proposition and hence they can be considered as a hypostatical structure
but they actually allow us to understand the impacts of excessive hydrogenation on the
local structure of the amorphous network. All initial configurations were subjected to
3300 K for 50.0 ps and then the melts were gradually cooled to 300 K within 150.0 ps.
Finally these structures were relaxed according to the force criteria of 0.01eV/A. The
relaxed structures’ density is 2.0430 g/cm? for pure a-BN, 1.8033 g/cm? for model1,
1.9063 g/cm?® for model2, 1.7055 g/cm? for model3, and 1.8345 g/cm? for model4. They

are indeed reasonably comparable with the experimental value of 1.9 £0.1 g/cm®[193].

3.3 Results

In order to distinguish the short-range order of the a-BN:H configurations from
that of pure (unhydrogenated) a-BN, we first consider the partial pair distribution
functions (PPDFs) and plot them in Figure 3.1. The first peak position of all correlations
of the a-BN:H models along with that of h-BN and pure a-BN model is summarized in
Table 3.1.

Table 3.1 The first peak position of correlations.

B-B (A) B-N () N-N (A) B-H (A) N-H (A) H-H (A)

h-BN 2.50 1.57 2.50
pure a-BN 2.51 1.46 2.54
Model 1 2.50 1.43 251 1.17 0.98 1.95
Model 2 2.51 1.43 2.52 1.16 0.98 1.74
Model 3 2.49 1.43 2.50 1.17 0.97 1.65
Model 4 2.51 1.44 2.52 1.17 0.98 1.68

One can see that the distances estimated are quite close to each other, suggesting
that the a-BN:H structures are locally similar to pure a-BN[73] and h-BN[196]. The B-
H and N-H bond lengths are located at around 1.17 A and 0.98 A, respectively for the
all a-BN:H networks. These values are comparable with 1.17 A for B-H bond length
and 1.03 A for N-H bond distance reported in a neutron diffraction study of
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BH;NH;[197]. The position of the H-H correlation at near 1.65 -1.95 A indicates that
the models are free from H-H bonds because H-H bond length is 0.74 A. From the
PPDFs, one can see that these models do not form any N-N bond as well but have a
small amount of B-B homopolar bonds as denoted by a feeble peak at 1.70-1.74 A in
the B-B correlation, similar to what has been observed for pure a-BN[73]. The analyses

suggest that the correlation distances are not affected by hydrogenation.
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Figure 3.1 PPDFs of the pure a-BN and a-BN:H models.

The coordination number (CN) is an essential feature to describe the short-range
order of disordered systems. Using the first minimum of the PPDFs (~1.86 A for B-B,
~2.02 A for B-N, ~1.57 A for B-H and 1.49 A for N-H correlations), we estimate the
total and partial CNs. Figure 3.2 illustrates the coordination distributions of the a-BN:H

models and the a-BN network.
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Figure 3.2 Coordination distribution of the pure a-BN and a-BN:H models.

For the pure a-BN configuration, the frequency of twofold, threefold, and
fourfold-coordinated atoms is 6%, 91%, and 3%, correspondingly. The subsequent
average CN is 2.97. By hydrogenation, one can perceive a decrease in the number of
dangling bonds (twofold chain-like configurations) and almost no twofold coordinated
atoms for the model3 and model4. Hydrogenation leads to more sp? and even sp®
hybridizations in the first three models, relative to pure a-BN. Their mean CN is about
3.03-3.06. The situation for model4 is slightly different: 85% of atoms are threefold
coordinated and about 15% of atoms (15% of B atoms and 16% of N atoms) are
fourfold coordinated. The average B and N CNs are 3.13 and 3.15, correspondingly. For
this model, we find that the at least 50% of sp® configurations involve at least one H
atom while the rest occurs between B and N atoms. The B-Ns, B-N3H, N-B4, N-BzH
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and N-BzH: configurations are the main sp* hybridization units in the model. For
intermediate hydrogen concentration, similar trend has been reported for hydrogenated
amorphous carbon (a-C:H) called as hydrogenated diamond-like carbon (DLC) films,
in which hydrogenation yields more sp® C-C bonding[198].

All H atoms are onefold coordinated and a close investigation reveals the fact that
there are more N-H bonding than B-H bonding in the all a-BN:H models; about 65-93%
of H atoms form a bond with N atoms. The modell presents the highest fraction of N-H
bonds (93%) while model4 shows the lowest one (65%). Actually, we find a correlation
between H concentration and the number of N-H bonds (or B-H bonds) formed in the
amorphous systems: the frequency of N-H bonds decreases with increasing H
concentration.

To further understand the atomic structure of a-BN:H in details, we explore the
bond angle distribution functions (BADFs). The B-N-B and N-B-N angle distributions
are provided in Figure 3.3. The main peak of the all a-BN:H models are located at
around 116°-119° indicating that a-BN:H has an atomic arrangement related to that of
h-BN. Note that the hydrogenated configurations (modell, model2 and model3)
produce a sharper peak around 120° than the pure a-BN model, suggesting that
hydrogenation yields a more ordered local structure in the system. We also note here
that while the pure a-BN network has a subpeak at about 80° for the B-N-B and 95° for
N-B-N because of the presence of the tetragonal rings[194], the a-BN:H models do not
present such peaks in the BADFs, indicating that hydrogenation suppress the
development of tetragonal rings as well. This is further supported by the rings analysis
as shown in Figure 3.4. Four membered rings exist in pure a-BN but the fraction of

such rings is negligibly small in the a-BN:H models.
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Figure 3.3 BADF of the pure a-BN and a-BN:H models.
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Figure 3.4 Ring distribution of the pure a-BN and a-BN:H models.

To understand the effects of hydrogenation on the electronic properties of a-BN,

we lastly compute the electronic density of states (EDOS) of the models and

demonstrate them in Figure 3.5.
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Figure 3.5 EDOS around the Fermi level for h-BN, a-BN and a-BN:H models.
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We also provide the EDOS of pure a-BN and h-BN in the figure for comparison
purpose. The band gap energy defined as the difference of HOMO-LUMO states is
found to be about 4.5 eV for h-BN and ~2.0 eV for pure a-BN. It should be pointed out
here that DFT-GGA calculations underestimate band gap widths and hence they are not
comparable with experimental values. For the a-BN:H models, we do not perceive a
drastic modification in the band gaps except that a midgap state is presented in model3.
The band gap of the a-BN:H configurations is close to that of pure a-BN and about 1.8-
2.0 eV. A close analysis of the midgap state using the localization of wavefunctions
reveals that it is indeed due to a chain-like B-B structure formed in model3 (see Figure
3.6). We should note here that such a chain-like structure does not exist in other models
although they present a small amount of B-B homopolar bonds.

Figure 3.6 Chain-like B-B structure produces the midgap state in model3.
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To shed additional lights on the electronic properties of the a-BN and a-BNH
models, we probe the partial density of states (PDOS) provided in Figure 3.7.
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Figure 3.7 PDOS of selected models.

The eigenstates near —20 eV are mainly due to N-s states. B-s and B-p states have
some contributions to these energy levels as well. The valance band has contributions
from B-s, B-p and essentially N-p states. The conduction band near Fermi level is
controlled by B-p states. Our observations are quite similar to what have been stated for
h-BN in a previous simulation[199]. The contribution of H atoms to the PDOS is

significantly small.
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3.4 Discussion

On the basis of the structural analyses, we suggest that the main building unit of
both a-BN:H and pure a-BN is hexagonal rings similar to h-BN. Yet there are some
noticeable structural differences between a-BN:H and a-BN. As expected,
hydrogenation passivates twofold-coordinated configurations and yields more sp?
bonding. In addition, it induces a few sp® bonding in the models. Yet as for the
hydrogenated content of 18.2%, a noticeable increase in the fraction of sp® hybridization
is observed in the network. Here based on the observation of the sp?-to-sp? transition in
BN at high temperature and pressure treatments, we speculate that the physical origin of
such a behavior is probably due to the high degree of stress caused by the excessive
hydrogen content in the network. However, further investigations are needed to fully
clarify this issue. The development of more sp® bonding can be interpreted as some
improvement to the mechanical properties of the amorphous configurations because the
BN crystals having sp* hybridization are a superhard material.

We observe that the formation of N-H bonding is more favorable than that of B-H
bonding in all models. This behavior might be unsurprising and can be simply explained
by bond energy. Based on bond energy[200], N-H bonding (347+13 kj/mol) is
energetically more favorable than B-H bonding (289 £38 kj/mol).

Since the bonding nature of BN has significant impacts on its physical, chemical,
mechanical and electronic properties, perhaps by changing hydrogen content, a-BN:H

with different features can be engineered.

3.5 Conclusions

We have generated a-BN:H models with four different hydrogen concentrations
by means of a first-principles MD approach. The comparison of the «-BN:H
configurations with a-BN reveals that although they are locally parallel to each other,
hydrogenation yields some noticeable changes on the local structure of a-BN. Due to
the H passivation of dangling bonds, the a-BN:H models do not form the twofold
coordinated chain-like structures. Furthermore, it suppresses the development of
tetragonal-like rings. All these structural modifications lead to more sp? and even sp®

hybridizations. Because of higher sp3 bonding, a-BN:H is anticipated to possess better
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mechanical properties than pure a-BN. Additionally we witness the formation of more
N-H bonds than B-H bonds in the hydrogenated models. Considering the electronic
properties, hydrogenation is found to have minor impact on the electronic structure of a-
BN.
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Chapter 4

Amorphous Boron Carbide from ab
Initio Simulations

The work presented in this chapter is published in T. A. Yildiz, and M.
Durandurdu. "Amorphous boron carbide from ab initio simulations.” Computational
Materials Science 173 (2020): 109397.

4.1 Introduction

Strong covalent solids like diamond and cubic boron nitrite (BN) are superhard
materials. Boron carbide (B4C), the most stable B-C compounds[201], is known as the
third hardest crystal after diamond and cubic BN. B4C has been attracted considerable
attentions in recent years because its high hardness, lightweight and refractory features
as well as superlative thermo mechanical and electrical properties[109]. It can be
fabricated easily, for example, by means of plasma enhanced chemical vapor deposition
(PECVD)[202]. B4C has various practical applications and can be used, for example, as
cutting tools, wear resistant gears, and ballistic armors[111,203]. It can also find
applications in some devices as diodes and transistors[111]. Since it is a good neutron
absorber, it can be used to control reactivity in nuclear reactors[112]. Another functional
application area of B4C is the treatment of cancer by using neutron capture
therapy[204].

B4C can form crystal (polycrystals or single crystal) and amorphous phases. The
atomic structure of the B4C crystal is rather unique and comprehensively discussed in
the literature throughout long years[120,122-125,205,206]. At the beginning, it was
believed that it consisted of just Bi» icosahedrons and C-C-C linear chains[207,208]. In
later years, however, the Raman and NMR spectra analyses revealed that B4C did
indeed have B1:C icosahedrons with C-B-C intericosahedral chains[122,201].

Nonetheless, there have still been some uncertainties about how B and C atoms are

54



arranged in the B4C unit cell. In order to develop its scientific and technological
investigations, a greater understanding of its local structure is indeed crucial.

Amorphous boron carbide (a-B4C), of an interest material, can form under diverse
experimental techniques, for instance, irradiations[209], shock compression[210],
scratch test[211,212], electric field[213], depressurization from high pressure[214] and
shear deformations[215,216]. Yet, its local structure is far more complicated than the
crystal since it is a random icosahedral network. The earlier studies proposed that the B
atoms in the amorphous configuration have two type motifs such as B11C icosahedrons
and C-B-C chains associated with the icosahedrons[217,218], similar to the crystal.
However, the C-B-C chains were not observed in deposited amorphous films[219,220].
Consequently, depending on experimental preparation protocols, different local
structures might exist for a-B4C. As revealed by experiments, the diverse local structure
can lead to the distinct mechanical properties for a-B4C, for example, its hardness was
reported to be between 20.8 and 33.8 GPa depending on deposition temperature[220].

Two theoretical efforts can be found in the literature to model a-BxC (x=4 and
~2.5) so far. They proposed a dissimilar coordination distribution for these amorphous
configurations. In the first study, the models having 120 and 135 atoms (a-B4C) and
different starting structures were generated by using a quite fast quench rate (840 K/ps)
[112]. In the second computational study[109], the amorphous model consisting of 216
atoms (154 B atoms and 62 C atoms, namely a-B2sC) was created using cooling rates of
41.25 K/ps and 165 K/ps in different temperature ranges. Consequently, different
stoichiometries, starting structure, quenching rates and size of supercells used in these
studies are probably the main factors to observe a distinct microstructure in these
amorphous systems.

The main objective of this study is to generate a slightly larger a-B4C model (320
atoms) using a slow cooling rate (66 K/ps), to focus on its short-range order and its
electrical and mechanical features and to compare them with available data in the

literature.
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4.2 Computational Method

In the present study, the SIESTA package program[169] within a pseudopotential
method[172] was carried out to perform molecular dynamics (MD) simulations. The
double zeta (DZ) as atomic orbital basis set for valence electrons was preferred. The
Becke gradient exchange functional[149] and Lee, Yang, and Parr correlation
functional[152] were chosen to guess the exchange correlation energy. The grid mesh
cutoff was applied as 120 Ry and the Brillouin zone integration was restricted to I'-
point. The MD calculations were executed within the constant number of atom (N),
pressure (P) and temperature (T). T and P were controlled by the velocity scaling and
the Parrinelo-Rahman[166] approaches, separately. The MD time step was chosen to be
1.0 fs. Our initial configuration was a randomly distributed structure with 320 atoms
(256 B atoms and 64 C atoms.) Firstly, the initial configuration was exposed to a
temperature of 3200 K for 40 ps. Secondly; the temperature applied was decreased step
by step from 3200 K to 300 K with a cooling rate of 66 K/ps. Finally, the structure was
relaxed using a conjugate gradient technique. The crystalline form, a supercell having
120 atoms, was constructed based on B1:C and C-B-C chains as suggested in Ref. 201.
In the present work, the density of amorphous and crystalline phases of B4C is estimated
to be 2.2493 g/cm?® and 2.4471 glcm?®, respectively, which are slightly less than 2.47
g/cm® (amorphous) and 2.52 g/cm? (crystal) reported in experiment obtained by using
helium pycnometry[109]. It should be noted that in both studies, amorphization leads to
a decrease in the density of B4C,which is however contradict to Ref. 216 in which it was
proposed that shear-induced or quenched amorphous phases have a larger density than

the crystal.

4.3 Results

4.3.1. Local Structure

The partial pair distribution functions (PPDFs) investigation is one of the
convenient approaches to distinguish the microstructure of materials. Hence, firstly, we
study PPDFs of the amorphous and crystalline forms of B4C and illustrate them in

Figure 4.1. Since the bonding natures (B-B, B-C and C-C) play a crucial role in
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determining the structure and properties of a-B4C, the first peak of all pairs is carefully

examined.
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Figure 4.1 Partial pair distribution functions of a-B4C and B4C crystal.

The first peak of the B-B, B-C and C-C correlations of a-B4sC (B4C crystal) is
located at nearly 1.77 A (1.77 A), 1.58 A (1.62 A) and 1.49 A (1.56 A), respectively.
So, one can see a slight shortening in the B-C and C-C bond lengths by amorphization.
Our values logically agree with the computational results of 1.75 A (B-B), 1.57 A (B-C)
and 1.54 A (C-C) reported for a-B2s5C[109]. The strength of the first C-C peak is
relatively smaller than that of first B-B and B-C peaks because of the presence of the
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limited number of C-C bonds in the amorphous arrangement, meaning that the
formation of C-C bonds is not very favorable in the amorphous network (see below for
the chemical environment analysis). The visible second and third peaks of B-B
correlation are a result of pentagonal pyramids/B12 icosahedral molecules formed in the
noncrystalline structure.

The total and partial coordination numbers (CNs) and chemical distribution
analyses are very crucial to expose the microstructure of materials in details. Therefore,
we secondly estimate them for each species using the first minimum of PPDFs (~2.22 A
for B-B, ~2.19 A for B-C and ~2.24 A for C-C correlations). The coordination

distribution of the atoms is shown in Figure 4.2.
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Figure 4.2 Coordination distribution of the amorphous model.

In the a-B4C model, B atoms have a coordination distribution ranging from 2 to 7.
Amongst them, six-fold coordination is the most dominated one with a fraction of
nearly 48.0% (see also Table 4.1), which is slightly higher than the value of 42.90%
reported in Ref. 109.
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Table 4.1 Coordination distribution of B and C atoms in the a-B4C.

1%t Neighbors 2 3 4 5 6 7 References
0.39 10 10.54 25.30 48.04 5.46 This study
B (%)
15 18.80 21.40 42.90 1.9 [109]
0 7.80 68.75 21.87 1.50 0 This study
C (%)
0 4.90 61.30 29.00 4.80 0 [109]

Our amorphous arrangement has three-fold (10%) and four-fold (10.54%)
coordinated B atoms, which are less than 15% and 18.80% recounted in Ref. 109.
However, our disordered configuration demonstrates about 4% more five-fold and
seven-fold coordinated motifs relative to the a-B4C model of Ref. 109 (see Table 4.1).
These coordination distributions result in an average CN of B atom to be 5.29, which is
comparable with 5.66 in the crystal. For C atoms, the most prevalent cluster is the four-
fold coordinated unit (68.75%) and its fraction is again comparable with 61.3% stated in
the earlier study[109]. The second and third dominant ones are the five-fold (21.87%)
and three-fold (7.80%) coordination, slightly different than 29% and 4.9% reported in
Ref. 109. The mean CN of C atoms is 4.17, parallel to 4.66 in the crystal. All these
observations reveal the striking similarities between our model and previously proposed
amorphous network[109] and the crystal.

For a-B4C, the chemical environments of B and C atoms demonstrated in Table

4.2 can provide more knowledge about the system at the microscopic level.
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Table 4.2 Chemical identities around B and C atoms for a-B4C.

a-B.C
B C

BsC: 23.83% B4 57.81%

Be 20.31% Bs 20.31%
B4C: 9.77% B3C, 10.94%

Bs 7.03% Bs 3.12%
BsC, 6.64% B.C; 3.12%
B:C, 5.86% B4C; 1.56%
B4C, 4.30% B:C, 1.56%
BsC: 3.12% Bs 1.56%
B.C> 3.12%

Bs 2.73%

B4 2.34%
B.C; 2.34%

Cs 1.95%
B.Cs 1.95%
BiCs 1.56%
BsC1 1.56%
BsCs 0.78%

Bs 0.39%
B:Cy 0.39%

As seen from Table 4.2, the most prevalent clusters for B atoms are B-BsC;
(23.83%) and B-Bs (20.31%) type motifs. On the other hand, in the crystalline B4C
structure, B atoms have four kind motifs: B-BsCy (50.00%), B-Bs (25.00%), B-B4C>
(16.67%) and B-C> (8.33%). B-C> unit represents the intericosahedral linear C-B-C
chain and as seen in Table 4.2, it does not exist in the noncrystalline network.
Nonetheless one can see that nearly 50% of B atoms in the a-B4C model form clusters
(B-BsC1, B-Bg etc.), similar to those of the crystal, suggestion partial local similarities
between these two forms of B4C. The first three common configurations for C atoms are
C-Bs (57.81%), C-Bs (20.31%) and C-Bs3C: (10.94 %) kind units. Likewise, the
crystalline B4C contains C-B4 (33.33%), C- B3C1 (33.33%) and C-BsC: (33.33%) type
structures. The formation of more C-Ba, less C-B3C; and lack of C-BsC; type clusters in
the amorphous model relative to the crystal can be interpreted as the tendency of C
atoms to form more C-B bonds than C-C bonds in the amorphous model and their trend
to form more tetrahedral configurations.

With aid of the VVoronoi polyhedral approach[221], one can distinguish the type of
clusters shaped around B and C atoms and thus have valuable information on the
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structure at the atomistic level. In this method, the indices < n3 ns, ns, ne...> are used to
identify polyhedrons, where n; and Xn; stand for the number of i-edge faces of a
polyhedron and its CN, respectively. The principal structural unit of B and B-rich
crystalline/amorphous materials are known as Bi, molecules, which comprises of
pentagonal pyramids[222]. In the crystalline B4C phase, the most favorable polyhedron
Is characterized by < 2, 2, 2, 0 > index (92%), which represents the pentagonal pyramid.
In other respects, we find eight distinct polyhedra for B atoms in the disordered
structure. The two leading ones are denoted by the < 2,2, 2,0 > (47%) and <2, 3,0,0 >
(24%). The second one can be classified as defective pentagonal pyramid-like
structures. Subsequently one can see that about 70% of B atoms have a tendency to
form complete or incomplete pentagonal pyramid-like patterns in the amorphous
network. On the other hand, we determine three diverse polyhedra for C atoms in a-
B4C. The most foremost ones are labeled as < 4, 0, 0, 0 > (68%) and < 2, 3, 0, 0 >
(21%). In addition, we find < 2, 2, 2, 0 > (0.01%) type cluster, a part of B1oC molecules.
In the ordered form, on the other hand, there are just two types of polyhedrons for C
atoms and they are characterized by the < 4, 0, 0, 0 > (66%) and < 2, 2, 2, 0 > (33%)
indices. All these findings specify noticeable similarities in the local structure of
amorphous and crystalline forms of B4C. The earlier study[109] suggests the formation
of B2, B1:C and B1oC2 molecules for a-B2sC. Yet our model has just Bi2 and B1.C
molecules. The lack of the other clusters in our network might be associated with the
size of simulation boxes or different cooling rates used in present and earlier studies.

To identify the structure features of a-B4C in details, we further analyze the bond
angle distribution functions (BADFs) and compare them with those of the crystalline
structure. The B-B-B, B-C-B and C-B-C angle distributions for the crystal and a-B4C
are shown in Figure 4.3. The B-B-B angles produce two main peaks. The first peak is
located at 59° while the second peak is positioned at nearly 107° similar to the
crystalline B4C phase. These two sharp peaks are related to the intraicosahedral bonds
of the pentagonal pyramids. The third sharp peak nearly 122° in the crystal are
associated with the intericosahedral bonds and weakly presented in the amorphous

model due to the randomly distributed icosahedrons (or pentagonal pyramids).
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Figure 4.3 Bond angle distribution functions of a-B4C and B4C crystal.

The B-C-B angles of the crystalline structure have three sharp peaks at around
62°, 99° and 113° which are again related to the intraicosahedral and intericosahedral
bonds. These B-C-B angles show a broad distribution in our model but the peaks around
62°, 99° and 113° angles are roughly produced in our model. The C-B-C distribution in
the noncrystalline network ranges from 90° and 180° and has a foremost peak at nearly
120°, which slightly deviates from 123° presented in the crystal. The C-B-C at 180° is

not captured in the amorphous network. The occurrence of these peaks suggests the
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existence of C-B-C bonds in the amorphous configuration but the intericosahedral linear
C-B-C chain does not exist since B-C> motif does not form in the model (see Table 4.2),

which is also confirmed by visualizing the model given in Figure 4.4.

Figure 4.4 Ball-stick representation of a-B4C.

4.3.2. Electronic Properties

Boron-rich materials such as the crystalline and amorphous boron carbides are of
great interest for numerous technological applications, particularly, in the
semiconductor devices. For that reason, revealing the electronic behaviors of ordered
and disordered B4C structures is significant in this study. Firstly, the electronic
properties of a-B4C and the crystal are investigated via the total electron density of
states (TDOS). Secondly, in order to get more detailed contribution about their
electronic features, their partial electron density of states (PDOS) is calculated. Figure
4.5 illustrates them.
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Figure 4.5 Total electron density of states (TDOS) and partial density of state
(PDOS).

The band gap energy for the B4C crystal is nearly 2.9 eV, parallel to the previous
DFT-GGA (LDA) band gap of 2.6-3.0 eV[112,123,223-225]. It should be noted here
that GGA calculations lead to smaller energy band gaps relative to experiments due to
the self-interaction error in DFT-GGA computations. Such a limitation can be
eliminated by using DFT-GGA+U, DFT-GWA or DFT-hybrid exchange functionals
(HEFs). Indeed, using a HEF, the band gap energy of the crystal was estimated to be
3.84 eV[226]. In other respect, the energy band gap of a-B4C is found as 0.15 eV. Thus,
a drastic band gap closure is observed by amorphization but not metallization as
suggested in Ref.112. According to the PDOS analysis, B-p states are more prevailing
for both valence and conduction bands for the amorphous and crystalline phases.
Additionally, B-s and C-p states also have some contributions to the valence band for
both structures. However, C-s states have minor effect on both conduction and valance

bands for the noncrystalline network, similar to that of the crystal.
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4.3.3 Mechanical Properties

As a beginning, the relation between energy (E) and volume (V) for the crystalline
and amorphous states is determined via a variable cell optimization technique. We
estimate their bulk modulus (K), and equilibrium volume (Vo) and energy (Eo) by fitting
the E-V values given in Figure 4.6 to the third-order Birch-Murnaghan equations of
states via Equation 2.44.

As deduced from the Figure 4.6, the crystal has lower energy than the
amorphous state. The relative energy difference between them is predicted to be around
0.25 eV/atom. The equilibrium volume of the crystal is 7.49 A3/atom whereas that of
the amorphous structure is about 8.16 A%/atom. Thus, one can notice about 9% volume
expansions by amorphization.

In Table 4.3, we list the mechanical properties of a-B4C and the crystal along with
the data available in the literature. The K value of a-B4C is estimated to be about 162.61
GPa while that of the crystalline form is nearly 245 GPa, in good agreement with the
earlier predictions of 248-274 GPa[201,227-230]. Consequently, amorphization leads to
a noticeably decrease in the bulk modulus which is related to the disorder nature

(coordination defects, chemical defects etc.) of the amorphous model.
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Figure 4.6 Energy volume relation of a-B4+C and B4C crystal.
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We apply a uniaxial stress along the principle axes of the supercells and optimize
the atomic coordinates and their volume to predict the Poisson’s ratio (v) defined by
Equation 2.46.

Poisson’s ratio is predicted from the slope of the best fitting straight line and six
different values between 0.16 and 0.21 are obtained for the noncrystalline network. The
calculated average Poisson’s ratio for the amorphous and crystalline forms of B4C is
estimated to be about 0.18 and 0.17 respectively, which is quite in agreement with the
results of the earlier studies as presented in Table 4.3[227,228,231].

Table 4.3 Bulk modulus (K), Young’s modulus (E), shear modulus (u), hardness
(H) and Poisson ratio (v) in the crystalline and amorphous structures.

K(GPa) E(GPa) p(GPa) K/n v H (GPa) References

Crystal 245 470 200 122 017 ~32(Chen) This study
~30(Teter) This study
~31(Tian) This study

248, 274 [201]
~40, 41 [211]
402 ~42 [220]
235 462 197 0.17 [227]
247 472 200 0.18 [228]
448 0.21 [231]
441 188 [232]
239 ~45 [229]
238 199 [230]
1.20 ~32 [233]

Amorphous 162.61 312.22 132.29 123 0.18 ~24(Chen) This study

~20(Teter) This study
~23(Tian) This study
255-351 ~21-34 [220]

Knowing K and v is enough to calculate the Young’s modulus (elastic modulus)
(E) using Equation 2.47.

E is estimated to be 312 GPa for a-B4C, which is reasonably in the range of
experimental values of 255-351 GPa reported for a-B4C at different temperatures[220].
For the ordered form, it is 470 GPa that again coincides with the 402-441
GPa[220,227,228,231,232].

The shear modulus (u) is another important mechanical property of a material

and can be obtained by using Equation 2.48.
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The calculated shear modulus for a-B4C is about 132 GPa. For the crystalline
form, the modulus is calculated to be around 200 GPa, which is quite akin to the
available results of 188-200 GPa[227,228,230,232] in the literature.

In the last step, the Vickers hardness (H,) is calculated using three different
empirical equations. The first formula, called as Teter’s equation, is given by Equation
2.49[173]. The second equation, known as Chen’s equation[174], is given by Equation
2.50. The Chen’s equation appears to have some limitation and was revised by Tian
[175] as Equation 2.51.

By using these three useful equations, the Vickers hardness of the disordered
model is projected to be between 20 and 24 GPa, reasonably in the range of previous
results of 21-34 GPa reported for a-B4sC[220]. On the other hand, for the crystal, we
calculate the Vickers’s hardness to be about 30-32 GPa, which are slightly smaller than
previous experimental data of 40-42 GPa[211,220,233].

Pugh’s ratio can be used to reveal the brittle or ductile behavior of a material.
The critical value of n is equal to 1.75. If n is higher (lower) than 1.75, then the material
is ductile (brittle). n is 1.23 for a-B4C and 1.22 for the crystal, showing their brittle
character. These values are in quite good agreement with earlier result of 1.20[233] as

seen in Table 4.3.

4.4 Conclusions

We have carried out a comprehensive investigation on the local structure,
electronic properties, and mechanical features of a-B4+C via quantum mechanical MD
simulations. The values of structural parameters are found to be close to the previous
investigations. The local structure of the amorphous model is partially similar to that of
the crystal. The C-C bonds are found to be less favorable in the noncrystalline network.
The mean coordination number of B and C atoms for a-B4C is 5.29 and 4.17,
correspondingly. The amorphous configuration shows an energy band gap of 0.15 eV,
strikingly smaller than 2.9 eV estimated for the crystal. Softening of the mechanical
properties is observed by amorphization. Nonetheless, due to the high Vickers hardness,

a-B4C can also serve as a hard material.
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Chapter 5

Ab-Initio Study of Boron-Rich
Amorphous Boron Carbides

The work presented in this chapter is published in T. A. Yildiz, and M.
Durandurdu. "Ab-initio study of boron-rich amorphous boron carbides.” Journal of the

American Ceramic Society (2023).

5.1. Introduction

Boron (B), carbon (C) or nitrogen (N) compounds form covalently bonded solids
and they are recognized as hard materials[234]. One of which is boron
carbide[210,219,235] and is a semiconducting system possessing a wide band gap
depending on the B to C stoichiometry[236,237]. Boron carbide compounds are
promising materials for several high-technology industrial applications due to their
distinguished features such as good chemical inertness, high hardness, low wear
coefficient, high melting point and low density[111,238-242]. Because of their unique
electronic properties[238,243], they can be used in photovoltaic and beta-voltaic devices
[238,244], diodes and transistors [111], and neutron detectors[112,245-248] as well. In
addition, combining their attractive properties such as lightweight and high hardness,
they can be also used in body armor applications[111,121,249].

The first boron carbide material was synthesized in 1858. However, it was not
attained enough considerations until 1934[114]. The stoichiometric ratio as B4C was
studied in the mid-1930s[115]. Up to today, boron carbide with different B/C ratios has
been fabricated using numerous experimental procedures, such as plasma enhanced

chemical vapor deposition[202], magneton sputtering[219,220,235,250], pulsed laser
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deposition[251-253], ion beam synthesis[254], hot pressing, spark plasma sintering etc.
[255-257].

The atomic structure and mechanical characteristics of boron carbide materials
appear to be relatively sensitive to B/C ratios. The studies suggested that B substation
first modified C atoms in the B11C icosahedra transforming B1:C to B1> molecules and
then excess B atoms revised C-B-C chains[255]. For the B/C<4 materials, on the other
hand, the existence of free C atoms in the microstructure and the formation of B4C and
graphite like structures at a C concentration of >20 at.%. were suggested[256]. As
expected, the change in the local structure has noticeable impacts on the mechanical
properties of boron carbide. The maximum fracture toughness and hardness was
observed for the stoichiometric composition (B4C) and they surprisingly decreased for
nonstoichiometric BsC (B/C>4 and B/C<4) compositions[258]. For B/C>4 materials,
the decrease was attributed to the weakening of the bond strength (substitution of the
stronger B-C bonds with weaker B-B bonds) while the decrease for B/C<4
compositions was dedicated to free C atoms in the microstructure[258].

Amorphous state of boron carbides has also drawn attention due to their unique
properties and has been considered both experimentally and theoretically[109,112,259].
An experimental investigation confirmed that pentagonal pyramids were the most
preferable clusters in amorphous Bs4C (a-B4C)[259]. The atomic and electronic
behaviors of a-B4C were investigated at ab initio level using two different systems
(containing 120 and 135 atoms) and several important findings were exposed. This
computational study proposed that both amorphous configurations consisted of a
random icosahedral network without linear chains and a-B4sC owned a semimetal
character[112]. Later, the combination of experimental and theoretical studies provided
useful information regarding the local structure of a-B..5C and revealed that it consisted
of B12, B1:C and B1oC: icosahedrons[109].

Hydrogenated amorphous boron carbide films having several B/C ratios[260,261]
were also prepared. The basis of these studies is about their compositional, structural,
physical, electrical optical, and mechanical properties. a-BxC:Hy thin films (3.4< B/C
<4.9 and H concentration changing from 10% and 45%) were fabricated via PECVD
technique and thin films were found to have density from 0.9 to 2.3 g/cm® Young’s
modulus from 10 to 340 GPa and band gap between 1.7 and 3.8 eV[260]. In a different
study, a-BxC:Hy thin films (3.4< B/C <4.9 and H content varying from 37.5% and
50.5%) were synthesized by PEVCD process and it was found that the thin films had a
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good thermal conductivity (0.31+0.03 Wm™K™?) and a Young’s modulus of 12+3
GPa[261].

Although there are some investigations on the microstructure and mechanical
descriptions of B-rich boron carbides, there is no elaborated information about their
structural, electrical and mechanical features of their amorphous form(s). In the current
study, possible B-rich amorphous boron carbides with ten different B/C ratios (BxC1-x,
0.50<x<0.95) are modeled via ab initio molecular dynamics (MD) simulations and some

important properties (structural, electrical and mechanical) are exposed in details.

5.2 Computational Method

All calculations were executed by using the SIESTA ab initio code [169] within
a pseudopotential method[172] and a generalized gradient approximation (GGA)
proposed by Becke gradient exchange functional[149] and Lee, Yang, and Parr
correlation functional[152]. A double-zeta (DZ) was adopted as the atomic orbital basis
set for the valence electrons. The grid mesh cut-off was set to 120 Ry and I'-point
sampling of k-mesh was applied for the Brilliouin zone integration. The time step was
selected as 1 femtosecond (fs). All simulations were done within the NPT (constant
number of atoms, constant pressure, and constant temperature) ensemble. The
controlling of temperature and pressure was managed by the velocity scaling and the
Parrinelo-Rahman[166] techniques, correspondingly. We used a BN melt consisting of
200 atoms as an initial structure and replaced all N atoms with C atoms. Later, the
structure was equilibrated at 3400 K for 40 picoseconds (ps). To achieve a definite
amount of B concentration (55%-95%), C atoms were randomly replaced by B atoms.
Depending on B content, then each configuration was explored to 3400 K (50 at. %B)-
2500 K (95 at. %B) for 40 ps in order to get a well equilibrated melt and then the melts
were quenched to 300 K in ~155-110 ps. Eventually, the resulting structures at 300 K
were relaxed via a conjugate gradient (CG) technique until the maximum force was less
than 0.02 eV/A. In the present study, the density of c-B4C is estimated to be about 2.45
g/lcm?, fairly parallel to 2.52 g/cm®[36]. On the other hand, the density of amorphous
materials ranges from ~1.97 to 2.24 g/cm?, less than 2.47 (£0.01) g/cm? reported for a-

B2sC in an experimental study[109]. The VESTA[262] program for visualization of the
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random structures was used. Figure 5.1 reveals the ball stick demonstration of some
selected amorphous arrangements.

Figure 5.1 Ball stick representation of some amorphous models.

5.3 Results

5.3.1 Local Structure

The partial pair distribution functions (PPDFs) investigation is one of the effective
schemes to offer valuable descriptions about the characteristic of a structure at the
atomistic level. Figure 5.2 shows the PPDFs of some amorphous boron carbide
configurations. There are some notable changes in the distributions with changing B
content as expected. As B/C ratio increases, the intensity of the first and, similarly,
second B-B peaks increases, due to the formation of more pentagonal pyramid-like
motifs. For the B-C pairs, the intensity of the first peak moderately decreases with
increasing B content. C-C bonds exist only between 50 and 80 % B concentrations.
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Figure 5.2 Partial pair distribution functions at some B concentrations.

The first peak position of PPDFs can be used to determine the mean bond
separation for each pair. The average B-B bond length has the values of 1.75-1.77 A,
indicating that B content has almost no effect on this bonding. The range perceived is
reasonably coherent with previously reported data of 1.75 A in a-B25C[109], 1.74-1.80
A in ¢-B4C[207], 1.73-1.79 A in c-B4C having different chains (B12-CCC, B12-CBC and
B1:C-CBC)[263] based on a DFT calculation, and 1.73-1.80 A formed in the liquid,
amorphous and crystalline phases of B[264-266]. The mean B-C bond distance is
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estimated to be 1.55-1.58 A. Again, it appears that B content does not have a significant
impact on this bonding as well. Our B-C estimations are also comparable with 1.57 A
in a-B25C[109], 1.56-1.66 A in c-B4C[207,263] and 1.60 A in c-B13C2[267]. The C-C
bond distance is predicted to be in the range of 1.43-1.56A, which are comparable
with1.54 A reported for a-B25C[109], 1.39-1.45 A in ¢-BsC[207], 1.42 A in graphite
and 1.54 A in diamond[268]. Relative to the other separations, C-C bond seems to be
sensitive to B content, which is probably correlated with the formation of different

motifs (from threefold to sixfold coordinated) around C atoms having homopolar bonds.

In order to validate our results, we compare atomic structure factor S(Q) and
reduced pair distribution function Gppr(r) of two compositions [a-B70Cso and a-B75Czs]
with the neutron diffraction data of a-B.5C[109] and provide them in Figure 5.3. One
can see that in spite of the small size of simulation boxes and different composition
ratios, our results fairly agree with the experiment.
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The total and partial coordination numbers (CNs) are positively needed to shed
some lights onto the local structure of a material at the atomistic level and hence in the
second step, we estimate them by way of cutoff distances (the first minimum) of PPDFs
(2.04-2.33 A for the B-B correlation, 2.10-2.17 A for the B-C distribution and 1.91-2.07
A for the C-C pairs depending upon B concentration). As shown in Figure 5.4, the
average CN of B atoms increases continuously from 3.22 to 5.70 while that of C atoms
changes steadily from 3.46 to 4.30. As we will discuss below, B atoms have a strong
tendency to form sixfold-coordinated pentagonal pyramid-like motifs. As B content
increases, more B atoms are able to form sixfold coordination and hence the mean CN
of B atoms gradually increases. We also see the development of pentagonal pyramid-
like motifs around some C atoms (see VVoronoi analysis below) as in ¢c-B4C[201] and a-
B25C[109].Thus, such a development leads to high mean coordination for C atoms. We
specifically focus on the 80% B content because it is a well-studied material and find
the mean CN of a-B4C to be 4.15, which is comparable with 4.66 in c-B4C.

In order to have more knowledge on the atomic structure of the networks, the
coordination distribution is considered and provided in Figure 5.5. As seen from the
figure, threefold-coordinated B atoms, supporting sp? hybridization, are prevailing at
50% B concentration and quickly decreases with increasing B content while the sixfold
coordination rapidly increases. Fourfold-coordination, on the other hand, remains
almost null up to 80% at which point it starts to decrease. Fivefold-coordination
becomes noticeable at 60 at. %B and remains practically unchanged thereafter.
Sevenfold-coordination develops at 65% B concentration and its fraction reaches a
maximum value of 17%. On the other side, for C atoms, threefold and fourfold
coordinated structures with a fraction of 56% and 42% respectively, are dominant at 50
at. %B. With the increase of B content, threefold coordination decreases drastically and
parallel to this decreases, fourfold coordination increases initially, remains nearly
unaffected between 60% to 85% B contents and then begins to decrease again.
Fivefold-coordinated configuration gradually increases from 2% to 30%. Sixfold
coordinated motif first develops at 70% B content and reaches a maximum value of
10% at 90 at. %B. We specifically focus on the 80% B ratio because it is a well-studied
material and find the mean CN of a-B4C to be 4.15, which is comparable with 4.66 in c-
B4C.
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Figure 5.5 Coordination distribution of B and C atoms as a function of B
concentration.

The bond angle distribution analysis (BADF) is performed to provide further
information on the microstructure of amorphous boron carbide configurations. Figure
5.6 shows the B-B-B, B-C-B, C-B-C and C-C-C bond angle distributions of some

amorphous models.
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Figure 5.6 Bond angle distribution functions at some B concentrations.

The B-B-B angles possess a wide distribution with several peaks ranging from
roughly 56° to 122° because of twofold-to-fivefold structures, respectively, at 50% B
concentration. From 70% to 95% B content, the distribution has two clear peaks at
roughly 60° and 107°, which are indeed related to intra-icosahedral bonds of the

pentagonal pyramids. The B-C-B angles show a broad distribution nearly from 62° to
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148° owing to forming of the different type of C motifs between 50% and 65% B
contents. After 70% B range, the first peaks are placed at about 109° in view of
tetrahedral angles while the second peak is due to the B-C-B zigzag-like motifs and it
shifts from 114° to 121° with increasing B concentrations. On account of the existence
of hexagonal angles in the disordered networks, the C-B-C distribution has a moderate
peak at around 120° at 50-70% B concentrations. With increasing B content, the main
peaks are sharpened, especially at 95% B content, at nearlyl15° and 128°, resulting
from a structure like a bridge between incomplete pentagonal pyramid. The C-C-C
angles of 50% B content possess two clear peaks at about 109° and 120°, related to ideal
tetragonal and hexagonal angles, respectively. At 70% B concentration, there is a sharp
peak at around 112° The origin of this peak comes from the threefold coordinated
structure similar to zigzag shape formed by only three C atoms. And lastly, two
apparent peaks of the C-C-C angle distribution function are placed at around 120° and
131° at 75% B content.

Voronoi polyhedral method[221] is a powerful tool to examine the kind of
clusters formed around an atom. According to this approach, a polyhedron is notated via
several VVoronoi index <ngz, ns, ns, ng>, Where njand ); n; represent the number of i-edge
faces of a cluster and its total coordination number, correspondingly. It is known that
the main structure of ordered and disordered form of B and B-rich materials consists of
quasimolecular Bi> icosahedron, which comprises ideal pentagonal pyramids.
Consequently, in order to further understand the microstructure of the amorphous
models as well as to define the geometrical structures, the VVoronoi polyhedral approach
is used. For this analysis we concentrate mainly on <2,2,2,0> and <2,3,0,0> indices,
presenting ideal and defective pentagonal pyramid-like geometries. Figure 5.7 displays
their alternation as a function of B concentration. For B atoms, as the B concentration
increases, the fraction of <2,2,2,0> type polyhedron raises from 5% to 55%. The

frequency of <2,3,0,0> geometry alters from 3% to 16%.
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Figure 5.7 Fraction of ideal (<2,2,2,0>) and defective (<2,3,0,0>) pentagonal
pyramids.

These analyses suggest that, as expected, the ideal and defective pentagonal
pyramid-likes geometries develop around B atom. As for C atoms, the frequency of
<2,2,2,0> type motif begins to form at 70% B content and its maximum fraction is 10
%. The portion of <2,3,0,0> structure ranges from 2% to 30%.The examination
discloses that some C atoms have a tendency to form pyramid-like structures in

amorphous boron carbides as well.
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5.3.2. Electronic Properties

B compounds might possess the electronic structure such that they can offer some
potential applications such as diodes and thermocouple consisting transistors and thus
the analyzing of electronic properties of amorphous networks generated is mandatory in
this study. We first focus on c-B4C and found that its band gap defined as a difference
between HOMO-LUMO state is nearly 2.9 eV based on the GGA calculation (Figure
5.8), comparable well with 2.6-3.0 eV[112,123,223-225] predicted in the earlier DFT-
GGAJ/LDA studies but less than 3.84 eV based on a DFT-hybrid exchange functional
(HEF) calculation[226]. In order to estimate more accurate band gap energy of the
amorphous states, we perform GGA+U calculations by taking the DFT-HEF estimation
as our reference. We change the Hubbard potential U (for B-p states because they are
more dominant near the Fermi level for both valence and conduction bands) until the
band gap energy of c-B4C is close to the DFT-HEF prediction of 3.84 eV[226]. We
find that U= 4.5 eV (for B-p state) yields a band gap of 3.85 eV for c-B4C in our
calculation and the same U is used for all amorphous configurations. The forbidden
band gap of the amorphous models shows an increasing trend with increasing B content
and is in the range of 0.2-1.47 eV as shown in Figure 5.8. It should be noted here that
some mid-gap states near the Fermi level are observed for some amorphous
configurations such that their band gap is projected by ignoring them. Considering the
disordered nature of the models, one can see that our predictions are comparable with
the values of 0.77-1.80 eV in the crystals with B/C=2.4-50[269].
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Figure 5.8 The band gap energy of B4C crystal (top panel). The band gap energy
of amorphous forms of BesCss and BgsCs (middle panel). Variation in
band gap energy of amorphous materials as a function of B content
(bottom panel).

5.3.3 Mechanical Properties

The mechanical descriptions, including bulk modulus, Poisson’s ratio, Young
modulus, shear modulus, Vickers hardness and Pugh’ ratio, are vital to the applications
of a material in technology. Therefore, the mechanical features of the amorphous
models are inclusively investigated. For comparison purposes, Table 5.1 gives the
mechanical properties of some B concentrations in this study along with the data of

some related crystal and amorphous materials in the literature.
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Table 5.1 The mechanical properties of some B concentrations in this study along
with the data of some crystal and amorphous materials in the literature.

K (GPa) E (GPa) n (GPa) v H (GPa) References
a-BsoCso 105 142 56 0.27 ~7-9 This study
g-graphite 38 [270]

0.28 [275]
23-32 10-13 ~2-3 [278]
graphite 0.27 [276]
Amorphous C* 40-145 0.25 ~5-15 [277]
a-BgoCoo 170 288 120 0.22 ~18 This study
a-B4C 255-351 ~21-34 [220]
c-B4C 248-274 188-200  0.17-0.18 [201, 230,232]
~45 [229]
~42 [220]
a-BgsCis 193 326 135 0.21 ~20 This study
c-BgsCis 195-197 0.17 [228]
245 466 197 0.18 [273]
a-BgoCio 199 370 155 0.19 ~23-25 This study
c-BgoC1o 130-183 319-348 0.16-0.21 [228]

170-194 323-348 132-150  0.16-0.22 [273]
a-BosCs 183 332 139 0.20 ~20-23 This study
a-B 320 [279]
v-B 224 236 0.11 [274]

The bulk modulus (K), the compressibility of a material under pressure, are

calculated by fitting the energy -volume relation of each model to the third order Birch-

Murnaghan equation of states (Equation 2.44). In the equation, E and Eo stand for the

energy and the equilibrium energy, correspondingly while V and Vo represent the

volume and the equilibrium volume, respectively.K ' is the derivative of K respect to

pressure (K = dK/dP). Figure 5.9 represents the change in K as a function of B

content.
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Figure 5.9 Variation in Bulk modulus (K) and Poisson’s ratio (v) as a function of B
content.

As can be seen from the figure, it gradually increases. a-BsoCso has a value of
nearly 105 GPa. The comparison with glassy graphite (g-graphite) (K=38 GPa)[270]
suggests that a-BsoCso shows better incompressibility relative to g-graphite but it is
considerably less than 363 GPa in the diamond-like amorphous carbon[271]. For c-B4C,
our estimation is 245 GPa, comparable with the previous data of 248-274 GPa[201,228—
230,272]. On the other hand, its amorphous form has a value of 170 GPa, suggesting a
noticeable softening by amorphization. Similar trend is also observed for 85% B
concentration; namely, the bulk modulus of a-BgsC15 (K=193 GPa) is again smaller than
245 GPa in its crystalline form[273]. The K value of a-BgoC1o, about 199 GPa, is larger
than 130-183 GPa[228] and 170-194 GPa[273] in its crystalline counterpart. For a-
BosCs, it is computed to be nearly 183 GPa. Since there is no data available in the
literature for this composition, we compare it with a crystalline B phase (y-B) whose K

Is 224GPa[274]. One can see that amorphization causes a decrease in bulk modulus.
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Poisson’s ratio (v), described as the ratio of transverse strain to longitudinal strain
computed by the application of a uniaxial strain along the principal axes, is estimated
using Equation 2.46. As shown in Figure 5.9, v decreases with increasing B content and
lie in the range of nearly 0.27 to 0.20. For a-BsoCso, it is found to be roughly 0.27,
which is rather well overlap with 0.28, 0.27 and 0.25 reported for g-graphite, graphite
and amorphous carbon with different sp3/sp? ratios[275-277], respectively. For a-B4C, v
is about 0.22 and slightly higher than experimental results of 0.17 and 0.18 in c-B4C
[228,229,272]. v is 0.21 for a-BgsCis while its crystalline counterpart has the values of
0.17-0.18[228,273]. For the a-BgoCio, the ratio is about 0.19, parallel to 0.16-0.22 in c-
BooC10[228,273].

Young modulus (E), in other words elastic modulus, stiffness of the material, is
characterized with relationship between stress and strain in a material under a uniaxial
deformation. E is related to both K and v values and is practically obtained by way of
Equation 2.47. Young modulus computed increases gradually from 140 to 370 GPa with

increasing B content as seen in Figure 5.10.
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Figure 5.10 Variation in Young’s modulus (E) and shear modulus (u) as a function
of B content.
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For a-BsoCso, E is projected to be about 142 GPa while it is 23-32 GPa for g-
graphite[278], meaning that this material is more the stiffer than g-graphite. However,
in an earlier study on amorphous carbon with different sp®/sp? ratios[277], E is reported
as 40-145 GPa, which are parallel to our result for a-BsoCso. E is nearly 288 GPa in a-
B4C and it is comparable with experimental values of 255-351 GPa in a-B4C[220].
When a-BgsCis is concerned, E is about 326 GPa, noticeably less than 466 GPa[273] in
its crystalline form. a-BgoC1o has the highest value of 370 GPa, as seen Table 5.1, in a
good agreement with 319-348 GPa[228] and 323-348 GPa[273] in c-BgoCio. E is ~332
GPa for a-BgsCs, which is close to the experimental measurement of 320 GPa in a-B
[279]. Eventually, the higher B content, the stiffer amorphous material forms.

Shear modulus (u), the ability to resist shear deformation, can be defined as the
ratio of shear stress to shear strain of the material within the restricted elastic
deformation and can be achieved by using Equation 2.48.

As can be seen from Figure 5.10, u exhibits a similar behavior with K and E. With
increasing B content, u progressively changes from ~56 GPa to 155 GPa. For a-BsoCsyo,
u is computed as 56 GPa that is quite higher than 10-13GPa in g-graphite[278],
implying that it shows more resistance to shear deformation, relative to g-graphite. The
calculated p of a-B4C is about 120 GPa whilst it is about 188-200 GPa in c-BsC
[228,232,272]. Similarly, a noticeable decrease in p is observed for BgsC1s composition:
it is about 135 GPa in a-BgsCis and 195-197 GPa in c-BgsC15[228,273]. On the other
hand, u is projected as 155GPa for a-BgoC10, comparable with 132-150 GPa in ¢-BgoCio
[273]. Consequently, one can see that the estimated p values are roughly equal to or less
than that of their crystalline counterpart.

Vickers hardness (Hv), a measure of the resistance of a material to deformation,
can be useful to determine the correlation between hardness and elastic properties. Hy
can be approximately projected by different practical correlations (Equations 2.49-2.52)
related to various mechanical properties of a material such as p and E [173-176].

The alteration of the hardness is illustrated in Figure 5.11 and it rises from ~7 to

25 GPa with increasing B concentration.
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Figure 5.11 Variation in Vickers hardness (Hv) as a function of B content.

The computed Hy value for a-BsoCso is in the range of 7-9 GPa, as given in Table
5.1, apparently higher than 2-3 GPa in g-graphite[278] but relatively closer to 5-15 GPa
in amorphous carbon having different sp®/sp? ratios[277]. Hy is projected to be 18 GPa
for a-B4C whereas it is reported to be between 20.8 and 33.8 GPa for a-B4C depending
on the deposition temperature (25-900 °C)[220]. So, one can see that our estimation is
fairly comparable with the lower limit of the experiment. For its crystalline counterpart,
the reported values of 42-45 GPa[231,232,272] are higher than that of a-B4C. The
materials beyond 70% B content have hardness, higher than 20 GPa, indicating that
these disordered structures can serve as hard materials.

Pugh ratio (n=w/K), is a method propounded by Lewandowski[280], to designate
whether a material is brittle or ductile by using other mechanical properties. According
to this method, if WK is higher (or lower) than 0.41-0.43, then material is called as
brittle (or ductile). On the other way, v can be also used to define ductile versus brittle
nature of materials and v value is lower (higher) than 0.31-0.32 is considered to be
brittle (ductile). In the last part, Pugh ratio is calculated and presented in Figure 5.12.
The computed Pugh ratio is in the range of 0.53-0.77, indicating that all amorphous

models own brittle nature. Besides, v values also support this finding.
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Figure 5.12 Variation of Pugh’ ratio as a function of B concentration.

5.4 Discussion

a-BsoCso exhibits a mixed state of sp?and sp® hybridizations and its sp®/sp? ratio is
about 61% and hence we believe that a-BsoCso is structurally close to the low-density
amorphous diamond. Indeed, the materials up to 65% B contents carry essentially the
characteristic of amorphous diamond-like structure but it is slightly softer than
amorphous diamond-like structure when its mechanical properties considered, which is
probably associated with the presence of weaker B-B or B-C bonds in boron carbides,
relative to C-C bond and a low sp®/sp? ratio. Since the mechanical properties amorphous
diamond strongly depend on the density (or sp3/sp? ratio) and increase with increasing
density, high density a-BsoCso material with different sp®/sp? ratios, if they are fabricated
under pressure, can show some superior properties, similar to amorphous-diamond, for
example superhardness.

Beyond 65% contents, the materials show the characters of both amorphous
diamond and a-B because sp® hybridization around C atoms is still the dominant one. At
70% B content, ideal pentagonal pyramid motifs (C-Bs) develop around C atoms and
hence the formation of B1:C molecules is expected to occur beyond 65% B

concentration. Of course, there might be some uncertainties about this composition
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because of the limitations in the simulations, such as time scale and size of the
simulation box.

It is believed that c-BisC consists of B;;C icosahedrons with C-B-C
intericosahedral chains rather than B, icosahedrons and C-C-C linear chains [201]. It
should be noted here that there exist the C-C-C (not linear chains) angles in the model
up to 80% B concentration at which the motifs disappear while a few C-C bonds form
in a-B4C. Consequently, a-B4C does not have C-C-C linear chains, similarly as
proposed for its crystalline counterpart. Additionally, we witness the formation of C-B-
C bond angles in the models but we do not observe the intericosahedral linear C-B-C
chains since B-C; configuration does not exist in any model.

General trend in the mechanical properties of amorphous materials is to increase
with increasing B content. When the amorphous and crystalline phases of materials
having 10-20 C% concentrations (B/C>4) are compared, we notice an opposite trend in
the mechanical properties. Namely, the maximum hardness was observed for the
stoichiometric composition (c-B4C) and its surprisingly decreased for nonstoichiometric
B4C (B/C>4 or B/C<4) compositions. For B/C>4 materials, the decrease was explained
by the substitution of the stronger B-C bonds with weaker B-B bonds. For the
amorphous phases, we believe that the increase in the coordination numbers and the
development of more pentagonal pyramid-like topologies are probably responsible for
such an increase in the mechanical properties. Note that twofold coordination does not
exist in the amorphous forms in these composition ranges but in the crystal.

Via various Vickers hardness equations, it is seen that some B-rich amorphous
materials beyond 70% B content have high hardness. Therefore, these materials can be
referred to as hard materials. Also, it should be noted that these amorphous materials
show semiconducting properties and hence they can offer some potential applications in

harsh environments.

5.5 Conclusions

In the current study, for the first time, the structural, electrical and mechanical
characters of B-rich amorphous boron carbides (BxCix, 0.50<x<0.95) have been
analyzed by the means of ab initio MD simulations. According to the result of CNs

analyses, the mean CN of B atoms changes between 3.22 and 5.70 while that of C atoms
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changes from 3.46 to 4.30. The materials up to 65% B content carry essentially the
characteristic of amorphous diamond and beyond this content; the materials show the
signature of both amorphous diamond and a-B because sp® hybridization around C
atoms is still the major one in all compositions. The pentagonal pyramid motifs (C-Bs)
and hence B1:C clusters are expected to develop beyond 60% B concentration. There
exist the C-C-C angles in the model up to 80% B concentration at which point they
vanish. The intericosahedral linear C-B-C chains do not form in any model because B-
C. configuration does not happen in any model. By means of four different Vickers
hardness formulas, it is found that, some B-rich amorphous materials, specifically after
75% B concentration, own high Vickers hardness and thusly they can be called as hard
materials. The HOMO-LUMO band gap calculations expose that all amorphous
configurations are semiconductors. All these conclusions are based on 200 atoms
amorphous configurations but some of our findings, specifically, the mechanical
properties, are comparable with the available date in the literature and thus we believe
that these amorphous structures generated offers accurate information about the local
structure of these compositions. Nevertheless, the finite size effect and the time scale of
simulation cannot be ignored and hence additional investigations on larger systems
using reliable machine learning potentials are essential to expose their microstructures

and properties in details.
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Chapter 6

Conclusions and Future Prospects

6.1 Conclusions

In this thesis, different amorphous boron-based materials were modeled via DFT
calculations.

In the first study (Chapter 3), a-BN:H models with four different hydrogen
concentrations were created and the impression of hydrogenation on the microstructure
and electronic features of a-BN was scrutinized for all models. When the comparing the
a -BN:H and a-BN models, it was seen that they showed parallel properties locally,
however, hydrogenation exhibited some considerable effects on the local arrangement
of a-BN. For example, in the a -BN:H models, the twofold coordinated chain-like
motifs did not occur owing to the H passivation of dangling (homopolar) bonds.
Moreover, for similar reason, tetragonal-like rings extinguished. Considering the
mechanical properties, a -BN:H models were exhibited better mechanical features than
the pure structure due to the having more sp® bonding. However, hydrogenation did not
show substantial weight on the electronic structure of a-BN.

In a second step (Chapter 4), the structural, mechanical and electrical characters of
a-B4C model were punctiliously assessed. The microstructure of the amorphous model
was somewhat coherent with its crystalline counterpart. It was seen that the sixfold
coordinated pentagonal pyramid-like structures for B atoms were the fundamental
building motifs in a-B4C. On the other side, for C atoms, the fourfold-coordinated
motifs were the main configurations. The amorphous model exhibited semiconducting
character and had an energy band gap of nearly 0.15 eV. The Vickers hardness
estimation indicated that a-B4C was a hard material.

And then, in the last study (Chapter 5), amorphous boron carbide compositions
having high B contents (BxCix, 0.50<x<0.95) were steadily constructed and their

structural, electrical and mechanical properties were meticulously probed. The
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coordination number of not only B but also C atoms increased gradually along with
increasing B/C ratio. An amorphous diamond-like local structure was found to be
dominant up to 65% B concentration and after which a mixed state of amorphous
diamond- and B-like structures was perceived in the models because of the fact that sp®
hybridization around C atoms was still dominant one for all compositions. The
pentagonal pyramid motifs around C atoms were anticipated to appear beyond 65%
content. All generated models were semiconducting materials. The mechanical
properties gradually increased with increasing B content and some amorphous
compositions were proposed to be hard materials by reason of their Vickers hardness

estimation.

6.2 Societal Impact and Contribution to Global

Sustainability

Materials science is categorized as an interdisciplinary field covering the design,
create, and discovery of new and novel materials. Materials scientists generally focus on
the comprehending the historical development of a material (processing), investigating
and developing the various structures of materials, examining correlation between their
structure and properties under different multi-disciplined field such as nanotechnology,
biomaterials, metallurgy, and computational materials science etc. In order discover
new materials, materials scientists can use different techniques such as various
experimental protocols and theoretical methods. It is clear that experimental studies
show a key role and are main building due to having tangible results, in materials
science. However, certainly, it is accepted that computational researches are also of
significant cruciality to define complicated structures, to examine the electronic
character, to investigate mechanical properties and thus to develop new and novelty
materials. Moreover, it is possible to make trustworthy estimations for the experimental
studies by means of the theoretical techniques.

This thesis covers the computational studies of amorphous boron-based materials.
In order to recognize local structures of amorphous boron-based materials, knowing
relationships between physical features and crystal structure are necessary. Even though
there are some experimental efforts as well as limited number of theoretical studies on
their atomic structures, the correlation between their physical specialties and crystal

structure is not completely clarified yet. Therefore, the studies presented in Chapter 3, 4,
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and 5 in this thesis are important. In addition to contribution to the lacks of the
literature, another important point of this thesis is that the presented studies are pretty
coherent with the technology vision of project of TUBITAK having diverse targets (to
create boron-based new materials, to enhance semiconducting technology, to product
nanotechnology and advance ceramic materials and to develop materials technology
etc.) as mentioned comprehensively in the overview section in Chapter 1.

The one of the major problems in the world is limited energy resources decreasing
day by day. Boron-based materials, especially boron carbide and boron nitride and their
amorphous forms, can play a key role in renewable development since they are the main
materials in the semiconducting technology. It is known that semiconducting materials
are the fundamental materials, which used in light emitting diodes (LEDs) that can be
used in solar, wind or hydropowers.

The articles which emerged from the studies reported in this thesis, are presented
in the ‘Curriculum Vitae’ section at the end of the thesis.

As a result of, the studies in this thesis in several ways can be contributed to
global sustainability. To summarize, firstly, it can contribute to materials science as it
generates new materials. Secondly, the materials can be used in semiconducting
technology. Thirdly, the studies in this thesis are rather parallel to the technology vision
of project of TUBITAK. And lastly, the thesis can be contributed to the literature by

means of the reported articles.

6.3 Future Prospects

Amorphous boron based materials have received substantial attentions due to the
superior characters. Hence, they have used various equipped with the latest technology
applications ranging from electronic devices to medicine field. However, the essential
questions regarding different boron-based materials with amorphous forms are still
unsolved and current experimental processes cannot give certain verification at the
atomistic level. In addition, there are still limited numbers of theoretical investigations,
especially for disordered structures of boron-based materials, in the literature.

In the computational studies, the numbers of atoms in the simulation box and time
scale are quite important parameters to obtain certain results. For this reason, by using

different quenching rates and various sizes of supercells, different boron-based
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materials and their amorphous arrangements can be created for future studies to
discover innovative materials.

The main focus on this thesis is structural, mechanical and electrical
characterizations boron carbide and boron nitride. However, the behavior of these
materials at high pressure has not been investigated yet. According to the literature
investigations, it is seen that the experimental enquiries mainly motivated on amorphous
zones of boron carbide at high pressure, especially B4C, whereas computational works
were generally related to the underlying mechanism of the amorphization process.
Moreover, different amorphous boron-based materials at high pressure have not been
studied yet in detail. Therefore, in the future studies, amorphous boron-based materials
at high pressure can be probed to understand its behavior under extreme conditions and

to see whether a new form (high-density) of amorphous materials can be produced.
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