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ABSTRACT 

Diamond is a special material with extraordinary mechanical and electrical 

properties. To extend its applications to more areas, in this thesis, we 

implemented the preparation and characterisation of magnetic diamond film 

composites and the theoretical study of n-type doping of  diamond. Diamond with 

modified magnetic and electronic properties may find applications in 

electromagnetic devices and be used in extreme environments. 

In the experimental section, we studied the preparation and properties of 

magnetic diamond composites, in which patterned magnetic material (Co 

nanoparticles or thin films) were used as part of the substrate to grow diamond 

film by chemical vapour deposition (CVD), aiming at imbuing ferromagnetic 

properties to the diamond film. Co was patterned by laser cutting or lift-off 

fabrication. After CVD diamond growth, the patterned Co was coated with a 

diamond film. The magnetic signal from the underlying Co was detected by 

magnetic force microscopy (MFM) through the 1 – 2 m thick diamond film. Due 

to the robustness of diamond, the diamond film is expected to work as a protective 

layer, which will provide a comprehensive protection to magnetic devices. 

The basic components required for making semiconductor devices are n- and p-

type semiconductor materials. While p-type diamond can be made easily by boron 

doping, the preparation of n-type diamond remains problematic. The maturity of 

density-functional theory and the development of high-performance computing 

make it possible to simulate the electronic or magnetic properties of a given system. 

In the theoretical sections, we used the CRYSTAL 17 package to study the 

probability of using Be or Be-N clusters as dopants for making n-type diamond. 

Various substitutional and interstitial defect positions were investigated in terms 

of the thermodynamic, magnetic and electrical properties. Our calculation results 

suggest that it is hard to bring useable n-type semiconductivity to diamond at 

room temperature by single-element doping of Be. The ground-state of Be in 

diamond is a single substitutional defect, which imparts p-type semiconductivity 

to the diamond, but this has a high activation energy of ~ 1.2 eV. Although Be 
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situated at an alternative tetrahedral interstitial site makes diamond n-type 

semiconductive and works as a shallow donor with the defect level 0.47 eV below 

the conduction band, this defect has a formation energy ~ 8.7 eV higher than that 

of the single substitutional defect, and so is unlikely to form. 

For the theoretical study of Be-N clusters in diamond, Be and N were found to 

enhance the incorporation of each other, and therefore they are situated at 

adjacent single substitutional sites to reach the minimum energy state. The BesN3 

and BesN4 clusters (a single substitutional Be in the centre, surrounded by 3 or 4 

substitutional N atoms) behave as shallow donors in diamond, with donor levels 

of 0.51 and 0.46 eV below the conduction band minimum. The formation of such 

clusters requires a coincidence of Be and its surrounding N atoms. A two-step 

preparation scheme was proposed for making such complex clusters, i.e., VN3 and 

VN4 complexes can be made first, followed by the ion implantation of Be into the 

vacancies. The theoretical study in this thesis may provide some new ideas to the 

preparation of n-type diamond.
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1. INTRODUCTION 

This chapter presents a general introduction to diamond science and technology. 

It is comprised of five parts. The first part details some basic information and 

properties of diamond. The second part describes the technology used for synthesis 

of diamond. The third part introduces magnetic properties of diamond. The fourth 

part is about the electronic properties of diamond, the fifth section is a review of 

n-type doping of diamond, and the last section is an outline of the results sections 

of this thesis. 

1.1 Overview of diamond 

When it comes to diamond, the first impression is likely to be that of shiny 

jewellery. The name diamond originates from the ancient Greek word “adamas”, 

which means unbreakable [1]. Because of its high reflectance and sparkly 

appearance, diamond is widely used as a gemstone in neckless and rings, 

especially for in engagements and weddings. As Marylin Monroe famously sang, 

“Diamonds are a girl’s best friend”. Due to its high price, diamond is not only a 

symbol for love, but also a symbol for wealth and social status. 

In nature, diamonds were formed millions or even billions of years ago deep (150–

200 km) underground, where both pressure (4–6 GPa) and temperature (900–

1200 °C) were extremely high [2]. They are brought to the surface in volcanic 

eruptions, where they are now accessible via mining. Before the emergence of lab-

grown diamond, the only source of diamond was from diamond mines, which were 

(and still are) under the strict control of only a few companies in the world [3]. 

This remains one of the most important reasons that diamonds are so expensive. 

Even after the emergence of synthetic diamond technology, diamond for jewellery 

C
H

A
P

T
E

R
 



CHAPTER 1 

2 

usage still mainly comes from diamond mines in countries such as South Africa, 

Australia, Canada and Russia. In recent years, some jewellery companies have 

been synthesizing gem-quality diamonds using the fabrication methods detailed 

later. These ‘lab-grown’ gem diamonds are now becoming available in jewellery 

stores at lower cost than natural stones, and this may significantly change the 

diamond gem market in the next few years. 

Although diamond looks so beautiful and elegant, it has a simple elemental 

composition. Pure diamond is an allotrope of carbon. Each carbon atom in diamond 

is sp3 hybridised; the 2s orbital is mixed with the three 2p orbitals to form 4 

identical sp3 orbitals which repel each other to form a tetrahedral shape. Each sp3 

orbital contains one electron from the central carbon, allowing occupancy by a 

second electron from a neighbouring carbon, forming a covalent sigma bond 

between the 2 C atoms.  The 4 bonds have the same length of 1.54 Å, forming a 

tetrahedral, face-centred cubic structure, as illustrated in Figure 1.1. In diamond, 

all the valence electrons participate in the covalent bonding. There are no free 

electrons available to move through the lattice, so pure diamond is an electrical 

insulator. These covalent bonds are so strong that a high level of energy is required 

to break them. This is why diamond has a very high melting point [4]. 

 

Figure 1.1. Lattice structure of diamond. 

The special configuration of carbon atom gives diamond a number of superlative 

physical properties. Diamond is the hardest material in natural world, with a 

hardness of 10 on Mohs scale [5]. Diamond has a high wear resistance [6], low 

friction coefficient (~ 0.1 for lubricated friction against Al [7]), high Young’s 

modulus (~ 1050 GPa [8]), high thermal conductivity (~ 22 W cm-1 K-1 [9]) and low 
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thermal expansion coefficient (1×10-6 K-1 at 20 °C [10]). Due to these advantages, 

diamond has been widely applied in mechanical engineering, especially in cutting 

tools for high-precision machining. 

Diamond is also chemically stable, not reactive with any acid or alkali. For this 

reason, some acids are often used for the purification of diamond [11]. Due to the 

inertness of diamond, diamond has found new application for electroanalysis [12] 

such as water treatment [13]. The electrodes made of diamond can last for a long 

time without chemical corrosion. Nano sized diamond has very low toxicity with 

few harmful biological effects when ingested. Therefore, it has found a broad 

application in biomedical areas such drug delivery and biomonitoring [14]. 

Diamond is transparent from 225 nm (ultraviolet) to the far infrared, only having 

a small absorption band from 2.5 to 6.5 µm [15]. Moreover, due to the large band 

gap of diamond (~ 5.47 eV [16]), its transparency is not degraded even at high 

temperature and radiant intensity. Therefore, diamond is a promising material 

for optical engineering, and has been used for  high-power laser optics and 

windows [17].  

In addition, diamond is a promising candidate for next-generation semiconductors 

because of its wide band gap, high thermal conductivity and high breakdown field 

[16]. This will be discussed later. 

1.2 Synthesis of diamond 

The extraordinary properties of diamond have been attracting research for nearly 

two centuries. Once it was proven that diamond is an allotrope of carbon [18], 

researchers started searching for methods to synthesise it. There are two main 

methods to synthesize diamond, high-pressure high-temperature (HPHT) 

methods and chemical vapour deposition (CVD). There are many differences 

between these two methods which will be explained in the next sections. 

1.2.1 High-pressure high-temperature preparation 

Before introducing this method, it is necessary to look into phase transition 

between diamond and graphite, the two allotropes of carbon. The difference 
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between them lies in the different bonding types giving rise to two distinct 

structures. Under some specific circumstance, diamond and graphite can 

transform between each other. 

 

Figure 1.2. Phase diagram of carbon [19]. 

Figure 1.2 shows the phase diagram of carbon. As can be seen, diamond, compared 

with graphite, is the more stable phase at high pressure and high temperature. 

However, diamond is thermodynamically a metastable phase at room pressure 

and temperature. Although the enthalpy difference between diamond and 

graphite is only 2.9 kJ mol-1 [20], this does not mean that diamond will convert 

into graphite spontaneously. In fact, there is a huge energy barrier between 

diamond and graphite such that the conversion between diamond and graphite is 

almost impossible at room pressure and temperature. It is also due to this high 

energy barrier between diamond and graphite that means they can both exist 

under the same conditions. 

According to the phase diagram of carbon, when the pressure and temperature 

increase beyond certain values, graphite should convert into diamond, although 

the activation barrier still makes this a very slow process. This is the way diamond 

forms naturally. Carbon that is buried deep underground (50 km) is subjected to 

huge pressures and temperatures. The presence of metallic impurities (such as Ni) 

in the rocks act as catalysts.  The carbon dissolves into these impurities, and when 

the metal becomes saturated, the carbon precipitates out; due to the ambient high-
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pressure high-temperature conditions, the carbon crystallises as ‘natural’ 

diamond.  

HPHT synthesis mimics this natural diamond formation process. In 1955, 

synthetic diamonds were reported for the first time by the lab of the General 

Electric Company [21]. A belt-type apparatus was employed to generate a static 

high pressure, and salt-like carbides were used as the starting material [22]. The 

salt-like carbides contained not only carbon, but also some transition metals such 

as iron, which worked as catalyst. Since then, to get higher and more stable 

pressures, researchers have designed many different types of multi-anvil, high 

pressure apparatus, such as tetrahedral-anvil apparatus [23], cubic-anvil 

apparatus [24] and split-sphere apparatus [25]. 

Sample cell

Anvil

 

Figure 1.3. Schematic diagram of a HPHT cubic-anvil apparatus [26]. 

For the HPHT method, the difficulty lies in the generation of high and durable 

pressure. The operating principles of HPHT multi-anvil apparatus are similar [27]. 

For example, Figure 1.3 shows a schematic diagram of a HPHT cubic-anvil 

apparatus. The whole apparatus is usually driven by pairs (2, 4 or 6) of hydraulic 

rams, distributed uniformly around the body. High pressure goes through multi 

stages and increases further when reaching the small polyhedron assembly in the 

centre. High temperature is realized by electrical heating. The raw material in the 

centre is usually a mixture of graphite and catalysts such as Fe, Ni and Co [28]. A 
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catalyst is often used to accelerate the reaction and lower the pressure required to 

transform graphite to diamond. Even though it is possible to convert graphite to 

diamond directly without any catalyst, a much higher pressure (> 10 GPa) and 

temperature must be satisfied [29].  

The HPHT method has been used since the 1950s to synthesize small diamond 

particles of size up to ~1 mm. Because some nitrogen becomes incorporated into 

the diamond during the HPHT process, the diamonds are often a yellowish/brown, 

which makes them unsuitable for jewellery. However, they are still used for 

cutting tools, milling and saws, and so-called ‘industrial diamonds’ remain a multi-

million-dollar industry today. 

Recently, the HPHT process has been improved to grow large, colourless, gem-

quality diamond, and this is beginning to have an impact on the gemstone market. 

Apart from the static high-pressure synthesis, there is also another way named 

detonation synthesis [30]. In this way, high pressure and high temperature are 

generated through explosion of TNT in a sealed oxygen-free environment. The 

shockwave fuses together the carbon atoms from the high explosive within 

microseconds [31]. The diamonds obtained in this way are usually nano sized, and 

these are often used for seeding (see later), cooling, polishing and even drug 

delivery [32]. 

1.2.2 Chemical vapour deposition 

As shown in Figure 1.2, diamond is metastable at low pressure. This means it is 

not possible to grow diamond under thermodynamic control under these conditions; 

however, it is possible using kinetic control. CVD is a process that decomposes a 

carbonaceous gas and deposits sp3-hybridized carbon onto a substrate. Compared 

with the HPHT method, CVD does not need as much energy and can grow diamond 

without using an expensive metallic catalyst. Given the nature of the CVD process, 

it can grow large single-crystal diamond gemstones or diamond film onto different 

substrates of various shapes, making it more widely applicable. 

The attempts to grow diamond under low pressure started in around 1950, when 

several groups from the world,  including the lab of General Electric, tried many 
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methods to grow diamond using different gases such as CO, CH4, CCl4 and CBr4 

[33]. In 1962, low-pressure synthesis of diamond was reported by Eversole, who 

used hydrocarbons and carbon monoxide as precursor gases [34], but the growth 

rate was very slow due to high content of graphite in the product. In 1968, John 

Angus’ group improved this process by introducing hydrogen into the system [35]. 

Because hydrogen could etch the unwanted graphite, the growth rate was 

increased and the purity greatly improved. A big advance occurred in 1982, when 

Matsumoto et al. from National Institute for Research in Inorganic Materials 

(NIRIM) in Japan built a reactor that could grow diamond at the rate of microns 

per hour, and this reactor became the prototype of hot filament reactors [36, 37]. 

In 1983, the same group at NIRIM built the first microwave CVD reactor with a 

maximum growth rate of ~ 3 µm/h [38]. 

After about 40 years’ development, CVD reactors have evolved into different types. 

Depending upon the different methods of activating the precursor gas (usually 

methane and hydrogen), CVD reactors can be divided into a few types, such as hot 

filament CVD (HFCVD), microwave CVD (MWCVD), radio-frequency (RF) CVD 

[39] and laser-assisted CVD, and for each of them there are various configurations 

[1]. Here, the HFCVD reactors and one type of MWCVD reactor are introduced 

because they are both popular. 

Heater

Substrate

Filament

Pump

Gas inlet

 

Figure 1.4. Schematic diagram of a HFCVD reactor. 
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Figure 1.4 shows a schematic diagram of a HFCVD reactor. The chamber is 

connected to a pump to pump out all the air (base pressure typically 10 mTorr), 

and to maintain it at the correct process pressure (~ 20–30 Torr) during operation. 

The filament, which is usually a thin tantalum or tungsten wire, is electrically 

heated to a temperature of 2000 °C. This activates the precursor gases, as well as 

providing radiant heat to increase the temperature of the nearby substrate to ~ 

800 − 900 °C. Diamond is deposited on a substrate such as Si, which sits on a 

heater directly below (3-5 mm) the filament. The heater is pre-heated to provide a 

uniform temperature distribution and to avoid internal stresses in the sample. 

The gas mixture (typically 1% CH4 in H2) is flowed into the chamber and is 

decomposed on the filament surface into a ‘soup’ of chemically reactive species, 

such as C and H atoms, CH, CH2 and CH3 species, C2, C2H, C2H2, etc. These species 

diffuse around the chamber, any that land onto the substrate may deposit as a 

carbon coating. sp2 carbon (graphitic) phases are rapidly etched back into the gas 

phase, whilst sp3 (diamond) phases remain and propagate the diamond film. 

Overall, a HFCVD reactor is cheap, durable, easy to construct and easy to operate; 

however, it also has some disadvantages. Because the metallic filaments are 

sensitive to some gases, such as oxygen, the kinds of precursor gas are very limited. 

Metal particles evaporated from the hot filaments can also contaminate the 

growing diamond film. Although these impurity concentrations are very low, they 

can be a serious problem for some electronic applications, e.g., semiconductor 

devices. Furthermore, the reactor power is limited by the melting point of the 

filaments to typically ~ 500 W, which limits the growth rate of diamond to typically 

0.5 – 1 µm h-1. 
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Figure 1.5. Schematic diagram of an ASTeX-type MWCVD reactor. 

A microwave (MW) CVD reactor uses microwaves to activate the precursor gas. A 

schematic diagram of a typical MWCVD reactor is shown in Figure 1.5. The 

MWCVD reactor shown in Figure 1.5 was first commercialized by the ASTeX 

company, so it is also known as an “ASTeX-type” reactor. In this reactor, the 

chamber is divided into two parts by quartz window. The volume above the window 

is at atmospheric pressure and usually has air or dry nitrogen blown over it to 

keep the window cool. The volume beneath the quartz window is connected to a 

rotary pump which can evacuate it to a base pressure of ~10 mTorr.  During CVD, 

the process gases are flowed into this lower chamber via appropriate mass flow 

controllers, while the process pressure is controlled between 10-200 Torr using a 

butterfly valve that throttles the pump. A plasma is generated by the application 

of microwave power, which is launched into the chamber via an antenna. The 

chamber is a tuned cavity, such that the distance from the top to the bottom is a 

whole number of half-wavelengths of the MW (2.54 GHz). The quartz window is 

transparent to microwaves, so even though there will be two nodes (maxima in the 
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MW transmission power) close to the top and bottom of the chamber, the one at 

the top will not strike a plasma because  the pressure there is too high. Conversely, 

at the node in the low-pressure region close to the bottom of the chamber where 

the substrate sits, the power density is high and the pressure is low, and thus a 

ball-shape plasma is formed. The high-energy plasma activates the flowing gas, 

setting up a chemical soup in the same way as described above, leading to 

deposition onto substrate. Both the plasma power and pressure of the chamber 

can be adjusted to get the desired growth rate and diamond quality, and the shape 

of plasma changes with the changing of pressure and power. 

 Compared with an HFCVD reactor, a MWCVD reactor is more complicated to set 

up, more difficult to operate and substantially more expensive. However, its 

advantages are that, without a filament, the diamond is less contaminated and 

the process is more environmentally friendly. The lack of a filament also means 

that there are far fewer restrictions on the gas types that can be used. A MW 

reactor can operate with O2 or Cl2 gas mixtures, which allows much greater 

flexibility in process gas mixtures. Further, there are no restrictions upon the 

power-levels used, and a MWCVD reactor can generally work at much higher 

powers (1-50 kW, with 5 kW being typical) compared with an HFCVD reactor, 

which leads to diamond growth rates that could also be 10 times faster. Therefore, 

MWCVD is an efficient way to grow large-size and high-quality diamond film and 

single crystals, and is the method of choice for most researchers to deposit diamond 

films for electronic applications. 

1.3 Magnetism in diamond 

Magnetic materials have found many applications in mechanical engineering, 

electronics, biological engineering and the military. For instance, Co-Cr-Pt, a 

magnetic alloy, has been widely used in hard-disk drives for data storage [40]. 

Some biocompatible materials, such as magnetic colloidal nanoparticles, have 

been applied for molecular imaging [41] and drug delivery [42, 43]. For some 

materials showing both magnetic and semiconductor properties, their charge state 

(n or p type) and spin state (up or down) can be controlled at the same time. The 

coexisting properties of charge and spin allow a total control of spin polarization 
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[44], which can be used to make diluted magnetic semiconductors [45] and to make 

spin transistors working as both switches and data-storage media [46] at the same 

time. 

The magnetic behaviours of materials can be divided into five types, which will be 

explained in the following. 

1. Diamagnetism 

Diamagnetism is the most common magnetic property of materials. In 

diamagnetic materials, there are no unpaired electrons, therefore, no magnetic 

moment. When diamagnetic material is placed in magnetic field, a negative 

magnetization is produced, making it repelled by the magnetic field. 

2. Paramagnetism 

For a paramagnetic material, due to the presence of unpaired electrons, the 

electrons spin directions will align with the external magnetic field and be 

attracted by a magnet. However, because thermal motion disturbs the spin 

directions, the magnetization drops to zero when external magnetic field is 

removed. 

3. Ferromagnetism 

Compared with paramagnetic material, the atomic moment in ferromagnetic 

material is stronger. Typical ferromagnetic materials are iron, cobalt and nickel. 

They show a large net magnetization in a magnetic field and part of the 

magnetization will be remained even after the external magnetic field is removed. 

4. Ferrimagnetism 

In Ferrimagnets, there are two phases, generating two magnetic moments in 

different directions. These two magnetic moments are not equal, giving a net 

magnetic moment to the system. Therefore, ferrimagnetism is similar to 

ferromagnetism. 

5. Antiferromagnetism 
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In a ferrimagnetic material, when the two magnetic moments are equal but still 

in opposite orientations, they will cancel each other and the net magnetic moment 

will be zero. This magnetic property is called antiferromagnetism. 

Therefore, the existence of unpaired electrons is essential to give an element or a 

compound magnetic moment. For example, one of the most commonly used 

magnetic elements, Fe, with an electron configuration of [Ar]3d64s2, has four 

unpaired electrons in its 3d subshell if it is in a high spin configuration, making it 

show strong ferromagnetism. Co ([Ar]3d74s2), with three unpaired electrons in the 

3d subshell in a high spin configuration, also shows ferromagnetic properties.  

As we know, in diamond, for each carbon atom, the four valence electrons (2s2p3) 

participate in the formation of 4 identical covalent bond. This closed-shell 

configuration means that there are no free, unpaired electrons in diamond. 

Therefore, pure diamond does not show any ferromagnetic characteristics. 

Actually, pure diamond shows a diamagnetism (𝜒m = −5.9 × 10−6cm−3mol−1) [47, 

48]. However, due to the presence of defects, which can occur in either natural or 

lab-grown diamond, there are possibilities to produce magnetic diamond with free, 

unpaired electrons. Magnetic diamond is undoubtedly a new promising material 

which could extend the applications of diamond to more areas. 

1.3.1 Magnetic elements in diamond 

A very direct way to imbue diamond with magnetic properties is by doping it with 

a magnetic element. This kind of doping has been achieved deliberately and 

accidentally. For example, during HPHT synthesis of diamond, transition metals 

such as Fe, Co and Ni are often selected as catalysts [22]. These ferromagnetic 

elements can become incorporated into the diamond crystals making the synthetic 

diamond magnetic. These elements could potentially be situated within the lattice 

as point defects, or on the surface of diamond. Research shows that these three 

elements do not have the same incorporation probability. Experimental results 

indicate that compared with Co and Ni, Fe is less likely to be incorporated into the 

diamond lattice, even though Fe is usually used as a main catalyst in HPHT 

diamond synthesis [28]. This experimental result agrees with ab initio calculations 
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showing that among those three metals, Ni is the most stable impurity, followed 

by Co, while Fe does not appear to be very stable in diamond, the reason being the 

large radius of Fe [49]. 

Considering the rigid crystalline structure of diamond, it is not easy to dope 

diamond with large atom, such as Fe. Nevertheless, there are still some ways to 

do this, for example, by ion-implantation [50]. Chen et al. prepared Fe-doped 

nanodiamond particles by using high-dose ion-implantation of Fe (3 × 1015 cm-3); 

the internal stress from lattice damage was partially relieved by a post thermal 

anneal at 600 °C [51]. Because Fe is implanted inside of diamond lattice, this kind 

of magnetic diamond is free from toxicity and could be applied for magnetic 

resonance imaging of living cells [52]. 

Compared with doping Fe or other magnetic elements into the diamond lattice, it 

is much easier to coat the surface of diamond with them instead. For example, Fe-

coated magnetic nanodiamond was prepared from diamond-ferrocene mixtures by 

microwave irradiation, and the prepared ferromagnetic nanodiamond could be 

used for cellular imaging [53]. In addition to the preparation of magnetic 

nanodiamond, Fe-coated [54] and Ni-coated [55] micron-sized diamond composites 

were fabricated by electroless plating. Fe and Ni work as binding materials and 

this kind of micron-scale magnetic diamond can be used as abrasive powders to 

make cutting tool for polishing and grinding.  

For CVD diamond, it is a different situation because the CVD process does not use 

a metallic catalyst. Instead, doping experiments have been attempted by using 

magnetic substrates, e.g., steel, even though this is not an ideal substrate for 

diamond growth. Experiment shows that when stainless steel was used as a 

substrate in diamond CVD, ferromagnetic Fe diffused from the substrate into the 

diamond film, making the deposited film show ferromagnetic properties [56]. 

However, this work did not report whether the Fe diffused into diamond lattice 

itself or into the sp2 grain boundary regions. Researchers have also tried to dope 

Fe into CVD diamond using ion-implantation and tested the magnetic properties. 

However, even at high implantation doses (30–600 ppm of Fe), they could only find 

localised paramagnetic centres resulting from disorder (such as damage and 
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vacancies) while the whole sample was still dominated by the diamagnetism of 

diamond [57]. 

1.3.2 Magnetic diamond without metallic impurities 

Metal-free magnetic diamond is a special kind of diamond that does not contain 

any metal but exhibits magnetism. The magnetic moment is believed to come from 

the electron configuration of carbon rather than metallic impurities. Compared 

with magnetic diamond containing metallic impurities, metal-free magnetic 

diamond is much safer and more biocompatible, which makes it specifically 

suitable for biological engineering such as fluorescence imaging and drug delivery. 

The formation of ferromagnetism in metal-free diamond is very complicated, and 

not yet fully understood. So far, there are two theories to explain the origin of 

ferromagnetism in metal-free magnetic diamond.  

The first theory attributes the origin of ferromagnetism to a mixture of sp2 and sp3 

structures. Theoretical calculations indicate that in carbon materials, if sp3-

hybridized carbon atoms are linked with sp2-hybridized carbon forming a stable 

three-dimensional structure, the resulting magnetic moment could be very high 

[58]. This prediction suggested a possible method to make carbon material 

ferromagnetic without adding metallic elements. Proton irradiation can make 

graphite show ferromagnetic properties, and the mixed sp2 and sp3 structure 

induced by proton bombardment and implantation was suggested to be the origin 

of the magnetism [59, 60]. Nitrogen and carbon ion implantation can also make 

diamond ferromagnetic, and similar  structural modifications were suggested to 

be the origin of ferromagnetism [61]. However, ab initio calculations indicated that 

the mixed sp2-sp3 structure was unstable [62]. 

Another explanation is that hydrogen plays a key role in the ferromagnetism of 

carbon materials and a high ratio of H/C leads to high magnetization [63, 64]. Ab 

initio simulations indicated that when hydrogen is adsorbed into vacancies of 

graphite, the vacancy-hydrogen complex will be magnetic and the sample will give 

a macroscopic magnetic signal [65]. Experiments showed that the carbon-

hydrogen bond on the surface of graphite exhibits a ferromagnetic state [66]. 
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Ferromagnetism was also detected in hydrogenated boron-doped nanodiamond 

films [67]. In this case, hydrogenation on the surface, rather than the sp2 − sp3 

bonding defect, was suggested to be the origin of ferromagnetism. 

Metal-free ferromagnetic nanodiamond has even been produced commercially [68], 

which was obtained through modification of laser assisted synthesized 

nanodiamond [69]. In this magnetic diamond, the content of metallic impurities 

was substantially lower than that found in nanodiamond produced by the normal 

detonation method, which did not show any obvious magnetic behaviour. However, 

the origin and mechanism of this metal-free magnetic diamond were not disclosed. 

1.3.3 Diamond film grown on magnetic material 

Magnetic particles and thin films may have applications for nanoscale magnetic 

data storage [70], magnetic detection [71] and logic devices [72]. Figure 1.6 shows 

a schematic diagram of longitudinal magnetic recording [70]. Magnetization 

directions of different magnetic regions or separate magnetic particles, which 

represent the binary number 1 or 0, can be read and written by a moving magnetic 

head. The active magnetic layer must be protected from wear and tear, or from 

damage by any potential read-write head by a non-magnetic, non-conducting, 

robust material [73]. Considering the super stability of diamond, diamond film 

could be used as a protective layer to protect these magnetic regions for the 

application in extreme environment. 

 

Figure 1.6. Schematic of longitudinal magnetic recording. 

Another potential application of diamond film is to be used as a protective layer 

for magnetic logic devices. Magnetic logic devices are composed of patterned 

magnetic wire or film, which are designed based on their magnetic effect. 

Magnetization states, i.e., spin up or down, can be controlled by an electric input 

signal, while the state can be maintained without a continuous electrical input. 



CHAPTER 1 

16 

Therefore, magnetic logic devices consume less energy and dissipate less heat 

compared with the conventional CMOS electronics [74]. It also has the advantages 

of small size and high switching speed [72, 75]. Logic commands such as AND, OR 

and NOT can be realized through a well-designed magnetic structure. For example, 

Figure 1.7 shows a schematic diagram of a Y-shaped AND gate [72, 75]. Only when 

(1,1) is the input, can the two magnetic domains converge into a combined output, 

which represent “1”. 

Input A

Input B

Domain 1

Domain 2

current current

united domain

current Output
~200 nm

 

Figure 1.7. Schematic diagram of an AND logic gate in the domain-wall form [75]. The 

shaded areas represent magnetic domains. 

Diamond is a robust material. The strong covalent bonding of diamond ensures 

that it can survive in strong acid or alkali environment. Diamond also has a high 

radiation hardness, almost one order of magnitude higher than that of Si at higher 

radiation energies [76]. These advantages make diamond film a good candidate as 

protective layer in extreme pH environments such as sewage or high radiation 

areas such as outer space.  

A possible way to use diamond as a protective layer is to directly grow the diamond 

as a thin coating on to existing magnetic thin films. However, not all materials can 

be used as substrates for diamond growth. The most common substrate material, 

Si, has melting point over 1000 °C, a similar thermal expansion coefficient 

compared with diamond, and low carbon solubility. These characteristics make Si 

an excellent substrate for diamond growth. Unlike Si, however, most magnetic 

materials such as Fe, Ni and Co, are not suitable as substrate materials for 

diamond growth. The first problem is that these materials tend to promote the 

growth of sp2 graphitic carbon, rather than sp3 diamond. Indeed, they can even 

convert deposited sp3 carbon into sp2 carbon, making deposition of diamond film 

very difficult. Another issue is that these magnetic elements have high solubilities 
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for carbon at high temperatures. For example, the solubility of C in Co is ~1 at.% 

at 900 °C [77]. During diamond CVD, although Co is able to form a carbide layer 

on its surface, the carbide layer is not stable enough for diamond to form [78, 79], 

because the C in the surface carbide continually dissolves into the bulk Co. 

Therefore, for Co substrates, diamond nucleation will only occur after the 

substrate is saturated with C. At this point, the substrate is effectively composed 

of only cobalt carbide, which has very different magnetic properties to those of Co 

metal. The same problem occurs for Fe. Diamond growth on Fe is notoriously 

difficult, and can only occur at low deposition temperatures, which produces low 

quality diamond. Even when these problems are overcome using carefully 

controlled CVD conditions, it was found that the diamond layer deposited onto Fe 

was easily delaminated [56]. Therefore, to get high-quality diamond grown on to a 

magnetic substrate, a protective interlayer material is essential. 

1.4 Electrical properties of diamond 

Diamond is a promising material for next generation semiconductors due to a 

number of reasons, including its wide bandgap and high thermal conductivity [80]. 

A detailed comparison between diamond and some other semiconductor materials 

are listed in Table 1.1. Among these parameters, band gap is one of the most 

important parameters of semiconductor materials because it determines the 

maximum working temperature of a semiconductor. For example, Si, as the most 

popular material in the semiconductor industry, has a band gap of ~ 1.1 eV at 300 

K [81]. After being doped as n- or p-type, the excitation energy will be much 

smaller than 1.1 eV. This means Si can be used as a semiconductor at low 

temperatures; however, at higher temperatures the thermal energy will be 

sufficient to promote electrons from the valence band into the empty conduction 

balance, making the material conductive. As such, the maximum working 

temperature for Si semiconductor devices is ~ 150 °C [82]. Other semiconductor 

materials with larger band gaps, such as SiC, can work up to ~ 700 °C. Diamond 

has a band gap of ~ 5.47 eV [16], which is higher than most other semiconductor 

materials. This wide band gap allows it to work at temperatures up to 1000 °C 

[83], depending of the energy levels of the dopant within the band gap. 



CHAPTER 1 

18 

Another important technical issue for semiconductor devices is thermal 

management [84, 85]. Nowadays, semiconductor devices are becoming smaller and 

consuming more power, therefore generating a lot of heat. The excess heat must 

be dissipated, otherwise it will influence the function of semiconductor and the 

performance of the whole device. For this reason, a high thermal dissipation 

capability is essential for semiconductor material. A straightforward way is to use 

a heat sink (such as a fan or radiator), connected to the hot device using a material 

with high thermal conductivity. Diamond has excellent thermal conductivity (~22 

W cm-1 K-1 [9]), which is much better than that of Si (~ 1.5 W cm-1 K-1). This high 

thermal conductivity allows diamond to be used as a heat spreading layer, 

transporting the localised heat from the (Si or GaN) device to an external heat 

sink.  This allows the device to work at a high power while remaining cool, and 

also enables the device to be made smaller in size. These benefits also apply if 

diamond is itself used as the semiconductor, which is possible if it is doped 

appropriately. In addition, diamond has high breakdown field and carrier mobility, 

and high radiation hardness, which make diamond advantageous as a 

semiconductor material. 

Table 1.1. Comparison between diamond and other semiconductor materials [16] 

Materials Si 4H-SiC GaN 
Natural 

Diamond 

CVD 

Diamond 

Bandgap (eV) 1.1 3.2 3.44 5.47 5.47 

Breakdown field (MV cm-1) 0.3 3 5 10 10 

Electron mobility (cm2 V-1 s-1) 1450 900 440 200-2800 4500 

Hole mobility (cm2 V-1 s-1) 480 120 200 1800-2100 3800 

Thermal conductivity (W cm-1 K-1) 1.5 5 1.3 22 24 

However, converting pure diamond from an insulator to a semiconductor is not 

easy. An essential step is to dope different elements into the diamond lattice; for 

diamond (Group IV) this usually involves adding Group III elements (e.g., boron) 

for p-type behaviour [86], or Group V elements (e.g., phosphorus, nitrogen) for n-

type behaviour [87, 88]. Generally, the higher the concentration of dopants that 

can be incorporated, the higher the carrier concentration and hence the electrical 
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conductivity that can be achieved, which is essential for many devices. However, 

many potential dopants have a low solubility in diamond (e.g., P), which reduces 

their usefulness as dopants. Other potential dopant atoms are too large to fit into 

the small, stiff diamond structure without causing severe distortion of the lattice, 

with associated degradation of the required properties associated with diamond. 

Even if a dopant atom is small enough to fit into the diamond lattice at high 

concentrations without causing excessive distortion (e.g., N), the acceptor or donor 

energy levels may be too deep into the band gap such that the excitation energy is 

much greater than room temperature [89]. In this case (e.g., diamond doped with 

N), the ‘doped diamond’ remains effectively an insulator that is not much use for 

electronic devices – except at high temperatures. A further consideration is that 

some potential dopants (e.g., Li) can reside on substitutional lattice sites or in 

interstitial positions [87, 90]. Substitutional Li acts as a p-type dopant, whereas 

interstitial Li acts as an n-type dopant. However, it is experimentally very difficult 

(if not impossible) to ensure that all the Li is incorporated entirely in one specific 

site, and so the two defects compensate for each other and Li-doped diamond is 

often insulating [91]. 

Despite these difficulties, there have been some successes with doping diamond. 

Preparing p-type diamond is fairly easy. The most common and efficient way to 

make p-type diamond is by doping boron (B) into the diamond lattice. Due to the 

small size and the negative formation energy in diamond [90], B can be 

substitutionally doped into diamond without distorting the diamond lattice too 

much. Substitutional B introduces an acceptor level which lies just above the 

valence band with activation energy of ~ 0.35 eV [92]. By changing the 

concentrations of B in diamond, the conducting properties of diamond can be 

controlled from semiconducting to metallic and even to a superconducting state at 

a temperature of 3 K [67]. 

Various methods have been used to introduce B into diamond. One well-

established way is adding B-containing molecules into the source gas mixtures in 

hot filament or microwave reactors during CVD diamond growth [93]. For example, 

B-doped diamond showing p-type conductivity has been obtained by mixing B2H6 

in the reactant gas during CVD process [86]. Apart from adding B-containing 
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molecules into precursor gas, boron ion implantation was also employed to prepare 

highly conducting p-type diamond [94]. 

1.5 Review of n-type doping of diamond 

It is required to have n- and p-type semiconductor materials together in order to 

form a p-n junction, which is the basic component for making semiconductor 

electronic devices such as diodes, transistors and even more complicated 

integrated circuits. However, in terms of the preparation of n-type diamond, due 

to the rigid lattice of diamond, it is relatively difficult to introduce conventional n-

type dopant atoms used for Si into diamond because nearly all of them have a large 

size relative to that of carbon [1]. Different elements have been studied as dopants 

to make n-type diamond, but none of them has given a very satisfactory result so 

far. Table 1.2 lists some potential n-type dopants for diamond. Each of them will 

be introduced in the following part.  

Table 1.2. Energy levels of the common n-type dopants for diamond. 

Dopants Ionization energy (eV) References 

Nitrogen ~ 1.7 [89, 95] 

Phosphorus ~ 0.6 [88, 96-99] 

Sulfur ~ 0.15 – 1.63 [100-104] 

Lithium ~ 0.1 – 0.2 [87, 105, 106] 

Sodium ~ 0.3 [87, 107] 

1.5.1 Nitrogen 

Nitrogen (N) is the most common impurity in natural and synthetic diamond, and 

incorporates into the diamond lattice in different forms [108, 109]. Nitrogen 

impurities mainly occupy substitutional sites, sometimes adjacent to a vacancy. 

Depending on the N concentration, gemstone diamond can be classified into type 

I (with N impurities) and type II (almost no N) [110]. Moreover, on the basis of the 

positions of N in diamond, type I diamond can be further divided into different 

subtypes. Figure 1.8 shows a simple classification of type I diamond. For example, 

N atoms can exist as clusters in substitutional sites of diamond. This type of 
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diamond is known as type Ia [111], which is the majority (> 95 %) N-containing 

defect found in natural diamond [112]. N can also occupy a single substitutional 

site of diamond. This type of diamond is classified into type Ib and almost all the 

HPHT-synthetic diamond is of this type [112-114]. 

One reason that N is such a dominant impurity is because N is small enough to 

substitute for carbon with little perturbation of the diamond lattice. Compared 

with other potential n-type dopants such as P, As, Na and Li, nitrogen is the only 

dopant having an atomic radius smaller than that of carbon atom [115]. Therefore, 

N is relatively easily incorporated into diamond, with concentrations of 1900 

atomic ppm (i.e., 2.1 × 1020 cm-3) being reported [116]. 
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Figure 1.8. Classification of diamond with nitrogen impurities. C, N and V represent 

carbon, nitrogen and vacancy, respectively [110]. 

1.5.1.1 The C-centre 

In type Ib diamond, N impurities exist at single substitutional site, also known as 

the C-centre in spectroscopy studies [117]. In theory, as a group V element, each 

substitutional N introduces one more valence electron into the diamond lattice, 

which can potentially make diamond conductive. Kajihara et al. [87] indicated in 

an ab initio calculation that substitutional N has a negative formation energy (-

3.4 eV) in diamond, which is the lowest among N, P, Li and Na, explaining the 
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abundance of nitrogen impurities in diamond. However, there were also positive 

formation energies (up to 10 eV) reported for substitutional N, which was perhaps 

due to different calculation methods [118, 119]. 

As the most abundant element in air, nitrogen can easily enter the diamond lattice 

and form a C-centre when the HPHT method is employed, even though the HPHT 

diamond is not very suitable for electrical use. The HPHT method can prepare 

diamond with a very high concentration of nitrogen ( 1020 cm-3) using boron 

nitride as a container during the synthesis process [116]. An effective way to 

prepare high-quality N-doped diamond is by mixing an N-containing gas (N2 or 

NH3) with methane and hydrogen during the CVD process. The N concentration 

in diamond can be adjusted by changing the concentration of the nitrogen source 

gas in the gas-feed mixture [95, 120, 121], with a concentration of up to  1019 cm-

3 in (100) single crystal diamond being achieved [121]. Ion implantation was also 

used to introduce nitrogen into diamond, followed by a high-temperature 

annealing treatment to remove the implantation-induced damage to the diamond 

lattice [122]. In this method, the nitrogen concentration was reported to be as high 

as 4 × 1018 cm-3 and almost half of the implanted N occupied the single 

substitutional site, as in the type Ib diamond. 

By measuring the photoconduction and optical absorption of a type Ib diamond, it 

was found that single substitutional N has a deep donor level which lies 1.7 eV 

below the conduction band [89]. This result is widely accepted and agrees with the 

measurements of a standard CVD diamond film using a constant-

photoconductivity method [95]. Because of this deep donor level, type Ib diamond 

is usually highly resistive at room temperature and its electrical properties cannot 

be determined by conventional electrical methods, such as Hall-effect 

measurements. Instead, other techniques such as optical absorption, 

photoconductivity or electron spin resonance, have been used to quantify the 

conductivity [123]. This high activation energy means that N-doped diamond is 

not very useful for semiconductor devices at room temperature. 
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1.5.1.2 The A-Centre and B-Centre  

As illustrated in Figure 1.8, the A-Centre (in type IaA diamond) consists of a pair 

of N atoms substituting two nearest C atoms in diamond [117]. Nitrogen in the A-

Centre has an ionization energy of 4.0 eV [124], which is even deeper than the C-

Centre. The B-Centre (in type IaB diamond) is composed of four N atoms and a 

vacancy in the centre [117], on the other hand, does not show any donor property 

at all [110]. 

1.5.1.3 The NV Centre 

One of the N-related centres that cannot be ignored is the NV centre. NV centre 

consists of a substitutional N and an adjacent vacancy in diamond. NV centre can 

be found in diamond prepared from CVD using N-containing gas [125] or diamond 

treated after ion implantation of nitrogen [126]. NV centre can exist in negative 

(NV-) or neutral (NV0) charge states, which are characterized by different 

photoluminescence spectra [127, 128]. The electron spins of NV centre especially 

of the NV- can be manipulated by magnetic field, microwave field or light, and the 

corresponding fluorescence signals can be detected [129]. NV centre is very 

sensitive to electric and magnetic field and has a nano-scale resolution. Therefore, 

even though NV centre is not electrically active, it has found wide applications in 

quantum realm such as quantum detection and computing [129, 130]. 

1.5.2 Phosphorus 

Another group V element, phosphorus (P), is also a candidate for the n-type 

diamond. Unfortunately, P has an atomic radius larger than C. Therefore, the 

solubility of P in diamond is rather low. Due to the large size, P also distorts the 

diamond lattice and in doing so degrades the mechanical and electrical properties 

of the material [131]. Nevertheless, P has been proved to be a shallow donor, so its 

electrical parameters such as carrier mobility can be measured using the 

conventional Hall-effect measurements. 
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1.5.2.1 Theoretical work on P-doped diamond 

Although P is believed to be a shallow donor, there is no agreement on the donor-

level energy value. It was first predicted by first-principle calculations that 

substitutional P should be a shallow donor in diamond, having an energy level of 

 0.2 eV below the conduction band, but its formation energy was predicted to be 

as high as  10.7 eV, corresponding to a low equilibrium solubility even at high 

temperatures [90]. There were also other calculations indicating that the donor 

level of P is at  0.37 eV, with a formation energy of  6.65 eV [132]. The difference 

in the calculation results could be due to the different settings during geometry 

optimization. 

1.5.2.2 Experimental work on P-doped diamond 

The experimental work of P-doped diamond has been greatly studied by CVD 

using P-containing gases as the dopant source. Using diphosphorus pentaoxide 

(P2O5) as the P source, P-doped polycrystalline diamond film were prepared in a 

hot-filament CVD reactor [133]. The carrier concentration and mobility were 

measured as  1015 cm-3 and 50 cm2 V-1 s-1 and the activation energy was 0.05 eV. 

Phosphine (PH3) gas was also selected as a source to make P-doped diamond film 

in a CVD plasma reactor [134]. As the PH3 concentration increased from 39.36 to 

98.40 ppm, the corresponding activation energies decreased from 1.16 to 0.84 eV. 

Using PH3 as dopant source, P can be incorporated into both single-crystal and 

polycrystalline diamond, but due to the grain boundaries in polycrystalline 

diamond, the P concentration in polycrystalline films is much higher than that in 

single-crystal film [135]. The quality of P-doped diamond is influenced by the 

growth conditions. A higher temperature and lower methane concentration are 

preferred to make high-quality P-doped diamond [136].  

The P dopant also has different effects on different facets of diamond. First, it was 

found that the P-doped {111} surface exhibited a better surface quality, which was 

much smoother than the {100} surface when PH3 was used as the dopant source 

[137]. Therefore, {111} diamond was believed to be a better candidate for making 

P-doped diamond. Using CVD, n-type conductivity with activation energy of ~ 0.6 
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eV and P concentrations 1017 – 1018 cm-3 were obtained on the {111} surface of a Ib 

diamond [88]. However, the low P solubility meant that the carrier mobility was 

less than 240 cm2 V-1 s-1 at room temperature, making this P-doped diamond poorly 

conducting. In another research, infra-red absorption was employed to study the 

electrical properties of P-doped {111} diamond with increasing PH3 addition to the 

gas mixture. It was found that the P concentration in the film reached 2 × 1019 cm-

3 and the activation energy was  0.6 eV [98]. 

Having a high concentration of dopant is a straightforward way to achieve higher 

carrier mobility, but it can also be realized with optimized growth conditions even 

at lower dopant concentration. For example, Katagiri et al. [97] obtained P-doped 

{111} diamond film using an optimized plasma-assisted CVD with a mobility of 

660 cm2 V-1 s-1 but with a P concentration of only  1015 cm-3. 

The {111} diamond surface is difficult to use for devices for various reasons [138], 

whereas the {100} diamond surface is preferred. As such, n-type semiconductivity 

was also obtained on the {100} surface with good quality [139] using optimized 

growth conditions that were different from those used for {111} diamond. Despite 

the doping concentration not being as high as that for the {111} surface, the highest 

mobility reported on P-doped {100} was 350 cm2 V-1 s-1 at room temperature [139]. 

Later, a higher mobility of 570 cm2 V-1 s-1 was achieved on a P-doped {100} diamond 

at room temperature, although the doping concentration was only 2 × 1019 cm-3 

[140]. 

So far, substitutional P seems to be the best candidate to make n-type diamond. 

In 2001, a p-n junction was successfully fabricated by Koizumi et al. [141] via 

combining B- and P-doped diamond films on {111} surface, and the good diode 

characteristics were observed. At present, P-doped diamond with higher carrier 

mobility and low resistivity is required to make viable devices. However, methods 

to increase P concentration usually introduce too much damage into diamond, 

which inhibits device performance. Therefore, for P-doped diamond, more 

theoretical understanding and better doping techniques are still needed. 
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1.5.3 Sulfur 

Sulfur (S) is another potential n-type dopant. It has a similar atomic radius to P 

and these two dopants were often studied and compared with each other. However, 

for both experimental and theoretical work, the conclusions regarding S-doped 

diamond are not as clear as those for P-doped diamond. The main controversies lie 

in whether S is a shallow donor or not. 

1.5.3.1 Theoretical calculations of S-doped diamond 

According to first-principle calculations by Saada et al. [100], neutral S in diamond 

should be a shallower donor (0.15 eV) than P (0.6 eV). However, the most stable 

state of S in diamond is the double ionized S2+, which does not act as a donor, while 

the less stable S+ state acts as a donor with a donor level of 0.5 eV. Later work by 

Miyazaki et al. [101] suggested that single substitutional S is actually a deep donor 

(1.1 – 1.2 eV), while the S complexes with any N, B and vacancies present form 

shallow donor states (0.4 – 0.5 eV) with very high formation energies, meaning low 

doping efficiencies. In another ab initio theoretical study, an even deeper donor 

level of 1.63 eV was reported for the single substitutional S [102]. Later, a shallow 

donor level of 0.38 eV was reported for substitutional S by examining its band 

structures in a DFT calculation [142]. After comparing P and S as potential 

dopants, Wang et al. [132] suggested that S not only is a deeper donor (0.77 eV), 

but also has a lower solubility than P. Moreover, there is a chance that the small 

amount of introduced S donors may be compensated by other defects such as 

vacancy centres [103]. 

Despite of these disagreement about the energy level of substitutional S, there is 

less argument about the symmetry structures of S-doped diamond. Most 

researchers believe that the most stable geometry structure of diamond with 

single substitutional S is the 𝐶3v symmetry [101-103, 132, 142-144]. However, very 

recent research suggested that the 𝐶2v symmetry is more stable than 𝐶3v, and the 

stability order, can be influenced by the supercell size employed during calculation 

[145]. 
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1.5.3.2 Experimental work on S-doped diamond 

In 1999, S doping of diamond was attempted on a Ib (100) diamond by introducing 

hydrogen sulfide (H2S) to the reactant gas during microwave plasma CVD. The 

report claimed the deposited material showed n-type semiconductivity with a 

carrier mobility of 597 cm2 V-1 s-1 at room temperature, carrier concentration of 1.4 

× 1013 cm-3 and ionization energy of 0.38 eV [146, 147]. However, this work was 

soon re-examined by Kalish et al. [148], showing that an unintentional amount of 

B was introduced into the sample at the same time, which made the sample 

actually p-type semiconductive and the final measurements incorrect. Almost at 

the same time, ion implantation of S was employed by Hasegawa et al. [149] to 

achieve n-type semiconductivity on a (100) diamond, with a reported activation 

energy of 0.19 – 0.33 eV and a S concentration 8 × 1019 – 3 × 1020 cm-3. Two years 

later, optical and electrical measurements were employed together to characterize 

a S-doped (100) diamond prepared with H2S during CVD, but the S concentration 

was detected to be extremely low and the conductivity was as low as in undoped 

diamond [150]. 

So far, S does not seem to be a good candidate for n-type diamond. There are too 

many unanswered questions and unproven reports. More comprehensive 

theoretical and experimental work is needed to reveal the interaction between S 

and diamond.  

1.5.4 Lithium 

At first sight, Li should form a p-type dopant if situated on a substitutional site 

(because it has 3 electrons less than C), but an n-type dopant if it sits on an 

interstitial site (as the 2s electron should be easily ionised and enter the 

conduction band). However, in reality things are more complicated than this, and 

detailed ab initio calculations are needed to work out the electronic structure in 

different circumstances. Also, Li atoms diffuse rapidly through diamond at high 

temperatures (especially if grain boundaries are present), and tends to meet up 

with other Li atoms or other impurities to form stable defect clusters. The clusters 
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are often electrically inactive, making Li-doped diamond poor conductors or non-

conducting. 

1.5.4.1 Theoretical work of Li-doped diamond 

According to first-principle calculations by Kajihara et al. [90], Li prefers the 

tetrahedral interstitial site in diamond and is a shallow donor, with a donor level 

very close to the conduction band minimum. However, Li is very diffusive in 

diamond even at room temperature, so it is very mobile and very likely to form 

complexes/clusters with other impurities in diamond, trapping Li in an electrically 

inactive form [151]. Moreover, the trapped Li complex often compensates the 

remaining donors, resulting in a high-resistivity state [152]. Yilmaz et al. [153] 

indicated that Li atoms in adjacent interstitial sites of diamond are very likely to 

break the nearest C-C bonds and to form a cluster, which will be a very deep and 

inactive donor. Therefore, to make interstitially doped Li into a shallow donor in 

diamond, Li must be controlled at a relatively low concentration and mono-

dispersed. In other ab initio calculations, they confirmed that interstitial Li is a 

shallow donor, with its donor level approximately 0.1 eV below the conduction 

band minimum of diamond [87], but the high positive formation energy (9.8 eV 

reported in [90] and 5.5 eV in [87] ) may inhibit Li incorporation.   

1.5.4.2 Experimental work on Li-doped diamond 

Different processing methods such as in-diffusion, ion implantation and using Li-

containing gas during CVD have been employed to prepare Li-doped diamond. 

Okumura et al. [154] suggested that even though Li can be incorporated into a 

diamond film by in-diffusion to generate donor states, the electrical properties of 

the diamond did not change very much. This was attributed to the compensation 

of Li donors by high-density acceptor states in the band gap. It was reported by 

Nijenhuis et al. [155] that the in-diffusion method only introduces Li on the surface 

of diamond, which is not very useful for a diamond-based  semiconductor material. 

Popovici et al. [156], on the other hand, obtained Li-doped diamond with n-type 

conductivity using diffusion of Li. The Li concentration was measured as high as 

(3 – 4) × 1019 cm-3 and carrier mobility was 50 cm2 V-1 s-1.  
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Ion implantation is believed to be a good method to introduce interstitial dopants 

because it is less likely to replace the host C atoms [90]. Buckley-Golder et al. [157] 

prepared Li-doped diamond using ion implantation and integrated the Li-doped 

diamond into a p-n junction, which displayed a good current-voltage characteristic 

below 350 C. Prawer et al. [105] measured the activation energy of Li doped 

diamond (0.2 eV) obtained by ion-implantation, but suggested that the 

conductivity of Li-doped diamond can be attributed to the hopping of implanted 

impurities rather than thermal activation. Restle et al. [158] measured the 

proportions of Li in different sites of a Li-doped diamond made through ion 

implantation, and found that 40% of the doped Li atoms were in tetrahedral 

interstitial sites, while the percentages of Li atoms in substitutional and irregular 

sites were 17% and 43%, respectively. Li implantation can be employed at room 

temperature or high temperature (> 800 C), but room-temperature implantation 

is more likely to induce graphitization on diamond surface [159]. 

The third method to dope Li into diamond is by introducing a Li-containing gas 

into the gas mixture during CVD growth. For example, lithium tert-butoxide 

(LiOC4H9) was used during microwave plasma or hot-filament CVD to make Li-

doped diamond [160-162], but the electrical properties were not studied in these 

works. Borst et al. [106] placed Li2O power into microwave CVD reactor and 

obtained n-type Li-doped diamond with activation energy of 0.16 eV by Hall-

measurements. 

Regarding the diffusion problem of Li in diamond, Cytermann et al. [91] measured 

the depth profiles of Li in diamond, but showed that the Li diffusion only happened 

in polycrystalline diamond where abundant grain boundaries exist, therefore it is 

still possible to realize n-type doping by Li in a single-crystalline diamond. Similar 

results were observed by Sung et al. [163] that the diffusion of Li mainly goes 

through grain boundaries of a polycrystalline diamond. Therefore, to obtain Li-

doped diamond with n-type conductivity, high-quality single-crystalline diamond 

should be the priority. Another way to overcome the mobility of Li is using co-

doping, which will be explained later. 
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1.5.5 Sodium 

Sodium (Na) is a potential shallow donor when situated at an interstitial site in 

diamond. As an alkali metal, Na has been studied and compared with Li in many 

aspects. Compared with Li, Na is less diffusive, therefore more stable and more 

electrically active as donor. However, it has a higher formation energy than Li, 

which can lead to a lower solubility. 

1.5.5.1 Theoretical calculation of Na-doped diamond 

Theoretical calculations suggest that Na at an interstitial site in diamond may 

behave as a shallow donor and prefers a tetrahedral interstitial site over the 

hexagonal interstitial site [87, 90, 107, 152]. However, Lombardi et al. [152, 164, 

165] indicated that Na is more stable as a substitutional acceptor than an 

interstitial donor. The donor level of the Na in a tetrahedral interstitial site was 

calculated to be ~0.3 eV below the conduction band minimum [87]. Moreover, 

interstitial Na has an activation energy of 1.4 – 1.6 eV for diffusion, which is higher 

compared with that for interstitial Li of 0.85 eV [90, 107]. This makes Na more 

stable than Li as a donor up to a moderately high temperature. On the other hand, 

the formation energy of interstitial Na in diamond is about 15.3 eV, compared with 

~ 5.5 eV for Li [87]. This high positive formation energy makes Na more difficult 

to incorporate into diamond and leads to an extremely low equilibrium solubility. 

1.5.5.2 Experimental work on Na-doped diamond 

There are only a few experimental reports about Na-doped diamond. Due to the 

high formation energy of interstitial Na, it is difficult to introduce Na into diamond 

lattice. Ion implantation or kinetic trapping during growth were predicted as 

effective ways to make Na-doped diamond [90]. Hunn et al. [166] used ion 

implantation to prepare Na-doped single-crystal diamond, followed by high-

temperature annealing to remove the implantation-induced damage. The 

implanted layers (~ 100 nm) exhibited semiconductivity, with a reported Na 

concentration of 4.5 × 1019 cm-3 at 550 C, an activation energy of 0.42 eV, and an 

electron mobility of 10 cm2 V-1 s-1. Prawer et al. [105] also introduced Na into 



CHAPTER 1 

31 

diamond by ion implantation followed by a post annealing, but suggested that 

conductivity could be induced by carriers hopping rather than thermal activation 

of donors. Borst et al. [106] grew Na-doped diamond by adding Na2O powder into 

a microwave CVD reactor during diamond growth. Unfortunately, the resistivity 

of the resulting sample was too high and the electrical parameters could not be 

determined. 

1.5.6 Co-doping 

Most of the potential dopants mentioned above either have high activation energy 

or high formation energy, which inhibit the doping efficiency and the performance 

of the doped diamond. Co-doping is a strategy using at least two dopants, which 

can solve the problem of compensation. Appropriate co-doping can not only 

increase the dopant solubility, but also increase the carrier mobility by lowing the 

activation energy [167]. So far, there have only been a few co-doping strategies 

proposed for n-type diamond. 

1.5.6.1 Hydrogen and phosphorus 

Hydrogen is an essential element for CVD diamond growth and is energetically 

favourable to bond with B, P and S in diamond [168]. Ab initio calculations found 

that the antibonding site of H around a substitutional P (Figure 1.9) is the most 

stable state for the H-P complex [102, 169]. The negative binding energy between 

H and P can help to increase the doping concentration of P. However, H also works 

as an acceptor, which can be expressed as: P + H → P+ + H-. Sque et al. [103, 144] 

pointed out that the H-P complex can generate very deep donor levels in diamond. 

In order to generate enough free donors, some annealing treatment may be helpful 

to remove part H atoms and to form a new P-H-P complex [169]. 
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Figure 1.9. The structure of a H-P complex with a H at antibonding site around a 

substitutional P [169]. 

1.5.6.2 Hydrogen and sulfur 

Theoretical calculations indicated that the most stable state for the H-S complex 

also includes a H at an antibonding site around a substitutional P, with a negative 

binding energy of -2.18 eV [102]. The calculated donor level of the H-S complex is 

about 1.0 eV below the conduction band, which is shallower than a single 

substitutional S of 1.4 eV [144, 169]. Two H atoms are required to fully passivate 

S, compared with one H for P. Therefore, compared with H-P, the H-S complex is 

more likely to generate a shallow donor state [168]. 

1.5.6.3 Boron and lithium 

B is believed to be able to immobilize Li, preventing cluster formation and 

therefore making Li an active donor in diamond. Based on this assumption, 

Halliwell et al. [170] prepared B-Li co-doped diamond using Li3N and B2H6 as 

dopant sources. However, the electrical conductivities of the samples were 

dominated by the p-type property of B. The reason may be that too many Li atoms 

were compensated by B, or the diamond lattice was distorted by Li atom. Lee et 

al. [171] prepared Li/B co-doped polycrystalline diamond films, followed by a 

hydrogen plasma treatment. Measurements showed n-type semiconductivity, but 

the origin of this was not clear. 
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1.5.6.4 Boron and nitrogen 

In an ab initio calculation by Katayama-Yoshida et al. [169], a donor level of 1.17 

eV was obtained for the N-B-N complex, compared with 1.93 eV of a single N. It 

was suggested that the large negative binding energy (-4.57 eV) for the N-B-N 

complex could make the activation energy lower than 1.17 eV [169]. Croot et al. 

[172] compared B-N complexes composed of different numbers of B and N atoms, 

and found that BN2 (N-B-N) and BN3 are the two most promising candidates for 

n-type property, but their excitation energies are still above 1.0 eV. Fortunately, 

the negative binding energy for the B-N complex might make it possible work as 

shallow n-type donor. 

1.5.6.5 Boron and sulfur 

DFT calculations by Tang et al. [104] showed that the formation energies of the 

B/S complexes decreased with increasing B concentration, indicating that B 

increased the doping efficiency. When B:S = 1:1, the most stable structure was 

obtained with B and S atoms being substitutionally doped and adjacent to each 

other. 

Experimentally, boron and sulfur doped diamond was prepared using H2S and 

trimethylboron during microwave CVD growth [173]. It was found that the 

conducting properties changed from n- to p-type with increasing B/S ratio, but it 

was not confirmed whether the donor level was from S or not. Li et al. [174] 

obtained B-S co-doped n-type diamond by microwave CVD using dimethyl 

disulfide and boron dioxide, measured a lower activation energy (0.39 eV) 

comparing with S-doped diamond (0.52 eV) and showed that B improved the 

crystalline quality of diamond film at the same time. 

1.5.6.6 Lithium and nitrogen 

Moussa et al. [175] devised a substitutional LiN4 defect structure that contains a 

substitutional Li in the centre and tetrahedrally coordinated by four N atoms 

(Figure 1.10). DFT calculations predicted this complex to be a shallow donor with 

activation energy of 0.27 ± 0.06 eV. However, this defect is tricky to create due to 
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its very special structure in that a preformed VN4 (a vacancy with four nearest 

substitutional N) complex might be needed [175]. In another first-principles 

calculation, Delun et al. [176] proved that the LiN4 complex not only is a shallow 

donor (0.14 eV) , but also has a negative formation energy (-2.137 eV), compared 

with the positive formation energies (8.635 eV) of interstitial Li. Conejeros et al. 

[177] also predicted this LiN4 structure to be n-type semiconductive but also 

indicated that the donor level is mainly from the carbon atoms around the defect.  

 

Figure 1.10. The LiN4 complex structure with a substitutional Li in the centre, 

surrounded by four substitutional N atoms [175]. 

However, Othman et al. [178] prepared Li-N co-doped single crystal and 

polycrystalline diamond films by using Li3N powder and NH3 gas as sources. The 

type of the Li/N complex was unknown and the resistance of the samples was too 

high, indicating the Li/N complex was inactive. 

1.5.6.7 Beryllium and hydrogen 

In a first-principles calculation, Yan et al. [179] studied the Be-H complex where 

Be was placed in the tetrahedral centre and bonded with a H atom in the centre 

between Be and C, or in the centre between nearest and the second-nearest C 

atoms. Even though n-type semiconductivity was observed, they suggested Be and 

H have very weak interaction around the Fermi level and the H can act as an 

acceptor to compensate Be. Therefore, H should be avoided when doping Be. 
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1.6 Thesis outline 

This thesis presents the results from a series of experimental studies and 

theoretical calculations related to modifying the magnetic and electrical properties 

of diamond to produce a material useful for novel electronic devices. The thesis 

will be presented in 6 chapters. Chapter 2 describes the experimental methods and 

computational theory involved in the thesis. Chapters 3 to 5 are the main body of 

the thesis. Chapter 3 is about the growth and characterization of diamond on 

patterned Co. Chapters 4 and 5 focus on the theoretical study of Be and Be-N 

clusters in diamond, respectively. Chapter 6 is the conclusion chapter. 
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 2 
2. EXPERIMENTAL TECHNIQUES AND COMPUTATIONAL THEORY 

This chapter introduces the experimental techniques and facilities, including 

diamond seeding, growth, modification and characterisation facilities used for the 

work in this thesis. The computational theories and tools such as Hartree-Fock 

theory, density functional theory and CRYSTAL 17 software package are also 

introduced in this chapter. 

2.1 Diamond growth 

2.1.1 Substrates 

Polycrystalline diamond film is normally grown on substrate materials such as Si, 

Mo and W. Among these, Si is a popular substrate material due to many 

advantages such as cheap price, high melting point, the ability to form a limited 

carbide layer and low thermal expansion coefficient [1]. In this thesis, n-type Si 

substrate (Resistivity: 1 – 30 ohm-cm, Si-Mat Ltd) was used for polycrystalline 

diamond film growth. It was doped by phosphorus, and has been polished on one 

side and has a very thin (10 nm) native oxide layer on the surface. This n-type Si 

is electrically conductive, making it a perfect substrate for SEM observation and 

electrospray ionization seeding (see section 2.1.2). 

All the substrates were cut into dimensions required (10 mm × 10 mm or so) using 

the in-house Oxford laser micromachining tool (section 2.2.1) and cleaned by 

methanol in an ultrasonic water bath for 10 min before use. 
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2.1.2 Diamond seeding 

Seeding is an important step when a non-diamond substrate is used for hot-

filament diamond CVD. The nucleation rate of diamond on a clean, smooth non-

diamond substrate is very slow, while diamond seeding or abrasion of the surface 

can help to speed up the nucleation rate by a factor of 100 or more, as well as 

ensure the uniform growth of diamond film over the whole substrate area. 

The conventional nucleation enhancement method is manual abrasion, which 

involves simply polishing the Si substrate with diamond powders. As well as 

creating micron-sized scratches in the Si surface, the abrasion process can embed 

nano-size diamond fragments into the substrate, which act as seeds for high-

density diamond nucleation [1]. Manual abrasion is easy to operate and can be 

used for most substrate materials; however, it is hard to keep the consistency of 

each manual operation. The scratching also damages the insulating capping layer 

SiO2, which is useful for studying the electrical properties of the sample, and 

cannot guarantee a uniformly distributed seeding. 

Therefore, a novel method was employed for diamond seeding in this thesis. The 

method was based on the electrospray ionization (ESI) technique [2]. It utilised a 

suspension of detonation nanodiamond dispersed in deionized water (0-0.05 m, 

97.5 cts/kg, agglomerate free, Microdiamant). 10 drops (~ 100 L) of this original 

suspension were dispersed in 30 mL methanol in a vial and sonicated for 30 min 

before use. The resulting suspension was well dispersed and stable for days. As 

shown in Figure 2.1, the diamond seeding suspension was added to a syringe 

attached to an electrically insulated box, and a high voltage (~ 35 kV) was applied 

to the metal needle. The seeding suspension was attracted to a grounded substrate 

positioned a few cm away from the needle tip (nozzle), and so was sprayed through 

the nozzle as ionised aerosols. The nozzle hole size is crucial and must take into 

account the size of the particle in the seeding solution. A small emitter can be 

blocked by agglomerated clumps diamond crystals, but a nozzle that is too large 

will spray these aggregations as clumps onto the substrate and lead to a poor 

seeding uniformity [3]. We used a syringe needle (26G) as a nozzle, which was 

optimal for nanodiamond seeding to be uniformly distributed onto the substrate. 
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The Si substrate was attached to a grounded platen using conductive carbon tape, 

and rotated at about 1000 rpm to improve uniformity of seed deposition. 

ESI seeding has several advantages over manual abrasion. For example, it does 

not damage the substrate surface and can generate a higher uniformity and 

density of seeding. It also allows substrates with 3-dimensional nanostructures, 

such as pillars and needles, to be seeded. To achieve the best electrospray results, 

it is better to use conductive substrates, otherwise charge build-up occurs, 

deflecting the ion path and affecting uniformity. Therefore, the n-type Si worked 

better than the undoped Si for ESI. 

Substrates

Seeding suspension
Emitter

Power 

supply
+−

DC motor

 

Figure 2.1. Schematic diagram of electrospray ionization. 

2.1.3 Hot-filament CVD 

A schematic diagram of a hot-filament CVD reactor has been given in chapter 1. 

Pre-seeded samples to be coated were put into one of two hot filament CVD 

reactors for growing diamond films. One reactor was dedicated to growing undoped 

diamond films, while the other was solely for boron-doped diamond.  Boron 

contaminates a reactor and is difficult to remove – and since it takes only a trace 

amount of B to be incorporated into diamond to change its conductivity, the two 

processes required separate reactors. Both reactors were connected to rotary 
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pumps allowing them to be evacuated to a base pressure of ~ 50 mTorr (measured 

using a Pirani gauge) prior to deposition. 

For depositing undoped diamond, only hydrogen (200 sccm, 99.99%, BOC Ltd) and 

methane (2 sccm, 99.99%, Air Liquide Ltd) were introduced into the chamber. The 

gas flow was controlled by mass flow controllers (MFCs) and the chamber was 

maintained at a process pressure of 20 Torr using a manually controlled needle 

valve which throttled the pumping speed. The process pressure was monitored 

using a capacitance manometer gauge. Reactant gases were activated into radicals 

by the high temperature generated by hot filaments made of three tantalum wires, 

which were resistively heated to temperatures of 2400 K (checked using a 2-colour 

pyrometer) using a DC power supply (typically 25 A, ~10 V). Diamond was 

deposited on the substrate which was placed on a resistively heated sample holder 

situated ~ 5 mm below the filaments. The substrate heater (4 A, 5 V) could raise 

the substrate temperature to ~ 400 °C by itself, but the radiant heat from the 

proximity of the heated filaments increased this further to ~ 900 °C. Under these 

conditions, the typical diamond growth rate was ~ 0.5 m per hour. Due to the 

random nature of the seeding process, films grown in this way were always 

microcrystalline, with faceted polycrystalline morphologies. 

A carbide layer forms on the tantalum wires after a few minutes of running. The 

carbide layer protected the filaments from further reaction and from metal 

evaporation, but also made them brittle. Therefore, normally the filaments had to 

be changed for each run. 

The formation of diamond in a CVD reactor is a complex process but can be 

explained in Figure 2.2 [4]. First, reactant gases such as hydrogen and methane 

are introduced into the reactor chamber. These gases are ‘activated’ by the heat 

generated from filaments, which is sufficient to decompose the gases into 

fragments, atoms and radicals, which react together to form a reactive chemical 

‘soup’. Reactive products such as methyl radicals (CH3) and H atoms are 

transported to the substrate surface by convection or diffusion. An H atom bonded 

to a C on the substrate surface is then abstracted by the gas-phase atomic H, to 

form a stable H2 molecule, leaving behind a surface radical.  A gas-phase CH3 
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radical then bonds to this surface radical, adding one carbon to the diamond lattice. 

This process of H abstraction followed by CH3 addition repeats many times, 

gradually building up the diamond structure atom-by-atom [1, 5, 6]. 

Reactants

H2 + CH4

Activation

H2 2H
e-, heat

CH4 + H CH3 + H2

Flow and reaction

Substrate

Diffusion

 

Figure 2.2. Schematic diagram of diamond CVD process [4]. 

For boron-doped diamond, diborane (B2H6, ≤ 1 sccm) was introduced as well as 

hydrogen and methane. The conductivity of the resulting diamond depended 

directly upon the amount of diborane added to the gas mixture during growth. 

Thus, the electrical conductivity of the diamond could be controlled from 

insulating to semiconducting, and then to metallic by increasing the diborane flow. 

2.1.4 Diamond film growth mode 

When discussing the growth mode of thin films on the nano scale, in a small local 

area the substrate can be simplified to be a flat surface. As illustrated in Figure 

2.3, the thin-film growth modes can be classified into three types [7, 8]: (a) Volmer-

Weber type, (b) Frank-van der Merwe type and (c) Stranski-Krastanov type. 

The Volmer-Weber mode is also known as ‘island-growth’, in which the film atoms 

or species combine with each other and form clusters rather than attach on the 

substrate surface. As shown in Figure 2.3a, in this mode, the binding force between 
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film atoms is stronger than that between film atoms and the substrate surface, 

which leads to the growth of the film in three dimensions, and the formation of 

isolated islands. When there are enough islands formed on the surface, the gaps 

between the islands are filled and the islands merge to form a continuous film. 

Alternatively, if the binding force between the film atoms and the substrate 

surface is stronger than that between the film atoms, the film atoms will stick on 

the substrate surface and follow a two-dimensional growth. This mode is called 

Frank-van der Merwe type. The growth of a new layer does not start until the 

previous layer is complete. Therefore, the growth of the film is strictly layer-by-

layer and the mode is also known as ‘layer growth’. 

The third type, Stranski-Krastanov mode, is a combination of the island growth 

mode and the layer growth mode, so is known as ‘island/layer growth’. After a 

certain thickness is reached in the layer-by-layer growth mode, the film growth 

will follow the island growth mode and begin to grow in three dimensions. 

Substrate Substrate

Substrate

Substrate

Substrate

Substrate

Substrate

Substrate

Substrate

(a) (b) (c)  

Figure 2.3. Typical modes of thin film growth: (a) Volmer-Weber type, (b) Frank-van der 

Merwe type and (c) Stranski-Krastanov type. 

The epitaxial growth of CVD diamond film on Si, Mo or W follows the island 

growth mode [9-11], i.e., polycrystalline islands appear first, then the individual 

islands coalesce into a film. Due to this nature, it is difficult to obtain ultra-smooth 

diamond film directly from CVD, and therefore homogeneous diamond seeding is 

necessary to reduce the surface roughness. 
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2.2 Material modification 

2.2.1 Laser machining 

Laser cutting is a technique that uses a high-power laser beam to irradiate the 

surface of a material. The high-power focused laser can melt or evaporate the 

surface atoms so that the material can be cut through or microstructured on the 

surface. Laser cutting is capable of machining most types of common materials 

and especially useful for the cutting or surface processing of superhard materials, 

such as diamond [12-16]. 

x
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Laser beam

Platform

Sample

o
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Figure 2.4. Schematic diagram of laser cutting process. 

A laser micromachining system (Alpha 532, Oxford) was used to cut Si and 

diamond. The micromachining system is based on a 532 nm wavelength 

nanosecond laser. As shown in Figure 2.4, the laser is fixed and focused onto the 

sample through a lens. The sample is attached to a stage connected with 

servomotors which control movement of the stage in the x, y and z directions under 

computer control. To achieve the most efficient cutting, the laser must be focused 

on the sample in the z direction. 

Motion of the servomotors were controlled via the computer by the standard 

motion control computer language, G code, which was entered through the Cimita 

program (Oxford Lasers Ltd). This allowed the user to control the cutting speed, 

depth of cut, and even shape of the cut (straight lines, circles, rectangles, or any 

shape predefined in the software). 
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2.2.2 Thermal evaporation 
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Power
 

Figure 2.5. Schematic diagram of the thermal evaporator. 

A thermal evaporator (Edwards E306A) was used to evaporate metal on Si 

substrate or diamond samples, for the purposes of making electrical contacts, etc. 

A schematic diagram of the thermal evaporator is shown in Figure 2.5. It can be 

divided into the following parts. 

1) High vacuum chamber 

The evaporation process was carried out in a bell jar connected to a rotary pump 

and a diffusion pump with a base pressure of 6×10-6 mbar. This high vacuum 

environment facilitated metal evaporation without oxidation and also protected 

the samples from any possible contamination from the background air. 

2) Sample holder 

The sample was placed on the sample holder, which was equipped with a heater 

underneath. The heater was set to around 150 C to preheat the sample to 

evaporate any adsorbates from the surface before processing, and to reduce the 

temperature difference between the sample and filament during thermal 

evaporation. Without this, the thermal shock when the tungsten container was 
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heated on might cause the Si substrate to shatter. The temperature of the sample 

holder was monitored and controlled by a temperature control system. 

3) Vaporisation source 

The metal to be evaporated (usually in the form of lumps, pellets or ribbon) was 

placed into a coiled evaporation container made of tungsten (wire diameter 0.5 

mm, Alfa Aesar Ltd). Due to the high melting point of tungsten, the container can 

be heated to temperatures over 2000C without losing its structural integrity or 

evaporating W atoms onto the substrate. Current (~50 A) from a power supply was 

applied to the tungsten container and increased slowly, and the tungsten basket 

glowed red/white hot, until the source metal in the tungsten container started to 

evaporate, and was reduced to zero slowly when the required thickness was 

reached. 

4) Thickness monitor 

A quartz crystal microbalance (QCM) was installed inside the chamber to monitor 

the thickness of the evaporated metal in real time as evaporation proceeded. The 

QCM measured the mass of metal deposited onto a vibrating quartz disc. As the 

mass of the metal layer increases, the vibrational resonance frequency of the 

quartz changes. Thus, the QCM, can measure the mass of the evaporated metal 

with very high precision, and using the known density of the metal this mass was 

converted to thickness to an accuracy of  0.1 nm thickness. 

Cobalt wire (0.5 mm diameter, 99.995 %, Alfa Aesar Ltd) was employed in the 

thermal evaporation for the purpose of lift-off microfabrication and growing 

diamond on Co film (~36 nm). To protect the photoresist material from 

degradation by overheating, the sample with photoresist was processed without 

turning on the heater. Co was also evaporated (~18 nm) on Si to study the growth 

process of diamond on Co. Aluminium wire (1.0 mm diameter, 99.999%, Alfa Aesar 

Ltd) and titanium wire (0.125 mm, 99.6%, Goodfellow Ltd) were deposited as 

interlayer (~ 15 nm) between Co and diamond. 
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2.2.3 Lift-off microfabrication 

Lift-off is a technique using sacrificial material (e.g., photoresist) to fabricate 

micro- or nano-patterned thin films on the surface of substrate such as Si. It is 

especially useful for patterning the hard-to-etch materials such as gold or 

platinum, which are difficult to pattern by dry or wet etching [17]. The 

microstructured surface can be made with a great geometrical complexity, which 

has wide applications in analytical chips or “lab-on-a-chip” devices [18]. 

Resist on substrate

Exposure

Develop

Metal deposition

Lift-off

(a)

(b)

(c)

(d)

(e)

 

Figure 2.6. Lift-off process. 

The main process of lift-off can be explained in Figure 2.6 [19]. First, in step (a), a 

thin sacrificial photoresist layer is deposited on a clean substrate (e.g., Si) by spin 

coating. Then in step (b), the resist is exposed to UV light through a mask bearing 

the required pattern. The substrate is then dipped into a developer solvent to form 

patterned resist features on the substrate, as shown in step (c). During the 

developing process, depending on the different types of the resist material used, 

the exposed area will be removed or saved. If a positive resist is used, the exposed 

area becomes soluble to the developer therefore will be removed, and the 

unexposed portion will remain. Conversely, if it is a negative resist, the exposed 

area will become insoluble and stay on the substrate, but the unexposed area will 

be dissolved. In step (d), the required metal is then deposited onto the substrate 

with patterned resist by sputtering or thermal evaporation, forming a layer over 

all the features. Finally in step (e), the residual photoresist is removed using a 
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particular solvent such as acid or acetone, or O2 plasma ‘ash’ step, and only the 

metal film having direct contact with the substrate will stay on the surface. 

Vertical Overcut Undercut

Metal depositionMetal deposition Metal deposition

Lift-off Lift-off Lift-off
 

Figure 2.7. Lift-off process of different resist profiles. 

A critical factor that influences the lift-off result is the profile of the developed 

photoresist. The resist profile in Figure 2.6 has an ideal vertical shape, which 

allows a near perfect transfer of the mask pattern. However, due to the UV 

exposure gradient, the developed resist profile is often different. After 

development, three different profiles of resist may be obtained. As summarized in 

Figure 2.7,  according to the different resist sidewall angles, the resist profiles can 

be divided into vertical (90), overcut (< 90) and undercut (> 90) [19]. When the 

resist profile is overcut, the deposited metal will become one continuous film that 

cannot be separated easily, so lift-off becomes difficult or even impossible. Only 

when the resist profile is vertical or undercut, can the “unwanted” metal film be 

lifted off. The resist profile is influenced by the exposure dose and development 

time [17].  

In order to facilitate the lift-off process, a bi-layer resist lift-off scheme [20-22] can 

be employed. The schematic diagram is shown in Figure 2.8. Instead of spin-

coating one resist layer on the substrate, two different photoresist layers are 

coated on the substrate sequentially. The lower resist layer dissolves faster in the 

developer than the upper layer, so that an undercut resist profile can be obtained. 
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Compared with the single-layer lift-off process, the bi-layer scheme favours the 

formation of undercut profile, and therefore the fabrication of patterned metal film 

with more reliability. 

Bi-layer resist

Exposure

Develop

Metal deposition

Lift-off

(a)

(b)

(c)

(d)

(e)

 

Figure 2.8. Lift-off process using bi-layer resist. 

In this thesis, we have studied the possibility of growing diamond on patterned 

magnetic films (see Chapter 3), which were fabricated using a standard lift-off 

process. The bi-layer resist scheme (LOR+S1805 resist stack, MicroChem Corp.) 

was used. A Karl Suss MJB3 Mask Aligner was used to transfer the pattern from 

mask to resist. The lift-off process was done in the cleanroom (School of Physics, 

UoB) except the metal deposition, which was finished in the diamond lab. 

2.3 Material characterization 

2.3.1 SEM and TEM 

Scanning electron microscopy (SEM) scans the sample with a focused, high-energy 

beam of electrons, and collects, amplifies and re-images the information to 

characterize the sample morphology. Because wavelength of electrons is much 

smaller than that of photons, SEM has much higher resolution than that of optical 

microscopy. 
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Figure 2.9. A schematic diagram of a scanning electron microscope. 

The schematic diagram of a SEM is displayed in Figure 2.9. An electron beam 

emitted by the electron gun is focused onto the sample surface in a high vacuum 

chamber. The incident (primary) electrons can excite electrons in the sample 

surface, which are then emitted into vacuum. These “secondary electrons” (SE) are 

collected by the secondary-electron detector and processed into an image. Since 

secondary electrons come from the surface or the near-surface region, SE images 

are very useful for the inspection of topography of the sample surface. 

Alternatively, some primary electrons can be elastically scattered and collected by 

the back-scattered-electron detector. The back-scattered electron (BSE) signal 

depends on the atomic number of the specimen; the higher the atomic number, the 

brighter the signal. Therefore, BSE images can help to distinguish different 

elements or phases.  

An SEM is often equipped with an energy-dispersive X-ray spectroscopy (EDX or 

EDS) system. When the high-energy beam (electrons or X-ray) hits the inner shell 

of an element, the electron can be excited, leaving a vacancy. Then, the electron in 

the outer shell of high energy moves to the vacancy in the inner shell. Due to the 

energy difference between the outer shell and the inner shell, X-rays will be 

released as the form of energy. The energies of the X-rays are unique to the specific 
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element they originate from, so these energies can be used to analyse the element 

distribution of the sample surface. Since EDX relies on the excitation of the inner-

shell electron and the movement of the outer-shell electron, it cannot detect the 

light elements such as H and He, which only have one shell of electrons.  

Transmission electron microscopy (TEM) is a technique in which electrons are 

transmitted through a sample to form an image. The samples need to be very thin 

to make sure the electron beam can pass through. Compared with SEM, TEM has 

higher magnification, but is also more difficult to operate and the samples are 

more difficult to prepare.  

SEM images were obtained in a JSM-IT300 produced by JEOL. This instrument 

has a magnification of up to 300,000× and resolution of nano-level. It is also 

equipped with EDX (Oxford Instruments) for element analysis. A JEOL 2100F 

TEM having sub-nanometre resolution was employed for taking images for 

magnetic nano particles. 

2.3.2 Atomic force microscopy 

Atomic force microscopy (AFM) is an analytical technique to characterize the 

surface structure of solid materials including insulators. It obtains information of 

the surface by detecting the interaction between the sample surface and a 

cantilever probe. The microcantilever is extremely sensitive to weak forces, 

enabling AFM to have a high spatial resolution, even down to the atomic level. 

Cantilever

Sample

Laser

Photodetector

Piezoelectric scanner

Feedback

electronics

Probe

 

Figure 2.10. Schematic diagram of an AFM. 
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A schematic diagram of an AFM is shown in Figure 2.10. The cantilever is fixed 

at one end, while the other end is attached to a very sharp probe (radius < 10 nm 

[23]). The tip of the probe is in contact with the sample (contact mode), or very 

close to the sample (non-contact mode), or tapping the sample (tapping mode) [24].  

The sample sits on a piezoelectric scanner, which allows it to move in x, y and z 

directions with extremely high precision. During scanning, the probe is dragged 

across the sample surface and changes height in the z direction over the surface 

topography. A laser is reflected by the cantilever onto a photodetector so that the 

deflection of the cantilever, and hence the morphology of the sample is recorded. 

There are very small attractive or repulsive forces between probe and sample 

surface. This force is maintained by moving the piezoelectric scanner in x, y and z 

directions, feeding back information of the morphology. The combination of 

photodetector and piezoelectric scanner enable an AFM to make atomic-resolution 

measurements. 

A magnetic force microscope (MFM) is a special type of AFM. MFM obtains the 

magnetic information of a sample by scanning it with a magnetic tip and 

measuring the magnetic interaction. A typical MFM characterization requires two 

scans, a standard AFM scan in tapping mode which detects the van der Waals 

interactions between the probe and the sample, and a magnetic scan in non-

contact mode detecting the long-range magnetic interactions [25]. In the first scan, 

the topography of the sample is determined, while in the second scan, the magnetic 

field gradient can be detected. 

In the non-contact mode, the cantilever can be treated as a damped harmonic 

oscillator [26]. The cantilever oscillates, and its spring constant is modified by the 

magnetic field during measurement. As a result, the frequency, amplitude and 

phase of the oscillating cantilever are also influenced by magnetic field gradient 

[25]. As the probe is lifted away from the surface, the van der Waals interaction is 

negligible, and the shift of frequency, amplitude and phase can reflect the long-

range magnetic interaction. MFM images are sensitive to surface morphology, 

therefore it requires the sample surface to be flat in order to detect the magnetic 

field gradient accurately. One approach to compensate the topography-induced 

error is by running the second MFM scan at a ‘constant-distance mode’, i.e., 
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keeping the distance from the probe to the sample surface at a constant, as shown 

in Figure 2.11. When scanning a rough surface at constant-distance mode, the 

cantilever has to adjust its position in z direction according to the path obtained 

from the first topography scan. However, it requires much more time to finish than 

the ‘constant-height mode’, i.e., running the scan at a fixed height. 

Constant-height mode Constant-distance mode
 

Figure 2.11. Two operating modes: constant-height mode and constant-distance mode of 

MFM. 

A Bruker AFM system, Bruker Multimode instrument fitted with a Nanoscope V 

controller, a Picoforce extender and a magnetic tip was used for the 

characterization of morphology and magnetic properties of diamond film grown on 

Co. It has an extremely high resolution to nano-level. This part will be presented 

in Chapter 3. 

2.3.3 Raman spectroscopy 
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Figure 2.12. Schematic diagram of Raman spectroscopy. 
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Raman spectroscopy is based on the scattering of light by molecules. A schematic 

diagram showing the principles behind Raman spectroscopy is shown in Figure 

2.12. When a laser beam hits a molecule, most photons are elastically scattered 

(Rayleigh scattering), such that the scattered light has the same energy and 

wavelength, and the molecule does not change in energy. However, a very small 

percentage of the photons will be scattered inelastically which gives rise to Raman 

scattering. In this case, the molecules absorb the photon energy and become 

excited into a higher vibrational state. When the vibrationally excited molecule 

relaxes by emitting a photon, there are three possible outcomes. It can lose a 

photon of the same energy as that which it absorbed – in which case the molecule 

relaxes back down to its original state and this is Rayleigh scattering. 

Alternatively, it can relax to vibrational levels higher or lower than the original 

level, and in these cases the emitted photon will have less (Stokes’ scattering) or 

more energy (anti-Stokes scattering), respectively than the original photon. For 

Stokes scattering, which forms the majority of the Raman scattering, the scattered 

light will have longer wavelength than the original laser beam. For anti-Stokes’s 

scattering, the scattered light has a shorter wavelength than the laser.  

By measuring the energy (wavelength) difference between the incident and the 

scattered light, Raman spectra can be determined. Raman spectra are unique for 

each molecule because they act as a fingerprint of the molecule’s vibrational 

energy levels. For example, graphite (sp2 carbon) and diamond (sp3 carbon) have 

different vibrational modes, which give rise to different Raman spectra [27]. 

Therefore, Raman can be used to characterize diamond. The most representative 

Raman spectra of diamond and graphite materials are diamond at 1332 cm-1, 

disordered graphite (D band) at 1355 cm-1, amorphous carbon at 1550 cm-1, and 

crystalline graphite (G band) at 1580 cm-1, respectively [28]. 

A Renishaw 2000 laser Raman spectrometer was used to evaluate diamond quality. 

Raman spectra were obtained using a green laser of wavelength 514 nm. This 

Raman spectrometer is equipped with an optical microscope (Leica 020-520.007 

DM/LP, magnification 500×), which enables it to take images and choose the area 

for Raman characterisation. 
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2.4 Computational theory 

2.4.1 Many-body Schrödinger equation 

In the beginning of 20th century, quantum mechanics was developed to study the 

quantum world. At the atomic scale, materials are collections of electrons and 

nuclei, which interact and reach a dynamically balanced state. The interactions 

include the Coulomb repulsion between electrons, the repulsion between nuclei, 

and the attraction between electron and nuclei [29]. 

The motions of the quantum particles, such as an electron, can be described by the 

Schrödinger equation. A simple form of the time-independent Schrödinger 

equation is, 

 �̂�Ψ = 𝐸Ψ (2.1) 

where Ψ is the wave function of the system, �̂� is the Hamiltonian operator and E  

is the energy of the system. For a system containing M nuclei and N electrons, the 

equation can be expressed as [29], 
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(2.2) 

Where 𝑖 and 𝑗 run from 1 to N, I and J run from 1 to M, respectively. In this 

equation, 𝑒 is the electron charge, 𝜖0  the permittivity of vacuum, 𝑍𝐼  the atomic 

numbers, 𝑚𝑒 the electron mass, r the vector specifying coordinates of electrons, R 

the vector specifying the coordinates of nuclei and 𝐸tot  the total energy of the 

system. This equation is called many-body Schrödinger equation, which contains 

almost all the information of a system in equilibrium. If this equation can be solved, 

then all the properties of the system, such as electronic or optical properties, can 

be determined. 

However, the complexity of the solution increases exponentially with the increase 

of size of the system, which is known as the “exponential wall”. Apart from very 
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small molecules, such as H2, it is impossible to solve the many-body Schrödinger 

equation directly. Therefore, researchers have been seeking other possible 

methods to solve this equation. 

2.4.2 Born-Oppenheimer approximation 

Since the mass of the nucleus is much greater than that of electrons, the electrons 

move much faster than the nucleus. Therefore, the motion of nucleus and electrons 

can be treated separately. When dealing with the motion of electrons, the nucleus 

can be considered to be fixed. When dealing with the motion of nucleus, it can be 

assumed that fast-moving electrons establish a uniformly distributed negative 

charge field, and the nucleus is moving in such a negative charge field. 

Within this Born-Oppenheimer approximation [30], the wave function of the 

system can be written as the product of the nucleus wave function 𝜒(𝐑) and the 

electron wave function 𝜙(𝐫, 𝐑): 

 Ψ(𝐫, 𝐑) = 𝜒(𝐑)𝜙(𝐫, 𝐑) (2.3) 

Through the Born-Oppenheimer approximation, the nucleus and electrons can be 

treated separately, and the multi-particle system is simplified to a multi-electron 

system. The Born-Oppenheimer approximation is accurate in many cases. It 

reduces the difficulty of quantum mechanics processing, and is therefore widely 

used in molecular-structure research, condensed-matter physics, quantum 

chemistry, chemical reaction dynamics and other fields [31]. 

2.4.3 Hartree-Fock (HF) approximation 

The motion of electrons and nucleus is separated by the Born-Oppenheimer 

approximation, but the Schrödinger equation of the system is still a many-body 

problem. Due to the Coulomb repulsion between the electrons, it is still impossible 

to solve the many-electron system. 

Hartree [32] pointed out that the wave function of a many-electron system can be 

expressed as the product of single-electron functions: 
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 𝜙(𝐫) = 𝜙1(𝐫𝟏)𝜙2(𝐫𝟐) … 𝜙𝑛(𝐫𝒏) (2.4) 

However, this equation was obtained without considering the antisymmetric 

properties of wave function. Fock improved the equation by replacing the product 

of wave function with a Slater determinant [33]: 
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where 𝑥𝑖 = (𝑟𝑖, 𝜎𝑖), in which 𝑟𝑖  and 𝜎𝑖  represent coordinates and the spin of the 

electron, respectively. This Slater determinant is an ideal expression which meets 

the criteria of antisymmetry of wave function and Pauli exclusion principle. 

The Hartree-Fock (HF) equation of a single electron can be expressed as: 

 
[−∇2 + 𝑉(𝐫) − ∫ d𝑟′

𝜌(𝐫′) − �̅�𝐻𝐹(𝐫, 𝐫′)

|𝐫 − 𝐫′|
] 𝜙𝑖(𝐫) = 𝐸𝑖𝜙𝑖(𝐫) (2.6) 

where 𝜌(𝐫′)  is the electron charge distribution, �̅�𝐻𝐹(𝐫, 𝐫′)  the exchange 

distribution, and  𝜙𝑖(𝐫) the wave function of a single electron. 

Overall, based on the Born-Oppenheimer approximation, the HF equation 

assumes that in a multi-electron system, all electrons move in a uniform field 

around the nuclei. By using the HF approximation, the many-body Schrödinger 

equation is simplified to single-electron equations of N electrons, making it 

possible to solve the Schrödinger equation. 

However, the HF equation only considers electron exchange but neglects the 

electron correlation, which limits its computing accuracy. Therefore, the HF 

method works well with molecular systems, but when it comes to crystalline bulk 

systems, the accuracy is very limited. Secondly, the variable to be solved in HF 

equation is still the wave function. Since each electron has 3 Cartesian coordinates, 

for a system containing N electrons, the corresponding wave function will have 3N 

variables [29], making the computational cost extremely expensive. 
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2.4.4 Density functional theory 

Density functional theory plays an important role in first-principles calculation. It 

simplifies the calculation of a many-electron system to the calculation of electron 

density. DFT has found its applications in studying material’s electrical [34, 35], 

magnetic [36, 37], optical [38, 39], thermodynamic [40, 41] and catalytic properties 

[42-44]. 

2.4.4.1 Hohenberg-Kohn theorem 

According to the Hohenberg-Kohn theorem [45], for a many-electron system, its 

ground-state properties, such as the total energy and wave functions, all depend 

on the electron density. Therefore, the energy of the system (𝐸) can be treated as 

a functional of the electron density (𝑛). 

 𝐸 = 𝐹[𝑛] (2.7) 

Hohenberg-Kohn theorem is composed of two theorems: 

Theorem 1: The external potential of any many-particle system is exclusively 

determined by the electron density of the ground state, i.e., the total energy of the 

system is determined by the electron density. 

Theorem 2: The energy of the system takes the electron density as the universal 

functional. For any given external potential, the ground-state energy is the global 

minimum of the functional, i.e., the ground-state energy of the system is 

determined by the ground-state electron density. 

Therefore, the ground-state properties of a many-electron system can be treated 

as the functional of the electron density. Given the Hohenberg-Kohn theorem, the 

basic number of variables of the system has decreased from a 3N-dimensional 

wave function to a 3-dimensional electron density.  

2.4.4.2 Kohn-Sham equations 

According to the Hohenberg-Kohn theorem, the total energy of a many-electron 

system in its ground state is a functional of the electron density. Therefore, the 

most critical step is to construct such an energy functional. So far, the energy 
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functional is constructed by solving the Kohn-Sham equation [46]. The well-known 

form of the Kohn-Sham equation for a single electron can be expressed as: 
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where 𝑣(𝐫)  is the nuclear potential. This equation can be solved by the self-

consistent field (SCF) method. In the Kohn-Sham equation, the very complex 

interactions between electrons are included in the exchange and correlation 

energy, i.e.,  𝐸XC[𝜌], which is the core of DFT theory. The exchange and correlation 

energy is also the most difficult term to be determined. 

The Kohn-Sham equation provides a practical method to solve the many-body 

Schrödinger equation. It is theoretically accurate, such that if the exchange and 

correlation energy can be determined without error, the simulation result will 

have a high chemical accuracy. Unfortunately, there is not a direct method to 

determine the exact form of exchange and correlation, and the only way so far is 

to construct approximations to the exchange-correlation energy (𝐸XC). 

2.4.5 Exchange-correlation functionals 

Now the problem is to construct appropriate density functional approximations for 

exchange and correlation. Different methods such as local-density approximation 

(LDA), generalized gradient approximation (GGA) and hybrid functionals have 

been developed to construct such approximations. These functionals require 

different resources and have different calculation performances. The hierarchy of 

the exchange-correlation functionals can be described by the “Jacob’s Ladder” 

proposed by Perdew and Schmidt [47], as shown in Figure 2.13. 

This ladder connects the “Hartree Earth” ground level to “Chemical Heaven” of 

high chemical accuracy. There are five rungs in the ladder, corresponding to 

different levels of exchange-correlation functionals. The functionals in higher 

rungs retain the benefits of the functionals in lower rungs. From lower rungs to 

higher rungs, the calculation accuracy becomes higher but also more 

computational resource will be required. 
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Figure 2.13. ‘Jacob’s Ladder’ of DFT functionals [47]. 

2.4.5.1 Local density approximation (LDA) 

LDA is the simplest form of exchange-correlation functionals, in which the 

electrons are treated as a homogeneously distributed electron-gas model. The LDA 

functional assumes that the 𝐸XC of any point is only related with its local electron 

density, which is equal to the value of the 𝐸XC of the equivalent electron-gas model 

with the same density [48]. 

Using LDA, the exchange-correlation functional can be expressed as 

 
𝐸XC

LDA[𝜌] = ∫ 𝜌(𝑟)휀XC[𝜌]d𝑟 (2.9) 

𝐸XC is divided into exchange 휀X(𝜌) and correlation 휀C(𝜌), where 휀X(𝜌) is given by 

the Dirac functional [49], and 휀C(𝜌) can be fitted by the Monte Carlo simulation 

[50].  

 𝐸XC = 휀X(𝜌) + 휀C(𝜌) (2.10) 

LDA works very well with the homogeneous electron gas such that the calculation 

results for the system with a homogeneous electron distribution is usually 

accurate. However, for any system with non-uniform electron distribution, the 

result will be unreliable. For example, in magnetic or solid surface systems, 
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because the electron distribution 𝜌 is not uniform, the LDA simulation result is 

not ideal. To deal with magnetic material by LDA, the electron spins must be taken 

into consideration such that the modified method is called the local-spin-density 

approximation (LSDA) [51]. 

2.4.5.2 Generalised gradient approximation (GGA) 

Since LDA is based on the homogeneous electron-gas model, while actual 

materials often have inhomogeneous electron distributions, the simulated results 

are very likely to be problematic. To improve the calculation accuracy, the 

nonuniformity of the electron distribution has to be taken into consideration. 

The generalised gradient approximation (GGA) is a method which describes the 

inhomogeneous electron density by introducing a gradient to the electron density 

and is often split into exchange and correlation parts [52] 

 𝐸XC
GGA = 𝐸X

GGA + 𝐸C
GGA (2.11) 

Compared with LDA, the GGA functional is more suitable for calculating systems 

with inhomogeneous electron densities, in which 𝐸XC plays an important role in 

the result [53]. GGA functionals have been widely employed for DFT calculations. 

Some well-known GGA functionals include PW91 (Perdew and Wang in 1991, [54-

56]), PBE (Perdew, Burke and Ernzerhof [52]) and BLYP (Becke, Lee, Yang and 

Parr [57, 58]). It is worth noting that even though the computational cost is 

increased in GGA, it does not always give better results than LDA. In some cases, 

the calculation accuracy can be improved further by introducing the second 

derivative of the electron density, with the modified functional called meta-GGA. 

2.4.5.3 Hybrid functionals 

A well-known shortcoming of the LDA or GGA functionals is that the calculated 

band gap is often underestimated compared with the experimental value. It is 

caused by the self-interaction of the electrons in the DFT exchange functional [59]. 

In other words, pure DFT methods cannot describe the exchange energy accurately. 

This error does not exist in the traditional HF method as it is completely cancelled 
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in the exchange term. However, it is only partially cancelled in pure DFT methods 

such as LDA or GGA [60]. 

Hybrid functionals were developed to help DFT describe the exchange energy 

better. Hybrid functionals incorporate a fraction of exact HF exchange in the 

calculation of exchange energy, which can be described as the following form, 

 𝐸XC = (1 − 𝑎)𝐸X
DFT + 𝑎𝐸X

HF + 𝐸C
DFT (2.12) 

where “a” represents the fraction of exact HF exchange. Since the non-local HF 

exchange is incorporated, this hybrid method requires more computational time 

and resources compared with a pure DFT method such as GGA or LDA. But 

compared with a pure DFT method, the hybrid method has a higher accuracy in 

the calculation of exchange energy, especially for systems which have strong self-

interaction between electrons. The calculation results can also be further refined 

by changing the percentage of HF exchange included in the calculation. 

Hybrid functionals can be divided into different types, such as the conventional 

global hybrid functional and range-separated (screened) functional [61]. Global 

hybrid functionals such as B3LYP (Becke’s 3 parameter functional [62] combined 

with Lee-Yang-Parr [58]) and PBE0 (hybrid version of PBE [63]) use fixed 

fractions of HF and DFT exchange [64]. In range-separated functionals, such as 

the short-range functional HSE06 (revised version of Heyd-Scuseria-Ernzerhof 

screened hybrid functional [65, 66]), the amount of HF exchange depends on the 

spatial distance between electrons such that the long-range HF exchange is 

screened and only the short-range part is included [67]. Therefore, by using the 

screened hybrid functional, the computational cost can be significantly reduced 

[34, 66]. 

2.4.6 Basis set 

A basis set is a set of functions used to construct the wave function for atomic or 

molecular orbitals [68]. Depending on the different types of functions (Slater-type 

or Gaussian-type functions) employed, the orbitals can be Slater-type orbitals 

(STOs) or Gaussian-type orbitals (GTOs). STOs are closer to the actual shape of 
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atomic orbitals, therefore theoretically more accurate, but they also require more 

computational resources. To save computing time, a linear combination of GTOs 

is often employed to mimic the behaviour of STOs [69]. 

According to the different numbers of basis functions adopted, basis sets can be 

classified into minimal (one basis function for each orbital), double-zeta (two basis 

functions for each orbital), triple-zeta (three basis functions for each orbital) and 

so on. The term “zeta” comes from the Greek letter 휁 which is used to represent 

the exponent of the STO function, and the number comes before zeta represents 

the number of functions per atomic orbital [70]. 

Minimal basis set 

The minimal basis set contains only one basis function for each orbital. It describes 

only the most basic aspects of the orbitals. The most common minimal basis set is 

the ‘STO-nG’ (Slater-type orbital, number of Gaussian primitives) type basis set. 

Each Slater-type orbital is a linear combination of n contracted GTOs (also known 

as Gaussian primitives). It is called primitive because each GTO makes up part of 

the orbital. In STO-3G, for example, each orbital is presented by a linear 

combination of 3 Gaussian primitives. The minimal basis set is computationally 

cheap, but the accuracy is very limited. 

Compared with the minimal basis set, the double-zeta or triple-zeta basis set 

contain more basis functions for each orbital. Therefore, the correspondent 

calculation results are more accurate. However, they also demand more computing 

time. When the number of basis functions are too many, the calculation will 

become unaffordable.  

Split-valence basis set 

Since core electrons usually do not participate in bonding, the calculated results 

are more influenced by the accuracy of the valence rather than the core orbitals. 

The split-valence strategy uses only one basis function for each core orbital, but 

uses more functions for the valence orbitals. Basis sets of this type are called split-

valence basis sets because the description of valence orbitals are split into two (or 

more) functions. In this way, the computing resource is saved while reasonable 

results can be obtained. 
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For example, in the 6-21G basis set, the first number “6” means each core orbital 

is composed of a linear combination of 6 Gaussian primitives. The two numbers 

after the hyphen indicate that this basis set is a double-zeta basis set such that 

each valence orbital is composed of 2 basis functions, in which the first one is 

composed of a linear combination of 2 Gaussian primitives and the other composed 

of 1 Gaussian primitive. 

Polarisation and diffusion functions 

Orbital polarisation happens when two atoms approach each other. However, a 

basis set with minimal basis functions cannot describe such a polarisation 

property, i.e., it cannot describe the molecular or chemical bonds. Therefore, 

adding a polarisation basis function becomes necessary to help describe any 

polarisation properties. The rule is whatever the highest angular momentum is, a 

higher one will be added. Polarization functions can be denoted by an asterisk, for 

example the basis set 6-21G* [71]. It can also be denoted in other forms such as 

pob-TZVP [72] (Triple Zeta Valence Polarisation, developed by Peintinger, M. F.; 

Oliveira, D. V. and Bredow, T., J.). Diffuse functions are at the end of the basis set. 

Diffuse functions have very small exponents, such that the electrons are far away 

from the nucleus, but are very necessary for analysing binding energies. 

2.4.7 CRYSTAL package 

The CRYSTAL package (latest version 17) was developed by Dovesi et al., [73] for 

ab initio calculations. CRYSTAL package consists of two programs: crystal, which 

is for geometry optimisation calculation, and properties, which is for calculating 

electron properties. HF or DFT methods can be used in this package. It is able to 

calculate different geometry systems such as molecules, polymers, slabs and 

crystals [74]. The input script for CRYSTAL is composed of three blocks: geometry, 

basis set and SCF parameters. Each block is controlled by different keywords. 

In this thesis, all the theoretical calculations were performed in CRYSTAL 17 

installed on BlueCrystal Phase 4, the high-performance computing facility of 

Advanced Computing Research Centre, University of Bristol 

(https://www.bristol.ac.uk/acrc/). 
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 3 
3. DIAMOND FILM GROWN ON COBALT 

In this chapter, we report the results of studies of diamond film grown on Co. Two 

forms of Co, carbon-coated Co nanoparticles and stripe-patterned Co film, were 

employed to imbue diamond film with ferromagnetic properties. Owing to the 

robustness of diamond, the magnetic diamond composites may have applications 

in harsh or chemically-corrosive environments. Co was also investigated and 

compared with Si as a substrate material for growing diamond. 

3.1 Introduction 

Diamond is a special material with many extraordinary mechanical, optical, 

electrical and biochemical properties, giving rise to a large number of diverse 

applications in these fields [1]. The emergence of diamond synthesis techniques, 

especially the CVD method, makes it possible to apply diamond into many fields, 

for example, electronic devices [2], bio-sensors [3] and waste-water treatment [4, 

5]. Although diamond can be doped to change its electrical conductivity, it remains 

a non-magnetic material. 

In contrast, magnetic films or particles made from elements such as Fe, Ni, Co or 

their alloys may have applications in magnetic data storage [6, 7], magnetic 

detection [8] and logic devices [9]. The stability of magnetic materials can be 

influenced by the environment, such as temperature, external forces and magnetic 

or electric field. However, in some cases, electronic/magnetic devices have to work 

in extreme environments of such as high temperature, vibration, chemical 

corrosion or radiation [10]. Therefore, to make sure the electronic devices operate 

reliably, the magnetic material must be protected from any potential wear, tear, 

overheat, mechanical or electrical damage. To do so, magnetic materials are 
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usually protected by a robust, non-magnetic material in the form of a coating or 

casing. For example, diamond-like carbon (DLC) film has been used as a coating 

for hard-disk drives to protect the magnetic layers from wear or corrosion [11, 12].  

The superior robustness of diamond makes it a promising candidate for protecting 

more delicate materials. Because diamond also has an extremely high thermal 

conductivity, the heat generated during the working of the device can be dissipated 

quickly through any protective diamond coating. If electronic or magnetic devices 

are coated by diamond film, they can be protected from mechanical wear, chemical 

corrosion, overheating and even radiation [13].  

Patterning of magnetic material is an essential step for making magnetic logic 

devices or hard disk drives. The magnetic properties of patterned films or particles 

are also different from that of a bulk material [14]. Patterned magnetic films used 

for data-storage media are often in the form of patterned tracks [15] or isolated 

features ‘bits’ [16], the latter scheme usually being adopted for high-density data 

storage. 

In this chapter we report growth of diamond on the magnetic material, Co, which 

has been patterned in various ways. The aim was to demonstrate that it is possible 

to fabricate a magnetic diamond-Co composite, and to characterise its performance.  

3.2 Experimental 

The rationale for the initial experiments was to deposit a thin film of magnetic 

material, either as nanoparticles or as an evaporated metal onto a Si substrate, 

and then pattern this into stripes or dots. The second stage would be to seed the 

entire surface with nanodiamond, and then deposit a diamond film using standard 

CVD process conditions. In this way, some areas of the diamond film would lie 

directly on top of the Si, while other areas would lie on top of the magnetic layer. 

MFM could then be used to detect the position of the magnetic regions underneath 

the protective diamond coating.  
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3.2.1 Diamond on Co nano particles 

Here, the magnetic material consisted of Co nanoparticles in powder form 

purchased from Sigma-Aldrich (product number 697745). They had an average 

diameter of < 50 nm and came pre-coated with a thin graphite layer (10–20 nm) 

that protects the Co from being oxidized in ambient air. This C coating may also 

work as an interlayer to improve the interaction between the diamond and Co. 

3.0 mg of this Co nanopowder was mixed in 30 mL methanol and sonicated in a 

water bath for 30 min to ensure uniform dispersion in the liquid immediately 

before use. 
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Figure 3.1. Fabrication process of growing diamond on Co nano particles. 

The fabrication process is shown in Figure 3.1. The substrate for CVD diamond 

film growth was n-type Si (10 mm × 10 mm, see section 2.1.1). The Si sample was 

then seeded with nanodiamond by ESI method (section 2.1.2), and then placed into 

a HFCVD reactor, and then a diamond layer was deposited using standard 
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conditions (1% CH4 in H2, 20 Torr) for 3 h (see section 2.1.3). The diamond layer 

was microcrystalline with faceted grain sizes around 0.5 μm on the surface and a 

thickness of around 1-1.5 μm (see Figure 3.20).  

The Oxford Laser Micromachining System (see section 2.2.1) was employed to cut 

trenches into diamond film surface at the speed of 0.5 mm/s and power of 0.088 W, 

which were able to cut through the 1.6 µm thick diamond film. The trenches were 

then used as templates for containing the Co powder on the diamond film surface. 

2 mL of the Co suspension was dropped onto the diamond surface using a pipette 

and allowed to spread out to cover the entire surface. The liquid was then removed 

and the diamond surface cleaned using a lens-cleaning tissue. The expectation was 

that the tissue would mechanically remove any Co nanoparticles sitting on top of 

the diamond, but the Co particles inside the trenches would remain. Ideally, we 

would be left with an almost flat surface with the trenches filled with 

nanoparticles up to the level of the diamond, as illustrated in Figure 3.1e. The 

samples were then put back to the HFCVD reactor for a second 3-h diamond 

growth. The existing exposed diamond grew upwards, but also and laterally across 

the top of the trenches, burying the Co nanoparticles beneath a coating of diamond.  

The results for this are given later in section 3.3. 

3.2.2 Diamond film on stripe-patterned Co film 

The experimental process of growing diamond film on stripe-patterned Co film is 

shown schematically in Figure 3.2. This work involved the preparation of stripe-

patterned Co film followed by the growth of diamond onto this Co film. 

A standard lift-off microfabrication method was employed to prepare stripe-

patterned Co film on Si. The same Si substrates (10 mm × 10 mm) were cleaned 

sequentially using Decon 90 cleaning solution, deionized (DI) water, acetone, 

methanol and isopropyl alcohol for 5 min in each liquid, and baked at 100 °C in 

air for 2 min to remove any residual adsorbates on the surface. The Si substrates 

were then spin-coated with photoresist. 

For a lift-off process, the sidewall profile of the resist is crucial.  If the resist has a 

standard vertical or sloped profile, the evaporated metal layer can conformally 
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coat the resist in a single continuous film. This can cause problems when the resist 

is removed, as the entire continuous metal layer can be lifted off as well.  A method 

to prevent this is to use a resist with an undercut (overhanging) profile, such that 

the evaporated metal layer forms on the two horizontal surfaces (the Si and the 

top of the resist) but not on the sidewall, such that the metal film is not continuous. 

Now removal of the resist lifts off the metal layer on top of the resist only, and 

leaves the unattached metal layer on the Si behind. Fabricating an undercut 

profile using a single layer of resist is quite tricky, so instead 2 resist layers are 

used with different developing rates, such that the lower resist develops slightly 

faster than the upper one.  In this way, with the correct developing time, the lower 

resist undercuts the upper resist producing the required overhanging profile. More 

details have been explained in section 2.2.3. 

To investigate the difference between single-layer and bi-layer resists for the 

microfabrication of Co film, the two strategies were employed separately. For the 

single-layer resist scheme, S1805 resist (MicroChem), was spin-coated and baked 

at 115 °C for 1 min. For the bi-layer scheme, LOR 3B resist (MicroChem) was spin-

coated onto the Si substrate and baked at 190 °C for 3 min, followed by spin-

coating of S1805 resist on top of this, which was baked at 115 °C for 1 min. UV 

exposure was carried out in a Karl Suss MJB3 Contact Mask Aligner. A 5 mm × 5 

mm stripe-patterned mask with width and space of ~ 0.6 m was placed between 

the UV beam and the Si substrate, and the substrates were exposed for 50 s to 

transfer the pattern onto the substrate. The exposed substrates were then 

developed in developer solution (Microposit MF-319) for 15-20 s and rinsed in DI 

water.  

The Si substrate with patterned resist was then placed into a thermal evaporator 

(section 2.2.2) for evaporation of Co, with thickness of ~ 36 nm.  Finally, the sample 

was placed into acetone and MF-319 to enable ‘lift-off’ of the Co-covered resist. The 

resulting Si substrate with a patterned Co film was then seeded with diamond 

using ESI (section 2.1.2). Diamond film was deposited in the HFCVD reactor using 

1% CH4 in H2 for 3 h, and characterised by SEM, Raman, and MFM. The results 

are given in sections 3.3.1 and 3.3.2. 
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Figure 3.2. Experimental process of growing diamond film on stripe-patterned Co film. 

3.2.3 The comparison of diamond films on Si and Co 

To study different growth process of diamond on Si and Co, the two materials were 

employed as substrates for growing diamond. The same n-type Si substrates were 

selected to study the growth of diamond on Si. To investigate diamond growth on 

Co, Co film with thickness of ~ 18 nm was thermally evaporated onto the n-type 

Si. All the substrates were seeded by the ESI method, and put into HFCVD reactor 

using 1% CH4 in H2 for different growth times (1, 2 and 3 h). SEM images were 

then taken of the surfaces and cross section of the diamond films to view the 

growth morphology. 

3.2.4 Nanodiamond growth and use of interlayers 

In addition to using the standard 1% concentration of methane during diamond 

CVD, high-concentration methane (2% and 4%) was employed, allowing 
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nanocrystalline diamond to be deposited. To improve the interfacial connection 

between diamond and Co, an interlayer material such as Ti and Al, with thickness 

of ~15 nm were deposited by thermal evaporation. 

3.3 Results and discussion 

3.3.1 Diamond film on Co nano particles 

An SEM image of the polycrystalline diamond film on Si deposited following 3 h 

growth is in Figure 3.3a. The microcrystalline diamond is dominated by the {111} 

facets on the surface, with crystal size of ~1 μm. The assignment of diamond was 

confirmed by the sp3 carbon peak in the Raman spectrum at ~ 1332 cm-1 shown in 

Figure 3.3b. 

Co nano particles were characterised by TEM before being deposited on diamond. 

As shown in Figure 3.4a, most Co particles have a diameter ~10 nm while the thin 

graphite layer can be observed in Figure 3.4b. 
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Figure 3.3. (a) Surface morphology and (b) Raman spectrum (laser 512 nm) of the 

diamond film on Si after 3 h growth. 

(a) 
(b) 
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Figure 3.4. TEM images of carbon-coated cobalt nanoparticles. (a) Some of the Co 

nanoparticles showing a representative range of sizes. (b) High magnification image of 

one Co nanoparticle showing the thin graphitic coating surrounding the nanoparticle. 

  

  

Figure 3.5. Surface morphologies and cross section of the diamond film overcoating a Co 

stripe in the centre of the image. (a) and (b) are the SE and BSE images of the surface, 

and (c) and (d) the SE and BSE images of the cross section. 

(a) (b) 

(a) (b) 

(c) (d) 
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Figure 3.6. EDX Elemental distributions for Si, C and Co of a selected area through the 

cross-sectional plane shown in the top image. 

Figure 3.5 shows the surface and cross-sectional morphology of the diamond film 

grown both on the Si beside the trench, and on the Co nanoparticles within the 

trench area. Away from the trench, the diamond film grown on Si looks similar to 

the control sample in Figure 3.3a. But covering the laser-cut trench the diamond 

surface grown on top of the Co nanoparticles filling the trench becomes rougher 

with larger lumps observed. There are also many small particles located on the 

surface of the diamond here. These particles appear brighter in the BSE image in 

Figure 3.5b, indicating that they belong to an element with a greater atomic 

number than carbon. Therefore, they are most likely aggregated Co particles that 

have made their way to the surface of the diamond. As seen in Figure 3.5c and 

Figure 3.5d, diamond grown on the trench area is about 2 µm above the height of 

the diamond grown on Si. There are some brighter particles embedded in the 

diamond film in the BSE image in Figure 3.5d, which are also likely to be the same 

Co nanoparticles. 

To confirm the element distribution, EDX analysis was carried out. The element 

distributions of Si, C and Co are shown in Figure 3.6. The EDX result agrees well 

with the BSE images that most Co is located between diamond film and Si 

substrate, while some Co particles also appear on the surface. It is worth noting 

Si C Co 
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that the Co distribution is not uniform across the sectional plane, which was due 

to the uncertainty of the drop casting process of Co. 

 

Figure 3.7. (a) SEM Surface morphology of diamond film grown over the laser-cut trench 

area filled with Co nano particles and (b) magnetic signal of the 40 m × 10 m area 

near the trench area, where the red colour represents the magnetic signal detected from 

the samples. 

MFM was employed to detect the magnetic signal from the Co in the trench 

underneath the diamond film. Due to the high roughness of the surface in the 

trench area, this sample was not suitable for a full scan across the trench due to 

possible damage to the AFM tip. Therefore the 40 m × 10 m surface area scan 

was stopped just before the edge of the trench, as indicated by the rectangle in 

Figure 3.7a. This area is off the trench area, therefore is almost free from Co on 

the surface. The result is displayed in Figure 3.7b, where the red colour represents 

the magnetic signal. Because most of the Co nano particles were buried in the 

trench, a strong magnetic signal was detected when the probe was close to the 

trench, and not on the Si area. The result showed that it was possible to detect the 

magnetic Co particles beneath 1 m of polycrystalline diamond film. 

To find out the influence of laser-cutting speed on the surface quality of the cut 

diamond, diamond films were cut at three different speeds (0.1, 0.25 and 0.5 mm/s) 

by the laser cutting system. Images of the diamond films after laser cutting are 

shown in Figure 3.8. In the presence of air, diamond can easily react with oxygen 

to form the gaseous CO2 at ~ 800 C. Therefore, diamond at the high temperature 
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laser focused spot was easily etched away. Unfortunately, it appears that the 

power of the laser was too high, and so as well as removing the diamond, the 

underlying Si was also melted by the laser. However, since Si cannot form any 

gaseous phase during laser cutting, the melted Si stayed on the surface and the 

resolidified to form many lumpy features within the trench. These Si features 

prohibited the formation of a flat diamond film in the subsequent second diamond 

growth process. With increasing cutting speed, the trench became shallower and 

thinner, whilst the Si lumps were less pronounced. Ideally, the laser power and 

focus should be adjusted to only cut the diamond film while leaving the Si 

substrate intact. However, in practice, it proved difficult to adjust these 

parameters accurately while maintaining the laser focusing point and scanning 

across the surface, as the sample was never exactly horizontal such that the laser 

focus (and hence energy density) varied with position. 

   

   

Figure 3.8. Cross-section images of the diamond films cut by laser at (a) and (d) 0.1 

mm/s, (b) and (e) 0.25 mm/s, and (c) and (f) 0.5 mm/s. (a), (b) and (c) are the SE images 

and (d), (e) and (f) the BSE images. 

Another factor which influenced the surface quality obtained from laser cutting 

was the localised heating. Figure 3.9 shows the different laser cutting profiles 

obtained using a nanosecond laser and femtosecond laser [17, 18]. The nanosecond 

laser has a longer pulse duration, which leads to a larger heat affected zone. More 

material is melted and re-solidified in the laser focus area such that the actual 

(a) (b) (c) 

(d) (e) (f) 
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machining path is wide and rough. The thermal effect can also lead to microcracks 

in the specimen. In comparison, a femtosecond laser has a very short pulse 

duration and therefore less total heat is delivered to the surface. The laser beam 

can focus on a very small point of the surface and cut narrow trenches with high 

precision. 

Heat affected zone Less heat effect

Nanosecond laser Femtosecond laser

 

Figure 3.9. Schematic representation of different heat effects when using a nanosecond 

laser and a femtosecond laser when cutting a substrate. 

To cut a narrow trench or groove of high precision into a diamond surface, it is 

necessary to use ultrashort pulse laser to minimise the heat effect. For example, a 

femtosecond laser has been employed to cut submicron or nano structures into 

diamond [19-21]. Unfortunately, in this study, the only laser cutting system 

available to use had a pulse duration of 10-500 ns, which is far from ideal for the 

high-precision machining task we required. This resulted in the trenches being too 

wide and filled with resolidified Si lumps. Because this approach was not as 

successful as we had hoped, the patterning experiments moved to a new approach, 

described in the following section. 

3.3.2 Diamond film on stripe-patterned Co film 

Figure 3.10 shows the cross-sectional profiles of the developed resist patterns.  The 

two resists form micropatterned stripes, with width and spacing of ~ 1 m onto 

the Si surface. The single-layer resist has an over-cut profile, as shown in Figure 

3.10a. In the bi-layer resist scheme, due to the fact that the LOR 3B resist was 

developed faster than the S1805 resist, an under-cut profile was obtained, as 

shown in Figure 3.10b. 
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Surface morphologies of the two samples after Co thermal evaporation and lift-off 

are displayed in Figure 3.11. BSE images and EDX maps are presented to show 

the distribution of Co. The homogeneous colour in the BSE image of the single-

layer resist indicates a continuous Co film formed on the surface, which is 

confirmed by the EDX map. For the sample using bi-layer resist, stripe-patterned 

Co film was obtained, and the Co stripes can also be identified in the EDX map in 

Figure 3.11d. The width and spacing of the Co stripe are ~ 1 µm, which agrees well 

with the pattern of the developed photoresist. 

The two different distributions of Co film can be explained by the lift-off 

mechanism. Due to the sloped profile of the single-layer resist, the thermal 

evaporated Co on Si was a whole film, making the lift-off extremely difficult. On 

the other hand, the under-cut profile of the bi-layer resist separated the Co film 

into isolated stripes. Therefore, the Co film deposited onto the resist was removed 

in the lift-off process afterwards and only the film attached onto the Si surface was 

left. 

  

Figure 3.10. Developed profiles of (a) single-layer resist S1805 and (b) bi-layer resist 

(LOR3B + S1805). 

In order to have diamond film as a protective layer on Co, these Si samples with 

patterned Co stripes were used as the substrate for diamond growth. As shown in 

Figure 3.12a, diamond film grown on patterned Co exhibits a striped morphology, 

with larger grain size (~ 2 m) than that on Si in Figure 3.3a. However, such 

diamond film still has a high quality, which was confirmed by the Raman spectrum 

in Figure 3.12b. The small peak at ~1580 cm-1 can be attributed to the G band of 

graphitic carbon. 

(a) (b) 
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Figure 3.11. BSE images of Co films prepared by (a) single-layer resist and (b) bi-layer 

resist, and the corresponding EDX maps in (c) and (d), respectively. 

The cross-section of the diamond film on top of the patterned Co stripes was also 

checked by SEM. As seen in Figure 3.13a, the film is ~1.6 µm in thickness. As 

shown in Figure 3.13b, some periodic bright areas between Si and diamond were 

observed in the BSE image. These bright areas are believed to be patterned Co, 

which is confirmed by the EDX analysis displayed as an inset in Figure 3.13a. The 

selected area shows a periodical distribution of Co, indicating Co has been 

embedded between diamond film and Si substrate. It is worth noting that for the 

diamond film grown on the Co stripes, some Co nano particles were observed on 

the surface, as shown in Figure 3.13b. These Co particles came from the thermally 

evaporated Co film, and were melted and diffused up to the surface during growth. 

This growth process will be discussed in the next section. 

(a) (b) 

(c) (d) 
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Figure 3.12. Diamond film grown on stripe-patterned Co and its Raman spectrum. 

  

Figure 3.13. Cross-section images of diamond film grown on stripe patterned Si: (a) the 

SE image with the inset EDX map of Co in the dashed rectangle area, and (b) the BSE 

image. The red circles in b indicate Co nano particles on the surface. 

Compared with the diamond film grown on laser-cut diamond film with Co 

nanoparticles in trenches, the diamond film grown on thin Co film has a better 

surface quality. No obvious lumps were observed on the surface, making it possible 

to run a full MFM scan across the surface.  

A 35 m × 5 m square area on the surface was selected for the MFM scanning. 

The selected region contains the diamond film on stripe-patterned Co and Si, as 

shown in Figure 3.14a, while the height, amplitude and phase maps are displayed 

in Figure 3.14b, c and d, respectively. According to the height map (Figure 3.14b), 

diamond film grown on the Co area had an average roughness (Ra) of ~100 nm, 

while the Ra of the diamond on the Si area was ~50 nm. Because of the height of 

the Co film, the height of the diamond film shows a periodical distribution, as the 

MFM tip traverses the Si and Co regions. The amplitude map (Figure 3.14c) has 

(a) (b) 

(a) (b) 
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a similar distribution to the height map, indicating that the amplitude was 

influenced by the surface morphology. 

The diamond film shows a periodic magnetic phase signal on the Co area, while 

the phase signal on the Si area is low and featureless, indicating that phase map 

is not affected by the morphology as much as the amplitude. Therefore, the phase 

shift (the change in phase) in the Co area is believed to represent the magnetic 

field gradient.  The magnetic signal exhibits a periodical distribution across the 

surface, which agrees well with the location of the underlying Co film. However, 

the phase map still shows some connection with the morphology. For example, the 

region with maximum height also has the strongest phase. The phase shift in the 

Co region is also small (±100°), indicating that the Co-induced magnetic field is 

weak. One reason may be that the diamond film on Co is rather thick (~ 1.6 m). 

Because the magnetic field decays rapidly with distance from the Co film, the 

magnetic signal becomes very weak at 1.6 m above the Co.  

Another reason may be that even though the surface roughness is less than that 

of the laser-cut diamond, it is still high for MFM scanning, and this roughness not 

only increased the distance from the Co stripes to the MFM tip, but also the chance 

of MFM tip being damaged. The Co stripe had a thickness of ~36 nm. However, as 

shown in Figure 3.14a and illustrated in Figure 3.15, the diamond film grown on 

the Co area had a height of > 100 nm more than that on Si. Even though the 

constant-distance mode has some advantages over the constant-height mode (see 

section 2.3.2), this substantial height difference made it inappropriate to run MFM 

at the constant-distance mode because it would make the probe much closer to Co 

during scanning in the gaps between Co stripes, which would artificially introduce 

more errors. Therefore, the MFM was operated at the constant-height mode (50 

nm from the highest point of the surface), which apparently is not the most 

sensitive way for MFM to detect magnetic field. The constant-distance mode is 

only suitable when Co percolates through the diamond and is uniformly 

distributed within the diamond layer above where the Co stripe was. 
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Figure 3.14. (a) surface morphology, (b) height, (c) amplitude and (d) phase maps of the 

selected area of the diamond film on Co stripes characterised by MFM. 
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Figure 3.15. Schematic diagram of the constant-height operating mode of MFM. 

Nevertheless, this is a very encouraging result. To our knowledge, this is the first 

report of magnetic field detection through a protective diamond layer, and we have 

demonstrated that diamond film grown on stripe-patterned Co can be used for 

magnetic signal detection. These isolated magnetic stripes embedded in diamond 

film can work as different magnetic domains and may be modified or magnetised 

independently. Apart from Co, different magnetic materials (metals or alloys) may 

be patterned and embedded in diamond film using the lift-off process. Due to the 

robustness of diamond, the prepared magnetic composites can work in extreme 

environments such as those that are chemically corrosive, or have high/low 

temperatures and radiation levels (e.g., in space), or as implantable biosensors. 

3.3.3 Growth behaviour of diamond on Si and Co 

According to the above SEM and AFM images, with the same growth conditions 

(1% CH4 in H2), diamond grown on Co has a larger grain size (~ 2 m) than that 

on Si (~ 1 m), and the grain size has influenced the surface morphology. To 

compare the growth process of diamond on Co and Si, the two materials were 

employed separately as substrates for growing diamond film. 
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1-h growth 

  

Figure 3.16. Diamond film grown on Si for 1h: (a) cross section, (b) the top view image. 

 

  

Figure 3.17. Diamond film grown on Co thin film for 1h: (a) and (b) are SE and BSE 

images of the cross section, and (c) and (d) the SE and BSE images of the surface. 

Carbon has a solubility of ~1 at.% in Co at 900 °C, and ~4 at.% at 1200 – 1400 °C 

[22]. On the other hand, the solubility of C in Si is extremely low, only 10-3 – 10-4 

at.% at 1200 – 1400 °C [23]. Because diamond growth only begins after a substrate 

surface is fully saturated with C, diamond growth occurs much more rapidly on Si 

(a) (b) 

(a) (b) 

(c) (d) 
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than Co. Co is also well-known to act as a catalyst that can help convert diamond 

into graphite or vice versa [24]. Under low-pressure conditions, some of the newly 

formed diamond is likely to have been converted into graphitic forms of carbon by 

Co, which would be etched away by H2 during the CVD process, leading to a lower 

overall growth speed. Even though a diamond film was also observed on Co, the 

film was not as dense as that on Si. It was also hard to form a robust carbide 

interface between diamond and Co, such that the diamond grains were not well 

attached on the substrate and not able to form a homogeneous and flat film. 

Therefore, the many free-standing grains kept growing to all directions, and 

evolved into large grains. 

2-h growth 

  

Figure 3.18. Diamond film grown on Si for 2h: (a) cross section, (b) top surface. 

After 2-h growth, the diamond had formed a dense film on the Si substrate (Figure 

3.18a). In this process, the previously formed diamond layer worked as a new 

template for growing further diamond, such that some diamond grains continued 

growing and became large crystals. Therefore, more diamonds with larger size (~ 

1 m) were observed on the surface, as seen in Figure 3.18b, compared with the 

grain size of ~ 0.5 m after 1h (Figure 3.16b). At the same time, less {100} facts 

were observed on the surface. 

(a) (b) 
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Figure 3.19. Diamond film grown on Co thin film on Si for 2h: (a) and (b) are SE and 

BSE images of the cross section, and (c) and (d) the SE and BSE images of the top 

surface. 

For the sample grown on Co, a continuous polycrystalline diamond layer was 

formed after 2-h growth. The cobalt layer can be observed between diamond and 

Si substrate (see the BSE image in Figure 3.19b). As the reaction proceeded, 

diamond nucleation and growth preferred to happen on the surface of the diamond 

crystals rather than on the Co nanoparticles, such that the previously formed Co 

nanoparticles were ‘lifted up’ to the surface (see Figure 3.19b and Figure 3.19d). 

There was also a chance that the Co nanoparticles became trapped between two 

or more diamond grains such that they were embedded in the film, as can be seen 

in Figure 3.17b. Due to the poor interface between diamond and Co, the randomly 

distributed diamond grains continued to grow and many larger grains formed, 

making the surface rough. 

  

(a) (b) 

(c) (d) 
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3-h growth 

  

Figure 3.20. Diamond film grown on Si for 3h: (a) the cross section, (b) the top surface. 

  

  

Figure 3.21. Diamond film grown on Co thin film for 3 h: (a) and (b) are SE and BSE 

images of the cross section, and (c) and (d) the SE and BSE images of the top surface. 

After 3 h growth, diamond films with thickness of ~ 1.5 m were obtained for the 

samples both on Si and Co, with the surfaces consisting of even larger crystallites 

compared with the 2h sample. The Co layer was adherent on the Si substrate, 

(a) (b) 

(a) (b) 

(c) (d) 
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which can be seen in the BSE image in Figure 3.21b, while the Co nanoparticles 

could also still be observed on the surface. 

Based on the above comparison of using Si and Co as substrates, it can be seen 

that there are several factors affecting the surface morphology of the diamond film. 

The first factor is the size of the diamond crystallites, such that a larger sized 

crystallite leads to a higher surface roughness. The second factor is the interface 

between the substrate and diamond film. When a uniform interface such as a 

carbide layer is formed, diamond crystallites can attach on the substrate well, 

therefore forming a homogeneous layer. However, as in the case of using Co as 

substrate, the non-uniform interface resulted in a rougher film. 

3.3.4 Nanodiamond film and the use of an interlayer 

To prepare a polycrystalline diamond film with low surface roughness, one 

strategy is to make the diamond crystallite size as small as possible. The 

crystallite size can be controlled by adjusting the methane concentration in 

hydrogen, such that a higher methane concentration leads to a smaller crystal size 

[25]. 

  

Figure 3.22. Cross-section images of diamond films deposited using (a) 2% and (b) 4% CH4 

in H2 after 1 h growth. 

The cross sections of polycrystalline diamond films using 2% and 4% CH4 are 

shown in Figure 3.22a and b, respectively. Compared with the sample grown using 

1% CH4 (Figure 3.20a), with the increase in methane concentration the crystallite 

size has become smaller. For the sample using 4% CH4, the nano-size crystallites 

are now barely distinguishable under SEM. Also, with high methane 

(a) (b) 
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concentration more C atoms were introduced into the reaction chamber thus the 

growth rate also increased. However, high concentrations of methane also 

introduces more sp2 C into the sample, especially in the grain boundaries [25]. 

As discussed in the last session, the connection between substrate and diamond 

film plays an important role in the quality of the sample. To improve the 

interfacial connection between Co and diamond, Ti and Al (~ 15 nm thickness) 

were introduced as interlayers. The surface morphologies of CVD diamond films 

grown on Ti and on Al on top of stripe-patterned Co are shown in Figure 3.23. 

Using high-concentration methane for the CVD with Al and Ti as interlayer 

materials, the resulting diamond films have a smaller grain size than the sample 

in Figure 3.13, and also appear to be well attached to the substrate. Diamond 

grown on Ti has a smaller grain size than that on Al. However, the stripe patterns 

are still clear under SEM, meaning that the surface is still not flat enough for 

MFM test. 

  

Figure 3.23. SEM images of diamond film on stripe-patterned Co for 30 min, using 2% 

CH4 in H2, and (a) Al and (b) Ti as interlayer, respectively. 

In this case, due to the existence of the Co stripes, an ideal result is that with the 

growth of the diamond film, the bump feature will be compensated by the high 

thickness such that a flat surface can be obtained. However, in the real situation, 

diamond grows not only on the flat substrate, but also on the bump area, as 

illustrated in Figure 3.24. As the growth continues, the bump becomes bigger and 

bigger. Therefore, it is hard to have a film with flat surface unless some post 

processing such as polishing is introduced. 

(a) (b) 
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Figure 3.24. Schematic of nanodiamond film growth on a rugged surface. 

3.4 Conclusions 

In this chapter, Co nanoparticles and films were used to make magnetic diamond 

film composites. Si and Co were compared as substrates for CVD diamond growth. 

The main conclusions are as follows. 

1) Carbon-coated cobalt nanoparticles can be embedded into polycrystalline 

diamond film by laser cutting followed by a second diamond growth. 

Diamond can grow over the cobalt nanoparticles and the magnetic signal 

can be detected by MFM. However, due to the heating effect of the 

nanosecond laser melting and resolidifying the Si substrate, the laser-cut 

surface was rough. This meant the diamond film after the second growth 

was not smooth enough for a magnetic signal reading. It is recommended 

that for future work an ultrashort pulse laser (e.g. femtosecond laser) is 

required to have the high-precision laser structuring without the Si melting. 

2) Stripe-patterned Co film was prepared by a standard lift-off fabrication 

process. Diamond film was grown on the Si substate with stripe-patterned 

Co. The Co-induced magnetic field was detected by MFM through the 1.6 

μm-thick protective diamond coating. Although this is preliminary work, it 

has demonstrated the proof-of-principle that diamond films can act as a 

robust protective layer for magnetic composite devices, which may have 

applications in some extreme environments.  Future work would involve 

optimising the fabrication procedures, in terms of the thickness of Co and 
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diamond, as well as using dots instead of stripes for discreet magnetic 

memory applications. 

3) Co was studied as a substrate for CVD diamond growth and compared with 

Si. Carbon has a high solubility in Co, so diamond growth did not start until 

Co was saturated with C. Diamond cannot form a stable carbide layer on 

Co, so the growth was not uniform as that on Si. 

4) To reduce the surface roughness of diamond film, nanodiamond film was 

obtained using a high concentration of methane. Al or Ti can be employed 

as thin film interlayer materials between diamond and Co to improve the 

quality of diamond on Co. However, it is still hard to obtain a flat 

nanodiamond film on a rugged substrate because any surface feature will 

be enlarged after growth. 

5) Future work may also involve studying other magnetic metals such as alloy 

of neodymium which has larger magnetic moments than Co and Fe and so 

it may be possible to read magnetic signals buried beneath deeper layers of 

diamond than was possible with Co. 
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 4 
4. THEORETICAL STUDY OF Be IN DIAMOND 

As mentioned in section 1.5, the preparation of n-type diamond has been extremely 

difficult, which inhibits the application of diamond into electronic devices. In this 

chapter, first-principles calculations were carried out to investigate Be as a dopant 

for diamond. The electronic and magnetic properties of Be-doped diamond were 

studied. Different doping positions were considered and the electronic properties 

were compared. Band structures and the empirical marker method were employed 

to predict the energy levels of the defects, and their formation energies were 

calculated to predict whether these defects are easy to form. 

4.1 Introduction 

Beryllium (Be), with atomic number 4, is near the beginning of periodic table. Due 

to its low density and low number of electrons for each atom, Be is highly 

transparent to X-rays [1], therefore it is often used as a material for making X-ray 

windows [2]. For example, Be gasket can be used as a X-ray window to study 

material properties at extremely high pressure [3]. If diamond can be grown on Be, 

then the strength of the window can be greatly enhanced. Be is one of the rarest 

metals on Earth [4], making it more expensive compared with most other elements. 

Be and its compounds, for example BeCl2 and BeH2, often exist as solid-state 

powders, which are not suitable for the pipework of CVD. They are also highly 

toxic, especially after being inhaled [5]. Because of the high toxicity and high cost, 

it is very difficult to obtain and handle Be in the lab, not mention to put it into a 

CVD reactor at the risk of contaminating the chamber. For these reasons, there 

are only a few experiments reported regarding Be-doped diamond. 
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Be has been used as substrate for diamond growth in a microwave plasma CVD 

reactor [6]. Even though it was possible to grow high-purity diamond given the 

formation of Be2C carbide layer, this layer only formed when temperature was 

above 750 °C. Below this temperature, diamond on Be was of bad quality with a 

lot of amorphous carbon. Another problem was that, due to the large difference of 

thermal expansion coefficients between Be (11.3 × 10-6 K-1) and diamond (0.8 × 10-

6 K-1), the grown diamond film was easily fractured and delaminated. 

Ion-implantation was used to introduce Be into Ib-type single crystal diamond, 

followed by a high pressure and high temperature annealing treatment to reduce 

the implantation-induced stress [7]. Cathodoluminescence spectroscopy confirmed 

the existence of Be in diamond film. However, due to damage induced from 

implantation, the resistivity of the Be-doped diamond was so high that the 

electrical parameters could not be determined. Later, the same group prepared 

Be-doped diamond by inserting a Be rod into the reactor during the CVD process, 

using a single crystal diamond as substrate [8]. Be concentration in diamond was 

controlled from 1016 to 1018 cm-3 by adjusting the position of Be-rod in the reactor. 

However, the resistivity was still too high for measuring the electrical parameters 

such as mobility and carrier concentration. 

Compared with the experimental work with a lot of risk and uncertainty, 

calculation is risk-free, thus easier to perform. Yet, there is not much calculation 

work done concerning Be-doped diamond. The electronic properties of Be-doped 

diamond were studied by researchers using GGA functional (PBE), and n-type and 

p-type semiconductor properties with shallow donor or acceptor level were 

predicted for diamond doped with Be at interstitial and substituted sites, 

respectively [9]. However, because the PBE functional cannot describe the 

exchange interaction accurately [10], the calculated band gap was underestimated 

using this method. Second, for the interstitial doping, only the tetrahedral defect 

was studied, while the hexagonal interstitial defect was not reported. Moreover, 

formation energies of different defects were not calculated, so it is hard to know 

whether these defects can form easily in diamond or which should be the ground 

state among these defects. The ground state and its formation energy determines 

whether Be can be used as a n- or p-type for diamond. 
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In this work, DFT calculations were employed to study the electronic and magnetic 

properties of Be-doped diamond. Different doping positions and doping 

concentrations were considered. Geometry structures and band structures were 

investigated. 

4.2 Method 

The CRYSTAL 17 [11] software package was used for the calculations. The range-

separated hybrid functional HSE06 [12] was selected for exchange and correlation 

calculations. Compared with global hybrid functionals, range-separated hybrid 

functionals are usually lower in computational cost and easier to converge, 

therefore widely used for the calculation of electrical properties [13]. Two 

Gaussian basis sets, pob-TZVP-rev2 [14] (hereafter abbreviated as BS1) and 6-

21G* [15] (abbreviated as BS2), with polarisation quality were used for the carbon 

atoms. BS1 consisting of 18 orbitals, is based on the triple-zeta basis set pob-TZVP 

[16], which consists of one basis function for the core shell, three basis functions 

per valence shell and one primitive polarisation function. Compared with the 

original pob-TZVP basis set, the revised version BS1 suffers less from basis-set 

superposition errors, therefore is more suited for solid-state calculations. BS2, on 

the other hand, contains one basis function for the core shell, two basis functions 

per valence shell and one primitive polarisation function. BS2 is cheaper than BS1, 

therefore suited for calculations in larger supercells. An extended 5-1111-(3p)-(2d) 

basis set proposed by Grüneich et al. [17] was selected for Be, which contains 24 

orbitals for high-precision calculation and diffuse functions to improve the 

performance in Be metal [18]. 

To simulate different doping concentrations, four conventional supercells (2×2×2, 

2×2×4, 3×3×3 and 4×4×4) were constructed for the calculation, which contain 64, 

128, 216 and 512 C atoms and were denoted as S64, S128, S216 and S512, respectively. 

Based on the Monkhorst-Pack method [19], shrinking factors 4 and 2 were selected, 

which contain 4×4×4 (S64 and S128) and 2×2×2 (S216 and S512) special k-point 

meshes in the first Brillouin zone. The truncation criteria for Coulomb and HF 

exchange were set to 7 for T1-T4 and 14 for T5 (see CRYSTAL17 User's Manual 

[20]). 
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Full geometry optimisation was employed in the S64 pure diamond system before 

dopants were added, resulting in calculated lattice parameters of 3.5470 (using 

BS1) and 3.5637 Å (using BS2), which are close to the experimental value 3.567 Å 

[21]. The optimised lattice parameters were then used in the subsequent 

calculations of the system with dopants added. Substitutional and interstitial Be 

in diamond were calculated separately. Be located at a substitutional site is 

denoted as Bes. For interstitial Be defects, as illustrated in Figure 4.1, two possible 

positions, tetrahedral and hexagonal interstitial sites were considered, and the 

corresponding defects are denoted as Bei,tet and Bei,hex, respectively. To avoid being 

trapped in the local energy minima, the Be atom was initially placed slightly away 

(~ 0.05 Å) from the original C lattice site, tetrahedral or hexagonal centre of the 

perfect diamond structure. Spin-polarised solutions were employed for the 

calculations in the defect systems to determine the ground-state magnetic 

ordering. For each open-shell system, the ground-state spin was determined by 

comparing energies of the system with different spins. The spin (S) of the system 

was controlled by maintaining a fixed difference between the number of α and β 

electrons by using a keyword SPINLOCK, while for any specific atoms, their 

atomic spins were controlled by a keyword ATOMSPIN [20]. During geometry 

optimisation of the defective system, all the atomic positions were allowed to relax 

in the supercells of fixed lattice parameters (3.5470 Å for BS1 or 3.5637 Å for BS2). 

 

Figure 4.1. Schematic diagram of two interstitial Be sites in diamond: (a) tetrahedral 

(Bei,tet) and (b) hexagonal (Bei,hex). Gray and red atoms represent C and Be atoms, 

respectively. 
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High-symmetry k points in a Brillouin zone of a simple cubic lattice [22] were 

selected to plot band structures. The selected path in the reciprocal space is R-Γ-

X-M-Γ, as illustrated in Figure 4.2. 

R

Γ X

M
b1

b2

b3

 

Figure 4.2. Brillouin zone of a cubic lattice, where b1, b2 and b3 are the primitive reciprocal 

lattice vectors [22], and R, Γ, X, M the high-symmetry k points. 

Formation energies (𝐸f) of defects were calculated using: 

 𝐸f = 𝐸d − 𝐸p + 𝐸C − 𝐸μ 5.1 

where 𝐸d is the total energy of the supercell with defect, 𝐸p is the energy of the 

perfect supercell, and 𝐸C is the chemical potential of the carbon atoms removed 

and 𝐸μ the potential of the dopant atoms added to the diamond bulk. 

Although the incorporation of HF exchange helps DFT describe the band gap 

better, DFT method is still not able to predict the band structure of diamond 

accurately, and it cannot predict the donor or acceptor level with high accuracy, 

especially for the shallow donors and acceptors. To overcome this shortcoming, 

empirical marker method (EMM) was employed to calculate the donor or acceptor 

level [23, 24]. EMM compares the ionisation energy of a defect with a reference 

(marker), which has a donor or acceptor level known experimentaly. EMM has 

been used to predict donor and acceptor states in diamond successfully [24-29], 

and is especially useful to calculate the electrical levels of the dopant having 
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similar geometry and energy levels with the reference. To calculate the donor and 

acceptor levels, EMM can be given as Equations 5.2 and 5.3: 

 𝑋(0 +⁄ ) = 𝑅(0 +⁄ ) + {[𝐸(𝑋0) − 𝐸(𝑋+)] − [𝐸(𝑅0) − 𝐸(𝑅+)]} 5.2 

 𝑋(− 0⁄ ) = 𝑅(− 0⁄ ) + {[𝐸(𝑋−) − 𝐸(𝑋0)] − [𝐸(𝑅−) − 𝐸(𝑅0)]} 5.3 

where 𝑋(0 +⁄ ) and 𝑅(0 +⁄ ) represent the donor level of the element to be calculated 

and the donor level of refrence, 𝐸(𝑋0)  and 𝐸(𝑋+)  the neutral and positively 

charged states of the element to be calculated, and 𝐸(𝑅0) and 𝐸(𝑅+) the neutral 

and positively charged states of the reference. Equation 5.2 is also equivalent for 

the calculation of acceptors in negatively charged state, which can also be 

expressed in Equation 5.3, where 𝑋(− 0⁄ ) and 𝑅(− 0⁄ ) represent the acceptor level of 

the element to be calculated and the acceptor level of refrence, 𝐸(𝑋−) and 𝐸(𝑋0) 

the negative and neutral states of the element to be calculated, and 𝐸(𝑅−) and 

𝐸(𝑅0) the negative and neutral states of the reference. The negetively or positivly 

charged states were generated by adding or removing an electron from the system. 

B and P were selected as the acceptor and donor references, with electrical levels 

of 𝐸v + 0.35 eV [30, 31] and 𝐸c − 0.6 eV [32] reported, where 𝐸v  and 𝐸c  represent 

valence band edge and conduction band edge, respectively. 

4.3 Results and discussion 

4.3.1 Single neutral vacancy 

4.3.1.1 Geometry structures 

Natural or lab grown diamond often exists with many crystallographic defects, for 

example, a single vacancy [33, 34]. Therefore, substitutionally doped Be is more 

likely to form in a diamond structure which already has an existing C vacancy. 

The formation energy of the Bes defect given a pre-existing single-vacancy defect 

is expected to be lower than that from a perfect diamond. Therefore, before 

considering Be doping, we first studied the properties of a neutral C vacancy in 

diamond. Single-vacancy calculations were performed using the S64 supercell, with 

a neutral vacancy located in the centre of the model, as shown in Figure 4.3. The 



CHAPTER 4 

109 

neutral vacancy generates four unpaired electrons, which have three possible spin 

states, i.e., S = 0 (two α and two β electrons), S = 1 (three α and one β electrons) 

and S = 2 (four α electrons). To determine the ground state, these three possible 

structures were calculated and compared. 

 

Figure 4.3. (a) Single neutral vacancy in S64 and (b) enlarged view in the S64 supercell. 

The 63 carbon atoms are labelled from C2-C64 with the vacancy denoted by “V”. 

After geometry optimisation, deformation of the lattice mainly occurred around 

the vacancy site, i.e., C33, C34, C37 and C49 as shown in Figure 4.3(b). Distances 

from the original vacancy site to its nearest C atoms are given in Table 4.1. These 

show that compared with the original C–C bond lengths of 1.536 Å (BS1) and 

1.543 Å (BS2), the four C atoms around the vacancy all relaxed away from the 

vacancy for all the spin states. S = 0 and 2 resulted in Td structures while S = 1 

resulted in a C3v defect. Due to the rigid structure of diamond, C atoms far from 

the vacancy were not affected as much [35]. In the relaxed structure of the S = 0 

state using BS1, the C–C bonds nearest to the vacancy site have lengths 1.484 – 

1.502 Å, which are 2.21 – 3.39% shorter than the original length, while the second-

nearest C–C bonds are 1.534 in length, which are 0.13% shorter than the original. 
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Table 4.1. Distances (Å) from the vacancy site V to each of the 4 neighbouring C atoms 

in the S64 supercell after geometry optimisation using the 2 basis sets. 

  BS1  BS2 

  S = 0 S = 1 S = 2  S = 0 S = 1 S = 2 

V-C33  1.646 1.600 1.702  1.640 1.588 1.701 

V-C34  1.646 1.659 1.702  1.640 1.655 1.701 

V-C37  1.646 1.659 1.702  1.640 1.655 1.701 

V-C49  1.646 1.659 1.702  1.640 1.655 1.701 

4.3.1.2 Vacancy formation energies 

For the BS1 basis set, the S = 0 state had the lowest total energy, while S = 1 was 

only ~ 0.12 eV higher in energy than this. For both S = 0 and S = 1, the spin 

configurations became stable after 5 cycles of SPINLOCK. S = 2 is the highest-

energy state at ~1.5 eV higher than that of S = 0. To prevent the S = 2 state 

relaxing to a more stable state (S = 0 or S = 1), the difference between the number 

of α and β electrons had to be maintained during the whole self-consistent field 

(SCF) calculation. The same stability order was obtained using the BS2 basis set, 

where the S = 0 state was ~0.12 and 1.45 eV lower than that of the S = 1 and S = 2 

states, respectively. This relative stability agrees very well with the literature [36, 

37]. The calculated vacancy-formation energies for different spins are presented 

in Table 4.2, indicating good agreement with the literature.  

Table 4.2. Formation energies (𝐸f, eV) of a single neutral vacancy calculated using the 2 

carbon basis sets and the comparison with the literature. 

S BS1 BS2  Literature 

0 7.12 7.38  7.01 [36], 6.99 [37], 7.62 [38], 7.20 [39] 

1 7.24 7.50  7.15 [36], 7.14 [37] 

2 8.61 8.83  8.50 [36], 8.49 [37] 

4.3.1.3 Band structures 

Band structures of the pure diamond is shown in Figure 4.4. Band gaps of 5.33 

and 5.29 eV were obtained from the perfect diamond structure using BS1 and BS2, 
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respectively, which are in good agreement with the experimental value of 5.47 eV 

[40]. Overall, band structures calculated from the two basis sets are very similar. 

For the single-vacancy structure, defect states appear in the band gap due to the 

vacancy, as plotted in Figure 4.5. Under different spin states, the atomic orbitals 

below the Fermi level are filled by different numbers of α and β spin electrons. The 

band structures agree well with the literature [36, 37]. 

  

Figure 4.4. Band structures of perfect diamond using BS1 and BS2 basis sets, where the 

red lines represent the Fermi level. 

 

     

  

  

 

 

 

 

 
 
 
  
 
  
 
 
             

    

     

  

  

 

 

 

 

            

   



CHAPTER 4 

112 

 

 

Figure 4.5. Band structures of diamond with a single vacancy calculated for a S64 supercell 

using BS1 and BS2 basis sets with spins of S = 0, 1, and 2. Continuous and dotted lines 

represent α and β levels, respectively. 

4.3.1.4 Electron distribution 

The magnetic moment of each C atom is reported by Mulliken population analysis 

in the output file. The magnetic moments are mainly distributed in the four C 

atoms (C33, C34, C37 and C49) around the vacancy, as listed in Table 4.3. To 

visualize this distribution, in Figure 4.6, a plane along the (100) direction was 

defined as a window to observe the spin density of the C atoms around the vacancy. 

Considering that BS1 and BS2 give very similar results, only the spin-density 

maps using BS1 are shown here. 
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Table 4.3. Total (α + β) and spin (α - β) distribution of the four C atoms around the 

vacancy in a S64 supercell, (unit e). 

 BS1  BS2 

 S = 0 S = 1 S = 2  S = 0 S = 1 S = 2 

 α + β α - β α + β α - β α + β α - β  α + β α - β α + β α - β α + β α - β 

C33 5.830 0.780 5.820 -0.482 5.797 0.978  6.032 0.687 5.998 -0.410 6.029 0.890 

C34 5.830 0.780 5.837 0.816 5.797 0.978  6.032 0.687 6.045 0.736 6.029 0.890 

C37 5.831 -0.781 5.837 0.816 5.797 0.978  6.032 -0.687 6.045 0.736 6.029 0.890 

C49 5.831 -0.781 5.837 0.816 5.797 0.978  6.032 -0.687 6.045 0.736 6.029 0.890 

 

Figure 4.6. (a) The square plane as a window for plotting the spin-density map and (b) the 

enlarged plan view. C33 and C34 are below the plane whereas C37 and C49 are above the 

plane. 

As shown in Figure 4.7, the spin-density maps agree very well with the result of 

the Mulliken population analysis in Table 4.3. For different spin settings, there are 

various numbers of C atoms with spin-up and spin-down electrons. The magnetic 

moment is mainly distributed in C33, C34, C37 and C49. Other C atoms far from 

the vacancy also exhibit small magnetic moments, but with increasing distance 

from the vacancy, the effect becomes very weak, as illustrated by the colour-map 

in Figure 4.7 (b)-(d). As a reference, in a perfect diamond, spin is zero everywhere. 
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(a)

(c) (d)

(b)

      

      

      

      

 

     

     

     

     

 

Figure 4.7. Spin (α - β) density maps of the C atoms of (a) perfect diamond, and of defect 

structures around a vacancy site with spin (b) S = 0, (c) S = 1 and (d) S = 2. Positions of 

the four neighbouring C atoms are marked in Figure 4.6(b). The isolines are in the range 

from -0.020 to 0.020 e Å-3, with a step of 0.001 e Å-3. 
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4.3.2 Substitutional doping of Be 

4.3.2.1 Geometry structures 

 

Figure 4.8. (a) Bes in S64 diamond supercell and (b) the enlarged view. 

Be was introduced into the S64 supercell substitutionally (to form a defect we have 

named Bes) and the structure is shown in Figure 4.8. The optimised structures 

using different basis sets and spin settings are summarized in Table 4.4 and Table 

4.5. The same symmetrical structures and stability order are obtained for the two 

carbon basis sets. S = 1 is the ground state, which is more stable than the S = 0 

state by 0.13 eV (BS1) or 0.12 eV (BS2). S = 2 is the least stable state, having 

energies of 5.85 eV (BS1) or 5.88 eV (BS2) higher than that of S = 1. Therefore, 

only the S = 1 and S = 0 states are discussed in detail. 

Table 4.4. Bond lengths (Å) from Be to the nearest C atoms in the Bes structure using the 

2 carbon basis sets. 

  BS1  BS2 

  S = 0 S = 1 S = 2  S = 0 S = 1 S =2 

C33-Be  1.669 1.584 1.701  1.671 1.587 1.704 

C34-Be  1.669 1.704 1.697  1.671 1.706 1.699 

C37-Be  1.669 1.704 1.697  1.672 1.706 1.699 

C49-Be  1.669 1.704 1.697  1.672 1.706 1.699 
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Table 4.5. Total (α + β) and spin (α - β) distribution of the four C atoms around Be in the 

S64 supercell, (unit e). 

 BS1  BS2 

 S = 0 S = 1 S = 2  S = 0 S = 1 S = 2 

 α + β α - β α + β α - β α + β α - β  α + β α - β α + β α - β α + β α - β 

Be 3.116 0.000 3.169 0.193 3.226 0.361  4.147 0.000 4.147 0.300 4.120 0.534 

C33 6.209 0.342 6.335 -0.023 6.158 0.440  6.000 0.265 6.043 0.003 5.987 0.362 

C34 6.209 0.342 6.160 0.443 6.152 0.442  6.000 0.265 5.984 0.359 5.985 0.398 

C37 6.209 -0.342 6.160 0.443 6.152 0.442  6.000 -0.265 5.984 0.359 5.985 0.398 

C49 6.209 -0.342 6.160 0.443 6.152 0.442  6.000 -0.265 5.984 0.359 5.985 0.398 

For the S = 1 state, after geometry optimisation, the structure of the Be-doped S64 

system changed from original tetrahedral (Td) to trigonal ( 𝐶3v ) symmetry. 

Compared with the original C-C bond length, three Be-C bonds (Be-C34, Be-C37 

and Be-C49) increased to 1.704 Å (BS1) and 1.706 Å (BS2), while the Be-C33 bonds 

increased to 1.584 Å (BS1) and 1.587 Å (BS2). For BS1, due to its large number of 

atomic orbitals, Mulliken population analysis showed that C33, C34, C37 and C49 

have negative net charges of -0.335, -0.160, -0.160 and -0.160 |e|, respectively, 

while Be has a net charge of 0.831 |e|, indicating that approximately one Be 

outer-shell electron enters the orbitals of its neighbouring C atoms. Due to the 

fewer number of orbitals BS2, this electron distribution does not occur when it is 

used, and so almost all the C atoms show a neutral charge state. 

The S = 0 spin state results in a Td symmetry structure and different electron 

distribution compared with that of S = 1. For the BS1, Be shows a positive net 

charge (0.884 |e|) while its neighbouring C atoms show negative net charge (-

0.209 |e|). For BS2, the corresponding values are -0.147 |e| for Be and zero 

charge for the neighbouring C atoms. 
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4.3.2.2 Band structures and density of states 

 

Figure 4.9. Band structures of the S64 supercell with Bes defect using BS1 and BS2 with 

spins of S = 0 and 1, respectively. 

The band structure of the Bes defect system in the S64 supercell is shown in Figure 

4.9. BS1 and BS2 give very similar results. Compared with the band structure of 

perfect diamond (see Figure 4.4), the Bes defect introduces more bands above the 

valence band maximum (VBM). In the valence bands, some atomic orbitals split 

between α and β electrons, with a splitting energy of ~1 eV. For the S = 0 state, 

one empty spin-up band and one empty spin-down band appear above the VBM, 

resulting in an indirect band gap of 0.17 eV (BS1) and 0.12 eV (BS2). For the S = 1 

state there are two empty spin-down levels introduced above the valence band, 
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resulting in α and β band gaps of 5.04 and 0.21 eV for BS1, and 4.99 and 0.14 eV 

for BS2. This indicates that there are two electrons only occupying spin-up levels 

while the corresponding spin-down levels remain unoccupied, resulting in a 2 µB 

net magnetic moment, which agrees well with Mulliken population analysis. 

Compared with the band structures of diamond with a single vacancy, addition of 

Be has introduced more bands into the valence band. The introduction of Be also 

stabilised the single-vacancy structure by reducing the overall energy of the 

system. Compared with pure diamond, the Bes defect introduced acceptor levels 

just above the valence band, resulting in a small gap between the VBM and the 

acceptor level. The Fermi level lies just above the valence band, suggesting that 

the Bes defect works as an acceptor and makes diamond show p-type 

semiconductivity.  
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4.3.2.3 Electron distribution 

(a)

(c) (d)

(b)

     

     

     

     

     

 

    

    

    

    

    

      

      

      

      

 

     

     

     

     

 

Figure 4.10. Total (α + β) and spin (α - β) density maps of the neighbouring C atoms of the 

S64 with Bes in S = 0 (left) and S = 1 (right) states using BS1. For total density maps, the 

isolines are in the range from -0.1 to 0.1 e Å-3, with a step of 0.01 e Å-3. For spin-density 

maps, the isolines are in the range from -0.02 to 0.02 e Å-3, with a step of 0.001 e Å-3. 

To visualize the electron distribution around the Be defect site, using the same 

window defined in the vacancy calculation (Figure 4.6), the total and spin-density 

maps of the Bes structure are plotted in Figure 4.10. The distribution of spin 

directions agrees with the spin distribution in Table 4.5. For the S = 0 state, 

positive and negative spins are distributed symmetrically between the four 

neighbouring C atoms and cancelled each other, resulting in a total spin of zero. 

For the S = 1 ground state, the spin is mainly located at Be, C34, C37 and C49.  
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Figure 4.11. Projected DOS of the Bes structure around the Fermi level calculated using 

BS1. Red lines represent the Fermi level while continuous and dotted lines represent spin-

up and spin-down bands, respectively. 

To determine the energy distribution around the Fermi level, the corresponding 

density of states (DOS) of Be and the surrounding carbon atoms are plotted in 

Figure 4.11. The DOS map for S = 0 indicates that the acceptor level mainly 

results from the carbon atoms around Be, i.e., C33, C34, C37 and C49. For the 

S = 1 state, the two unoccupied spin-down orbitals above the Fermi level are 

mainly distributed on Be, C34, C37 and C39. According to the result of Mulliken 

population analysis, in the defect system, the difference between α and β electrons 

is mainly located at Be (0.193 e), C34 (0.443 e), C37 (0.443 e) and C49 (0.443 

e). Therefore, the unoccupied spin-down orbitals around the Fermi level are 

probably mainly situated on Be, C34, C37 and C49, which is consistent with the 

DOS map in Figure 4.11. 

4.3.2.4 Defect formation energies 

𝐸f of the single substitutional defect Bes was calculated according to Equation 5.1. 

The chemical potential of Be has a value that depends upon which chemical form 

the Be is in before it is incorporated into the diamond. According to experimental 

reports, Be can be incorporated into diamond by using Be metal as the dopant 

source during CVD [8] or by ion implantation of Be [7]. Therefore, in the first case, 

chemical potential of Be atom was determined using Be metal, i.e., a hexagonal 

closed-packed (HCP) Be crystal as a reference. The formation energy calculated 
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from this value was denoted as 𝐸f(1). In the second case, chemical potential of Be 

was that of an isolated Be atom, and the formation energy was denoted as 𝐸f(2). It 

is worth noting that the last form of Be before it is incorporated into diamond 

should always be atomic, even though when the Be metal is taken as the reference. 

Therefore, 𝐸f(2), i.e., the formation energy calculated using the atomic reference is 

more realistic. 

The calculated formation energies are listed in Table 4.6. Positive formation 

energies 𝐸f(1) ~ 6 eV were obtained if bulk Be metal was used as reference, while 

the formation energies decreased to ~ -3 eV if isolated Be atoms were used. This 

suggests that forming Bes defects in diamond from a metal source of Be is 

unfavourable (endothermic), whilst doing so from atomic Be is exothermic and so 

more likely to succeed.  

As discussed above, the Bes defect could also form in a diamond structure that has 

existing vacancies. Therefore, we also calculated the formation energy of a Bes 

defect in a S64 supercell containing a pre-existing single vacancy (see Table 4.7). 

In this case, the formation energies for metallic Be and atomic Be sources were 

both exothermic. Indeed, 𝐸f(2) ~ -10.5 eV which is extremely large, suggesting that 

implantation of atomic Be into diamond with pre-existing vacancies may be a facile 

method to fabricate Bes defects. 

Table 4.6. Formation energies (eV) of the Bes defect in a perfect S64 supercell, calculated 

using the two carbon basis sets and regarding the Be as originating from (1) bulk Be metal 

or (2) isolated Be atoms. 

 BS1  BS2 

 𝐸f(1) 𝐸f(2)  𝐸f(1) 𝐸f(2) 

S = 0 6.06 -2.86  5.97 -2.95 

S = 1 5.94 -2.98  5.85 -3.07 
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Table 4.7. Formation energies (eV) of the Bes defect in a S64 supercell containing a pre-

existing single vacancy, calculated using the two carbon basis sets and regarding the Be 

as originating from (1) bulk Be metal or (2) isolated Be atoms. 

 BS1  BS2 

 𝐸f(1) 𝐸f(2)  𝐸f(1) 𝐸f(2) 

S = 0 -1.05 -9.98  -1.41 -10.33 

S = 1 -1.30 -10.22  -1.64 -10.57 

4.3.2.5 The effect of doping concentration 

 

Figure 4.12. Band structures of S128, S216 and S512 supercells containing a Bes defect, 

calculated using the BS2. 
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To investigate the influence of doping concentration, Bes was added into the S128, 

S216 and S512 supercells, corresponding to doping concentrations of 1.4×1021, 

8.1×1020 and 3.4×1020 atoms cm-3, respectively. Due to the high computational cost 

of using BS1, only BS2 was employed to do these calculations. Band structures of 

the S128, S216 and S512 supercells with a Bes defect are shown in Figure 4.12. With 

increasing the supercell size, the energy gap from VBM to the acceptor level (i.e., 

𝐸 − 𝐸VBM ) increases from  0.1 to  0.9 eV (see Figure 4.13). Because of the 

disadvantage that DFT method cannot predict band gap accurately (5.29 eV, 

compared with the experimental value of 5.47 eV), and the unrealistically high 

defect concentration in simulation which causes the strong defect-defect 

interactions [24], the acceptor energy level obtained from the band structure is not 

accurate enough. Therefore, EMM was also employed to predict the electronic level. 

As shown in Figure 4.13, the acceptor levels of Bes defect calculated by EMM in 

different-size supercells are very close, with excitation energies of ~1.08 and ~1.20 

eV obtained for the S=0 and S=1 states. Moreover, with the increase of the 

supercell size, the difference of electronic levels calculated by band structure and 

EMM becomes smaller. More reliable electronic levels can be obtained in larger 

supercells (e.g., 1000 atoms), but the computational cost will be extremely high. 

Nevertheless, the excitation energies indicate that the Bes defect in diamond is a 

deep acceptor, which is hardly useful at room temperature. 
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Figure 4.13. Acceptor levels of Bes defect in different-size supercells, obtained from band 

structures (black line) and by EMM (red line). 
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4.3.2.6 Magnetic ordering 

As discussed above, when Be was introduced into a substitutional site of diamond, 

a magnetic moment of 2 µB was obtained in the S64 supercell. In a real situation, 

a diamond crystal with Bes defects can be regarded as a large supercell containing 

many Bes defects and the interaction between these defects cannot be neglected. 

If these defects line up in the same magnetic direction, the structure will be 

ferromagnetic (FM). If their magnetic directions are opposite to each other, the 

magnetism with cancel out, leading to an antiferromagnetic (AFM) state. 

A simple method to determine whether FM or AFM configuration is more likely to 

occur is by calculating and comparing the total energies of FM and AFM 

configurations of a larger supercell containing two defects. By calculating the 

energy difference between the FM and AFM states, their relative stability can be 

determined. This method has been used previously for investigating the magnetic 

properties of impurity-doped diamond [41-44] and other materials such as ZnO 

[45]. 

Two Bes defects were introduced in the S128 supercell built using BS1, allowing 

both FM and AFM states. The two Bes defects were placed a distance of 7.09 Å 

apart, which is believed to be an effective distance for simulating the magnetic 

interaction within diamond [41]. It is worth noting that in a real crystal, the 

distribution of the defects will be much more complicated (e.g., the distances 

between the defects can vary and their concentration non-uniform), nevertheless 

this simplified model is sufficient to predict the relative stability between FM and 

AFM states. 

The FM configuration was set up first, and the total energy of the system was 

calculated. To set up the AFM configuration, the spin direction of one of the Be 

defects was reversed by editing the spin state using the keyword SPINEDIT [20]. 

The relative stability between the two states ( ∆𝐸 = 𝐸FM − 𝐸AFM ) was then 

calculated. Since ∆𝐸 is usually small, any geometry variation between the FM and 

AFM states may influence the energy difference [41]. To make sure the energy 

difference arises from the difference between the magnetic ordering rather than 

the geometry variation, the FM and AFM energy calculations were carried out 
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using exactly the same geometry built from the optimised lattice parameter 

(3.5470 Å) without further geometry optimisation. The results from this 

calculation predicted that the AFM state is more stable than the FM state by 

28 meV. 

4.3.3 Interstitial doping 

4.3.3.1 Tetrahedral site 

 

Figure 4.14. (a) Bei,tet in a S64 supercell and (b) an enlarged view of Bei,tet with its 

neighbouring C atoms. 

The structure of the interstitial Be-doped diamond at a tetrahedral site (denoted 

Bei,tet) is shown in Figure 4.14. After geometry optimisation, the distances from Be 

to its nearest C atoms are summarised in Table 4.8. The relaxed structure has 𝐶3v 

symmetry, such that one of the C-Be distances is slightly longer than the other 

three. All the C-Be distances have become longer compared with the C-Be lengths 

of 1.536 Å (BS1) and 1.543 Å (BS2) before geometry optimisation. For diamond 

with an interstitial Be defect, we did not observe any magnetisation effect, and the 

spin remained zero.  

The band structures of the S64 supercell with a Bei,tet defect are plotted in Figure 

4.15. Fermi level lies within the conduction band but is close to the CBM. To 

simulate the defect at lower concentration, S128 and S216 supercells with a Bei,tet 

defect were calculated, with the band structures shown in Figure 4.16. Since the 
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band structures cannot show the exact energy level of shallow donor, EMM was 

employed to do this, and 𝐸c − 0.38, 𝐸c − 0.42 and 𝐸c − 0.47 eV were predicted in S64, 

S128 and S216 supercells, indicating the Bei,tet defect works as a shallow donor in 

diamond. However, this defect structure is metastable and a denser k-point grid 

(4×4×4) had to be employed for S216 in order to get the optimised structure, 

otherwise it will drift toward an “off-centre” structure with deep donor state. The 

denser k-point grid in large supercell (e.g., S512) makes the calculation extremely 

expensive. Therefore, only S64, S128 and S216 were modelled for the Bei,tet defect. 

Table 4.8. Distance (Å) from Bei,tet to the nearest C atoms calculated using both carbon 

basis sets. 

  BS1  BS2 

C33-Be  1.620  1.626 

C37-Be  1.628  1.635 

C40-Be  1.620  1.626 

C63-Be  1.620  1.626 

 

Figure 4.15. Band structures of a S64 supercell with a Bei,tet defect calculated using BS1 

and BS2. 
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Figure 4.16. Band structures of S128 and S216 supercells with a Bei,tet defect calculated 

using BS2. 

4.3.3.2 Hexagonal site 

 

Figure 4.17. (a) The Bei,hex defect site in a S64 supercell and (b) an enlarged view of Be with 

its neighbouring C atoms. 
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Table 4.9. Bond lengths (Å) from Bei,hex to the nearest C atoms. 

  BS1  BS2 

C1-Be  1.570  1.575 

C33-Be  1.570  1.575 

C27-Be  1.570  1.575 

C63-Be  1.570  1.575 

C31-Be  1.570  1.575 

C37-Be  1.570  1.575 

For the defect system with interstitial Be at a hexagonal site (denoted Bei,hex), the 

distances from Be to the nearest C atoms (Figure 4.17) are listed in Table 4.9. C-

Be lengths increased to 1.570 Å (BS1) and 1.575 Å (BS2) compared with the 

original lengths 1.470 and 1.477 Å, respectively. Calculations also show that the 

S64 supercell with a Bei,hex defect is more stable than that with a Bei,tet defect by 

0.50 eV (BS1) or 0.72 eV (BS2), although it remains extremely endothermic (see 

Table 4.11).  

The band structure of a S64 supercell with a Bei,hex defect is shown in Figure 4.18. 

A Be donor level is introduced 0.25 eV (BS1) or 0.33 eV (BS2) below the conduction 

band minimum (CBM) of diamond, indicating n-type semiconductivity. To study 

the influence of doping concentration and determine the donor level, S128, S216 and 

S512 supercells with a Bei,hex defect were calculated, with the band structures 

shown in Figure 4.19. With the increase of supercell size (i.e., the decrease of 

doping concentration), the energy gap from the donor level to CBM increases from 

0.33 to 1.05 eV. The donor level was also calculated by EMM in different-size 

supercells. As shown in Figure 4.20, with the increase of supercell size, the 

excitation energies increased from ~1.2 to ~1.3 eV. Therefore, the Bei,hex defect is 

a deep donor in diamond. 



CHAPTER 4 

129 

  

Figure 4.18. Band structures of S64 supercell with a Bei,hex defect using BS1 and BS2. 

 

Figure 4.19. Band structures of S128, S216 and S512 supercells with a Bei,hex defect using BS2. 
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Figure 4.20. Donor levels of Bei,hex defect in different-size supercells, obtained from band 

structures (black line) and by EMM (red line). 

4.3.3.3 Off-centre site 

By placing the Be slightly off the tetrahedral or hexagonal position, a same new 

interstitial structure was obtained following geometry optimisation. This off-

centre structure, labelled Bei,oc, is compared with that of pristine diamond in 

Figure 4.21. Distances from the Be to the neighbouring C atoms are given in Table 

4.10. Compared with pristine diamond, after geometry optimisation C1 and C33 

are separated by the Be atom, and the distance from C1 to C33 has increased from 

1.536 to 2.333 Å. The total density map in the defect area (Figure 4.22) indicates 

that Be has formed new bonds with C1 and C33, with lengths of 1.532 and 1.478 Å, 

respectively. 

Table 4.10. Bond length (Å) from Bei,oc to the nearest C atoms in a S64 supercell 

calculated using the two carbon basis sets. 

  BS1  BS2 

C1-Be  1.532  1.535 

C33-Be  1.478  1.482 
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Figure 4.21. Comparison between (a) a perfect diamond structure and (b) an optimised 

structure of the Bei,oc defect, calculated using BS1. Distances are in Å. 

 

  

 

 

 

 

 

 

    

    

    

    

    

    

    

    

    

    

 

Figure 4.22.  Total density map of diamond with the Bei,oc defect. The isolines are in the 

range 0 – 0.4 e Å-3 with a step of 0.02 e Å-3. 

Band structures of the Bei,oc defect structure are shown in Figure 4.23. A new 

donor level has been introduced in the middle of the band gap of the original 

diamond, resulting in a deep donor level 2.30 eV (BS1) or 2.27 eV (BS2) below the 

CBM. Therefore, the Bei,oc defect also makes diamond n-type, but with a donor 

level too deep to be electronically useful. A DOS map around the Fermi level is 

projected onto Be and its neighbour C atoms. As plotted in Figure 4.24, the defect 

level is mainly distributed in C1 and C33. 

The Bei,oc defect is more stable than Bei,hex by  2.5 eV (see Table 4.11), which 

would make it the ground state for interstitially Be-doped diamond. Nevertheless, 
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it is still endothermic with 𝐸f(1) ~ 11.5 eV and  𝐸f(2) ~ 2.5 eV, and 5.56 eV higher 

in energy than the Bes defect.  

 

Figure 4.23. Band structures of the Bei,oc defect structure in S64 calculated using BS1 and 

BS2. 

To study the influence of different doping concentrations on the electrical 

properties, the Bei,oc defect was calculated in S128, S216 and S512 supercells using 

BS2. The band structures are shown in Figure 4.25. The change of donor level with 

increasing supercell size is given in Figure 4.26, and clearly shows that with 

increase of supercell size, the donor level becomes deeper. Donor levels of 2.27 – 

2.87 eV were obtained from the band structures and 2.55 – 2.71 eV from EMM. 

The results indicate that the Bei,oc defect works as a very deep donor in diamond. 

Considering that larger supercells give better prediction for the energy level, the 

Bei,oc defect may have a very deep donor level of ~ 3 eV at lower doping 

concentrations. 
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Figure 4.24. DOS map of the Bei,oc defect structure around the Fermi level calculated 

using BS1. The vertical red line represents the Fermi level. 

Table 4.11. Formation energies (eV) of interstitially doped Be in diamond calculated using 

the two carbon basis sets and regarding the Be as originating from (1) bulk Be metal or 

(2) isolated Be atoms. 

 BS1  BS2 

 𝐸f(1) 𝐸f(2)  𝐸f(1) 𝐸f(2) 

Bei,tet 14.63 5.71  14.57 5.64 

Bei,hex 14.13 5.21  13.84 4.92 

Bei,oc 11.50 2.58  11.43 2.51 

 

Figure 4.25. Band structures of diamond with the Bei,oc defect in S128, S216 and S512 

supercells calculated using BS2. 
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Figure 4.26. The donor level of Bei,oc defect in different-size supercells obtained from band 

structures and by EMM. 

4.4 Conclusions 

In this work, first-principles DFT calculations were carried using hybrid 

functional for Be-doped diamond. We studied the electrical and magnetic 

properties of Be-doped diamond by performing unrestricted open-shell 

calculations. To estimate the accuracy of the calculations, two carbon-atom basis 

sets were used, one (pob-TZVP-rev2) containing 18 orbitals but computationally 

slow and expensive, and the other (6-21G*) containing 14 orbitals but 

computationally much cheaper and faster to execute. Both basis sets gave very 

similar results and compared well with previously reported calculations on 

diamond systems. Band structures and the empirical marker method were 

employed to predict the electrical levels of the defects. 

1) Diamond with Be in a substitutional site, Bes, is predicted to exhibit p-type 

semiconductivity with an acceptor level 1.2 eV above the valence band 

maximum, which is hardly useful at room temperature. The S = 1 ground 

state is slightly more stable than the S = 0 state by  0.1 eV. Magnetic 

moments resulting from the substitutional Be defects in the S = 1 state 

cancel each other in large supercells, leading to an antiferromagnetic 

system. The formation energy for this substitutional Be depends upon the 

initial state of the Be. If Be is taken as originating from metallic Be, the Bes 
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formation energy is 7 eV higher than if the Be comes from atomic Be (as 

might be the case in implantation or CVD processes). For pristine diamond, 

incorporation of Be from a metallic source is endothermic (6 eV) but 

exothermic (-1 eV) from an atomic source. Thus, atomic sources of Be are 

far more likely to succeed as doping strategies. Indeed, the likelihood of 

successful incorporation can be improved further if the diamond already 

contains an existing vacancy, because the formation energies are highly 

exothermic in for both sources of Be (isolated atoms or crystal). 

2) Three interstitial positions, one with tetrahedral symmetry, Bei,tet, one with 

hexagonal symmetry, Bei,hex, and one in an off-centre position were 

compared. The off-centre Bei,oc defect has not been reported before and is 

more stable than the Bei,hex and Bei,tet defects; however, all three interstitial 

defects have substantially higher formation energies than Bes, suggesting 

they will be very difficult to produce. Diamond is predicted to show n-type 

semiconductivity when doped interstitially with Be. The tetrahedral Bei,tet 

defect is predicted to be a shallow donor, with a donor level 0.47 eV below 

the conduction band, whereas the other two defects are deep donors. The 

Bei,hex defect has a donor level 1.3 eV below the conduction band, and the 

Bei,oc defect has a very deep donor state 2.7 eV below the conduction band, 

almost midway in the band gap.  

3) Although the three interstitial defects are predicted to show n-type 

semiconductivity, their extremely high formation energies mean that they 

will be difficult if not impossible to attain experimentally. Due to an 

exothermic formation energy, the substitutional defect Bes is most likely to 

be formed in any experimental doping process, however, due to the deep 

acceptor level, it is unlikely to be useful for making room-temperature p-

type semiconductors. Thus, it seems, n-type diamond with properties 

suitable for room-temperature electronics remains elusive. 
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 5 
5. THEORETICAL STUDY OF Be-N CO-DOPED DIAMOND 

Be-N co-doped diamond was studied by first-principles calculations in this chapter, 

with the aim of finding out if this doping scheme might be a useful n-type dopant 

at room temperature. Be and N atoms were placed at different positions in the 

diamond lattice and the geometric, thermodynamic and electronic properties of the 

Be-N clusters were studied. Results show that although neither Be nor N works 

as a shallow n-type dopant, they may facilitate the incorporation of each other, 

and more complex BesNx clusters may form a shallow n-type semiconductivity. 

5.1 Introduction 

The co-doping strategy uses two or more complementary dopants to enhance the 

conductivity of a material. By introducing multiple different elements into 

diamond, the electrical behaviour, such as carrier mobility and activation energy, 

may be improved compared with that using a single dopant. Different co-doping 

schemes have been reported for diamond, such as H-P, H-S, B-Li, B-N, B-S and Li-

N, which were introduced in section 1.5. 

Our calculations in Chapter 4 predict that Be prefers the substitutional site in 

diamond and behaves as a p-type dopant when located at this position. In contrast, 

diamond shows n-type semiconductivity if doped by Be at an interstitial site; 

however, the interstitial defect is less stable than the substitutional one by ~ 5.5 

eV, and the donor level is deep.  

According to the literature, N is mainly located at a single substitutional site in 

diamond [1-4], which is known as the “C centre”. This defect has a negative 

formation energy but also forms a deep donor in diamond, making it ineffective as 

an n-type semiconductor for most room temperature devices. To try to find a 
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system with shallower donor levels, several N-containing complexes, such as N-B 

[5, 6] and N-Li [7-9], were studied theoretically. While B-N complexes were 

predicted to be deep donors, substitutional LiN4 clusters were predicted to be a 

shallow donor in diamond, with negative formation energy and a low activation 

energy of 0.2 – 0.4 eV reported by DFT calculations [7, 9]. However, LiN4 clusters 

have yet to be made experimentally, and so the search continues for alternative 

co-doping schemes that may produce useful n-type diamond. 

In this chapter, the C-centre and various Be-N clusters in diamond were studied 

by DFT calculations. Be was placed at interstitial and substitutional positions to 

form different clusters with substitutional N. The geometric, thermodynamic and 

electronic properties of diamond with Be-N clusters were investigated. 

5.2 Method 

DFT calculations were carried out using the CRYSTAL 17 package [10]. The 

range-separated hybrid functional HSE06 [11] was employed for exchange and 

correlation. Based on the work in Chapter 4, the two C basis sets, pob-TZVP-rev2 

and 6-21G* gave very similar results for our calculations, but the 6-21G* basis set 

was much cheaper. Therefore, in this chapter, only the 6-21G* basis set was 

chosen for C, while the 5-1111-(3p)-(2d) [12, 13] basis set used in Chapter 4 was 

selected for Be. The pob-TZVP-rev2 [14] basis set consisting of one basis function 

for core orbital, three functions for each valence orbital, and a polarization 

function was selected for N. This basis set of  N is believed to be accurate for this 

work and has been employed for the previous calculations [5, 7]. 

An optimized lattice parameter of 3.5637 Å obtained from the 6-21G* basis set in 

Chapter 4 was used for the geometry optimization of the defect systems, in which 

only the atomic coordinates were allowed to move while the lattice parameters 

were fixed. Four conventional supercells, 2×2×2, 2×2×4, 3×3×3 and 3×3×3 were 

constructed and denoted as S64, S128, S216 and S512 to simulate different doping 

concentrations. 

The N-doped diamond was calculated in a S64 supercell, where N was placed at a 

single substitutional site. To study the properties of Be-N co-doped diamond, Be 
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was placed at single substitutional and interstitial sites, which were denoted as 

Bes and Bei, while N was placed at the nearest single substitutional site, and 

denoted by Nx (x = 1 – 4, indicating the number of N atoms). For the interstitial 

Bei, tetrahedral and hexagonal interstitial sites were considered, and denoted as 

Bei,tet and Bei,hex, respectively. Hence, depending on the different positions of Be, 

the Be-N clusters were denoted as Bei,tetNx, Bei,hexNx and BesNx, respectively, as 

shown schematically in Figures 5.1a, b and c. To investigate the influence of Be - 

N separation on the structure stability, in the case of the BesN1 defect, the Be and 

N atoms were placed with different numbers (1 or 2) of C atoms in the middle, and 

the defect structures were denoted as BesCN1 and BesCCN1, as shown in Figures 

5.1d and e. Figure 5.1f shows the schematic structure of BesN4, while the 

structures of BesN2 and BesN3 are obtained by changing the value of x in BesNx. 

The cohesive energy, or binding energy (𝐸b) is the energy needed to separate a 

solid into separate atoms [15]. In this case, 𝐸b is defined as the energy required to 

separate a Be-N cluster into isolated atoms, which can be calculated using the 

following equation [16, 17], 

 𝐸b = ∑ 𝐸f,isolated − 𝐸f,cluster 5.1 

where ∑ 𝐸f,isolated is the sum of the formation energies of every isolated dopant, and 

𝐸f,cluster is the formation energy of the Be-N cluster. The binding energy calculated 

from Equation 5.1 is also equal to the difference between the sum of the energies 

of isolated atoms and the energy of the cluster [18, 19]. A high positive binding 

energy indicates a high stability of the cluster. 

Other computational details, such as the selection of shrinking factors and 

truncation criteria, band structure plotting, energy level and formation energy 

calculations, are the same as used for the calculation of Be-doped diamond in 

Chapter 4. 
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Figure 5.1. Schematic structures of various Be-N clusters: (a) Bei,tetN1, (b) Bei,hexN1, (c) 

BesN1, (d) BesCN1, (e) BesCCN1 and (f) BesN4. 

5.3 Results and discussion 

5.3.1 N-doped diamond (the ‘C-centre’) 

5.3.1.1 Geometry structures 

 

Figure 5.2. (a) Geometry structures of S64 with a substitutional N and (b) enlarged view 

of the optimised structure. Distances are in Å. The N atom is labelled as ‘N’, and the 63 C 

atoms labelled from C2 to C64. 
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Before adding Be, it is worth benchmarking the model against a known system, 

i.e. the C-centre. The optimised diamond structure with a C-centre is shown in 

Figure 5.2. The symmetry of the diamond with substitutional N was reduced to 

𝐶3v  after geometry optimization. Due to the lone-pair electrons on N and the 

dangling bond on C33 (the unique C), the two atoms repulsed each other along the 

<1 1 1> direction, resulting in the elongation of the N-C33 bond and the 

compression of the N-C34, N-C37 and N-C49 bonds.  The long N-C bond (N-C33) 

distance is 2.03 Å, which is 32% longer than the bond distance (1.543 Å) in the 

pristine diamond. The elongation percentage agrees with the values widely 

reported in experimental and calculations (Table 5.1). The three short C-N bonds 

are 1.47 Å, i.e., 4.5% shorter compared with the C-C bond in pristine diamond, 

which is also close to the values reported in theoretical calculations (4.5% [20], 4.2% 

[21] and 3.9% [22]). The structure distortion is mainly located at the N and its four 

neighbouring C atoms such that the C-C bond lengths far from the defect site have 

barely changed. In the optimised structure, the C-C bonds nearest to N are 1.481 

– 1.554 Å in length, i.e.,  3.5% in change compared with the length in pristine 

diamond, while the second-nearest C-C bonds are 1.546 – 1.547 Å in length, which 

is an increase of 0.19 – 0.26 %. 

Table 5.1. Elongation of the unique N-C bond in diamond with C-centre reported in 

experimental and calculations. 

Method Elongation of N-C References 

Experimental Electron spin resonance 36% [20, 23] 

    

Calculations ab initio 25% [24] 

 ab initio 28% [20] 

 extended Huckel theory 26.2% [25] 

 DFT−LSDA 32.9% [26] 

 ab initio Green’s function 29% [21] 

 DFT−B3LYP 31.3% [22] 

 DFT−HSE06 32% This work 
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5.3.1.2 Electron distribution 

Mulliken population analysis indicates that N has a net charge of -0.979 |e|, 

while the net charges are 0.289 |e| for the nearest three C atoms (i.e., C34, C37 

and C49) and 0.102 |e| for C33 at the distance of 2.03 Å. For the C atoms further 

away, their charge states are almost neutral. The bond population between N and 

the nearest three C atoms (e.g., C34) is 0.304, compared with a bond population of 

0.351 for a C-C bond in perfect diamond. In contrast, the bond population between 

N and the C33 is 0.006, indicating the bonding interaction between them is weak. 

Due to the unpaired electron in the defect structure, a magnetic moment of 1 µB 

was calculated. The unpaired electron comes from C33, therefore the magnetic 

moment is mainly distributed in C33 (0.724 µB) and the neighbouring N (0.183 

µB). The magnetic moment distribution agrees well with the reported 

experimental results that the unpaired electron is mainly localised in N and the 

unique C [23, 27-29], and matches the values reported from calculation [22] (0.763 

µB on the unique C and 0.201 µB on N). 
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Figure 5.3. (a) total density and (b) spin-density maps around the N atom in S64. The total 

density map is from 0 to 0.4 e Å-3 with a step of 0.02 e Å-3, and the spin-density map from 

-0.02 to 0.02 e Å-3, with a step of 0.001 e Å-3. The plane to plot the electron density map is 

defined by C33, N and C34 in Figure 5.2b. 

The electron distribution around the defect area can also be observed in the 

electron density maps. As shown in the total density map in Figure 5.3a, a bond 

has formed between N and C34, like the C−C bond in diamond, while the bonding 
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between N and C33 is barely seen. The spin density map in Figure 5.3b shows the 

distribution of spin density is mainly localised near C33 and N. 

5.3.1.3 Band structure and formation energies 

  

Figure 5.4. Band structure of S64 with a substitutional N. Continuous and dotted lines 

represent α and β electrons. The red line represents the Fermi level. 

 

Figure 5.5. Projected DOS of S64 with a substitutional N. 

The band structure of the N-doped diamond is shown in Figure 5.4. The spin-up 

donor band introduced by the unpaired electron is localized in the middle of the 

band gap. A spin-down acceptor band appears below the CBM, resulting in an 
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indirect energy gap of 2.65 eV for alpha electrons and a direct energy gap of 4.24 

eV for beta electrons. The band structure agrees well with the literature [22] and 

also indicates the donor level is very deep, which is not useful as a n-type 

semiconductive material at room temperature. 

The projected DOS map is shown in Figure 5.5 to reveal the compositions of the 

states around the Fermi level. The spin-up donor level and the spin-down acceptor 

level are contributed to mostly by C33 and N, while the contributions from C34, 

C37 and C49 are almost zero. 

Formation energies (𝐸f) of the C-centre were calculated in the S64 supercell using 

Equation 4.1 in Chapter 4. Similar with that in Chapter 4, the two cases where N 

might be incorporated as molecular N2 (case 1) or atomic N (case 2) were calculated 

separately, and the formation energies were denoted as 𝐸f(1)and 𝐸f(2), respectively. 

As shown in Table 5.2, a high positive formation energy of  𝐸f(1)= 3.53 eV was 

obtained when molecular N2 was selected, indicating that direct doping by N2 is 

not favourable. However, when atomic N was employed, the formation energy 

remained positive but at a much lower value of 𝐸f(2) ~0.87 eV. Moreover, if the 

structure contained a pre-existing vacancy, the formation energies were much 

lower, with 𝐸f(1) = −3.85 eV and 𝐸f(2) = −8.25 eV, suggesting that the incorporation 

of gaseous N2 and atomic N are both exothermic under these conditions. 

5.3.2 Be-N co-doped diamond 

5.3.2.1 BeiN1 and BesN1 clusters 

As shown in Figure 5.6, the Bei,tetN1 and Bei,hexN1 clusters relaxed into very similar 

structures. After geometry optimisation, both Be and N atoms relaxed into the off-

centre sites such that the original symmetries were broken. The two relaxed BeiN1 

structures also have very similar energies, with a total energy difference of only ~ 

0.002 eV. The significant difference between the original and the optimised 

structures indicates that both BeiN clusters may have high formation energies 

(which is proved in Table 5.2) and are very likely to worsen the intrinsic properties 

of diamond.  
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Figure 5.6. BeN1 clusters and their neighbouring C atoms in a S64 supercell. Distances 

are in Å. Spin moments are in bold text. 

The BesN1 cluster, on the other hand, relaxed into a 𝐶3v structure such that most 

symmetries remained the same. The Be−C and Be−N bond lengths are 1.67 and 

1.61 Å, which are respectively 8 % and 4 % longer than the C−C bonding in pristine 
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diamond. The N−C bond lengths are all 1.51 Å, which is 2 % shorter than the 

original C-C bond. 

A magnetic moment of 1 B was obtained in Bei,tetN1, Bei,hexN1 and BesN1. As 

shown in Figure 5.6, for the BeiN1 defect, the magnetic moment is mainly 

distributed around the N and the two C atoms adjacent to Be, while for the BesN1 

cluster, the magnetic moment is mainly localised on the Be and the three adjacent 

C atoms. 

 

Figure 5.7. Band structures of the S64 supercell with different BeN1 clusters. Continuous 

and dotted lines represent α and β electrons. The red line represents the Fermi level. 

The optimised Bei,tetN1 and Bei,hexN1 structures also have very similar band 

structures, as shown in Figure 5.7. Some occupied bands were introduced in the 

band gap just above the VBM. A spin-down acceptor level was introduced midway 

up the band gap, resulting in a direct energy gap of 3.60 eV for α-electrons and an 

indirect energy gap of 1.15 eV for β-electrons. Such large energy gaps and deep 

occupied levels indicate that the BeiN1-doped diamond would not make a useful 

semiconducting material. The partially occupied levels will also compensate other 

donors in diamond.  

For the BesN1 structure, partially occupied bands were also introduced in the band 

gap. This defect is self-passivated and will also compensate other donors, which 

will lead to electrical inactivity [30]. We also calculated the band structures of 
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BeiN1 and BesN1 in a S216 supercell to show the position of the defect level in the 

band gap more clearly, as shown in Figure 5.8. 

 

Figure 5.8. Band structures of a S216 supercell with Bei,tetN1 and BesN1 clusters. 

Continuous and dotted lines represent α and β electrons. The red line represents the 

Fermi level. 

Because Bei,tetN1 and Bei,hexN1 relaxed into almost the same structure and energy, 

they also have the same formation energy. Therefore, the formation energies of 

Bei,tetN1 and Bei,hexN1 were recorded together, and denoted as Bei,N1 for 

convenience, as shown in Table 5.2. Taking the original source of  Be to be a solid 

Be (hcp) crystal and N to be N2 gas, the BeiN1 defect was calculated to have a high 

formation energy of 10.86 eV, compared with 3.65 eV for the BesN1 defect, which 

is similar  to the formation energy of the C-centre. In contrast, taking the sources 

of Be and N to be in the form of single atoms, the formation energies decreased by 

~13 eV, such that the formation of the BeN1 clusters became exothermic (BeiN1: -

2.47 eV and BesN1: -9.67 eV). Therefore, the BesN1 defect is much easier to form, 

with its formation energy ~7.21 eV lower than that of BeiN1 defect. This is 

consistent with findings in Chapter 4 where we showed that the Bes defect has a 

formation energy ~ 5.58 eV lower than the Bei defect. 

To determine whether the presence of N facilitates the incorporation of Be, we 

calculated the formation energies of BeiN1 and BesN1 into a diamond that has been 
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doped by substitutional N already. As shown in Table 5.2, the formation energy of 

the BeiN1 defect is 4.11 eV lower, and that of the BesN1 defect 5.73 eV lower than 

for Bei and Bes into pure diamond, respectively. Similarly, the formation energies 

of BeiN1 and BesN1 into diamond that has been doped with Bei and Bes are also 

4.11 and 5.73 eV lower than that of the C-centre. These values, 4.11 and 5.73 eV, 

are also the binding energies for the BeiN1 cluster and BesN1 cluster calculated 

using Equation 5.1. Therefore, due to this high positive binding energy, the 

presence of substitutional N favours the incorporation of Be, especially the Bes 

defect, and vice versa, the presence of Be, especially the Bes, also favours the 

incorporation of the C-centre. 

When substitutional Be and N were both placed in the supercell with a C atom 

between them, the total energy and the formation energy of the new BesCN1 defect 

increased by 2.11 eV above that of the BesN1 defect. Instead, when Be and N were 

separated by two C atoms, the defect formation energy of BesCCN1 increased by a 

further 0.08 eV above that of BesCN1. Therefore, Be and N atoms should remain 

substitutionally adjacent to each other in order to attain the minimum energy. 
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Table 5.2. Formation energies (eV) of Be, N and their clusters in a S64 diamond supercell. 

(Since the last form of the dopants before they are incorporated into diamond are always 

isolated atoms, e.g. atomic Be from Be crystal or atomic N from NH3, 𝐸f(2) is more realistic.) 

Defects 𝐸f(1) 𝐸f(2) 

Be doping Bei 11.43 2.51 

 Bes 5.85 -3.07 

    

N doping C-centre 3.53 -0.87 

 C-centre from vacancy -3.85 -8.25 

    

Be-N co-doping BeiN1 10.86 -2.47 

 BesN1 3.65 -9.67 

 BesCN1 5.76 -7.56 

 BesCCN1 5.84 -7.48 

    

 BeiN1 from N-doped 7.32 -1.60 

 BesN1 from N-doped 0.12 -8.80 

 BeiN1 from Be-doped -0.58 -4.98 

 BesN1 from Be-doped -2.21 -6.61 

    

 BesN2 1.26 -16.47 

 BesN3 3.69 -18.43 

 BesN4 6.36 -20.16 

    

 VN1 6.42 2.02 

 VN2 4.77 -4.03 

 VN3 3.17 -10.03 

 VN4 1.80 -15.80 

    

 VN1 from vacancy -0.96 -5.36 

 VN2 from vacancy -2.61 -11.41 

 VN3 from vacancy -4.21 -17.41 

 VN4 from vacancy -5.58 -23.18 

    

 BesN1 from VN1 -2.77 -11.69 

 BesN2 from VN2 -3.51 -12.44 

 BesN3 from VN3 0.52 -8.40 

 BesN4 from VN4 4.56 -4.36 
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5.3.2.2 BesNx clusters 

BesN2 cluster 

As shown in Figure 5.9, the BesN2 cluster relaxed into a structure with 𝐶2v symmetry, but 

the Be-to-N (1.639 Å) and the Be-to-nearest-C (1.637 Å) separations are very similar. They 

are stretched by 6.2% and 6.1%, respectively, compared to the original C−C bond in 

pristine diamond. 

 

Figure 5.9. Optimised structure of the BesN2 cluster in a S64 supercell. 

Because Be has two valence electrons in its 2s orbital while the two C atoms (C13 

and C27) have two unpaired electrons, the Be atom can form a bond with each of 

the two C atoms. Moreover, there are two lone-pair electrons on each of the N 

atoms. This configuration promoted the formation of a closed-shell system. The 

electronic interactions between Be and N contribute to the occupied levels at the 

VBM, resulting in an indirect energy gap of 4.39 eV, as shown in the band 

structure in Figure 5.10. Composition of the highest-occupied energy levels was 

analysed by the projected DOS map. As shown in Figure 5.11, Be and its nearest 

C atoms (C13 and C27) contribute a large part of the highest occupied level, but 

the contribution from the N atoms is negligible. 

The BesN2 cluster has a formation energy of 𝐸f(1) = 1.26 eV and 𝐸f(2) = -16.47 eV, 

which are both lower than that of BesN1. However, the large energy gap in the 

band structure suggests this defect will not be useful as a n- or p- type dopant. 
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Figure 5.10. Band structure of the S64 supercell with a BesN2 defect. 

  

Figure 5.11. Projected DOS map of the S64 supercell with a BesN2 defect. The red vertical 

line represents the Fermi level. 
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BesN3 cluster 

 

Figure 5.12. Structure of the BesN3 cluster. 

The BesN3 cluster relaxed into a structure with 𝐶3v  symmetry after geometry 

optimisation. As shown in Figure 5.12, the distances from Be to the three N atoms 

and to C are 1.634 and 1.639 Å, respectively, which are 5.9% and 6.2% longer than 

the original C-C bond. The structural change mainly occurred around the defect 

centre such that the distance from N to the nearest C atoms has a maximum 

change of 2.1% compared with the original C-C bond, and the change becomes 

almost zero for C atoms further away from the defect centre. 

When the sources of Be and N were taken to be a solid Be (hcp) crystal and 

molecular N2, respectively, the BesN3 cluster had a formation energy of 𝐸f(1) =

3.69 eV, which is similar to that of BesN1 and the C-centre. In contrast, when the 

impurity atoms were incorporated from isolated Be and N atom sources, a very 

negative formation energy 𝐸f(2) = −18.43 eV was obtained, indicating the doping of 

BesN3 cluster from isolated atoms is energetically favourable. 

The band structure of a S64 supercell with a BesN3 cluster is shown in Figure 5.13. 

The Fermi level lies in the conduction band but is close to the CBM, such that the 

band structure shows a metallic conductivity. This band structure agrees well with 

our expectation for a shallow donor of high doping concentration. Because of the 

extremely high doping concentration (a defect in 64-atom supercell is equivalent 

to a concentration of ~ 2.75 × 1021 atoms cm-3), the impurity bands have merged 

with the conduction band. 
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Figure 5.13. Band structure of the S64 supercell with a BesN3 cluster. 

The projected DOS map is shown in Figure 5.14. In the BesN3 structure, the defect 

contributes to the energy level in the conduction band. It is worth noting that the 

defect state at the conduction band edge is not localised on the Be or N, but 

distributed around the Be-N cluster and the nearest C atoms (similar to the 

distribution seen in BesN4 later in Figure 5.19), such that the Be and each N atom 

only make a small contribution to the defect level at the conduction band edge. 

 

Figure 5.14. Projected DOS map of BesN3-doped diamond in a S64 supercell. 
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To simulate low doping concentrations, the BesN3 cluster was also calculated in 

S128, S216 and S512 supercells, and their band structures are shown in Figure 5.15. 

With increasing supercell size (i.e., decreasing defect concentration), the Fermi 

level moves within the conduction band toward the CBM. However, even for the 

simulation of one cluster in the S512 supercell, the defect concentration is still 

unrealistically high, which results in a band structure still showing metallic 

conductivity, as for S64. Comparison with experimental results show that when the 

defect concentration is low (e.g., 1018 atoms cm-3 typical for P-doped diamond [31]), 

a n-type semiconductivity can be obtained. However, to simulate such low 

concentrations require a huge supercell; for example, 17600 (or 13  13  13 supercell) 

C atoms are needed to simulate a concentration of 1018 atoms cm-3, which is far 

beyond our calculation ability. 

 

Figure 5.15. Band structure of S128, S216 and S512 with a BesN3 cluster. 

Therefore, EMM was employed to predict the donor level. As shown in Table 5.3, 

from S64 to S512, the BesN3 cluster was calculated having a donor level from 𝐸c −

0.86 to 𝐸c − 0.51 eV. EMM is more accurate for calculating the energy levels of 

impurities that have a similar defect position as a reference dopant. In this case, 

the reference element (P) was a single interstitial dopant but the dopant to be 

calculated was a co-doped cluster occupying the substitutional sites. Therefore, the 

calculated energy level was not as accurate as that calculated for the single 

interstitial Be in Chapter 4, such that the calculated ionization energy for diamond 
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containing a BesN3 cluster has a wider range (0.86 – 0.57 eV from S64 to S216, 

compared with 0.38 – 0.47 eV for Bei,tet doping in Chapter 4). Nevertheless, taking 

both band structures and EMM results into account, it is predicted that the BesN3 

cluster behaves as a shallow donor in diamond, with a donor level of 0.51 eV below 

the conduction band. This value was calculated from S512 and was taken because 

larger supercells tend to give more reasonable predictions for the donor or acceptor 

levels at lower concentrations [32]. 

Table 5.3. Donor levels (𝐸 − 𝐸c, eV) of BesN3 and BesN4 calculated by EMM in different-

sized supercells from S64 to S512. 

Supercell BesN3 BesN4 

S64 -0.86 -0.65 

S128 -0.62 -0.63 

S216 -0.57 -0.42 

S512 -0.51 -0.46 

BesN4 cluster 

 

Figure 5.16. Structure of the BesN4 cluster. Distances are in Å. 

The BesN4 cluster relaxed into a structure of Td symmetry. As shown in Figure 

5.16, the distances from the Be to the four N atoms are all 1.630 Å, which have 

increased 5.6% above that of the C-C bond in pristine diamond. The geometry 

changes mainly occurred at the defect centre such that the distance from each N 

to its nearest C is 1.1 % shorter, while the next-nearest C-C bond is only 0.7 % 
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shorter than the original C-C bond. BesN4-doped diamond has a diamagnetic 

ground state therefore no magnetic spin was calculated. 

When the sources of Be and N were taken to be a solid Be (hcp) crystal and 

molecular N2, respectively, the BesN4 cluster had a positive formation energy of 

𝐸f(1) = 6.36 eV, which is higher than that of the BesN3 cluster. In contrast, when 

the dopants sources were taken to be isolated Be and N atoms, a very negative 

formation energy of 𝐸f(2) = −20.16 eV was obtained, indicating this doping scheme 

is exothermic and energetically favourable. 

 

Figure 5.17. Band structure BesN4-doped diamond in a S64 supercell. 

BesN4-doped diamond shown in Figure 5.17  has a band structure similar to that 

of the BesN3 doped diamond (Figure 5.13). Due to the extremely high doping 

concentration, the Fermi level again lies within the conduction band, making the 

structure show metallic conductivity. The projected DOS map is in Figure 5.18. It 

is very likely that the two valence electrons of Be instead contributed to the defect 

energy level at the conduction band edge. Similar to the BesN3 cluster, the donor 

state of BesN4 is not localised in the orbitals of Be or N, but is distributed around 

Be, N, and the neighbouring C atoms. As shown in the DOS map in Figure 5.18, 

the Be and its surrounding N atoms all contribute to the defect level in the 

conduction band. 
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To simulate a lower defect concentration, the DOS map for the BesN4-doped 

diamond in a S512 supercell is plotted in Figure 5.19. Because the ground spin-

state of the BesN4-doped diamond is 𝑆 = 0, the calculation for the S512 supercell 

with a BesN4 cluster was employed using a closed-shell scheme in order to save 

computational time. The DOS at the conduction band edge projected onto Be, N 

and three selected C atoms at different distances from the defect centre (Be) are 

plotted in this map. From Be and N to the C atom at 12.35 Å, although the atoms 

are further away from the defect centre, their contribution to the conduction band 

edge becomes less. Therefore, the main contributions to the donor level are from 

the Be-N cluster and the nearest C atoms. 

 

Figure 5.18. Projected DOS map of BesN4-doped diamond in a S64 supercell. 

As shown in Figure 5.20, with the increase of the supercell size from S64, to S512, 

the Fermi energy level moves from within the conduction band to the conduction 

band edge, but the structures all show a metallic conductivity. The BesN4 cluster 

has a donor state of 0.46 eV below the conduction band edge calculated by EMM 

in S512 (see Table 5.3), indicating it is a shallower donor than the BesN3 cluster. 
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Figure 5.19. The DOS at the conduction band edge projected onto Be, N and C at different 

distances from the defect in a S512 supercell doped by a BesN4 cluster. 

 

Figure 5.20. The band structure of BesN4-doped diamond in S128, S216 and S512 supercells. 

5.3.2.3 Formation of the BesNx clusters 

According to the above calculations for Be-N clusters in diamond, both BesN3 and 

BesN4 clusters are predicted to show shallow donor properties. Similar to the LiN4 

complex in diamond [7, 9], the BesN3 and BesN4 clusters are more complicated than 

single-element doping at single substitutional or interstitial sites, therefore they 

may have a very small chance to form spontaneously in pristine diamond. 
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To avoid the unlikely prospect of these defects forming in pristine diamond, we 

now propose a route whereby the formation of the BesNx clusters occurs  via a two-

step process, where the diamond already has some vacancies incorporated. The 

first step is the formation of a VNx complex, where “V” denotes the vacancy and 

Nx the adjacent x substitutional N atoms around the vacancy. Because N is easily 

incorporated into diamond, the formation energy of a VNx cluster decreases  as x 

increases. As shown in Table 5.2, when the source of N is taken to be an N2 

molecule, the incorporation reaction is endothermic, with formation energies 

decreasing from 6.42 – 1.80 eV as x increases from 1 – 4. In contrast, when the 

source of N is taken to be atomic N, the formation energies are much lower, 

especially for the VN3 and VN4 defects, which become -10.03 and -15.80 eV, 

respectively. In the previous chapter, we argued that although the single-vacancy 

defect has a high positive formation energy of 7.38 eV, they nevertheless often 

appear in natural or lab-grown diamond as an intrinsic defect. This, the VNx 

complex should be more likely to form in diamond with pre-existing vacancies. In 

this case, the formation energies of the VNx defects will be 7.38 eV lower than in 

a perfect diamond, such that the incorporation reactions are all exothermic 

independent of whether the source of N was N2 or atomic N. This suggests that if 

sufficient N atoms are incorporated into CVD diamond, there may be a realistic 

chance that the diamond may include many VN3 and VN4 clusters. Meanwhile, N 

atoms should be prevented from filling the vacancies. 

The second step is the incorporation of Be into the vacancy in the VN3 or VN4 

defect. Starting from the VNx defect, the BesN2 cluster has the lowest formation 

energy (-12.44 eV), followed by BesN1 (-11.69 eV), BesN3 (-8.40 eV) and finally 

BesN4 (-4.36 eV). Among these, BesN2 and BesN1 have negative formation energies 

for both 𝐸f(1) and 𝐸f(2). However, both BesN2 and BesN1 are the structures that 

should be avoided because they are not semiconductive at room temperature. 

Therefore, it is necessary to have sufficient VN3 and VN4 present and also to 

incorporate Be in the form of single atom, so that the formation of BesN1 and BesN2 

can be avoided and the reactions to form BesN3 (𝐸f(2) =  −8.40 eV) and BesN4 

(𝐸f(2) = −4.36 eV) will be exothermic. One possible method to do this would be ion 
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implantation using low Be doses, and this is suggested as a challenge for 

experimentalists! 

5.4 Conclusions 

With the aim of identifying a new shallow n-type dopant for diamond, first-

principles calculations were employed for N-doped and Be-N co-doped diamond. 

The geometries, thermodynamic and electronic properties of various Be-N defect 

structures were studied in detail. The Bei-N and Bes-N clusters were investigated 

and their stabilities were compared in order to find the ground state for the Be-N 

clusters. By changing the distance between N and Be and the number of N atoms 

in the BesNx clusters, two clusters (BesN3 and BesN4) with shallow-donor 

properties were predicted and their possible formation processes were proposed. 

The main conclusions are as follows: 

1) N is a deep donor in diamond. The C-centre has a positive formation energy 

of 3.53 eV when the N source is taken to be N2, but a negative formation 

energy of -0.87 eV if the source is taken to be atomic N. The C-centre is more 

likely to be incorporated in diamond with a pre-existing vacancy, such that 

the formation energy is 7.38 eV lower than that in pristine diamond and the 

reaction will be exothermic. 

2) The Bei,tetN1 and Bei,hexN1 clusters relaxed into structures with very similar 

geometries without retaining any symmetry. In contrast, the BesN1 cluster 

relaxed to a 𝐶3v -symmetry structure after geometry optimisation. The 

presence of N favours the incorporation of Be and vice versa due to the 

positive binding energies between them (4.11 eV for Bei-N and 5.73 eV for 

Bes-N), and they should remain at adjacent single substitutional sites in 

order to reach the ground state. Compared with the Bei,tetN1 cluster, the 

BesN1 cluster is easier to form, with its formation energy 7.21 eV lower than 

that of Bei,tetN1. 

3) Among the BesNx (x = 1 – 4) clusters, BesN1 and BesN2 did not show any 

semiconductor properties, while the BesN3 and BesN4 showed shallow donor 

properties, with donor levels of 𝐸c − 0.51 eV and 𝐸c − 0.46 eV predicted in a 
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S512 supercell using the empirical marker method. The BesN3 and BesN4 

clusters had positive formation energies of 3.69 and 6.38 eV when the 

sources for Be and N were taken to be the bulk Be metal and N2, respectively, 

but negative formation energies of  -18.43 and -20.16 eV when the sources 

were taken to be isolated B and N atoms. 

4) A theoretically possible two-step preparation method was proposed for 

BesN3 and BesN4 in diamond. In the first step, VN3 and VN4 complexes can 

be made in diamond with pre-existing vacancies by incorporation of a high 

concentration of N. Then, Be can be incorporated into the vacancies of VN3 

and VN4 using low-dose ion implantation. 
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 6 
6. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

This thesis reports the results of studies about electronic and magnetic properties 

of diamond composites, including the experimental work of diamond film growth 

on Co by CVD and the first-principles calculations of Be and Be-N complexes in 

diamond. The study of magnetic and electronic properties of diamond with other 

metals may provide ideas for making new electromagnetic devices with 

extraordinary robustness. Patterned Co in the form of stripes or nanoparticles 

were employed as part of the substrate to imbue diamond film with magnetic 

properties. DFT calculations were carried out to investigate the magnetic and 

electronic properties of diamond doped with Be or Be-N clusters, with the 

formation energies and predicted defect levels summarised shortly in Table 6.1. 

The main conclusions of the thesis are summarized as follows. 

1) Co can be patterned and embedded into diamond film by using laser cutting and 

a subsequent drop-casting of Co nanoparticles or a standard lift-off fabrication 

process of the Co film, followed by CVD diamond film growth. In the first method, 

due to the laser heating effect, the laser-cut diamond surface was rough, which led 

to a diamond film with high surface roughness after the second growth. Although 

the magnetic signal of Co nanoparticles can be detected by MFM through the 

diamond film, the rough surface hinders it to be fully scanned by MFM. In the 

second method, stripe-patterned Co film with thickness of ~ 36 nm and width of  ~ 

1 m was prepared by a standard lift-off process. Diamond film with lower surface 

roughness was grown on the Si substrate with such patterned Co stripes, and the 

sample can be scanned by MFM and the magnetic signal detected by MFM through 

the ~1.6 μm-thick diamond film. This preliminary work demonstrates that 
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diamond films can act as a robust protective layer for magnetic composite devices. 

Owing to the robustness of diamond film, this magnetic composite may find 

applications in some extreme environments. 

2) First-principles DFT calculations were employed using hybrid functionals to 

investigate the electronic and magnetic properties of Be-doped diamond. 

Substitutional (Bes) and three interstitial (with tetrahedral symmetry Bei,tet, 

hexagonal symmetry Bei,hex and off-centre site Bei,oc) positions were calculated. 

Among all the possible positions, Be prefers the Bes site in diamond and this defect 

system is predicted to exhibit p-type semiconductivity with an activation energy 

of 1.2 eV. Although the ground state of a diamond supercell with a Bes is S = 1, in 

a larger supercell with many substitutional Be defects, the magnetic moments are 

predicted to cancel each other, resulting in an antiferromagnetic system. Be will 

relax into an off-centre site Bei,oc when doped interstitially. This off-centre defect 

is less stable than the substitutional site by ~ 5.5 eV and is predicted to be a deep 

donor, with the donor level almost midway in the bad gap. Diamond shows a n-

type semiconductivity with a shallow donor level 0.47 eV below the conduction 

band if doped by Be at the tetrahedral interstitial site. However, this defect is less 

stable than the off-centre site by ~ 3 eV. Therefore, according to our calculations, 

a shallow-donor state is less likely to be obtained in diamond if it is doped only 

with Be. 

3) We also examined co-doping with Be-N clusters in diamond. Due to the positive 

binding energies between Be and N (4.11 eV for Bei-N and 5.73 eV for Bes-N), they 

enhance the incorporation of each other and should be situated at adjacent single 

substitutional sites to reach the ground state. The BesN1 cluster is more stable 

than the BeiN1 by 7.21 eV. Among the BesNx (x = 1 – 4) clusters, BesN1 and BesN2 

do not exhibit semiconductive properties, while the BesN3 and BesN4 have 

introduced shallow donor defect levels, with activation energies of 0.51 and 0.46 

eV predicted by EMM. A two-step preparation method was proposed for 

introducing BesN3 and BesN4 defects in diamond. First, a high concentration of 

VN3 and VN4 complexes could be made in diamond with pre-existing vacancies by 

incorporation of a high concentration of N. Then, Be could be incorporated into the 

VN3 and VN4 vacancies using low-dose ion implantation. This calculation may 
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provide a new idea for making n-type semiconductive diamond with shallow donor 

states. 

Table 6.1. Formation energies and defect energy levels of Be and Be-N clusters in diamond 

calculated using hybrid functional HSE06 and 6-21G* basis set of C. 

Defects 
Formation Energies (eV) 

Defect level 
𝐸f(1) 𝐸f(2) 

Be doping Bes 5.85 -3.07 𝐸v + 1.20 

 Bei,tet 14.57 5.64 𝐸c − 0.47 

 Bei,hex 13.84 4.92 𝐸c − 1.31 

 Bei,oc 11.43 2.51 𝐸c − 2.71 

     

Be-N co-doping BesN1 3.65 -9.67 N/A 

 BesN2 1.26 -14.67 N/A 

 BesN3 3.69 -18.43 𝐸c − 0.51 

 BesN4 6.36 -20.16 𝐸c − 0.46 

6.2 Future work 

Although we demonstrated that the magnetic signal from Co can be detected by 

MFM through 1 um of diamond, the next step would be to see if magnetic domains 

could be written into the embedded Co layer.  This may be in the form of stripes 

or dots. If this were to be successful, this would demonstrate a read/write 

capability for magnetic storage – through a protective diamond layer.  The stage 

after that would be to determine the minimum magnetic feature size that could be 

written and then read back, as this would determine the data storage density of 

the device. 

In order to make magnetic diamond composites with tuneable magnetic properties 

and readable magnetic signals, other magnetic elements such as neodymium and 

its alloys may be used to imbue a stronger magnetism to diamond film. 

Neodymium and its alloys have larger magnetic moments than Co, so the magnetic 

signals can be read even through a thicker diamond protective layer. Another issue 

which needs to be overcome is the diamond film surface roughness. The high 

surface roughness hinders it to be scanned closely by MFM or other possible 
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instrument. Although the diamond crystal size can be reduced by using higher 

content of methane in the CVD gas feed, the diamond growth mechanism makes 

it hard to grow a diamond film with a flat surface on a rugged substrate. Therefore, 

more work needs to be done to improve this process. 

Although the BesN3 and BesN4 clusters were predicted to be shallow donors in 

diamond, the complex structures indicate that it is not easy to make such clusters. 

The proposed two-step method provides a possible way to introduce such defects 

into diamond, but it cannot guarantee the results. There might be a more accurate 

way to control the doping process. Moreover, Be and N may form clusters of other 

forms in diamond, which require further calculations. Due to the great demand of 

n-type diamond, more dopants using single-element doping or co-doping strategies 

need to be studied by DFT calculations, which can provide a guide to the 

experimental work for making n-type diamond.



 

170 

APPENDIX 

PATTERNED Fe FILM ON SINGLE-CRYSTAL DIAMOND 

Introduction 

In parallel with the work described in Chapter 3 about Co/diamond magnetic 

devices, we also undertook a brief related collaborative project with Prof. Justin 

W. Wells and Johannes Bakkelund at NTNU. The aim of this was to test another 

magnetic metal film (iron) on diamond, and determine whether the diamond 

substrate would enhance or reduce the magnetic domains in the Fe film. The 

diamond films were prepared at Bristol, while the Fe films and surface analysis 

were performed in the NTNU by Johannes Bakkelund. 

Experimental 

Apart from Co, we also tested patterning Fe film on single-crystal diamond (SCD, 

145-500-0275-01, 2.6 mm  2.6 mm  0.3 mm, <100>, Element Six Ltd.), with the 

aim of making isolated Fe film work as magnetic domains. First, a thin boron-

doped diamond (BDD) layer (~ 375 nm) was grown on top of the SCD in a HFCVD 

reactor (H2: 200 sccm, CH4: 2 sccm, B2H6: 0.07 sccm, 45 min) in the diamond lab. 

The aim of this step is to make the SCD electrically conductive for further 

characterisation. Then, a thin Fe film (5 – 20 nm) was deposited on the SCD by e-

beam evaporation through TEM grids (50 m  50 m ) as a mask. Surface 

magnetic properties (spin polarisation) of the samples were characterised by 

Photoemission Electron Microscopy (PEEM). 
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Results 

   

Figure A.1.  PEEM images of bulk polycrystalline Fe (a) without spin filter, (b) with spin 

filter at an acceleration voltage of 11.0 eV and (c) with the spin filter set at an acceleration 

voltage of 12.3 eV. FOV: field of view. (Samples prepared and images taken by Johannes 

Bakkelund from NTNU). 

As shown in Figure A.1a, without a spin filter, the PEEM images do not show any 

spin polarisation for the bulk Fe. In contrast, when a spin filter was employed, 

different magnetic domains were observed on the surface of bulk Fe, as shown in 

Figure A.1b and Figure A.1c. 

  

Figure A.2. (a) Patterned Fe film with a thickness of 5 nm on SCD and (b) enlarged 

view. (Samples prepared and images taken by Johannes Bakkelund from NTNU). 

Figure A.2 shows the images of patterned Fe film on SCD. With the help of TEM 

grids, Fe film was patterned into isolated square features with width of ~ 50 nm. 

Each square could work as a magnetic domain, which can be magnetised 

individually. 

FOV=190 

m 
FOV=80 m 

(a) (b) 

(a) (b) (c) 

FOV=42 m FOV=42 m FOV=42 m 



 APPENDIX 

172 

   

Figure A.3. PEEM magnetic domain images of (a) polycrystalline Fe, (b) 10 nm Fe film 

on Si, and (c) 20 nm Fe film on SCD. Different colours represent different magnetic 

domains. (Samples prepared and images taken by Johannes Bakkelund from NTNU) 

Magnetic properties were revealed by PEEM. As shown in Figure A.3a, spin 

polarisation and magnetic domains are clear on the surface of a polycrystalline Fe. 

When Fe film (10 nm) was deposited on Si, the magnetic domains could also be 

identified (Figure A.3b). In contrast, when SCD was employed as a substrate for 

Fe film, the magnetic domain (Figure A.3c) was not as strong as that on Si, even 

though the film thickness (20 nm) has increased twice compared with that on Si. 

One possible explanation is that diamond (𝜒m = −5.9 × 10−6cm−3mol−1) is a more 

diamagnetic material than Si ( 𝜒m = −3.12 × 10−6cm−3mol−1 ) [1], and such 

diamagnetism can influence the spin polarisation of the thin Fe film. Nevertheless, 

this experiment proves that creating magnetic domains in isolated features on 

diamond is feasible, at least for Fe. 

Reference 
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