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Abstract 

This project forms part of the work in the direction of preparing diamond materials with smooth 

surfaces suitable for use in cold cathode devices. In this project, hydrogen plasma treatments 

were the main focus. 

Polycrystalline diamond materials produced using CVD by Element6 were exposed to a range of 

hydrogen plasmas using different combinations of parameters. SEM, AFM and Raman 

spectroscopy were used to analyse the samples following the treatments. It was shown that 

hydrogen plasmas predominantly etch the non-diamond material located at grain boundaries 

causing the grain boundaries to become deeper and, in some cases, led to the release 

dislocations and relief of strain within the diamond material which resulted from the growth 

process. These all increased the surface roughness of the diamond material. 

Despite roughening the surface significantly by hydrogen plasma treatment, it was also noted 

that the sharp edges of the diamond crystallites become more rounded during the treatment. 

This smoothing appeared to occur at a higher rate as the temperature of the treatment was 

increased, however, other processes also become prominent.  

High power hydrogen plasma treatments were shown to produce significant etching of the 

diamond crystals on the surface in addition to the etching of non-diamond material. This was 

attributed to the increase in the abundance of species with sufficient energy to interact with the 

diamond lattice and break the strong C-C bonds. In contrast to this, high temperature 

treatments were shown to graphitise the surface greatly, as confirmed by Raman spectroscopy. 

It has also been shown that prolonged exposure to the plasma causes increased roughness and 

in the case of long duration treatments can cause graphitisation. 

Despite not producing a flat diamond surface, the findings of the initial investigation have been 

shown to be useful. A brief period of graphitisation of the diamond surface under hydrogen 

plasma conditions was shown to greatly increase the rate at which material could be removed 

from the sample using a manual polishing technique with a diamond file. 

An experiment using SCD showed that hydrogen plasma etches the surface at defects edges to 

produce pyramidal etch pits. These pits were thought to form due to to etching of under-

coordinated atoms at step edges or the edges of defects in the surface. This experiment 

corresponded well with previous literature reports. 

In addition to standard hydrogen plasma treatments, LPSSS-style treatments were also 

performed. LPSSS is a widely unstudied technique which makes use of hydrogen plasmas, so the 

project began a short investigation into the technique. These treatments used hydrogen plasma 

to treat diamond samples coated with thin layers of Ag, Cu, Fe or Ti. The presence of the metal 

did not seem to have any enhancing effect on the hydrogen plasma treatment. In all cases, the 

metals were noted to melt at temperatures hundreds of degrees below their standard melting 

point. This was attributed to hydrogen embrittlement processes causing cracking in the metal 

film in combination with etching by the hydrogen plasma at grain boundaries and cracks to 
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produce metal nanoparticles. These metal nanoparticles experienced a phenomenon known as 

melting point depression as a result of this etching. It has also been suggested that the 

formation of hydride compounds by the interaction of hydrogen species with the metal may 

have caused further reductions in the melting points of the metal particles. Once molten, these 

metal globules are thought to be able to move across the surface and coalesce to form larger 

globules and snake-like structures. Since the metals were not in contact with the diamond 

crystals, the crystals appear very similar to those which have been treated in the standard way 

using hydrogen plasma (i.e. the crystals show high brightness under SEM due to the NEA of the 

hydrogen terminated surface). 

Experiments using thicker metal coatings on microcrystalline diamond showed that the metals 

can have a thermochemical reaction with the diamond surface and that this effect increases 

with an increasing number of unpaired d-electrons. 
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Chapter 1  
An introduction to the field of diamond materials 

As the fourth most abundant element in the universe and the foundation of all life on Earth, 

carbon is a remarkable element. Add to this the fact that carbon is found in almost 10 million 

different compounds and a number of pure allotropic forms, it is clear to see that carbon is 

certainly one of the most important elements in the periodic table from a chemist’s point of 

view. 

This work forms part of current research into the use of carbons allotropic forms, in particular 

diamond, as materials for future high performance technological applications.   

1.1 Diamond 

Diamond is a material made up of sp3 hybridised carbon atoms which are bonded together by 

covalent σ-bonds. When a large number of carbon atoms bond together in this tetrahedral 

fashion, a giant covalent lattice structure forms known as the diamond lattice [1]. This structure 

can be seen in Figure 1.1. 

Figure 1.1: A diamond gemstone (left) and the unit cell of the diamond lattice (right) showing 

carbon atoms bonded together in a tetrahedral fashion. Figures are from [2] and [3] respectively. 

The extreme strength and highly symmetric nature of the diamond structure leads to a number 

of distinctive properties [4] which can be seen in Table 1.1. This makes diamond an extremely 

attractive material for engineering and scientific applications in a wide range of fields. 
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Table 1.1: A selection of diamonds extraordinary properties [3,5,6] 

Physical 

Extreme mechanical hardness (90 GPa) and wear resistance 

Low compressibility (8.3 x 10-13 m2 N-1) 

High bulk modulus (1.2 x 1012 N m-2) 

High thermal conductivity at 298 K (2 x 103 W m-1 K-1) 

High speed of sound (18000 m s-1) 

Electronic 

Wide band gap (5.45 eV or lower for doped material) 

High electrical resistivity (1013-1016 Ω m-2) 

High electron mobility (2200 cm2 V-1 s-1) 

High hole mobility (1600 cm2 V-1 s-1) 

High electrical breakdown field (10000 kV cm-1)  

Some surfaces exhibit low or negative electron affinity 

Chemical 
Chemically inert to all solvents 

Biologically compatible 

Optical 
Transparent from deep-UV to far-IR 

High refractive index at 591 nm (2.41) 

1.2 Graphite 

Graphite is a material made of sp2 hybridised carbon atoms which covalently bond together to 

form a planar hexagonal structure. The σ-bonds in graphite are shorter than those found in 

carbon due to the increased s-orbital character in the sp2 hybrid orbitals. The sheets of 

hexagonally arranged carbon atoms are then stacked on top of each other to form a layered 

structure, shown in Figure 1.2, which is held together by weak Van der Waals forces [1]. 

 

 

 

 

 

 

 

 

Figure 1.2: A piece of graphite (left) and a portion of the graphite structure (right) showing 

stacked layers of hexagonally arranged sp2 hybridised carbon atoms. Figures are from [7] and [3] 

respectively. 
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The hybridisation of the carbon in graphite means that there is a free p-orbital on each of the 

atoms which lies perpendicular to the planes of hexagonally arranged atoms. These p-orbitals 

can overlap to form delocalised π-systems between the hexagonal layers, thus making graphite 

an electrically conducting non-metal [8]. This electrical conductivity is one of many properties 

where diamond and graphite show behaviour at opposite ends of the scale; for example, 

graphite is opaque and soft whilst diamond is transparent and very hard. 

1.3 Diamond formation 

Even with such different structures and properties, diamond and graphite are not very different 

from a thermodynamic viewpoint. The difference in free energy between the two materials is 

only 2.9 kJ mol-1 [9] and at standard conditions (1 atm and 298 K) graphite is the most 

thermodynamically stable phase [10]. In addition to this, there is a massive energy barrier which 

makes conversion between the two materials extremely difficult [6]. These energetic factors are 

depicted in Figure 1.3.  

 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.3: A representation of the free energies of graphite and diamond separated by a large 

energy barrier. This figure was designed by the author and is not to scale.  

These energetic factors mean that the conditions required for diamond formation are very 

extreme, as can be seen in Figure 1.4. However, once diamond is formed the massive energy 

barrier prevents conversion back to graphite under standard conditions and so “diamonds are 

forever...” [11]. 

2.9 kJ mol-1 

Energy 

Graphite 

Diamond 
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Figure 1.4: A simplified phase diagram of pure carbon indicating the conditions at which the 

allotropic solids, liquid and vapour phases of carbon exist. Figure is adapted from [12].  

1.3.1 Natural diamond formation 

The extreme conditions required for diamond formation can be met naturally in a few different 

circumstances, as depicted in Figure 1.5. The most well-known conditions for diamond 

formations are found deep beneath the surface of the Earth in the lithospheric mantle, where 

carbon containing minerals slowly transform into diamond over billions of years [13]. The 

diamonds which form in this region of the mantle simply remain deep within the Earth’s crust 

unless they are brought to the surface by volcanic eruptions, a process which destroys a 

significant proportion of the diamond. The diamonds which survive the eruption become spread 

over vast areas by the eruption and as the magma cools these diamonds become encased in 

igneous rock. The erosion of these rocks cause diamonds to be spread over vast areas, as found 

in central and southern Africa [14]. 
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Figure 1.5: A diagram of natural diamond formation showing the diamond formation region 

found deep within the Earth’s crust. These diamonds are then brought to the surface by deep 

source volcanic eruptions. The magma then cools to form diamond containing igneous rocks. 

Additionally, a meteor impact with the Earth is shown. At these impact sites diamond formation 

can also occur. This figure was designed by the author. 

Beyond this geological process, diamonds can also be formed when meteorites strike the surface 

of the Earth [15]. The huge impacts created at such sites produce short-lived high pressure and 

high temperature environments in which diamond formation can occur. Since these conditions 

are extremely brief, very small, micron scale diamonds are formed. These diamonds are 

commonly used as an indication of an ancient impact site [15]. 

In addition to microdiamonds formed during a meteor strike, some of the diamond found at 

impact sites may have come from extraterrestrial origins [16]. An example of a strange, black, 

porous ‘carbonado’ diamond is shown in Figure 1.6 and such diamonds have been shown to be 

polycrystalline with high hydrogen content, comparable with that of a star-like environment 

[17]. For this reason, ‘carbonado’ diamonds are thought to have been formed in supernovae and 

brought to Earth by meteorites. Since these materials have only been found on the east coast of 

South America and the west coast of Africa [18], these diamonds are thought to have been 

brought to Earth when a large asteroid collided with the supercontinent Pangaea over 2 billion 

years ago. 

Diamond Stable Region 

Volcanic Eruption 

Mantle 

Continental Plate 

Igneous (Diamond Containing) Rock 

Deep Source Volcanic Eruption Asteroid Impact 
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Figure 1.6: A carbonado diamond found at a meteorite impact site on the east coast of Brazil. 

Figure is from [19]. 

  

The concept of diamond being found in space has a great deal of support and many think that 

diamond may in fact be the most abundant solid in the universe [20]. Recently, there has been 

some exciting evidence for this: the largest white dwarf found in the universe so far (BPM 

37093) was shown to have a core described as a 2500 mile-wide diamond [21,22].  

Entertainingly, the scientists at the Harvard-Smithsonian Centre for Astrophysics, who made the 

discovery, named this diamond ‘Lucy’ in tribute to the famous Beatles song ‘Lucy in the sky with 

diamonds’ [23]. 

Despite potentially being the most abundant solid in the universe, diamond is incredibly rare on 

Earth, which is reflected in the material having a high price. For this reason, there has been a lot 

of interest in producing diamond synthetically. This would make the attractive properties of 

diamond more accessible. 

1.3.2 Early work in diamond synthesis 

In the 18th century, combustion experiments famously showed that diamond was carbon, and 

only carbon [24,25]; and ever since attempts have been made to produce diamond from many 

carbon containing starting materials. Following this important discovery, there were many 

reports of diamond growth using a variety of methods, many of which attempted to replicate 

natural diamond formation at high pressures and high temperatures. Perhaps the most famous 

of these reports were experiments in which molten mixtures of iron and charcoal were dropped 

into a bath of water [26,27]. Supposedly, the rapid contraction produced during this procedure 

produced a high pressure environment sufficient for diamond growth. Many attempts were 

made to replicate these diamond synthesis experiments, but many well renowned scientists 

could not produce any diamond [28]. In 1928 it was concluded that no synthetic diamond had 

been produced to that date [29]. 
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1.3.3 HPHT diamond formation 

The breakthrough in diamond synthesis came during the 1950s, when research at AESA showed 

that a mixture of graphite and an iron carbide compound could be transformed into small 

diamond crystals under high pressures and high temperatures [30]. At the same time, General 

Electric in America also reported diamond formation at high pressure and high temperature 

using graphite in a solvent metal [31]. The presence of a metal solvent-catalyst was shown to be 

the key component for the graphite to diamond transformation, and due to the conditions 

required for the technique, the process became known as the high-pressure high-temperature 

(HPHT) diamond synthesis. HPHT is still widely used in industry today and a typical schematic of 

HPHT is shown in Figure 1.7.  

 

Figure 1.7: Schematic of a belt press used for HPHT. Metals such as titanium (Ti) are added to 

remove nitrogen from the environment, whilst copper (Cu) prevents the titanium from being 

used in carbide formation. The iron (Fe) solvent metal transports carbon from a high purity 

carbon source to the diamond seeds for growth. Figure is from [32]. 

The exact mechanism of HPHT is widely debated in the literature due to the HPHT environment 

being very difficult to analyse during the growth process. This has led to a great deal of indirect 

evidence being accumulated for the mechanism of HPHT, but at present, numerous theories are 

supported by the evidence collected [33].  

Despite the mechanism being unknown, HPHT is still a very successful method of diamond 

production and is a key method of producing materials for the abrasives industry. There is 

however one issue with HPHT, the crystals produced are generally small and non-uniform and so 

cannot be find use in many applications other than use in the abrasives market [6].  
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As already demonstrated earlier in this chapter, diamond has fantastic potential for use in many 

different applications. This has led to a large research effort being put into the development of 

other diamond syntheses which produce diamond in a form other than small crystals. 

 1.3.4 Chemical vapour deposition  

Since diamond can only be produced in a thermodynamically stable regime at extreme 

conditions, considerable research has targeted the development of diamond syntheses within a 

metastable regime. This is where diamond, the less thermodynamically stable phase at low 

pressures, is formed by kinetic preferences rather than thermodynamics. 

At the time of HPHT’s development, the concept of using gas-phase chemistry to deposit highly 

pure materials onto solid substrates was becoming popular, and a wide range of pure elements 

and compound materials were produced using such chemical vapour deposition (CVD) 

techniques. The breakthroughs in diamond synthesis did not come until the 1980s [34,35] when 

two groups showed that resistively heated filaments could be used to thermally  ‘activate’ 

hydrocarbon gases mixed with hydrogen (H2) under low pressure conditions to deposit diamond 

material onto solid substrate materials. Excess hydrogen was used in these experiments so that 

the thermal activation would yield atomic hydrogen (H), which had been shown to etch sp2 

carbon at much faster rates than sp3 carbon [36] and so the diamond would be the kinetically 

preferred phase.  

Hot filament activated CVD (HFCVD) is still widely used today in diamond CVD, however there is 

one major issue with the technique: the filaments degrade in the CVD environment and this 

corrosion can lead to contamination of the diamond product [3,4,6]. To prevent this 

contamination, a number of other activation methods have been developed such as arc jet [37] 

and combustion CVD [38,39]. The CVD system which is most widely used in the field of diamond 

CVD research is microwave-assisted CVD (MWCVD), which uses a microwave discharge to 

activate the gaseous reagents [40]. A schematic of a MWCVD reactor can be seen in Figure 1.8 

along with a HFCVD system, but from this point on, this work will focus on the use of MWCVD 

systems. 
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Figure 1.8: Schematics of a HFCVD system (left) and MWCVD reactor (right) used to deposit 

diamond materials. These diagrams are from [6]. 

CVD diamond growth is ultimately comprised of three stages which lead to the gaseous reagents 

becoming solid diamond materials. These stages can be defined as activation of the gaseous 

reagents, gas-phase reactions and diffusion to the growing material where surface-reactions 

occur. Despite the wide range of reactor designs and the use of different feed gases reported 

[41], the chemistry of diamond CVD is thought to be very similar in all cases [42]. 

In a MWCVD system, energy is first transferred to lightest components of the system, the free 

electrons, in the form of heat due to coupling with the electric component of the microwave 

field. These electrons continue to gain energy and transfer this energy to the gaseous H2 

molecules in the process gas by gas-phase collisions. The energy transferred to the hydrogen 

molecule can cause vibrational excitation, ionisation or molecular dissociation. This creates a 

highly reactive state of matter known as plasma. 

Since the plasma contains charged species, it can be influenced by electric and magnetic fields. 

For this reason, MWCVD systems focus the electric field maximum in the centre of the reaction 

chamber above the substrate [43]. Within the plasma, roughly one third of the hydrogen in the 

reactor will be dissociated into H [3], and this H is critical for further gas-phase reactions [44].  

In the presence of such a high proportion of H in the reactor the carbon containing gas (usually 

CH4) is rapidly converted to other carbon containing species through hydrogen abstraction and 

addition reactions. Computational modelling of the CVD plasmas has shown that the distribution 

of these various carbon species is highly dependent on the local temperature and concentration 

of H [45]. Figure 1.9 shows the H-shifting and third-body mediated reactions which cause the 

thermodynamic distribution of different species between hot and cold regions of the reactor. 
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Figure 1.9: The various H-shifting and third-body mediated reactions occurring in CVD plasmas 

which lead to the thermodynamic distribution of CH4 at cool regions of the reactor, whilst C2H2 is 

most abundant at the centre of the plasma. This figure is from [4]. The red and blue arrows 

indicate the trend in conversions within from hot and cold regions of the reactor respectively.   

Since the substrate is situated at a cooler region in the reactor, C1 species are highly abundant at 

the growing diamond surface [46] and it is generally believed that the CH3 radical is the main 

growth species [47]. H plays a key role in the surface chemistry of standard model of diamond 

growth, abstracting H from the diamond surface to produce activate sites on the lattice. CH3 

radicals can then add to these sites to form new C-C bonds. The pendant methyl groups formed 

by this reaction can then become incorporated into the diamond lattice by further CH3 radical 

additions and H abstractions, as shown in figure 1.10. The idea that CH3 is the main growth 

species during CVD is supported by experiments which show that molecular beams containing 

CH3 can be used to deposit diamond quite rapidly [48,49].  

Despite showing how diamond can grow under CVD conditions, the standard model does not 

account for other processes which have been shown to also occur at the diamond surface. These 

reactions will be described in a later section of this work. In addition to the surface reactions, 

which are not accounted for by the standard model, it has been shown that carbon species other 

than CH3 can also add to the lattice and lead to diamond growth [50]. 
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Figure 1.10: An illustration of the standard CVD diamond growth model. This figure is from [3].  

Now that the mechanism by which diamond grows by CVD has been presented, the structure of 

the diamond produced can be described. In contrast to HPHT which produces numerous small 

single crystal diamonds (SCD’s), CVD usually produces a film composed of small diamond 

crystallites, which grow together in a columnar structure [51,52]. This material is known as 

polycrystalline diamond (PCD). In addition to being composed of many diamond crystals, PCD 

also contains a significant proportion of non-diamond carbon at boundaries between the grains 

[6]. This leads to slight deterioration in the mechanical and electronic properties of the material 

in comparison to SCD.  

It has been shown that varying the ratio of C:H in the process gas has a significant effect on the 

morphology of PCD films [50] with grain sizes reducing from micrometre to nanometre scales as 

the concentration of CH4 is increased. Typical CVD conditions of ~1% [CH4]/[H2] produce PCD 

with a grain size of 1-1000 µm and this leads to the material being known as microcrystalline 

diamond (MCD)[53]. As a matter of fact, most of this project is based on MCD material.  

As with all crystalline materials, the diamond unit cell can be divided by a number of different 

planes which repeat throughout the structure. These planes are described using an x,y,z 

coordinate system known as Miller indices. In general, the growth of one particular plane is 

favoured during CVD growth due to slight nuances in the growth mechanisms of different 
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planes. This leads to PCD films exhibiting different crystal morphologies characteristic of the 

deposition conditions. In diamond, there are three dominant crystal planes are described by the 

{100}, {110} and {111} Miller indices. The {110} surface is the fastest growing diamond surface 

under standard CVD conditions, but is not often seen due to the surface growing out [3], the 

different morphologies of {100}- and {111}-oriented crystals in PCD can been seen in Figure 1.11. 

 

 

Figure 1.11: SEM images of two PCD films deposited by CVD exhibiting different crystal 

morphologies, one showing surfaces with predominantly square {100} faceting (top) and 

triangular {111} facets (bottom). These figures are presented courtesy of Professor Paul May. 

 Since these different surfaces grow by slight variations on the standard mechanism, and the 

rate at which each surface grows depends greatly on the gas composition and the substrate 

temperature, it is possible to control the crystal morphology observed at the end of CVD. This 
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has given rise to the α-parameter which uses the ratio of the {100} and {111} growth rates 

( and  respectively) under certain CVD conditions to predict the major crystal 

morphology seen on a PCD film at the end of deposition [54]. The α-parameter is defined as 

 

where is the growth rate of the {100} diamond surface and is the growth rate of {111} 

diamond surface. The value of α gives an indication as to the shapes of the diamond crystals, as 

shown in Figure 1.12. 

 

Figure 1.12:  Crystal morphologies for different growth parameter (α) values. The arrows 

highlight the direction of fastest growth. From [55]. 

1.4 Defects in the diamond lattice 

Now that the way in which PCD grows by CVD has been described, imperfections and defects 

within the crystal structure can be considered. A perfect diamond crystal would be made up of 

sp3 hybridised carbon, and nothing but, at every point in the lattice. Unfortunately, perfect 

crystals are only hypothetical (due to the second law of thermodynamics) and diamond is often 

found with a number of defects in the structure. 

As mentioned previously, the major deviation of PCD from SCD is the presence of grain 

boundaries between the crystallites. These regions have been shown to contain large amounts 

of disordered sp3 bonded carbon, sp2 carbon and a high proportion of hydrogen [56,57,58], 

which lead to PCD films having slightly inferior properties in comparison to SCD.   

After grain boundaries, the next most significant type of defect is the result of errors made 

during the diamond growth known as twinning and dislocations [59]. Diamond normally has an 

ABCBA stacking pattern and is a structure with high symmetry. However, carbon atoms can 

occasionally be trapped in an eclipsing configuration due to rotation around the C-C bond, as 

shown in Figure 1.13. This leads to a mirror plane being formed, which in turn causes the 

diamond to adopt an ABCBA stacking structure; this leads to a boat conformation of cyclohexane 

forming rather than the chair conformer [60]. This is known as twinning and leads to the 

formation of two crystals with a shared point. 
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Figure 1.13: Twinning at the atomic level is the result of the regular stacking pattern of the 

diamond lattice (top left) becoming eclipsed (top right). This causes a boat conformation in the 

structure (bottom right) instead of a chair (bottom left). The conformers of the cyclohexane 

rings are highlighted in the diamond structure. From [60]  

In addition to twinning, completely independent diamond growth can also occur at a site in close 

proximity to the growing lattice [61]. This is known as a dislocation. These are extremely rare in 

single crystals, but can be common in PCD films. As a matter of fact, independent crystal 

nucleation such as this gives rise to nanocrystalline diamond (NCD) films produced using 

increased C:H ratios during CVD [50]. 

In addition to these fairly large defects in the diamond structure, small scale errors can also 

occur within the crystal lattice. In some cases, a carbon atom can be completely missing from its 

place in the lattice: this is known as a vacancy and leaves a number of non-bonded electrons free 

on the neighbouring carbon atoms. Since the diamond lattice is highly symmetrical, these high 

energy electronic states become trapped in the crystal and this allows them to be identified 
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using absorption spectroscopy [4]. Furthermore, a number of carbon atoms can be absent from 

the lattice at certain positions, this is called a vacancy cluster. 

 In addition to vacancies, carbon atoms can be found at sites other than their usual positions 

within the lattice and are known as interstitials. In general the presence of interstitial atoms is 

prevented by the rigidity and high atomic density of the diamond structure; however interstitials 

can sometimes occur, leading to a huge change in the geometry of the lattice. The most 

common interstitial found in diamond forms when a carbon atom in a normal lattice site is 

replaced with two carbon atoms, which then symmetrically arrange themselves around the 

vacant site [61]. The other most common interstitials found in diamond are shown in Figure 

1.14. 

 

Figure 1.14: The three most common interstitial geometries found in diamond where atoms do 

not occupy their normal positions instead filling hexagonal (left) and tetrahedral holes (middle), 

as well as the {100} split interstitial showing the change in geometry. From [62]. 

In addition to carbon atoms being found at interstitial sites, other elements from the 

environment in which the diamond was grown can be trapped in the lattice as interstitial atoms 

or, more interestingly, they can displace carbon from points in the lattice. These are known as 

point defects and will be discussed in more detail with regards to the electronic properties that 

they impart to diamond.   

1.5 Doping of the diamond lattice 

At the start of this work, diamond was shown to have a very large band gap and is thus an 

electrically insulating material. This band structure is depicted in Figure 1.15. As mentioned in 

the previous section, atoms other than carbon can sometimes be found at points in the diamond 

lattice and all of the naturally occurring point defects of this kind found in diamonds are caused 

by atoms smaller than carbon. This means that the foreign atoms can easily fit into the densely 

packed lattice without causing too much disturbance to the structure. This project will focus on 

the introduction of boron into the diamond structure. 
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Figure 1.15: A band diagram of diamond showing the large band gap of 5.45 eV of undoped 

diamond and an acceptor level due to boron doping 0.35 eV above the maximum of the valence 

band. This figure was designed by the author and is not to scale. 

Boron is a natural dopant of the diamond lattice and gives the crystals a blue colour when 

present at concentrations of a few ppm [3]. These boron atoms form an acceptor band 0.35 eV 

above the valence band maximum [63] and electrons from the valence band can fill these 

acceptor levels. This created holes in the valence band and since these can move through the 

material, boron-doped diamond is conductive. This form of conductivity is known as p-type 

semiconductivity. If the concentration of boron is increased further in the diamond crystal, an 

impurity band forms and the diamonds become semi-metallic [63]. These diamonds are black in 

colour, as depicted in figure 1.1.6. 

Natural boron doped diamonds are incredibly rare and fetch a high price, however with the 

dawn of CVD boron doped diamond can be produced by the simple addition of a boron 

containing gas to the standard CH4/H2 mixture [35]. The most common reagent used for boron 

doping of CVD diamond is B2H4 [64,65], and it is possible to control the concentration and 

position of the boron within the diamond by altering  the boron concentration of the feed gas 

and other reactor parameters. For this reason, boron doping accounts for the majority of p-type 

diamond produced and the material is beginning to be used in electronic applications as a 

component of Schottky diodes [66], various switches [67,68], electrodes [69] and 

microelectromechanical systems (MEMS) [70]. 
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Figure 1.16: a representation of the variation in colour with increasing boron concentration from 

pure diamond (left) through p-type semi-conductive diamond (middle) to semi-metallic diamond 

(right). This figure was designed by the author. 

At present there is a lot of interest in producing n-type diamond, which if achieved could lead to 

diamond completely replacing silicon in some technologies. However, this is an extremely 

difficult problem to solve since many dopants commonly used for n-type doping are simply too 

big to fit into the diamond lattice without causing significant disruption to the structure [71]. 

Many different elements have been added to the process gas in attempts to produce n-type 

diamond, but attempts to use methods similar to those for p-type doping with boron have not 

yet produced any breakthroughs [72]. The most effective techniques used so far in the quest for 

n-type diamond have been co-doping techniques which use nitrogen to disrupt the diamond 

lattice and thus allow larger atoms to find suitable doping sites [73,74]. 

Despite these difficulties in producing true n-type diamond, a number of publications have 

reported p-n junctions made from diamond materials [53]. In these studies, boron doped MCD 

was used as the p-type material and nitrogen doped ultrananocrystalline diamond (UNCD) was 

used as the n-type material. UNCD is a material is deposited using Ar dominated plasmas to 

produce films with crystals sizes < 5 nm [50].The conductivity seen in the UNCD material is not 

true n-type conductivity, since the dopant atoms are not incorporated into the diamond lattice 

itself. UNCD shows n-type conductivity due to the large nitrogen atoms preventing the small 

diamond crystals from packing closely together, which in turn, causes increased amounts of 

graphitic material to form between the grains leading an enhancement in  the electrical 

conductivity of the material [75]. 

1.6 Negative electron affinity 

In addition to showing increased conductivity, hydrogen terminated boron-doped diamond has 

been shown to emit electrons from its surface when negatively biased in vacuum [76]. At the 

time of this discovery it was thought that the energy barrier for this electron emission incredibly 

small, maybe even negative which has led to it being said that diamond has a negative electron 

affinity (NEA).  

Increasing Boron Concentration 
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True negative electron affinity arises when the vacuum energy is below the energy of the surface 

conduction band minimum [77], as shown in Figure 1.17. In diamond, this property is thought to 

arise due to the effects of a dipole at the surface of the material which is induced by the 

differences in electronegativity between the carbon atoms and the species which terminate the 

dangling surface bonds [78]. In the case of the H terminated surface, the dipole created is 

positive at the H and negative at the C. This increased electron density on the C leads to a slight 

increase in the energy of the surface conduction band minimum relative to the vacuum level. 

When the diamond surface is fully terminated with hydrogen, the vacuum level actually 

becomes lower in energy than the surface conduction band minimum and so the surface has 

NEA. 

 

Figure 1.17: A band diagram showing the position of the vacuum level relative to the surface 

conduction band minimum in diamond with a positive electron affinity (left) and a negative 

electron affinity (right). EVBM is the valence band maximum, ECBM is the conduction band 

minimum, VVAC is the vacuum level, χ is the electron affinity, φ is the work function (shown from 

the boron acceptor levels above EVBM). Figure was adapted from [79]. 

Many studies have shown that changing the terminating species to a more electronegative atom 

than carbon causes the NEA of the surface to be removed [80,81]. This is due to these 

terminating species inducing a positive electron affinity at the surface and can be explained 

using the opposite argument to that described above. Many different surface terminations can 

be induced on diamond using simple procedures and so the emission properties of the diamond 

can be easily controlled [82]. In these studies, it was shown that highly electronegative atoms 

such as the alkali metals reduced the work function of the surface most significantly. 

In addition to species at the surface being important for NEA, dopants in the bulk can also induce 

an effective NEA in diamond. An effective NEA is different from true NEA in that the vacuum 

energy is not lower than the surface conduction band minimum and it is the conduction band 

minimum of the bulk material which sits above the vacuum level [78]. This is depicted in Figure 

1.18. In the case of boron-doped diamond, the electron deficient boron atoms accept electrons 

from the surface states due to a transfer of charge through the material. This movement of the 
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charge carriers induces an electric field in the material which is positive at the surface and 

negative in the bulk. This means that the conduction band of the bulk increases in energy 

relative to the vacuum level whilst the surface states seem to be bent downwards in comparison 

to the bulk states. If enough boron atoms are present, this band bending effect can result in the 

bulk conduction band minimum to be lower in energy than the vacuum level [78]. This means 

that any electrons from the bulk which are transported rapidly to the surface and do not 

thermalize to the conduction band minimum at the surface will have sufficient energy to escape 

from the surface of the material.  The NEA induced by metal coating of the diamond surface also 

only induces an effective NEA, because it traps the surface electrons at the interface between 

the diamond and the metal leading to a band bending effect similar to boron doing. 

 

Figure 1.18: A band diagram showing the variation in the energy from the bulk to the surface in 

the case of boron-doped diamond which shows an effective NEA. Figure was adapted from [79]. 

1.7 Potential applications of the NEA of diamond 

At present there is a lot of interest in using the NEA properties of diamond for a wide range of 

device applications [79]. Diamond holds a number of advantages over other NEA materials due 

to its high and stable electron yield, chemical inertness, wide band gap, thermal conductivity, 

electrical conductivity and the fact that the NEA properties can easily be reactivated by 

hydrogen treatments in the CVD systems used to create the material [83]. The combination of 

these factors means that technologies based on diamond are expected to outperform devices 

based on other materials in the future. However, at the present time, these technologies are still 

a dream. 

 A current goal of the diamond group at the University of Bristol, in collaboration with E.ON, is to 

develop diamond materials for use in thermionic energy converters. These devices will use 
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lenses to focus solar energy onto a diamond cold cathode material with NEA, thereby causing 

electrons to be emitted from the material by thermal excitation of the electrons. This is known 

as thermionic emission [79]. Once emitted from the diamond surface, these electrons can then 

be collected at an electrode, thereby completing a circuit and producing electricity. An 

illustration of a thermionic solar converter is shown in Figure 1.19. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.19: An illustration of a thermionic energy converters fitted to a parabolic dish which 

focuses solar energy onto the diamond cold cathode leading to the emission of electrons across 

a vacuum gap to a collector electrode, thereby transforming solar energy to electricity. Figure is 

from [84].  

In the future it is hoped that this technology will become an economically competitive source of 

renewable energy in its own right, as well as finding use in combination with other suitable 

technologies to produce increasingly efficient ways of producing electricity.  This project forms 

part of the work in the direction of developing commercially viable diamond-based devices such 

as thermionic energy converters.  
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Chapter 2 
Current issues in the realisation of commercial cold cathode devices 

For optimal performance, SCD would be the ideal material for use in cold cathode devices [1]. 

The development of single crystal materials in the field of materials science has received 

considerable attention and investment over the past few decades, and the reasons are not far to 

seek. For any given property, a single crystal material will exhibit that property to the best 

possible extent. An example of this is the use of single crystal silicon in semiconductor 

fabrication. Since single crystal silicon does not possess any defects or impurities which might 

affect the local electronic environment in the material [2], the material behaves predictably, 

reliably and above all exhibits excellent electronic properties. Without single crystal silicon, 

almost all of the modern electronic technologies which billions of people use in everyday life 

simply would not exist. Try to imagine daily life without personal computers or mobile phones 

and it becomes immediately clear how much of an impact single crystal materials have on 

technology and society. 

At the molecular level, silicon and diamond have very similar structures and form tetrahedral 

giant covalent structures [3]. It is this diamond lattice structure which gives silicon its wonderful 

properties, but diamond exhibits more extreme and useful properties, making diamond ‘the 

ultimate engineering material’ [4]. In the future, diamond-based technologies are expected to go 

far beyond the current capabilities of silicon-based technology and so diamond will become the 

material of choice for many applications. When this happens, ‘the diamond age’ will have truly 

begun [5].  

2.1 The production of SCD 
 

As already described briefly in section 1.3.4, HPHT is capable of producing single crystal 

diamonds, but due to the slow growth rate and expense of producing large crystals in general, 

only small, low quality HPHT products are available commercially. This is an unsuitable material 

for use in diamond electronics. As a matter of fact the majority of commercially available is not 

even gem grade [6] with a high proportion of imperfections and impurities (such as nitrogen). 

For this reason, there has been a lot of interest over the past decade in depositing highly pure, 

high quality SCD over large areas using CVD techniques [7,8,9,10,11].  

Over the past decade, two method of producing SCD have emerged. The use of a low methane 

concentration in the process gas (<1% CH4 in H2) has been shown to produce high quality, device 

grade diamond layers on small SCD substrates (4-25 mm2) [12] with growth rates of up to 2 µm 

h-1 [13]. This method works by limiting the concentration of carbon radical species above the 

surface, allowing growth of the surface to only occur in a step-flow manner [14]. This is where 

carbon atoms can only become locked into the lattice at the edges of steps and nowhere else on 

the surface [15]. Unfortunately, due to the low growth rate of this method, commercial SCD 

cannot be produced in this way. 
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Through awareness of the α-parameter, and how it is affected by the deposition conditions, it 

has been shown that SCD can be produced by CVD at growth rates up to 150 µm h-1 using high 

CH4 concentrations in the feed gas (10% CH4 in H2) [16]. Under normal CVD conditions this C:H 

ratio is known to produce NCD [14], but this growth mechanism is prevented by the use of high 

pressures and high microwave powers to generate a high plasma density and a high gas 

temperature [12]. Under these conditions, there is a high rate of dissociation of H2 and so a high 

concentration of atomic H is present at the surface [12]. This means that the C:H ratio is low at 

the surface and so the diamond growth is thought to be dominated by CH3 radicals adding to the 

surface in a uniform manner [17]. This allows for “defect-free” diamond deposition [12]. The 

only major issue with this technique is that the high gas temperature produced under these 

conditions heats the substrate so strongly that efficient cooling is required to prevent 

overheating [12]. 

This second method has shown that device grade SCD can be produced on a practical timescale, 

but only over small areas sue to the use of small SCD substrates. Since CVD growth is limited to 

the area of substrate, large area SCD substrates up to 100 mm in diameter will need to be 

produced. At present, it is the production of these large substrates which poses a major hurdle 

for the development and commercial production of cold cathode devices.  

The most obvious way of making such a substrate would be to cut one from natural diamond. 

However, natural diamonds large enough to be able to produce such substrates are extremely 

rare and very expensive. The largest diamond crystal found so far, the Cullinan diamond, 

weighed just over 600g [18]. If this diamond was a spherical crystal, the Cullinan diamond would 

be the approximately the size of a tennis ball (with a diameter of 6.8 cm). However, large 

crystals of diamond can fracture easily and the Cullinan diamond has been cut into 9 diamond 

gemstones, some of which can be seen in the British Crown Jewels [19]. This shows that finding 

a natural diamond from which a large area SCD substrate could be cut is highly unlikely. Add to 

this the fact that the substrate needs to be of exceptional quality and it is clear to see that such a 

crystal will probably never be found. Furthermore, if such a diamond were to be found, it would 

have a price tag in the region of many $billions. For these reasons, there is currently a lot of 

interest in increasing the size of commercially available SCD substrates from HPHT sources and in 

some cases, substrates cut from small natural diamonds.  

Interestingly, when a silicon crystal is grown homoepitaxially on a single crystal substrate using 

CVD techniques, the area at the top of the film increases with the thickness of the grown layer 

[20]. In diamond, however, the area at the top of the diamond shrinks as the film grows thicker 

(especially when nitrogen is present in the system) [21]. The growth of Si and SCD can be seen in 

figure 2.1. Nitrogen is a common additive to the CVD gas mixture used for SCD growth [22,23] 

because it enhances growth in the {100} direction whilst supressing the growth of other 

crystallographic planes. This makes the growth of the diamond more reproducible and enhances 

the rate of deposition [21]. In addition to nitrogen in the process gas, the growth of diamond can 

be controlled by careful manipulation of the growth conditions to alter the α-parameter. The 

only issue with this technique is it is very difficult to maintain the sensitive parameter 

throughout a long growth procedure [21].   
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Figure 2.1: Enlargement of the top surface area during crystal growth of Si (left) and shrinking of 

the top surface area diamond growth due to the introduction of nitrogen into the feed gas. 

Figure is from [21] 

In addition to these techniques, it has been shown that it is possible to increase the size of an 

SCD film by forming a seeding block [24]. This is done by CVD growth on the {100} surface to 

form a cuboid followed by polishing and growth on the {010} surface. This procedure is 

illustrated in Figure 2.2, and shows that it is possible to transform a small SCD substrate into a 

seeding block. The largest seeding block produced so far has dimensions of half an inch [24].  

 

Figure 2.2: An illustration of the concept of 3D enlargement of a SCD seed crystal by growth on 

the side of the {100} surface. Figure is from [23]. 

These blocks can then be processed into freestanding wafers using laser cutting [21] or lift off 

processes [21,22] which use a high energy ion beam to produce a layer of damage beneath the 

top of the substrate [25,26]. This layer of diamond above the damaged layer can then be 

removed to create a freestanding wafer or subjected to diamond growth before it is removed 

from the larger block. By applying this technique to an SCD block already described, it is possible 

to produce many larger are clones of this seed crystal [24]. This is illustrated in Figure 2.3. 
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Figure 2.3: An illustration of a lift-off procedure using ion implantation to create a damaged 

layer just below a surface of a diamond block. Growth on the surface of the disconnected layer 

followed by selective etching of the graphite allows a freestanding wafer to be produced. Figure 

is from [21] 

While these methods have been very successful, increasing the wafer size to 20 x 20 mm is very 

difficult. Even at a high growth rate of 10 µm h-1 it would take over 1000 hours to enlarge a 0.5 

inch SCD plate to 1 inch in size [21]. During these extremely long timescales, the pressure, gas 

flows, microwave power and substrate temperature need to be controlled with variations <1% 

to ensure that the surface grows uniformly, since any large fluctuations will cause errors to occur 

in the growth process and ultimately lead to a PCD film [11]. For this reason, current SCD growth 

is limited by the precision of the reactor engineering and how much time and money can be 

invested in producing larger SCD films from seeding crystals [11]. 

For this reason, there is considerable interest in increasing the size of diamond wafers in the 

form of mosaic structures [27,28], shown in Figure 2.4. SCD is commercially available in the form 

of small tiles which can be arranged in order form the growth layer  and join the plates together 

into one large wafer. This technique allows for larger areas of diamond to be produced much 

more rapidly than the growth of a large block seed crystal. A recent study has shown that the 

diamond formed at junctions between the seeds of these mosaic wafers is different to that 

grown on the top of the seeding crystals [27]. The crystal quality at these junctions is currently 

being investigated [29,30] since the differences between these regions may cause significant 

problems when large plates grown by the mosaic seeding method are used in electronic devices. 
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Figure 2.4: A procedure for fabricating multiple clones of the SCD block which can then be 

arranged in a mosaic structure and grown together by CVD to produce a large area wafer. Figure 

is from [21]. 

Since it does not seem as though high quality SCD suitable for commercial applications will be 

obtained at any time in the near future, other diamond materials are being considered as 

candidates for use in the first generation of electronic devices. 

2.2 Alternative diamond materials to SCD 

Diamond materials have been grown on non-diamond substrates since the dawn of the CVD era 

[30] and a number of different substrate materials have been used [31]. Recently, there has 

been considerable interest in the use of iridium as a substrate for CVD due to material’s close 

match to the diamond lattice [32,33]. In general CVD growth on iridium uses a bias-enhanced 

nucleation (BEN) technique [34] where a negative potential is applied to cause carbon containing 

ions to be implanted into the surface of the substrate [12]. Since the upper layers of the 

substrate are rich in carbon, the diamond nuclei can register with the substrate more rapidly and 

hence, the long incubation periods required for the initial nucleation of diamond in standard 

CVD procedures is removed [12]. 

Optimising the CVD conditions to achieve a specific value of the α-parameter has been shown to 

produce highly textured films following BEN on iridium [35] but most interestingly, extended 

diamond growth using this two-step technique has revealed that the diamond grains can 

coalesce, reducing the mosaicity of the films to a state where large areas of the surface appears 

to become singularly crystalline [36]. This material is known as quasi-SCD and an example is 

shown in in Figure 2.5.  

At first glance quasi-SCD seems to be the best possible replacements of SCD, especially for NEA 

applications where the properties of the surface are most important. However, there are a 

number of issues associated with the production of these materials [12]. The first problem is 

that the reactors used require more complex reactor engineering than standard CVD reactors. 

Secondly, the growth process involves multiple stages. In commercial production, it is preferable 

to use procedures with minimal complexity because, in general, extra stages require extra 

equipment and longer processing times. Furthermore, quasi-SCD has only been achieved over 
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small areas in the centre of the samples [37] and so cannot currently be scaled up to suit the 

requirements of commercial electronic applications.  

 

 

Figure 2.5: Cross-sectional SEM images of a 10 μm thick diamond film grown on silicon using BEN 

and CVD conditions optimised for α=1 showing coalescence of the diamond grains at the surface 

(top). Higher magnification at the location indicated by the arrow in the first image shows the 

grains overlapping to produce the appearance of larger crystallites. This figure is from [38].  

Since materials with single crystal surfaces cannot be achieved over the areas required, MCD 

materials produced by standard CVD seem to be the best candidates for use in NEA 
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technologies. MCD can exhibit very similar properties to SCD when the crystal sizes are large [39] 

and has a number of advantages over SCD in that it can be grown on cheap non-diamond 

substrates at rates >1 µm h-1 [40]. Furthermore, large area deposition of MCD is possible by the 

use of an array of filaments [41] and the material can easily be doped with boron to induce p-

type semiconductivity [42]. Furthermore, hydrogen termination of the diamond crystals in the 

PCD material can be done easily and gives the surface the desired NEA properties for use in cold 

cathode devices [43].  

As mentioned at the end of chapter 1, this project forms part of the work towards the realisation 

of thermionic devices based on diamond. In these devices the diamond will be used as a cold 

cathode, which is integrated into an electronic system to face a collector anode [44]. A 

schematic of such a device is shown in Figure 2.6. As thermal energy from the heat source 

(ideally from the sun) is transferred to the diamond, the electrons are excited to the conduction 

band. Since this lies above the vacuum level in diamond, the electrons are the emitted from the 

surface. These electrons cross the gap to the anode where they are collected and flow through 

the circuit to the load where work is done and so, thermal energy has been converted to 

electricity [44]. The electrons can then continue to follow the circuit back to the emitter to fill 

the holes that have been created by the emission of electrons across the vacuum gap.  

 

 

 

 

 

 

 

 

 

Figure 2.6: Schematic of a simple thermionic energy conversion device. The blue arrows indicate 

the direction of the electron flow.  This figure was designed by the author. 

Apart from requiring the lowest possible threshold for electron emission from the diamond 

material, the efficiency of thermionic energy converters will be dependent on the proportion of 

electrons emitted from the cathode being collected by the anode material. The ideal situation 

would be to have an NEA surface which emitted electrons in a uniform manner with minimal 

time transit spread [45]. This means the surface needs to be smooth, as illustrated in Figure 2.7. 
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Figure 2.7: An illustration of emissions from a smooth diamond surface (left) and a rough surface 

(right), showing the average spread of the electrons emitted from the surface in response to the 

stimulation source. Figure designed by the author. 

This requirement for smooth surfaces means that PCD cannot be used in its as grown form since 

the random orientations and non-uniform sizes of the crystallites make the surfaces of PCD very 

rough [46]. This means that polishing techniques will need to be incorporated into the 

preparation of PCD materials for use in cold cathode devices. 

2.3 Polishing of diamond materials 
 

A number of techniques have been developed which remove material from the surface of 

diamond, ranging from relatively simple lapping techniques [47] and chemo-mechanical polishes 

[48] to the use of exotic thermochemical polishes [49], ion beams [50], lasers [51] and plasmas 

[52].  There have been many good evaluations written on the range techniques for polishing 

diamond materials [53,54] and so, it is not necessary to review all of the techniques here. 

Simple techniques such as lapping do not remove material from the surface of large area 

diamond materials at significant enough rates for use commercial applications [53], but the 

addition of reactive species to the polishing plate has been shown to improve lapping techniques 

dramatically, especially when an iron plate is used [55]. However, thermochemical treatments 

require rather complicated and expensive apparatus [56].  

Furthermore, ion beams and laser polishes have been shown to produce the fantastically 

smooth surfaces by removing material from the surface in a step-by-step fashion [57], but 

removing material from the surface in this way makes the treatments very complex, long and 

expensive [56]. 
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For these reasons the use of plasmas for removing material from the diamond surface is 

regarded as the best solution for use in commercial applications. The main advantage of plasma 

etching is that it can be performed using the MWCVD apparatus used to grow diamond films 

simply by changing the gases flowing into the reactor [58]. The most commonly used gases for 

plasma etching of diamond are O2, SF6  and Ar [53]. Due to its high abundance in CVD 

environments, there has been considerable interest in the effects of hydrogen plasmas on the 

roughness of SCD [59,60]. However, very few investigations have reported the effects of 

hydrogen plasma treatments on PCD materials.  

In this project, the effects of hydrogen plasma treatment on PCD diamond surfaces will be 

investigated under a variety of different conditions. It is hoped that this study will show that the 

treatment parameters can be optimised to produce the significant smoothing effects of the 

diamond surface and thereby confirm the suitability of hydrogen plasmas for use in the 

commercial production of diamond materials for NEA applications. 
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CHAPTER 3 
Diamond from a low pressure solid state source 

In addition to investigating the effects of hydrogen plasmas on PCD surfaces, a secondary study 

will be performed to determine whether the presence of metallic layers on the surface of the 

diamond film can enhance the polishing effects of the plasma treatment. This idea has been 

inspired by the work of a group led by Rustum Roy at Pennsylvania State University, who 

discovered a potentially useful method of diamond formation, which bridges the gap between 

HPHT and CVD. This technique is known as the low pressure solid state source (LPSSS) technique 

[1]. This chapter will present an overview of LPSSS. 

LPSSS uses hydrogen plasmas to treat various forms of carbon mixed with a range of metal 

powders and has been shown to grow diamond very easily [2], and in some cases did not require 

diamond seeds [1]. In these experiments it was shown that the diamond produced by LPSSS was 

commonly associated with metallic globules or ropes, shown in Figure 3.1. For this reason, it was 

thought that the metal was playing a crucial role in the process.  

Due to the apparent importance of a metal in the process, the inventors of the LPSSS process 

suggested that the method may be similar to the HPHT. In an analysis of the metallic globules 

produced during the process it was shown that they were amorphous in structure [1] and were 

composed of a range of ternary MxCyHz alloys which contained up to 70 atomic% carbon [3] in 

some cases. This provided evidence that LPSSS may be similar to HPHT since previous work had 

shown that the intermediate solution formed in HPHT could also contain up to 70 atomic% 

carbon [4].  

The noble metals (Ag and Au) were found to be particularly effective in the LPSSS technique and 

provided an illustration of how the diamond formation progressed step-by-step [1], shown in 

Figure 3.2. However, the exact mechanism by which the diamond was forming was not clear. 

Despite this, Roy et al. continued to study the LPSSS process and showed that it could be used to 

improve the quality of cheap diamond grits (Figure 3.3) and also grow well-aligned epitaxial 

layers on {100}-oriented SCD.  It was in the experiments using SCD that the enhancing role of the 

metal on the diamond formation process was most evident. In comparison to a LPSSS 

experiments without any metal, the presence of a metal was found to increase the growth rate 

by 12 μm h-1 [1]. However, the role of the metal was still unclear. 
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Figure 3.1: Example SEM images of diamond produced by LPSSS associated with metallic 

globules (top) Diamond formed from a mixture of graphite and copper, where the diamond is 

associated with metallic globules. b) Diamond formed from a mixture of graphite and nickel, 

where the diamond is associated with metallic ropes. Figure is from [1]. 
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Figure 3.2: The production of diamond from a molten globule in an Au-C-H system formed 
during LPSSS. These images illustrate how diamond crystals seem to originate from within the 
globule. The images are in sequence from a-e. Figure is adapted from [1]. 
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Figure 3.3: A diamond grit before (top) and after (bottom) LPSSS treatment. The crystals become 

larger and well faceted. Figures are from [1]. 

There have been several attempts to explain the results of the LPSSS process. However, claims 

that LPSSS is CVD where the metal enhances the nucleation rate [5] have been offset by reports 

of diamond formation inside metallic phases under low pressure conditions [6] and reports of 

the metals failing to enhance the rate of diamond growth [5] have been counteracted by reports 

which show a considerable increase in the growth rate in the presences of metal [6,7]. However 

one thing is clear, the exact mechanism of diamond formation remains unknown.  

Despite the lack of a clear mechanism, the results of LPSSS techniques are still remarkable, and 

such treatments could prove to be very useful in the production of device grade diamond 

materials, once the techniques are better understood. It is hoped that the investigation into the 

effects of various metals on the surfaces of diamond crystals under the influence of hydrogen 
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plasmas will shed some light on some of the processes which may be occurring during LPSSS and 

act as a first step towards a detailed investigation into the process. 
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CHAPTER 4 
Experimental techniques and apparatus 

4.1 The reactor 

This project used a MWCVD reactor based on an ASTeX design (Figure 4.1)with a process 

chamber specially made by Element Six for the Bristol Diamond Group [1].  A schematic and 

photograph of this reactor can be seen in Figure 4.2. This reactor uses microwave radiation at 

2.45 GHz produced by a 1.5 kW magnetron to produce a plasma from the gaseous reagents. A 

detailed description of the operation of this reactor can be found in reference [2]. 

For this investigation PCD samples were placed onto a Mo substrate holder in the centre of the 

reactor and treated with pure hydrogen plasma. The temperature of the samples was monitored 

using a two wavelength optical pyrometer which is mounted to the chamber. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Schematic of an ASTeX design MWCVD reactor. Figure from [3]. 
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Figure 4.2: A photograph of the MWCVD reactor in the Bristol Diamond Group. 

4.2 Optical emission spectroscopy 

Optical emission spectroscopy (OES) is a technique often used in the diagnostics of low pressure 

plasmas used in CVD [4]. The technique is based on the emission of photons in the visible region 

of the electromagnetic spectrum as the result of various species within the plasma relaxing from 

excited states.   

In this work, hydrogen plasma was used to treat diamond samples at a variety of different 

conditions. Hydrogen plasmas are easily identifiable due to their purple glow which is the result 

of photon emission at four different wavelengths in the visible region which make up part of the 

Balmer series[5], shown in Figure 4.2. 

 

Figure 4.2: The lines in the emission spectrum of the hydrogen atom in the visible region of the 

electromagnetic spectrum. This series of spectral lines is known as the Balmer series. Figure 

from [6] 
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The Balmer series is one in a series of spectral line emissions from atomic hydrogen and is the 

result of electron transfer from excited states with n ≥ 3 to n = 2, where n is the principle 

quantum number of the electron [7]. Since transferring an electron to a state with a lower 

principle quantum number reduces the energy of that electron, the excess energy is released in 

the form of a photon (obeying the first law of thermodynamics). The wavelength of the photon 

emitted during the transition is related to the energy gap between the electronic states by 

 

where E is the difference in energy between electronic states with different principle quantum 

number, h is Plank’s constant, c is the speed of light and λ is the wavelength of the photon 

emitted.  

This means that transitions from electronic states with different principle quantum numbers 

produce photons with different wavelengths. The emissions from hydrogen in the Balmer series 

are shown in Table 4.1. 

Table 4.1: Details on the various transitions of electrons between states with different principle 

quantum number which cause photons to be emitted from the hydrogen atom in the Balmer 

series [8].  

Transition in terms of n  3 → 2 4 → 2 5 → 2 6 → 2 

Name Hα (H-alpha) Hβ(H-beta) Hγ (H-gamma) Hδ (H-delta) 

Wavelength / nm 656.3 486.1 434.1 410.2 

Colour Red Cyan Blue Violet 

In the Bristol Diamond Group OES spectra are taken with an Oriel Instaspec IV spectrometer and 

an optic fibre which was pointed directly at the centre of the plasma through one of the 

windows in the chamber. The spectra in this investigation were background corrected and 

collected over 500 accumulations of data collected by 20 ms exposures. An example optical 

emission spectrum can be seen in Figure 4.3.  

One important thing to remember about OES is that the data does not give quantitative data 

and so absolute concentrations of species in the plasma cannot be determined [4]. OES can 

therefore only be used to look at variations in species within different plasmas relative to one 

another. Furthermore, OES only provides information about the excited species emitting 

photons in the visible region, so does not provide any information about non-emitting, neutral 

or ground state species in the plasma as well as not probing any highly excited atomic state 

species [4]. 
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Figure 4.3: A typical optical emission spectrum of hydrogen plasma showing very intense Hα 

emission and much lower intensity emissions from other atomic hydrogen species. This specific 

spectrum was obtained for a hydrogen plasma at a pressure of 83 Torr, microwave power of 1 

kW and a hydrogen flow rate of 500 sccm. 

4.3 Raman spectroscopy 

Raman spectroscopy is a widely used absorption spectroscopy technique in materials science 

which relies on the inelastic scattering of light by a molecule in response to radiation from a 

monochromatic laser [9]. The technique requires no sample preparation and is non-destructive. 

When laser light interacts with the electron clouds of molecules, the absorption of photons 

excites the molecules from the ground state to high energy virtual states. These virtual states 

have a very short lifetime and the energy of the molecule quickly falls back to lower energy 

states, however, upon relaxation the molecules may not return to their original state and thus 

occupy higher rovibrational levels in the molecule [10]. As discussed for OES, as relaxation 

occurs a photon characteristic of the transition is emitted and so, elastic and inelastic scattering 

of the laser light produces photons of different wavelengths. This is principle is shown in Figure 

4.4. The difference in energy between these photons is known as the Raman shift, which is 

usually reported in wavenumbers with units of cm-1 . The wavenumber ( ) of a photon is related 

to its wavelength (λ) by 
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Figure 4.4: A vibrational energy level diagram showing how different types of scattering arise 

following excitation of a molecule using a monochromatic light source. When photons are 

absorbed, molecules are excited to high energy virtual states. As the molecules relax to lower 

vibrational levels, the excess energy is emitted as a photon. If a molecule returns to its original 

state, the scattering will be elastic and is known as Rayleigh scattering. If a molecule does not 

relax back to its original state then the photon emitted from the molecule will be different to 

that absorbed. This inelastic scattering is known as the Raman effect. The Raman effect can 

manifest itself in two ways depending on whether the difference between the final vibrational 

state is higher energy that the original state, known as Stokes scattering, or if the final vibration 

state of the molecule is lower energy than the original state of the molecule, known as Anti-

Stokes scattering. This figure was designed by the author using information  from [7,10].  

The Raman shift is particularly useful since it gives information about the energy spacing of 

various modes in the molecules. For a giant covalent structure such as diamond, the entire 

lattice vibrates in vibrational modes known as phonons [11]. To be Raman active, the vibration 

of the molecule must cause a change in polarisability as the atoms move through their 

equilibrium positions [12]. Diamond shows one main Raman active vibration which leads to a 

sharp peak at a Raman shift of 1332 cm-1 [2,9,11]. This can be seen in the Raman spectrum of 

SCD in Figure 4.5. 
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Figure 4.5: Raman spectrum of SCD showing the structure of diamond and the nuclear motions 

involved in the Raman active mode. Figure from [11].  

Raman spectroscopy can also be used to distinguish between SCD and various forms of PCD, 

since non-diamond materials also have Raman active modes. The major non-diamond material 

considered in these investigations is graphite, which has a characteristic Raman shift at 1580 cm-

1 [9]. Since the graphite in PCD is not a large continuous single crystal the graphite peak is fairly 

broad. Furthermore, the Raman scattering intensity of non-diamond materials are higher than 

that of diamond and so graphitic material can mask the diamond signal, making the film seem of 

worse quality than it may actually be. A typical Raman spectrum of MCD used in this 

investigation is shown in Figure 4.6, and it is clear that there is some scattering due to non-

diamond material in MCD. 

In the Bristol Diamond Group, Raman spectroscopy is performed at room temperature using a 

Renishaw 2000 instrument and CCD detector.  The Raman spectra in this investigation were 

taken using a UV He:Cd laser at 325 nm. 
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Figure 4.6: Raman spectrum of the growth side of a MCD sample from this work, taken using a 

UV laser.   

4.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a widely used technique in the field of materials science 

for characterising the morphology of surfaces. In this technique a beam of electrons are 

focussed onto the sample by a series of optics (lenses and scan coils). Scanning this electron 

beam across the surface of the sample has a number of consequences, but in general it is 

secondary electrons which are captured and detected to produce an image of the surface 

[10,13]. A schematic of a typical microscope used for SEM is shown in Figure 4.7  

The standard procedure for SEM is to coat the sample in a highly conductive layer such as gold 

to prevent a build-up of charge on the surface. In this work, such coatings were not used since 

the samples needed to be analysed using further techniques and in some cases were required 

for further treatments. 

In these investigations a JEOL5600V thermionic emission microscope was used to obtain SEM 

images of the diamond samples.  
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Figure 4.7: Schematic of a scanning electron microscope. Figure is from [12]. 

4.5 Atomic-force microscopy 

Atomic-force microscopy (AFM) is a scanning probe microscopy technique which uses a silicon 

cantilever with a sharp tip to scan the surface of the sample, enabling the topography of 

materials to be studied at high resolution [2,14]. The basic procedure of AFM is to drag this 

sharp tip across the surface and measure the deflection in the cantilever caused by the 

topography of the surface. A typical AFM apparatus is shown in Figure 4.8.  

In this investigation, tapping mode AFM was used to investigate the surface roughness of PCD 

samples before and after treatment in hydrogen plasma. In this mode the tip is made to oscillate 

using a small piezo-crystal in the tip holder and, as the distance between the tip and the sample 

is reduced, the amplitude of the oscillation reduces due to Van der Waals forces and 

electrostatic interactions between the tip and the surface [15]. This allows an image of the 

surface topography to be produced by measuring the force of periodic contacts between the tip 

and the surface of the sample.  

Due to the roughness and hardness of PCD surfaces, producing AFM images is problematic since 

the cantilever tips degrade rapidly during scanning [2]. Since only intermittent contact is used in 

tapping mode AFM, this technique prevents rapid degradation of the cantilever tips and allows 

good AFM images to be produced [16]. The degradation of the cantilever tips can be reduced 

further by adjusting the scan parameters such as the scan rate and scan size. Typical scans 

performed in this work took these factors into consideration and a typical set of parameters 

used are shown in Table 4.2. 
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Figure 4.8: Schematic of an atomic force microscope. Figure from [17]. 

Table 4.2: Typical AFM parameters used in this work. 

Scan size / μm 10 µm 

Scan rate / Hz 0.5-1.0 Hz 

Samples per line 512 

Lines 512 

Aspect ratio 1.0 

Integral gain 0.3-1.0 

Proportional gain 0.5-2.0 

Amplitude set-point 0.2-0.3 V 

  

The instrument used to produce AFM images in this investigation was a Bruker Multimode AFM 

with a Nanoscope V controller module. Gwyddion software [18] was used to analyse the AFM 

data and provided measurements of the root mean squared (RMS) surface roughness.  

4.6 Diamond samples 

A 10x10x1 mm3 Element-Six produced, boron-doped PCD film was cut into 2x2x1 mm3 samples 

using the Oxford Laser Systems laser cutter in the Bristol Diamond Lab, which uses a high power 
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laser to process materials into specific shapes and patterns. After being scribed with the desired 

grid pattern, the samples were snapped into individual samples using pliers and batch cleaned in 

hot H2SO4 and KNO3 for 2 hours.  

Single crystal diamond samples from HPHT sources were prepared and cleaned in acid by Dr. 

Neil Fox in the Centre for Nanoscience and Quantum Information at the University of Bristol. Dr 

Fox also prepared some diamond self-assembled monolayer (SAM) samples on W using 500 nm-

grade HPHT nanodiamond. In simple terms, the SAM is produced using an aggregrate free 

suspension of nanodiamonds, which is used to deposit a layer of diamond onto a substrate. 

These nanodiamonds are then adhered to the substrate by annealing. Producing diamond 

coated surfaces in this way could be a useful alternative to CVD materials due to their low cost 

and the fact that they do not require an energetic input to be formed. These SAM samples and 

some PCD samples were coated with thin films of Ag, Cu, Fe or Ti (~50 nm thickness) for the 

LPSSS investigation.  Examples of the metal coated samples can be seen in Figure 4.9. 
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Figure 4.9: SEM images of metal coated PCD (top) and diamond SAM on W (bottom). 

4.7 Manual abrasion 

A few of the small PCD samples were used for manual abrasion experiments in which a diamond 

impregnated file was used to manually remove material from the surface of the samples. 

Diamond-diamond contact is a commonly used method for polishing diamond and usually makes 

use of small HPHT grits. The polishing mechanism is thought to be a brittle fracture process due 

to non-plastic deformation [19,20] in which pieces of diamond are chipped from the sample 

[21]. 
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Chapter 5  
Results and discussion 

5.1 Hydrogen plasma treatments of PCD 

Before this investigation could begin, the decision had to be made as to which side of the 

samples would be treated. Due to the way in which a PCD diamond film grows, the top of the as-

grown films exhibit relatively large crystals, whilst the substrate side is composed of very small 

diamond crystals. This can be seen in Figure 5.1. Small crystals are commonly applied to the 

substrates prior to CVD growth to enhance the rate of film deposition, since the initial nucleation 

of diamond blank substrates is known to require extremely long incubation times [1]. 

These different diamond surface morphologies result in the different sides of the sample having 

very different surface roughness. The growth side of the film is very rough, with jagged peaks 

from the large crystals, whilst the substrate side is smooth. This can be seen very clearly in 

Figure 5.2. 

Since this investigtation is ultimately concerned with the surface roughness of the PCD following 

hydrogen plasma treatments, it would be useful to aquire surface roughness data using AFM 

techniques. The high roughness of the growth side of the PCD samples is a significant problem 

when using AFM, since the large grains are beyond the travel limit through which the cantilever 

and tip can travel. This means that attempting to scan a highly rough PCD surface would force 

the cantilever beyond its working range, causing not only damage to the tip, but could also cause 

significant and costly damage to the piezo stage of the apparatus. For this reason, the growth 

side of the surface will not be will not be investigated in the study of the effects of hydrogen 

plasma treatments at different experimental conditions. 
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Figure 5.1: SEM images of the PCD samples showing the morphologies of the growth side (top 

image) substrate side (bottom) of the PCD samples. The growth side of the films are composed 

of large crystals which can be hundreds of microns in size, whilst the substrate side of the film is 

composed of small crystals, the largest of which are <2 µm in size.  



64 
 

 

Figure 5.2: SEM of the PCD samples from a side on view shows that the growth side of the films 

are rather rough whilst the substrate side is very smooth. This image also shows the columnar 

structure of the film produced by CVD. The darker region towards the substrate side of the film 

is the result of the laser cutting of the samples; hence this region appears much more uniform 

than the rest of the structure.   

The RMS surface roughness of the substrate side of the PCD samples was investigated using AFM 

and Gwyddion software [2] was used to analyse the images. Using this free software package, it 

is also possible to process the AFM image to produce a 3D projection of the surface. This gives a 

much clearer image of the morphology of the surface and example AFM images can be seen in 

Figure 5.3. 
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Figure 5.3: An example AFM image of the substrate side of PCD films obtained over an area of 2 

x 2 µm2 showing the surface topography in 2D (top) and a 3D projection (bottom) produced 

using Gwyddion. 

In this study, a systematic approach was used to investigate the effects of different hydrogen 

plasma treatments on the surface roughness of PCD samples. Various parameters such as the 
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reactor pressure, microwave power and flow rate of hydrogen into the reactor were varied to 

change the characteristics of the hydrogen plasma. The variations in the surface roughness of 

the PCD following these treatments were obtained using AFM over areas of 10 x 10 µm2. Using 

this scan size, the mean RMS surface roughness of the untreated PCD was found to be 47.5 nm 

(obtained from 1 scan at a random location on 10 randomly selected 2 x 2 mm2 samples). A 

typical AFM image of the PCD prior to treatment can be seen in Figure 5.4 and following the 

treatments, the mean RMS surface roughness of the PCD was calculated from 10 x 10 µm2 scans 

at five random locations on the sample surface. The data obtained for the treated surfaces were 

used to observe the effects of the treatments in comparison to the original surface morphology.  

 

Figure 5.4: An example of a 10 x 10 µm scan obtained for the untreated PCD samples. It is clear 

that the surface is composed of many small diamond crystals as confirmed by SEM. 

The discussion of the results obtained will begin by considering the effects of treatments at 

different temperatures. Since this project is aiming to control the reactions of atomic hydrogen 

with the diamond surface in order to promote smoothing, the treatment conditions will need to 

be optimised so that smoothing reactions occur at the fastest possible rate. The rate of a 

reaction is an important concept in physical chemistry and is well known to be dependent on 

temperature according to the Arrhenius equation [3] which is defined as 

 

Where k is the rate constant, A is the pre-exponential factor (a constant dependent on the 

reaction being considered), Ea is the activation energy required for the reaction, R is the 

universal gas constant (8.314 J K-1 mol-1) and T is the temperature. 
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For these investigations a constant microwave power, hydrogen flow rate and treatment 

duration were used (1 kW, 500 sccm and 20 minutes respectively) whilst the pressure was 

varied. The treatment temperature was shown to increase with pressure and so it can be said 

that the gas temperature in the plasma increases with pressure. In addition to increasing the 

plasma temperature, increasing the pressure seems to decrease the size of the plasma when it is 

observed through the viewing window in the wall of the reactor. This decrease in the size of the 

plasma suggests that the atomic hydrogen species produced by dissociation of hydrogen are not 

able to diffuse as far from the centre of the plasma under high pressures and so emit photons 

due to relaxation of excited states in regions closer to the centre of the plasma. This decrease in 

the rate of diffusion of atomic hydrogen species can be attributed to an increase in the plasma 

density caused by the increase in pressure, resulting in more frequent collisions during the 

Brownian motion of the gaseous species [3]. These more frequent collisions mean that the 

species diffuse away from the centre of the plasma more slowly.  

The increased concentration of gaseous species in the reactor as a result of the increased 

pressure means that the microwave energy from the magnetron will be distributed over more 

species. This leads to an increase in the average kinetic energy of the particles, which leads to 

the increase in temperature. OES data shown in Figure 5.5, also confirms that the energy is 

being spread over more species at high pressures since there is an increase in the emission from 

atomic hydrogen species which will form due to dissociation of hydrogen. This data also 

indicates that lower energy excited states are formed preferentially over highly excited states 

since the emission intensity due to Hα-emission and other low energy transitions increases whilst 

Hδ-emission decreases. It is possible that due to the energy being spread to more species in the 

centre of the plasma, there is not sufficient energy being transferred to dissociate atomic 

hydrogen to form highly excited states. Furthermore, it is possible that such highly excited states 

of atomic hydrogen are quenched by the increased frequency of collisions with other gas phase 

species under high pressures conditions before they can emit a photon.  
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Figure 5.5: Data obtained from optical emission spectroscopy of the hydrogen plasmas produced 

using a MWCVD reactor which was used to treat PCD at different pressures/temperatures on 

hydrogen plasma. The emissions from various atomic hydrogen species have been plotted 

against the reactor pressure to show the behaviour of each species within the plasma as the 

conditions are changed.  

The variation in the surface roughness of PCD following hydrogen plasma treatment at different 

pressures and constant power and flow rate are shown in Figure 5.6. This data is presented as 

the variation of the surface roughness of the PCD with different temperature hydrogen plasma 

treatments and the way in which this data was collected was mentioned in a previous chapter.  

The relationship between the pressure and treatment temperature has also already been 

described. 
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Figure 5.6: A plot of the variation in the RMS surface roughness of PCD diamond samples 

obtained using AFM following treatments in hydrogen plasma at various temperatures. 

It is evident that the variation in the surface roughness following hydrogen plasma treatments at 

different temperatures has two major trends: a significant increase in the surface roughness at 

treatment temperatures >900oC where the surface becomes rough on a scale of hundreds of 

nanometres and a region where the surface roughness is increased very slightly in comparison to 

the original sample on a scale of tens of nanometres. This suggests that there is a transition to a 

different regime at high temperatures. 

The PCD sample treated at 1000oC has become incredibly rough according to AFM, and SEM 

reveals that the surface is covered in a considerable amount of non-diamond material, as well as 

large craters and trenches being present on the sample. These results can be seen in Figure 5.7. 

Raman spectroscopy of this sample confirmed that the surface had become highly graphitised by 

the treatment. This could be deduced due to the broad band at 1550 cm-1 indicated in Figure 

5.8. The broadness and small size of this band suggests that the graphite is not one continuous 

crystal [4].  Furthermore, no diamond peak can be seen at 1332 cm-1 following the treatments. 

This observation, combined with the presence of small grains of non-diamond material observed 

by SEM, indicates that the formation of graphitic phases must be occurring on the surfaces of 

the diamond crystals.  
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Figure 5.7: A 3D projection produced using Gwyddion shows that the PCD surface becomes 

rough following hydrogen plasma treatment at 1000oC (top). SEM of this sample (bottom) shows 

that this rough surface is no longer composed of small diamond crystals and a significant amount 

of non-diamond material has formed. In addition to non-diamond phases forming, deep craters 

and trenches can be seen.  
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Figure 5.8: Raman spectroscopy of the PCD sample treated for 20 minutes in hydrogen plasma at 

1000oC produces a spectrum with a broad peak centred at 1580 cm-1 due to graphitic material 

and no diamond peak can be observed at 1332 cm-1.  

The transformation of diamond to graphite under the treatment conditions can be explained 

quite simply by the fact that graphite is the more thermodynamically stable phase under the 

experimental conditions [5]. This means that any of the diamond material with a high enough 

energy to overcome the large free energy barrier will form graphite. By considering the way in 

which the distribution energy between different states (the Boltzmann distribution [3]) changes 

with temperature it is obvious that at high temperatures an increased proportion of the 

diamond will have sufficient energy to be converted to graphite. This is illustrated using the 

distribution of kinetic energy between particles at different temperatures in Figure 5.9, but the 

same principles apply to other forms of energy which a molecule may possess. For the purposes 

described here, it is the variation in the vibrational energy with temperature which is of 

particular interest. 

Atomic hydrogen also plays a role in enhancing the rate of graphite formation [6]. At high 

temperatures, the high flux of atomic hydrogen and high rate of hydrogen abstraction from the 

surface will produce a large number of radical sites on the surface. These radical sites are highly 

unstable, which causes their high reactivity in the growth of diamond by CVD, and not all of 

them will be stabilised by re-termination of the lattice with hydrogen [7]. To stabilise these 

highly unstable sites a change in hybridisation can occur, changing the sp3 hybridisation to the 

more stable sp2 configuration and so it is possible for large areas of unstable sites to be 

stabilised by forming graphitic phases [6]. The increased vibrational energy of the lattice at high 

temperatures may play a further role in this effect, since the chair of diamond can become more 

planar through some vibrational mode. By considering the stretching of the {111} plane of 

diamond in these vibrations, it is clear to see that the graphite structure can be formed [8].  This 
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indicates that the rate of graphitisation depends on the vibrational energy of the diamond 

lattice. 

 

Figure 5.9: An illustration of the variation of the Boltzmann distribution with increasing 

temperature. It is clear that at higher temperature the average energy of the molecules 

increases and also the number of molecules with higher energy increases. This diagram also 

indicates the minimum energy required for a specific reaction and how at high temperatures, 

more molecules will be able to undergo the reaction. Figure is adapted from [9]. 

Graphitisation of diamond following exposure to hydrogen plasma at room temperature using 

an RF plasma discharge has previously been reported [6]. In that study, an increased proportion 

of sp2 hybridised C-H and C=C bonds were observed by Fourier transform infrared spectroscopy 

following exposure to the plasma.  

In addition to graphitisation, this work has shown that craters and trenches are formed on the 

surface at high temperatures. This behaviour can be attributed to a high rate at which atomic 

hydrogen etches non-diamond material whilst the etching of diamond is quite slow [10]. 

Furthermore, at high temperatures, the rate of this etching will be very fast. Since there is a 

considerable amount of graphitic material located at the grain boundaries, these regions of the 

surface will be etched incredibly quickly by atomic hydrogen. This etching process essentially 

removes the material which bonds many of the crystallites together and so, after etching, the 

grain boundaries become wide trenches and dislocations become apparent on the surface. An 

example of a dislocation from treatment at 950oC is shown in Figure 5.10. A dislocation is a 

crystal which has not grown to become part of the PCD film. Therefore removing the graphitic 

materials causes these crystals to become loose in their sites on the surface and, as the sample 

is transferred to a vial for storage, can easily be shaken from its position. This leaves a crater in 

the surface. 
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The formation of trenches can also be attributed to the etching of grain boundaries, but in this 

case it is most likely the relaxation of strain at the surface upon etching which causes trenches to 

form. This strain in the PCD structure is the result of the diamond material being bonded 

together non-diamond material and the high defect density of the material [11]. As a matter of 

fact defects have been shown to be present in SCD produced by CVD [12]. As the etching 

progresses, the ‘glue’ is removed and so the crystals strain reduced. This leads to extra space 

between the crystallites producing a trench.  

 

 

Figure 5.10: A 3D-projection of a PCD sample following treatment at 950oC showing a large 

crater formed by the loss of a dislocated seed crystal from the surface. 

Since the variation in the surface roughness of PCD has been explained for the high temperature 

regime, the processes occurring in the region where slight roughening of the surface is observed 

will now be described. A comparison of AFM images obtained for the PCD prior to treatment and 

following hydrogen plasma treatments indicates that the increased surface roughness observed 

following all hydrogen plasma treatments is the result of atomic hydrogen etching non-diamond 

material at the grain boundaries. This is easily identifiable since the grain boundaries are very 

clearly pronounced following the treatments, as can be seen in Figure 5.11. Additionally, it 

should be noted that the width of these grain boundaries increases with treatment temperature 

and this can again be related to the release of strain in the PCD structure as a result of non-

diamond material being etched from the sample. With increasing temperature, the rate of 

etching will inevitably increase and so, more ‘glue’ is removed from the sample. As a result, the 

crystals can move slightly from their original position in the as grown film and the magnitude of 

this displacement is therefore related to the amount of non-diamond material removed. From 

these images it is also clear that the columnar structure of the films becomes more apparent 

with the increased rate of etching. 
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Figure 5.11: AFM images for PCD samples treated at 800oC (top) and 900oC (bottom), showing 

grain boundaries becoming more pronounced with increasing treatment temperature. 
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In addition to the phenomena described which cause the surface to become rougher following 

hydrogen plasma treatments at different temperatures, smoothing can be observed on the 

diamond crystallites themselves following treatments in the 600-900oC region. After hydrogen 

plasma treatment, the edges of the crystals can be seen to become more rounded and it can 

also be noted that the uneven texture of the original surface (i.e. bumpy surface) seems to be 

reduced by hydrogen plasma treatments. In particular it should be noted that the number of tall 

peaks is reduced significantly by hydrogen plasma treatment. This can be deduced by the size of 

the white regions in the AFM images which denote tall peaks. 

The role of atomic hydrogen in this smoothing of the diamond surface is not immediately clear 

and there has been much discussion on the dominant smoothing mechanism of hydrogen 

plasma treatments in the literature. The mechanism of smoothing due to hydrogen plasma 

treatments will be described in another section of this discussion.   

The apparent decreased surface roughness following hydrogen plasma treatment at 900oC 

compared to treatment at 700oC shown in Figure 5.6 seems to be quite an interesting result, 

since it suggests that with higher temperatures the rate of smoothing reactions increases whilst 

the rate of etching at the grain boundaries remains relatively unaffected. By considering simple 

reaction kinetics this seems to be plausible. However, from Figure 5.11, it is clear that the grain 

boundaries are getting considerably wider with increasing treatment temperature and so the 

etching of the grain boundaries must not be occurring at the same rate in both cases. The only 

obvious difference from this image is that the crystals are not composed of so many small 

bumps at 900oC compared to 800oC. This effect could not be seen using SEM due to the 

microscope not being capable of the resolution required.  

Making a conclusion as to whether this effect is due to the hydrogen plasma treatment or just 

caused by slight differences in the AFM parameters used is not clear. This apparent trend could 

also be attributed to the way data was collected for the experiments. Since only five scans of the 

sample surface were obtained, a total area of 500 µm2 out of 4 mm2 has been analysed for each 

sample. This is only 2.5 % of the entire surface. This suggests that the data obtained may not be 

entirely representative of the surface of the samples as a whole and so, some strange trends in 

the data may not be the result of the treatment and will be due to uncharacteristic data which 

does not provide the bigger picture.  

This problem could easily be alleviated by investigating a larger proportion of the surface, 

whether that is by collecting more scans or scanning over larger areas. The latter approach 

would not be preferable since the AFM used for these investigations collects the topographical 

information from 512 lines made up of 512 points per line. This means that scanning over larger 

areas causes the spacing between points and lines to be larger and so it is possible that a great 

deal of topographical information about the surface would not be collected. This was one of the 

reasons for small scan sizes being used in this investigation, allowing a more accurate image of 

the surface to be produced.  Furthermore, scanning over large areas increases the risk that the 

tip will snag on a rough part of the surface and be damaged. For this reason, it is recommended 

that lots of small area scans are collected for future projects wishing to observe the trends in 

surface roughness following treatments.  
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Continuing with the systematic investigation into the effect of different parameters on hydrogen 

plasma treatments of PCD, the effect of the hydrogen flow rate into the reactor was investigated 

using a constant treatment temperature, reactor pressure and microwave power, as well as 

constant treatment duration (800oC, 82-84 Torr, 1 kW and 20 minutes respectively). When the 

flow rate is changed there is no visible change to the size of the plasma, however OES confirms 

that the composition of the plasmas are dependent on the flow rate of hydrogen into the 

reactor. This can be seen in Figure 5.12. 

 

 

Figure 5.12: OES of different atomic hydrogen species within hydrogen plasmas formed at 

different flow rates of hydrogen into the reaction chamber. 

From the OES data, it is clear that the emission intensity of various atomic hydrogen species 

decreases with increasing flow rate. As with the discussion of the effects of increasing the 

pressure on the plasma, this effect can easily be explained by considering the concentrations of 

various species at the centre of the plasma. Since the MWCVD system was maintained at roughly 

the same pressure in each of these experiments, the pressure exerted on the reactor walls by 

the various H species in the plasma must be the same. This suggests that the concentration of H 

in any form in the reactor must roughly be the same for each of the plasmas. The key difference 

is that new hydrogen is flowing into the reactor at different rates and so the gases already in the 

chamber are being removed to maintain the constant pressure. This means that at lower flow 

rates, atomic hydrogen species are not being removed by the exhaust valve as quickly as they 

would be at high flow rates. This in turn leads to more atomic hydrogen species possibly being 

present in the plasma which can emit photons in the visible region of the spectrum, leading to 

an increase in the intensity of emission.  
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In addition to this, the flow rate of hydrogen into the reactor will create concentration gradient 

between an area with lots of H2 at the gas inlet and an areas with little H2 in the centre of the 

plasma. This in turn means that the rate of diffusion from the gas inlet to the centre of the 

plasma will be significantly increased at high flow rates and so, a dilution effect is seen at the 

centre of the plasma. The increased rate of diffusion towards the centre of the plasma could also 

cause quenching of the excited state H by more frequent collisions and so it would be expected 

that the plasma size would decrease. This was not observed. For this reason, the dilution of 

species at the centre of the plasma seems to be the most likely explanation of why the emission 

intensities of atomic hydrogen species decrease with increasing flow rate.  

The effect of hydrogen plasma treatments at different flow rates on the surface roughness of 

the PCD is shown in Figure 5.13 and indicates that variation of the flow rate of hydrogen into the 

reaction chamber during hydrogen plasma treatments has very little effect on the surface 

roughness of the PCD.  

 

Figure 5.13: the variation in the surface roughness of PCD after treatments at constant 

temperature hydrogen plasmas with different flow rates. 

As with the treatments at different temperatures, exposure of PCD samples to hydrogen 

plasmas causes roughening of the surface due to the etching of non-diamond material at the 

grain boundaries. This can be deduced by the mean RMS surface roughness of the samples 

following treatment being higher than that of the original sample. In the AFM data obtained, 

there were no differences in the widths of the grain boundaries following the different 
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treatments. This suggests that the rate of etching was occurring at its maximum possible rate for 

a temperature of 800oC, and that increasing the proportion of atomic hydrogen at the surface 

did not increase the rate of reaction. This suggests that in a hydrogen plasma treatment, the flux 

of atomic hydrogen is very high and the surface is saturate with reactive species allowing 

reactions to occur at their maximum rate, as determined by the temperature. In addition to this 

etching of the grain boundaries, it was observed that the edges of the crystals had again become 

quite rounded.  

This result of the flow rate not having an effect on the surface roughness of the samples 

supports a previous report on hydrogen plasma treatments [13]. However, this will be 

readdressed when the mechanism of smoothing by hydrogen plasmas is discussed later in this 

chapter. 

The third set of investigations into hydrogen plasma treatments and the effects of different 

parameters looked at the effects of microwave power at constant treatment temperature, flow 

rate and duration (800oC, 500 sccm and 20 minutes respectively).  

Power is defined as the rate at which energy is transferred, used or transformed by a system 

[14]. This means that at high microwave powers, more electrical energy is being transformed by 

the magnetron into microwave radiation and thus more microwaves are being transfered into 

the reaction chamber per unit time (1 W = 1 j s-1). This definition can be used to explain the 

trends observed in OES of the hydrogen plasma at different microwave powers shown in Figure 

5.14. The first thing that can be noted from the OES data is that increasing the power increases 

the intensity of emission from the atomic hydrogen species in the plasma. This can primarily be 

attributed to an increase in the amount of energy being transferred to H2 molecules to break the 

H-H covalent bond. This leads to an increased concentration of atomic hydrogen in the plasma.  

Increasing the input microwave power also transfers energy to the gaseous species leading to an 

increase in their average kinetic energy. This is the cause of the increased temperature when the 

microwave power is increased. Since temperature increases with microwave power, the plasma 

density needs to be reduced by reducing the pressure. This is why the pressure was not kept 

constant for each treatment at different powers. Inevitably, this decision to keep the treatment 

temperature constant rather than the pressure will have had an effect on the plasma 

composition and subsequent emissions.  
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Figure 5.14: OES data of the emissions from various atomic hydrogen species within hydrogen 

plasmas at different microwave input powers and a constant hydrogen flow rate of 500 sccm. 

The pressure was decreased over the range 100-70 Torr as the power was increased to allow for 

a constant treatment temperature.  

The effect of hydrogen plasma treatments at different input microwave powers and constant 

temperature on the surface roughness of PCD surfaces is shown in Figure 5.16. The most 

obvious trend in this data is an increase in the surface roughness of the PCD with increasing 

microwave power.   
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Figure 5.16: A plot of the variation in RMS surface roughness of PCD samples treated for 20 

minutes in hydrogen plasmas at various microwave powers but the same treatment 

temperature and flow rate.   

At microwave powers >1 kW, the roughness of the PCD is seen to increase due to hydrogen 

plasma treatment. Again, this can attributed to the etching of non-diamond carbon at the grain 

boundaries. In addition to this, smoothing of the crystal edges is also observed. The fact that the 

treatments at 1.0 and 1.2 kW produce a virtually identical mean RMS surface roughness for the 

PCD suggests that rates of reactions at the surface are similar under both sets of conditions. 

Since the temperature is constant in these treatments, the proportion of H available to react 

with the diamond surface will be responsible for the effects observed. This indicates that despite 

there being less atomic hydrogen at the surface at 1 kW than at 1.2 kW, the surface is saturate 

with atomic hydrogen species which could react and so the surface reactions are occurring at 

their maximal rate. Further increases in the amount of H at the surface will not therefore 

enhance the rates of reaction any further. However, this trend does not continue to the sample 

treated at 1.4 kW.  

From the AFM image in Figure 5.17 it is clear that there are lots of small protrusions on the 

surface following hydrogen plasma treatment at 1.4 kW. These protrusions from the surface 

suggest that significant etching has occurred. The diamond crystals in Figure 5.17 also appear to 

have become more ballas in morphology when compared to previous images. This could be due 

to the anisotropic etching similar to that which produced the thin columns. This result is in 
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contrast to reports in the literature which have described the evolution of etch pits on the PCD 

surfaces due to hydrogen plasma treatment at high microwave powers [15]. Suggest etching... 

 

Figure 5.17: An AFM image of a PCD sample following hydrogen plasma treatment at 1.4 kW.  

This etching behaviour is quite remarkable and seems to be specific to certain crystals on the 

surface. This is indicated by the presence of seemingly smooth facets at the bottom of Figure 

5.17, slightly right of centre. The fact that this etching has not occurred equally on all of the 

diamond crystals could be attributed to their random orientation when deposited onto the CVD 

substrate.  

 

For etching to occur the C-C bond of the diamond lattice needs to be broken, and this requires a 

large amount of energy [16]. Since the treatments were performed at constant temperature, the 

source of this energy for breaking the bond must be related to the energy state of the reactive 

hydrogen species. This is due to the rates of the surface reactions and average kinetic energy of 

hydrogen atomics colliding with the surface being constant for a given temperature. This theory 

of high energy atomic hydrogen species being responsible for the etching of the diamond 

crystals on the surface is supported by the OES data which shows that there is an increase in Hδ-

emission at high microwave powers. As already mentioned, OES cannot be used to observe all of 

the species within the plasma which may have a role to play at the diamond surface. Hydrogen 

atoms in states with n > 5 cannot be detected since they emit photons in the UV. Ro-
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vibrationally excited neutral H2 molecules and ionic species such as H+, H- and larger cluster ions 

cannot be detected but are known to be present in the medium [17].  

 

The exact identity of the species responsible for these highly energetic reactions is not currently 

known, but the increased rate of etching observed in DC-biased hydrogen plasma treatments 

suggests that ionic species may play a significant role in the process [18]. In the literature it has 

been shown that {100}-oriented surfaces parallel to the substrate are etched less efficiently from 

the surface that other crystal orientations [18]. 

The fact that the cause of such etching reactions is not known highlights that the composition of 

hydrogen plasmas, the interactions of the various species within the medium and also the 

interactions of various species produced in such a medium with the surfaces of diamond 

materials are still not completely understood. However, OES in this study has shown that high 

powers cause an increase in the number of higher energy species in the plasma and so, it can 

qualitatively be deduced that there will a higher number of species with sufficient energy to 

overcome the high energy barrier for cleavage of the C-C bond. This means that the rates of such 

reactions will be higher for high power plasmas than low power plasmas, even if the samples are 

heated to the same temperature.  

Now that the roughening of the PCD surface at high powers has been considered, the apparent 

smoothing observed at the opposite end of the power scale will be described. By comparing the 

AFM images of samples treated at 0.6 kW and 1 kW in Figure 5.18, it is clear that the etching of 

the grain boundaries is less significant for the low power plasma treatment. This can be 

attributed to the reduction in the number of atomic hydrogen species at the surface due to the 

slower rate of dissociation of H2 at low microwave powers, as indicated in the OES data. 

However, there is no clear evidence to suggest that these surfaces are smoother than the 

original sample and if these images alone were analysed, it would seem as though the hydrogen 

plasma treatment had made the surface rougher. The most likely explanation for this apparent 

smoothing is the possibility that the area scanned using AFM has not been representative of the 

whole sample surface as previously described. 
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Figure 5.18: AFM images of PCD samples treated in hydrogen plasma at 800oC for 20 minutes at 

microwave powers of 0.6 kW (top) and 1 kW (bottom). 

Now that the various parameters which affect the plasma composition had been observed, a 

final investigation into the effect of treatment duration was performed. This investigation was 

performed as a set of 10 minute experiments leading to a total treatment time of 1 hour, to see 

how the surface roughness varied at different points during the treatment. The results of this 

investigation can be seen in Figure 5.19. 



84 
 

 

Figure 5.19: A plot of the variation in the RMS surface roughness of PCD treated in a series of 10 

minute treatments for a total of 1 hour exposure of the sample to hydrogen plasma. 

Over the course of the full hour treatment, the roughness of the PCD increases and this can be 

attributed to the prolonged exposure to the hydrogen plasma causing significant etching of the 

grain boundaries as observed following all of the hydrogen plasma treatments already reported. 

This etching of the grain boundaries is prominent in the both the SEM and AFM shown in Figure 

5.20. From the AFM image the treatment also appears to have significantly altered the 

morphology of the crystals at the surface of the PCD over the course of the hour, revealing some 

larger crystals (<1 µm) with a range of facets from large smooth surfaces to others which appear 

to be ballas and composed of small crystals.  

Similar observations have been made in previous reports where smooth {100} facets were seen 

following hydrogen plasma treatments whilst {111} facets were etched to form smaller 

nanodiamond features [19]. This effect has been explained in other reports which attributed the 

effect to the interactions of atomic hydrogen with the 2 x 1 reconstructions of the two surfaces 

affecting the absorption properties of hydrogen on these crystal planes [20], where the dimer 

bonds on the 100 surface are not broken by atomic hydrogen very efficiently and so, these 

surface cannot be covered fully with hydrogen. The 2x1 reconstruction on the {111} surface 

however, is much weaker and so can be more easily broken [20]. Experiments which have 
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negatively biased the substrate during hydrogen plasma treatments also report a similar 

phenomenon [21]. 

 

 

Figure 5.20: AFM (top) and SEM (bottom) images of the PCD samples exposed to hydrogen 

plasma at 800oC in a series of 10 minute treatments for a total treatment time of 1 hour.  
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In addition to the series of 10 minute experiments, a PCD sample was exposed to hydrogen 

plasma treatment for the whole hour in one single treatment. SEM of this sample reveals that 

upon prolonged exposure, the surface had become more highly graphitised, as can be seen in 

Figure 5.20. The cause of this graphitisation has already been described. Furthermore, the mean 

RMS surface roughness of the sample which was treated for 1 hour in hydrogen plasma was ~15 

nm  more than that of the sample which had been treated in hydrogen plasma for the same 

time, except by accumulating the effects of a number of shorter treatments. This highlights an 

important observation that prolonged exposure to hydrogen plasma causes roughening and 

graphitisation of the surface. This effect of roughening of the diamond surface during long 

exposure to plasmas has been reported previously in the literature [23]. 

 

Figure 5.21: SEM of a PCD sample exposed to hydrogen plasma treatment at 800oC for a single 1 

hour treatment shows that the surface has become covered in large areas of non-diamond 

material. 

At this point, it is important to summarise the findings of this part of the project:  

 First of all, treatment of PCD in hydrogen plasma generally causes significant removal of 

non-diamond material from the surface. This leads to roughening of the surface and a 

reduction in the integrity of the diamond film, but does improve the surface quality in 

terms of increasing the proportion of diamond material at the surface.  

 The next most significant effect observed was graphitisation of the surface at high 

temperatures or following long exposure to hydrogen plasma.  

 Sharp, narrow protrusions were produced on the diamond surface due to etching by 

highly energetic species and it was noted that the {100} facets appear to be most 

resistant to etching. {110} and {111} facets can be seen to be etched to form nanoscale-

ballas features on the surface.  
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 In addition to these effects, it has been noted that the crystal edges appear to become 

more rounded by hydrogen plasma treatment. 

 Hydrogen plasma can reduce the uneven texture of the PCD surface by removing small 

‘lumpy’ features. 

From these conclusions, it is clear that hydrogen plasma treatment alone is not an ideal 

candidate for producing a smooth surface on PCD. Harsher techniques need to be applied to 

planarise the surface. The main issue with hydrogen plasma treatment is that the grain 

boundaries are subject to rapid etching. This has also been an issue in a number of other studies 

which have attempted to use methods other than hydrogen plasmas to polish the diamond 

surface [24,25,26,27].  

In order to prevent this, a number of masking procedures have been suggested. These 

techniques use a variety of materials as sacrificial layers and can produce patterned surfaces by 

preventing regions of the diamond from being etched [28]. These techniques have also been 

used to prevent the rapid etching of grain boundaries in PCD films whilst leaving the tops of the 

grains exposed [29]. However, as the surface becomes smoother, it gets harder to remove all 

traces of the masking material from the surface [30]. For this reason, and the need to apply the 

technique several times to achieve a flat surface, it is clear that masking procedures would 

preferably be avoided in a commercial setting. Furthermore, the chance of contamination being 

present on the diamond surface is not an option for cold cathode devices where the diamond 

surface is of the up most importance.  

Since the investigation into the effects of hydrogen plasma treatments at different conditions 

has shown some that there is some smoothing occurring during the treatments, an investigation 

using SCD could provide a useful insight into the processes occurring on the crystals of a PCD 

film.  

5.2 Hydrogen plasma treatments of SCD 

For this investigation, a 3 x 3 x 1 mm3 {100}-oriented SCD sample was treated at 800oC for 1 hour 

in hydrogen plasma at 1 kW, 500 sccm and 120 Torr. In comparison to a similar sized PCD 

sample, the conditions required to reach the desired treatment temperature were much higher 

for SCD. This is due to the superior thermal conduction properties of the single crystal material.  

The morphology of the as-grown {100}-oriented diamond surface prior to treatment exhibits a 

number of small defects in the surface. The RMS surface roughness of the regions between 

these defects was obtained using Gwyddion and these surface regions were found to have a low 

mean RMS surface roughness of 0.4 nm. This indicates that the majority of the surface is very 

smooth. Almost to the level desired for device applications. However, when the pits in the 

surface are included, the mean RMS surface roughness of the sample was found to be 8.1 nm. 

This value of the surface roughness of the as-grown SCD may not be entirely accurate since it is 

impossible to gauge the depth of small features on the surfaces of materials using AFM. This is 

due to shape and dimensions of the cantilever tip, as illustrated in figure 5.22. 
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Figure 5.22: An illustration of how AFM cannot accurately measure the depth profile of a narrow 

pit-like feature on the surface of a material due to the dimensions of the cantilever tip. When 

this occurs the depth of the feature on the surface cannot accurately be determined. Figure 

designed by author. 

Since it is difficult to assess the depth of the surface defects, it is common practice to polish the 

surface using lapping techniques. This procedure removes surface defects and makes the surface 

more uniform. Due to the fact that this process relies on the use of small diamond grits 

impregnated into suitable tool pieces, the smoothness which can be achieved using such 

techniques is limited by the size of the crystals in the abrasive [8]. Furthermore, since lapping is a 

non-plastic deformation process, scratches are usually produced in the surface [8]. The effects of 

hydrogen plasma treatments on the roughness of these polishing marks seem to have been the 

focus of many papers on the subject of hydrogen plasma treatments of SCD, and the results of 

these investigations will be described in the next section.  

For this experiment, the SCD was not polished so that the effects of hydrogen plasma treatment 

on as-grown SCD could be investigated. It was assumed that the diamond crystals in PCD films 

would behave very similarly to this SCD, except the processes would occur on a much smaller 

scale which cannot be observed on a PCD film without using ultrahigh resolution imaging 

techniques.  

AFM images of the SCD surface before and after treatment can be seen in Figure 5.23 and it is 

clear that the surface has become much rougher following the treatment. This roughness can be 

attributed to the formation of square pits in the surface which consist of terraces parallel to the 

{100} orientation and steps which run parallel to the {110} direction (i.e. the faces of steps are 

vertical and perpendicular to the terraces). These square pits can be seen to be almost 

pyramidal in structure in the 2D AFM image shown in Figure 5.24.  
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Figure 5.23: 3D-AFM projections of the SCD sample before (top) and after (bottom) treatment in 

hydrogen plasma for 1 hour at 800oC. 

 

 

Figure 5.24: An AFM image of SCD following hydrogen plasma treatment for 1 hour at 800oC. 

These observations suggest that that diamond material is being etched from the surface at the 

sharp edges of the defects and that this regression of the step flow growth process will continue 

with further hydrogen plasma treatment. From Figure 5.24 it is clear to see that if the treatment 

was continued, the pits in the surface would merge together and it would be highly likely that 

the majority of the upper diamond layers would be removed, leading to a reduction in the depth 

of the pits. Further treatments would result in the same process repeating many times over until 

only atomic steps remained on the surfaces. To be able to achieve this in this investigation, it 

was clear that the sample would need to be treated for very long treatment durations to 

produce a smooth surface. 

An additional point of interest is the fact that the hydrogen plasma treatment has produced 

rectangular pits all with parallel step edges. Considering the original state of the surface and the 

seemingly random shape of the defects in the surface, this is quite remarkable and suggests that 

the regression of the step growth propagates along the edge of a step rather than etching 

material randomly from the surface.  

Nonetheless, this short investigation has provided an insight into the way in which the 

morphology of the SCD changes en route to the formation of an atomically smooth surface. This 

result will now be compared with previous reports in the literature to determine the main 

mechanism by which hydrogen plasmas reduce the roughness of diamond surfaces. 
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5.3 The smoothing mechanism of hydrogen plasma treatment on SCD   

So far in this study, hydrogen plasma treatments have been shown to smooth the sharp edges of 

small diamond crystals in PCD films, as well as producing pits on SCD which clearly originate from 

anisotropic reactions at defective sites in the surface of the material. It has also been proposed 

that longer treatments would cause these pits in the surface to merge and continue to increase 

in size until the top layers of the surface have been removed to reveal a smooth surface. The 

major question in the mechanism of these processes is whether the diamond surface becoming 

smoother due to the removal of material from the surface or whether material is simply being 

redistributed. This has been a widely discussed question since the early work in the 1990s which 

showed that hydrogen plasmas could routinely be used to smooth {100}-oriented natural 

diamonds [31]. 

In the literature there are two mechanisms proposed to explain the smoothness of SCD 

following hydrogen plasma treatments. These are hydrogen atom-assisted surface diffusion (also 

known as hydrogen atom-assisted surface migration) and etching by atomic hydrogen. 

Hydrogen atom-assisted surface migration (illustrated in Figure 5.25) was proposed as the 

dominant mechanism of smoothing caused by hydrogen plasma treatments in 1995 [13]. This 

was due to experiments in which natural diamond powders were shown to become well 

facetted without a change in mass [32]. This apparently ruled out etching as the possible 

smoothing mechanism since the crystal size did not change. The authors of this report also ruled 

out the possibility that an etching and recombination mechanism may have caused the 

smoothing of the diamond crystals, and there were a number of reasons for this.  



92 
 

 

Figure 5.25: A mechanism showing how it is possible for pendant groups to migrate across the 

diamond surface under the influence of atomic hydrogen. Figure designed by author. 

 The first argument for surface migration was based on the idea that if material was being 

etched from the surface of the diamond, then the etch products would travel at least a few 

microns from the surface before they changed direction and became reincorporated into the 
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lattice [32]. Following this logic, it was reasoned that this would mean that small isolated 

diamond crystals would undergo etching and so get smaller, whilst closely packed particles 

would experience regrowth [33]. Since this was not observed, that was one tick against etching 

and recombination as the mechanism of smoothing.  

The second argument against etching and recombination was based on the idea that increasing 

the flow rate would have caused the etch products to be removed from the reactor more quickly 

[13,32,33], thus leading to a decreased rate of recombination and so etching only would be 

observed. Again this was shown not be the case and well faceted crystals were produced at all of 

the flow rates investigated. Similar observations to these literature reports have been made in 

this project, where it has been shown that the flow rate has no effect on the surface roughness 

of PCD in hydrogen plasma treatments. In this work, OES has shown that at low flow rates the 

emission intensity from atomic H species in the centre of the plasma increases and it was 

suggested that this was due to a less rapid dilution effect caused by new H2 flowing into the 

reactor more slowly. The explanation for why the surface roughness does not vary with changing 

the flow rate was then attributed to the surface being saturated with H under any plasma 

conditions. This meant that the rates of the various surface reactions were occurring at the 

maximum possible rate according to the treatment temperature, which was the same in all 

cases. Since the starting material in each experiment was from the same original sample, the 

fact that the surface reactions were occurring at the same rate, despite a higher proportion of 

atomic hydrogen being present at low flow rates, produced very similar results. 

It is the author of this projects belief that the dismissal of etching and recombination is not 

justified by the arguments used in the literature. The main point to consider is that the rates of 

diffusion away from the surface will depend on the volume of the reactor (i.e. the total number 

of possible paths away from the surface). The MWCVD system used in this project has a volume 

of ~1 L [34], which means that from the perspective of a small particle, there are a phenomenal 

number of possible routes away from the surface and very few which stay close to the surface 

over an extended timeframe. This means that the etch products will diffuse away from the 

surface very rapidly and so, adjusting the flow rate by a minute amount in relation to the volume 

will have no effect on the rate of diffusion of the etch products. For this reason, it is proposed 

that etching should be reconsidered as the dominant mechanism of surface smoothing by 

hydrogen plasma treatments.  

The only factor in support of hydrogen atom-assisted surface migration which cannot be argued 

against is that the literature shows that the samples did not change significantly in mass. In 

recent years, there has been considerable interest in modelling the growth of SCD with H-

assisted surface migration playing a major role in step-flow growth [35]. By modelling these 

reactions computationally, it has been shown that when a CH2 group migrates across the surface 

and becomes incorporated into a six membered ring at a concave step edge, this group becomes 

locked in position. This agrees well with early work in the field [36] and shows that diamond can 

grow in a step flow manner by the addition of carbon species to the lattice followed by H-

assisted surface migration to find suitable sites at step edges for incorporation into the diamond 

lattice. 
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 In hydrogen plasma treatments, there is no carbon containing precursor in the gas phase and 

so, new carbon material is not being added to the lattice. For H-assisted surface migration to be 

the dominant mechanism there must be a lot free CH2 groups on the diamond surface. For the 

{100} surface in particular, this is known not be the case due to a reconstruction of the surface 

to minimise the steric repulsions between the CH2 groups on the surface. This is known as a 2 x 1 

reconstruction [37].  For this reason, smoothing by surface migration alone does not seem 

feasible, especially on {100}-oriented surfaces which have already been mentioned as being 

more resistant to etching than other facets. For this reason, there needs to be a regression of 

the diamond growth process to produce pendant groups which can migrate. This ‘ring-opening’ 

is effectively an etching effect. 

In terms of experimental evidence, there seems to be much more support for the idea that 

etching is the main mechanism of surface smoothing by hydrogen treatments [38,39] with many 

reports being published around the same point in time as the report which suggested that H-

assisted surface migration was the dominant mechanism of surface smoothing by hydrogen 

plasma treatment.  

Many publications have reported the formation of pyramidal pits with square-symmetry on 

{100} surfaces [40,41,42,43,44] like those observed in this project. Computational modelling 

based on etching reactions during the CVD of {100}-oriented diamond have also been shown to 

provide a good prediction of the growth rates and morphologies seen experimentally when 

growing SCD with smooth surfaces [45].  

The sides of the pits in the literature are reported to be comprised of (111) facets [41,46] and 

the edges are parallel to the {110} direction, as found in this study. The etch pit density has been 

shown to be related to the dislocation density [43] and has also been shown to decrease with an 

increase in the misorientation angle of the diamond surface [40]. Macro-steps observed in this 

project related to literature reports where steps appeared on the {100}-oriented SCD surface 

[47] . 

The reason for etching at step edges can be explained very simply by considering the bonding of 

the atoms at a step edge [45]. At a step edge (and the surface), the atoms are not as highly 

coordinated as atoms found in the bulk of the material. This means that fewer of the strong C-C 

covalent bonds are formed and so the atoms at a step edge are held onto the lattice more 

weakly. This means that the amount of energy required to remove this atom from the surface is 

much lower than other atoms in the bulk of the material. Furthermore, at a step edge, the 

number of bonds exposed to the atomic hydrogen is higher than that for an atom on a flat 

surface. This allows for atomic hydrogen to attack from many different angles. This would 

greatly increase the likelihood of the atom being removed from the surface of the diamond. 

Once an atom has been removed from a step edge, the etching will propagate along the step 

edge since the newly exposed atom will be even less coordinated to the lattice and so can be 

even more easily removed. This is illustrated in Figure 5.26 where cubes are used to represent 

the atoms on the surface and show in a simple way how the etching along a step edge can 

propagate due to a lower number of bonding interactions with the lattice. 
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For etching to be possible, hydrogen atoms need to insert into the C-C bond and cause cleavage 

to leave a pendant radical species on the surface, as shown in Figure 5.27. These radical species 

are higher in energy than pendant methyl groups and so have a lower barrier to removal from 

the surface [34,35,36,45]. This means that subsequent attack by hydrogen atoms with will 

release the radical back into the gas phase and leave two unactivated lattice sites.  

However, as already mentioned several times previously, the diamond surface tends to 

reconstruct itself to reduce steric interactions between the hydrogen atoms terminating the 

dangling surface bonds. Atomic hydrogen plays a further role in breaking this reconstruction and 

thus reducing the coordination of the surface atoms to the lattice by forming a dihydride [48]. 

This surface dihydride is shown being etched in Figure 5.27. 

Once a carbon radical has been removed from the surface, it is possible that it may reattach to 

the surface at an activated lattice site. At this point the atom may migrate across the surface, 

become incorporated into the lattice or be etched away a second time. If a carbon atom adds to 

a pendant radical to produce a long alkyl chain on the surface, then facile β-scission reactions 

can occur and remove more material from the surface [34,49]. The mechanism of β-scission is 

shown in Figure 5.28. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.26:  A simple illustration of etching at a step edge (top left). The cubes represent atoms 

and the number of faces exposed at the step represents the proportion of C-C bonds exposed to 

the plasma. Etching removes an atom and reveals further bond to the plasma which could be 

etched (top right). These under-coordinated atoms are rapidly etched away in a regression of 

the step flow growth process (bottom). Figure designed by author. 
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Figure 5.27: The mechanism of etching by atomic hydrogen on the diamond surface, showing 

the regression of diamond growth and the pendant species produce being removes via a radical 

intermediate. Figure designed by author. 
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Figure 5.28: The mechanism of β-scission [34]. 

5.4 Hydrogen plasma treatment of PCD and manual abrasion 

Since hydrogen plasma treatments alone did not seem to be the solution to the problem of 

producing planar PCD surfaces at reasonable rates and the use of masking materials to prevent 

the rapid etching of the grain boundaries was not considered as the best option, interest was 

taken in improving the rate of manual polishing through the use of a hydrogen plasma pre-

treatment.  

From the previous experiments in this work, it was shown that hydrogen plasma treatments at 

high temperatures or long durations cause non-diamond materials to form and accumulate on 

the surface of the PCD sample. Since this material is much ‘softer’ than diamond, an abrasion 

technique would be able to remove material from the surface at a much higher rate leading to 

the production of planar surfaces with much shorter polishing times.   
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The main advantage in using a treatment such as this is that it can easily be performed at the 

end of CVD diamond growth, without the need to move the sample to another apparatus or 

even switch the reactor off. The only action that would need to be taken is to stop the flow of 

the carbon containing gas into the reactor and adjust the parameters to achieve the desired 

hydrogen plasma treatment conditions.  

The use of pure hydrogen plasma at the end of CVD growth is actually a standard operation 

procedure for producing high quality of diamond materials [34]. The goal of this exposure to 

hydrogen plasma at the end of CVD growth is to remove any non-diamond impurities from the 

surface of the sample. For this reason, performing the same procedure as a pre-treatment to 

abrasion, rather than a mild cleaning procedure, has no obvious drawbacks. Furthermore, if the 

diamond material is destined to be polished once it has been grown, there is no need to spend 

the time cleaning the surface with hydrogen plasma at the end of growth. 

This demonstration of the potential for hydrogen plasma treatments as pre-treatments uses a 

diamond file to manually polish the growth sides of PCD films. As mentioned in a previous 

chapter, the larger crystal sizes of the growth side of PCD films are more attractive than small 

crystals since films composed of large crystals exhibit properties more similar to SCD due to a 

smaller proportion of non-diamond material in the film.  

For these experiments, a PCD sample was clamped in a small vice and polished using the 

diamond impregnated file in the same direction until the surface was optically smooth. An 

optically smooth surface (at least in this project) was achieved when there were no obvious 

peaks left on the surface of the diamond when the sample was viewed using a CostMad pocket 

microscope at 100x optical zoom. The growth side of a PCD sample before and after 30 minutes 

of manual abrasion using a diamond file can be seen in Figure 5.29.  

Since the growth side of the PCD sample had not been treated in hydrogen plasma in the 

previous investigations of this work, a PCD sample was exposed to hydrogen plasma at 1000oC 

for 20 minutes to observe the effects on the surface. The result of this treatment can be seen in 

Figure 5.30 and shows that the surface had become highly graphitised and the grain boundaries 

had become very deep. When an attempt was made to polish this material using the diamond 

file, the sample disintegrated under the pressure of the vice. It was clear that this treatment was 

much too long and has severely diminished the structural integrity of the film, more than 

observed for the substrate side of the film. This is due to the differences in the structure of the 

two sides of the film. Due to the larger crystal sizes at the growth surface of the PCD films, the 

holding of the grains in certain positions by the non-diamond ‘glue’ at the grain boundaries puts 

a large amount of strain on the surface on the columnar crystals. At high temperatures it has 

already been shown that this material becomes removed rapidly and so the grains are able to 

relax into positions where they are not strained. This leads to the wide grain boundaries 

observed in Figure 5.30. For this reason another PCD sample was treated at 1000oC in hydrogen 

plasma for 5 minutes. This sample was not etched so intensely and so, did not disintegrate in the 

vice. This sample was polished using the diamond file in the same manner as the untreated 

sample.  

An optically smooth surface, similar to that of the untreated sample polished for 30 minutes, 

was achieved on this treated sample after only 15 minutes of polishing using a diamond file, the 



99 
 

final result of the procedure is shown in Figure 5.31. This 50% reduction in the polishing time to 

achieve an optically smooth surface is very significant from an industrial point of view where the 

use of such techniques would translate into reduced running costs and time demands. 

Furthermore, the SEM images also seem to reveal that there is less diamond debris produced by 

polishing after high temperature hydrogen plasma treatment, this could suggest that the 

polishing after hydrogen plasma treatment was more uniform.   

 

 

Figure 5.29: SEM images of the growth side of PCD diamond samples before treatment (top) and 

after polishing using a diamond file for 30 minutes (bottom).  
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Figure 5.30: An SEM image of the growth side of a PCD film exposed to hydrogen plasma at 

1000oC for 20 minutes.  

As an indication of the reduction in the surface roughness which had been achieved using the 

combination of a short plasma treatment and manual abrasion of the diamond surface, this 

sample was analysed using AFM and was shown to have a mean RMS surface roughness of 145 

nm. As described at the start of this chapter, the growth side of thick PCD films cannot normally 

be studied using AFM because the crystals on the surface are simply too large for the instrument 

to measure. Therefore, being able to produce an image such as that shown in Figure 5.32, 

highlights how effective hydrogen plasma treatments are as a pre-treatment to polishing of the 

diamond surface using conventional lapping techniques. Furthermore, it is predicted that 

performing the same procedure on larger scales would also yield significant improvements in the 

polishing time required to make the films more planar.  
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Figure 5.31: An SEM image of the growth side of a PCD film following graphitisation in hydrogen 

plasma at 1000oC for 5 minutes and manual polishing using a diamond file for 10 minutes. 

 

Figure 5.32: A 3D-AFM projection of the growth side of the PCD sample following manual 

polishing for 30 minutes using a diamond file. 

In addition to use as a pre-treatment, hydrogen plasmas could also be used to treat the polished 

PCD surfaces. This was not performed in this work, but is expected to produce similar results to 

the treatments of the substrate side of PCD films which have already been described in this 
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work, where the etching of grain boundaries leads to significant roughening of the surface, along 

with rounding of the grains and some smoothing of the crystal facets. 

5.5 LPSSS-style treatments 

Before the LPSSS-style treatments of the metal coated samples were performed, it seemed clear 

that different temperature treatments would be required for each of the different metals being 

used, owing to their different standard melting points and the apparent requirement of LPSSS 

for a molten metal phase. Unfortunately, Roy et al did not report any specific information about 

LPSSS treatments using different metals and instead chose to present a temperature range into 

which all of the experiments fitted. This temperature range was reported to be 750-1100oC [50]. 

A further factor to be considered before the treatments could be performed was that the 

pressure during the treatments is significantly lower than standard pressure (760 Torr) and so 

the melting points of the metals may be lower than their standard melting points. The effect of 

pressure on the melting point of a pure substance is well depicted by the solid-vapour phase 

boundary seen phase diagrams, and the principles behind phase transitions can be found in 

many fundamental physical chemistry textbooks [3]. This meant that phase diagrams of the pure 

metals used in this investigation needed to be obtained in order to estimate the melting point of 

the metal under the experimental conditions. 

Unfortunately, finding phase diagrams of the pure metals proved to be very difficult since 

modern metallurgy is primarily concerned with binary phases where more than one element is 

present in the material leading to alloys with very different properties to either of the pure 

substances [51]. Only the phase diagram for pure iron was found and this is shown in Figure 

5.33. 
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Figure 5.33: The phase diagram of pure iron. Figure was adapted from [52].  

100 Torr is equivalent to 0.13 bar and so from Figure 5.33 it is clear that the experimental 

pressures are well within the region where iron undergoes a melting transition (i.e. does not 

sublime). Furthermore, since the solid-liquid boundary appears to be horizontal, the melting 

point of iron in these experiments can be assumed to be the same as the standard melting point 

of the material. This assumption was extended to include the other transition metals used in this 

investigation. 

As a way of confirming that these assumptions were reasonable the melting transition for each 

metal was considered using a thermodynamic approximation of the solid-liquid boundary of a 

phase diagram for a pure substance. The derivation of this approximation can be found in Atkins’ 

Physical Chemistry [3] and where it is shown that two points on the solid-liquid boundary are 

approximately related by  

 

where p1 and T1 are the pressure and temperature respectively at ‘point 1’ on the phase 

boundary, p2 and T2 are the pressure and temperature respectively at  ‘point 2’, ΔfusH is the 
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enthalpy of fusion for the substance and ΔfusV is the change in molar volume when melting 

occurs. This equation can then be rearranged in a number of steps to give  

 

which could then be used to estimate the melting temperature of the metals at 100 Torr if ΔfusH 

and ΔfusV were deduced. 

For these approximations it was assumed that ΔfusV would be approximately the same at 100 

Torr as at 760 Torr since the metal structure is very tightly packed and is not expected to expand 

greatly with reduced pressure. Furthermore, it was assumed that ΔfusH was the same for both 

sets of conditions. The results of these calculations can be seen in Table 5.1, and confirms that 

the metals should melt at their standard melting points under the experimental conditions. 

Table 5.1: Shows the standard melting points of the metals used in this investigation alongside 

the predicted melting points under the experimental conditions. 

Metal Standard melting point / oC  (from ref [53]) Predicted melting point at 100 Torr / oC 

Ag 961 961 

Cu 1084 1084 

Fe 1536 1536 

Ti 1670 1670 

 

For this reason, the decision was made to treat the SAM samples at 750oC (the lowest 

temperature in the range reported in the literature) for 1 hour (the shortest treatment duration 

reported).  In this first series of treatments, the power had to be increased throughout the 

treatment to maintain the desired treatment temperature and this resulted in the maximum 

possible microwave power of the reactor being used (1.5 kW). Since the treatment conditions 

could not be adjusted any further, the samples were left to be treated in the hydrogen plasma 

for the remainder of the hour. At the end of these treatments, the sample temperatures were 

found to be in the range of 650-690oC. 

This reduction in the sample temperature indicated that the metals were evaporating from the 

sample surfaces during the treatment. When these samples were removed from the reactor, it 

was obvious that the metal films had been removed from the surface. This removal of the metals 

from the surfaces of the samples could be explained by two processes: the evaporation of metal 

species from a liquid phase or etching of the metals by atomic hydrogen. At first glance, etching 

by atomic hydrogen seemed to be the most likely explanation since it had already been shown 

that the metals were not expected to melt under the experimental conditions. This etching of 

metals by atomic hydrogen has been reported previously in the literature during experiments 

using metals as masks for reactive ion etching [29,54].  
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Analysis of the treated samples by SEM reveals some very interesting results and this discussion 

will begin with the silver coated SAM sample, which showed that the majority of both the metal 

and diamond layers were removed during the treatment in hydrogen plasma. This result 

confirmed that the hydrogen plasma conditions used were too extreme and had etched most of 

the material from the surface. Towards the edge of the sample however, it is possible to see that 

a small proportion of the diamond was still present on the surface as well as small areas of silver 

(Figure 5.34). The possibility that the hydrogen plasma was etching material from the surface at 

high power seemed to be the most plausible explanation of the experimental result since no 

evidence of a liquid phase could be seen on the sample. Furthermore, in previous investigations 

in this project, it was shown that diamond crystals in PCD films could be etched significantly by 

hydrogen plasmas, possibly due to ion bombardment of the sample with hydrogen species.  

 

 

Figure 5.34: SEM of the silver coated SAM sample treated in hydrogen plasma at 1.5 kW for 1 

hour shows that the majority of the diamond and metal layers had been removed from the 

surface. This image was taken at the edge of the sample and shows that only small patches of 

silver and very few diamond particles have remained on the surface. To clarify, the white dots 

are the diamond nanoparticles which have been hydrogen terminated during the treatment and 

thus appear very bright in SEM.  

The conclusion that some of the diamond crystals were etched from the substrate can be 

dismissed by looking at the copper coated sample which shows that the entire diamond layers 

remains on the surface following treatment (Figure 5.35). This indicates that the SAM of 

diamond in the silver sample had not been annealed properly to ensure the crystals adhere 

strongly to the substrate. This meant that the treatment provided sufficient thermal energy to 

cause the attraction between the colloid residues and diamond particles to break and so, large 
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amounts of the diamond material will most likely have simply fallen off of the surface when the 

sample was transferred to a glass vial at the end of treatment. In addition to showing that the 

diamond layer remains on the surface when properly annealed, Figure 5.35 shows that small 

metallic globules of Cu were formed on the surface of the sample. 

 

Figure 5.35: SEM of the silver coated ample treated in hydrogen plasma at 1.5 kW for 1 hour 

indicates that the diamond layers are not removed if they are properly annealed and also shows 

metallic globule on the sample.  

SEM of the iron coated sample (Figure 5.36) shows that the diamond layer had again not been 

properly annealed and so the majority of the diamond particles had fallen from the substrate 

when the sample was moved. However, it was also evident that the iron had produced an 

increased number of larger globules than seen on the surface of the copper coated sample and it 

was noted that these iron globules appear to have a significant number of diamond particles on 

their surfaces.  

SEM of the titanium coated sample again confirms that the diamond layer is not removed by the 

treatment when properly annealed. In addition to this, number and size of the globules 

produced on the Ti surface were the largest of all the samples, as shown in Figure 5.37. 

Furthermore, it is also clear that the Ti globules have absorbed more diamond nanoparticles 

onto their surfaces than those found on the Fe-coated sample.  

From this first series of treatments vacuum annealing of the diamond layer onto the substrate 

has been shown to be a very important factor in the preparation of diamond nanoparticles for 

use in technological applications. To check that the other samples were suitably annealed, a 

small piece of Mo wire was used to scratch a small section of the surfaces. If a sample was found 

to scratch easily, it was not used for in further investigations.  
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Figure 5.36: SEM of the iron coated SAM sample treated in hydrogen plasma at 1.5 kW for 1 

hour reveals metallic globules on the surface of the sample. These metallic globules are also 

covered with diamond particles, whilst the most of the diamond layer appears to have been 

removed during the treatment due to insufficient annealing, as seen for the silver coated 

sample. 
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Figure 5.37: SEM of the titanium coated SAM sample treated in hydrogen plasma at 1.5 kW for 1 

hour showing the layer of diamond nanoparticles remained adhered to the surface during the 

treatment. Large metallic globules coated with diamond particles can also be seen. 

The production of metallic globules from the metal coatings under the influence of hydrogen 

plasma in these experiments correlates well with the observations of metallic globules 

associated with the diamond in the LPSSS process [55]. It can also be noted that the globule size 

is proportional to the melting points of the metals used in the investigation, increasing in the 

order Cu-Fe-Ti.  Furthermore, it should be noticed that the globules produced by the treatment 

have dimensions larger than 50 nm, which was the original thickness of the metal coating.  

To form globules such as this, smaller globules produced by the action of the hydrogen plasma 

on the metal film must be undergoing coalescence. This is where two bodies of the same phase 

come together to form a single phase [56]. The non spherical shape of the globules produced by 

the treatments provides support for this idea of coalescence.  

The density of diamond nanoparticles adsorbed onto the surfaces of the metallic globules 

observed seems to give an indication of each metals affinity for carbon, increasing in the order 

Cu-Fe-Ti.  The relative affinity for carbon of silver could not be commented on, since the majority 

of the silver was removed from the surface of the sample. However, since the trend shown by 

the other metals seems to correlate well with the experimental observations on the affinity of 

the metals for carbon, it can be predicted that silver globules would have the least diamond 

crystals adsorbed on the surface.  

From these studies it was clear that the metal was being removed far too quickly from the 

surface for its effect to be observed. This can be deduced by the fact that all of the diamond 

crystals observed appear to be very bright under SEM, indicating that they have been hydrogen 
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terminated and possess NEA as would be expected following standard hydrogen plasma 

treatment.  

Repeating the treatment of a silver coated SAM sample at the lowest possible microwave power 

which could sustain a plasma under the experimental conditions (0.6 kW) for 15 minutes was 

shown to produce globules on the surface of the sample. This is shown in Figure 5.38 and as 

predicted there are very few crystals adsorbed onto the surface of the globules.   

 

Figure 5.38: An SEM image of a silver coated SAM sample following hydrogen plasma treatment. 

Similar experiments were repeated for the other metals and it was noted that the proportion of 

metal remaining on the surface after the 15 minute treatments increased in the order Ag-Cu-Fe-

Ti, in the same way as the globule sizes in the first set of experiments. This is illustrated by a 

copper coated sample treated at 0.6 kW for 15 minutes which was found to have formed 

snakelike metallic globules on the surface (Figure 5.39). 

Now that the proportion of metal left on the surfaces of the samples was substantial, it would 

have been interesting to observe the surfaces of the diamond crystals in the SAM. 

Unfortunately, the morphology of these surfaces could not be observed at high enough 

resolution using the microscope used for this investigation. Logically AFM would be the next best 

technique to use, but, since the metallic globules were rather large AFM could not be used. As 

already mentioned many of the diamond crystals appear to be very bright under SEM due to the 

termination of the surface with hydrogen atoms. 
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Figure 5.39: An SEM image of a copper coated SAM sample following hydrogen plasma 

treatment.  

Since the state of the diamond surfaces could not be investigated for the small diamond crystals 

of the SAM samples, the removal of the metal from the surface of the samples was investigated. 

For this investigation, a Ti coated SAM sample was used. The reason for this is that Titanium 

appears to be removed most slowly of the metals used in this investigation. In this part of the 

investigation, OES was used to see if any emissions from metallic species could be observed in 

the plasma during the treatment and also indicate the point at which the highest removal rate of 

metal atoms from the surface occurs.  

When using a MW CVD reactor, the plasma needs to be formed before the experimental 

parameters can be set to the desired conditions [34]. The general procedure for striking a 

plasma using this reactor is to increase the microwave power rapidly when the chamber is filled 

with hydrogen at a pressure of ~20 Torr [34]. Once the plasma has been struck, it has a large 

diameter such that the plasma contacts the fused-silica window and side walls of the chamber. 

At this point the pressure needs to be increased quickly to control the plasma and prevent it 

from etching material from the divider window or walls of the reactor. 

Optical emission spectra taken when the plasma has just lit indicate the presence of species 

other than atomic hydrogen in the plasma (Figure 5.40).  The intensity of emission from this 

non-hydrogen species decreased in subsequent spectra as the treatment parameters were being 

set, leading to an emission spectrum of pure hydrogen plasma, with a large Halpha peak and no 

other obvious features.  
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Figure 5.40: OES of the hydrogen plasma used to treat a titanium coated SAM sample at ignition 

of the plasma (scan 1), after the first scan had finished (scan 2) and once experimental 

conditions had been reached (scan 3). 

Attempts were made to find the cause of this foreign peak in the OES spectrum but it was not 

possible to find a transition related to Ti which could account for the transition. At present the 

33D → 23P transition of He seems to be the most likely candidate for the foreign emission since it 

matches the wavelength of the emission at 587 nm [57]. However, the source of this He is not 

known.  

This experiment was terminated once the experimental conditions had been reached and it was 

evident that there was still a great deal of metal on the surface of the sample, some of which 

had become tarnished. Looking at this sample using SEM reveals a significant result: some of the 

metal with the highest melting point of the metals used in the investigation has been removed 

from the surface of the sample in some locations. This can be seen in Figure 5.41.  

In addition to some of the diamond being exposed by the hydrogen plasma, some regions of the 

metal coating appear to be much thinner (showing the shape of the diamond crystals more 

prominently) and very small cracks can also be seen to have formed in the metal coating during 

the exposure period. These thin cracks are characteristic of a metallurgical phenomenon known 

as hydrogen embrittlement [58], which has been shown to be the cause of metallic component 

failures in a number of different situations [59,60]. 
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Figure 5.41: SEM of the titanium coated sample which was removed from the reactor shortly 

after the experimental conditions had been set reveals that some of the metal had been 

removed from the surface of the sample before the treatment had been properly started. 

Hydrogen embrittlement is known to occur in environments where there is a high abundance of 

hydrogen and is thought to occur when hydrogen molecules adsorb onto the surface of a metal 

resulting in the formation of surface hydride species [58]. Adsorption of hydrogen onto a metal 

surface in this way forms the basis of the reduction of alkynes to cis-alkenes using Lindlar’s 

catalyst in organic chemistry [61]. The atomic hydrogen associated with the surface can then 

diffuse into and migrate through the metal via the vacancies in the material [58]. If two 

hydrogen atoms collide in an interstitial site in the metallic structure the molecule formed will 

exert pressure on the metal atoms. As progressively more and more hydrogen builds up at such 

sites, defects such as cracks begin to form [58]. 

In the case of the hydrogen plasmas used in these experiments, the hydrogen is already in an 

atomic form when it reaches the surface. This means that the adsorption of the hydrogen 

molecule and subsequent breaking of the bond do not need to occur and atomic hydrogen can 

diffuse into the metal much more rapidly. Furthermore, the amount of atomic hydrogen in the 

plasma is extremely high and so a significant amount of atomic hydrogen can be incorporated 

into the metal very quickly. Under the reduced pressure used for these LPSSS-style treatments, 

the packing of the metal will be slightly less dense than it normally would be under standard 

conditions and so, the interstitial spaces through which the atomic hydrogen can diffuse in a 

Brownian motion will be larger. This leads to less frequent collisions between the metal atoms 

and hydrogen atoms, ultimately leading to an increase in the rate of atomic hydrogen diffusion 

through the material. This increases the likelihood of hydrogen molecules forming in interstitial 

sites within the metal to cause cracking. 
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Despite hydrogen embrittlement being evident on the surface of the sample in the form of small 

cracks, the phenomenon does not explain some regions on the surface became completely free 

of metal during a very short treatment. This must be due to the way in which the film is 

deposited onto the surface of the sample. The metal coatings are polycrystalline and inevitably 

there will be some regions which are coated slightly more thickly than others. Since the metal 

film is polycrystalline, the coating will have a significant number of grain boundaries. As shown 

for diamond, the edges of the metal crystals present at the grain boundaries will be etched by 

the atomic hydrogen. This seems reasonable since the metals used have much lower rankings on 

the Moh scale of hardness than diamond [62]. 

These processes of cracking and etching of the metal coating could quickly lead to isolated metal 

particles being produced on the surface of the sample. Since the film is only tens of nanometres 

thick, these metal particles will be nanoparticles. This is a significant realisation since it is well 

known that materials behave differently on the nanoscale to how they do in the bulk material 

[63].  

The coalescence of the metallic globules on the surfaces of the samples observed in this 

investigation can only occur if molten globules are able to migrate across the surface [64]. The 

process of forming a larger globule reduces the surface energy of the particles [64]. 

Furthermore, these molten metal phases in this project have been shown to be forming 

hundreds of degrees below the standard melting point of the metal. This supports the idea that 

exotic nanoscale phenomena may be at work.  

Previous work in the literature supports the results of this investigation and has shown that a 

film of nickel can be converted into nanoparticles which coalesce together to form larger 

particles under the influence of hydrogen plasma and thermal treatment [65]. Metal 

nanoparticles are currently widely used in the field of carbon nanotube growth [66,67] and their 

production by hydrogen plasmas has not yet been associated with the LPSSS process.  

The mechanism of nanoparticle formation and globule coalescence from thin metal films has 

been described previously in reference [65] where the etching of the metal forms particles 

which decrease in size with further etching to form nanoparticles. Nanoparticles are known to 

experience melting point depression and there are a number of models for the process [68,69]. 

Despite being slightly different, these models are all based on the same principle that as the 

dimensions of the material are reduced the melting point decreases due to a reduction in the 

cohesive energy of atoms at the surface of the particle [70]. Once molten, these globules can 

move across the surface under the influence of thermal energy from the plasma and coalesce to 

form the large globules [65], as observed in this project.  This effect of melting point depression 

due to the small size of the metal particles may be enhanced further by the interaction of metal 

atoms at the surface with hydrogen species. Electron donation from the metal atoms to 

hydrogen atoms to form hydrides will decrease the electron density contributing to the metal-

metal bonding and so the bonding will be weaker. This may lead to further reductions in the 

melting point. 

Now that the globule formation and removal of the metal films from the surface of the samples 

had been explained, the investigation was extended to using metal coated MCD samples. Due to 

the larger crystal size in these samples, it was expected that the effects of the metal on the 
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surface would be more easily observed by SEM. Furthermore, since the aim was to investigate 

the effect of the metal and the samples only 2 x2 mm2, thicker metal coatings were used to 

prevent rapid etching from the surface. Copper, iron and titanium coated MCD samples were 

treated in hydrogen plasma at 0.6 kW for 15 minutes and revealed that the different metals do 

in fact behave quite differently to one another.  

In the Cu coated sample it was noted that the majority of the metal seemed to have been 

removed following the exposure to the hydrogen plasma, and the surface of the sample 

appeared to have a slight reddish tint. Analysis of this sample using SEM reveals that there is still 

copper on the surface of the diamond crystals, in the form of spherical particles. This can be 

seen in Figure 5.42.  

 

Figure 5.42: SEM image of a copper coated MCD sample treated in hydrogen plasma for 15 

minutes at 0.6 kW, 100 Torr and 100 sccm. 

From Figure 5.42, it is clear that there is a wide range of differently sized metal particles on the 

surface of the sample following hydrogen plasma treatment. This image suggests that the 

particle size may be dependent on the crystal orientation, since different facets seem to only be 

able to hold particles up to a certain sizes. This is rather odd since the surface is mainly {111} 

facetted, so the affinity for the metal should be the same on all faces. This suggests that the 

same may not have been completely flat on the substrate holder during treatment. However, 

this may warrant further investigation.  

Perhaps the most logical explanation of the size distribution of the particles is related to the 

composition of the film prior to treatment. As already described, the metal coating is not a 

continuous single crystal and is polycrystalline. Within this polycrystalline film there are grains of 
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different sizes, with the largest grains being present at sites where the metal first deposited onto 

the surface. Since the coating is copper only, the etching by the hydrogen plasma at the grain 

boundaries will have occurred at the same rate over the sample surface. Therefore, larger grains 

will result in larger particles being formed whilst areas composed of many very small crystals will 

have been etched away to leave the diamond surface exposed. 

In Figure 5.42, it is also clear that the metal particles did not melt leading coalescence. This is 

due to the metal particles being up to 5 μm in size, rather than nanoscale as observed for the 

thinly coated diamond SAM samples. This can be largely attributed to the use of a thicker metal 

coating for this investigation. 

In contrast to the copper coated sample, the iron coated sample did not show any obvious signs 

of the metal being present on the surface following treatment. As can be seen in Figure 5.43, no 

obvious metal particles could be seen on the surface of the diamond and it is very clear that the 

surface has been etched considerably by the metal, with small islands of the original diamond 

surface being left on the surface of the sample. These regions are very bright due to hydrogen 

termination. This etching of the diamond surface by metals has been reported previously [26] 

and is thought to be due to unpaired d-electrons in the metal [71]. This explains why iron with 4 

unpaired d-electrons etched the diamond surface whilst copper, with 0 unpaired d-electrons did 

not.   

In Figure 5.43, it is also clear to see that the iron has significantly etched the grain boundaries in 

the diamond material. This can be attributed to the fact that non-diamond carbon found at such 

sites is much less chemically inert than diamond and so will dissolve readily into the iron. In 

addition to the non-diamond carbon present at the grain boundaries, it is also possible that 

regions of diamond may transform to graphite under the influence of the metal [72]. Again, this 

non-diamond material is more soluble in the metal than diamond and so will dissolve readily. 

Due to these reactions described, it is clear that reactive metals will quickly become saturated 

with carbon. These carbon atoms occupy vacancies in the metal structure and weaken the 

metal-metal interactions. This makes the metal considerably softer and lowers the melting point 

(iron carbide melts at 1227oC [73]). In the presence of atomic hydrogen, this ‘soft’ metal-carbon 

mixture will be etched more quickly than the metal if it was pure, resulting in the rapid removal 

of iron from the surface of the sample. This explains why no metal can be seen in the SEM 

images of this sample.   
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Figure 5.43: SEM images of the iron coated MCD sample following exposure to hydrogen plasma 

for 15 minutes at 0.6 kW, 100 Torr and 100 sccm. 
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In the case of the titanium coated sample, the hydrogen plasma treatment seemed to have very 

little effect on the coating, as shown in Figure 5.44. However, it should be noted that some 

regions of the coating have been removed by the plasma. These regions were most likely thinner 

or had smaller metal crystal sizes than other parts of the coating. In the case of the exposed 

regions of the surface, it should be noted that some crystal facets appear to have been etched 

slightly by the metal. This can be attributed to the fact that titanium has 2 unpaired d-electrons, 

so produces more of an etching effect than copper but less than iron. However, unlike the iron 

coated sample, there is no evidence of etching at the grain boundaries. The reason for this is not 

clear. 
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Figure 5.44: SEM images of titanium coated MCD samples treated in hydrogen plasma for 15 

minutes at 0.6 kW, 100 Torr and 100 sccm.  
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CHAPTER 6 
Conclusions 

In this project, the effects of a range of hydrogen plasma treatments on PCD surfaces have been 

investigated using SEM and AFM. From this work, it is clear that no matter how the treatment 

parameters are controlled, hydrogen plasma treatments will always cause significant etching of 

the non-diamond material located between the grains in MCD films. During rapid etching of this 

non-diamond material it has been shown that dislocations can be released from the surface, as 

well as reducing strain in the material produced by the manner in which diamond grows under 

standard CVD conditions. 

High temperature plasma treatments at 1000oC have been shown to cause drastic graphitisation 

of the diamond surface. This was attributed to the high flux of atomic hydrogen producing large 

areas of high energy radical sites on the diamond surface which revert to the more 

thermodynamically stable sp2 hybridisation at high temperatures. This effect is not caused by 

high energy atomic species since OES confirmed a decline in high energy species with increasing 

pressure.  

This investigation has also confirmed that the flow rate of H2 into the reactor has no effect on 

the result of the hydrogen plasma treatment. This indicates that low flow rates of hydrogen can 

be used for such treatments and from a commercial point of view, this would lead to lower 

treatment costs. All treatments at different flow rates produced very similar results, despite a 

higher proportion of atomic hydrogen being detected in the centre of the plasma by OES for a 

lower flow rate. This was attributed to a dilution effect within the plasma from new H2 

introduced to the reactor. Since no effect was observed on the surface roughness, it has been 

suggested that the proportion of atomic hydrogen produced by any plasma discharge is more 

than sufficient to saturate the surface and allow the surface reactions to occur at the maximum 

possible rate, depending on the temperature.  

Experiments using different microwave powers have shown that the roughness of the surface 

increases with power, despite the temperature being the same in all treatments. OES confirmed 

that the proportion of atomic hydrogen in the plasma increases with the power and this can be 

attributed to more energy being transferred to the gaseous reagents. At the highest microwave 

power, thin peaks could be observed in the surface. It has been suggested that these peaks are 

formed due to etching by high energy hydrogen species. In the literature significant etching of 

this type has been attributed to ionic species, but these species could not be observed in this 

experiment due to the limitations of OES. 

In addition to the roughening effects described, it has also been noted that hydrogen plasma 

treatments reduce the sharpness of crystal edges and can produce improved faceting on some 

larger crystallographic planes. The surfaces are assumed to be {100} surfaces. Other crystal 

morphologies have been shown to be significantly etched by hydrogen plasma treatments 

leading to small grain sizes with a more ‘ballas’ morphology. 
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In a study of the effect of prolonged exposure to hydrogen plasma, the results of a series of 10 

minute treatments produced different results to a single 1 hour treatment. Following the hour of 

exposure to hydrogen plasma, both samples showed increased surface roughness. However, the 

sample treated for 1 hour showed significantly more graphitisation of the surface. This was 

explained by simple probabilistic arguments where over a long period of time, the likelihood of a 

localised region of diamond surface becoming activated by hydrogen abstraction is higher.   

A further experiment was also performed using as grown SCD from a HPHT source. In its original 

state the surface of this material was shown to have a number of defects and following 

treatment a high density of pyramidal pits were observed in the surface. The discussion of these 

results provided substantial evidence that the mechanism of surface smoothing by hydrogen 

plasmas is etching at step edges. This was rationalised using a ‘number of nearest neighbours’ 

argument. This conclusion could provide an insight into the homoepitaxial growth of diamond 

layers on SCD surfaces which are known to possess atomically smooth surfaces. 

Overall, this study has shown diamond surfaces exposed to hydrogen plasma treatments at low 

temperatures and low microwave powers will experience the lowest possible magnitude of 

roughening effects. Furthermore, through the use of short exposures to the plasma, these 

effects can be further reduced and would so allow the smoothing of the diamond surface to be 

the dominant effect.  

A further study was also undertaken into the effects of metals on diamond surfaces under 

hydrogen plasma conditions. In this work, diamond SAMs on W were used as substrates and 

coated in thin metal films of Ag, Cu, Fe or Ti. Treatments of these samples in hydrogen plasma 

showed that such thin films were easily removed from the surface of the sample. However, 

examination of the samples using SEM has shown that metallic globules can be found on the 

surface of the samples.  The metallic globules are thought to be formed due to hydrogen 

embrittlement processes producing cracks in the metal film. Plasma etching at these cracks and 

grain boundaries in the metal layer produces small metal nanoparticles which have depressed 

melting points compared to the standard melting point of the bulk metal. These molten particles 

then move across the surface under the influence of high thermal energy from the plasma and 

can sometimes encounter another molten globule. At this point, the globules coalesce. The 

coalescence of a number of molten metallic globules in this way produces the snake-like and 

irregularly shaped globules observed in this investigation.  

Since these globules were forming and the metal no longer wetting the surface of the diamond 

crystals, the diamonds became exposed to the hydrogen plasma. This resulted in standard 

hydrogen plasma treatment, as determined by the high brightness of the crystals under SEM. It 

is expected that similar effects to those seen following standard hydrogen plasma treatments of 

PCD would be observed, such as the smoothing of sharp crystal edges. 

In a study using the larger crystals in a MCD film, short treatments showed that metal films can 

produce thermochemical etching of the diamond surfaces. Iron was particularly effective, 

leaving a very rough surface. Ti was found to only slightly etch the diamond surface whilst Cu did 

not have any effect, only forming spherical globules on the surface of the material. The thicker 

film used for these investigations meant that the metal particles formed were several microns in 
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size. This meant that they did not suffer from melting point depression like the metal 

nanoparticles previously described and so remained as solid spheres on the surface. 
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CHAPTER 7 
Suggestions for future work 

To provide more grounds for the conclusion that hydrogen plasmas cause smoothing of diamond 

surfaces mainly by etching, a number of additional experiments should be performed. As-grown 

SCD and SCD which has been polished using a lapping technique should be exposed to hydrogen 

plasma. These SCD samples should be from natural, HPHT and CVD sources to enable the 

differences between the materials from various sources to also be investigated. 

 In the case of the natural and HPHT as-grown surfaces, the formation of etch pits due to etching 

at the edges of defects would be expected. This ‘etched’ surface should then be exposed to 

hydrogen plasma for more time to confirm whether etching at step edges will eventually cause 

the pits to merge as expected. In theory, this process should eventually produce large, smooth 

areas on the diamond surface. However, these experiments could take a significant amount of 

time to achieve an atomically smooth surface on the samples. The reason for this is that the 

depth of the deepest defect will determine the amount of material needs to be removed from 

the surface before a smooth surface is obtained. 

This progression would not be expected for diamond produced by homoepitaxial CVD, which 

already possesses an atomically smooth surface. In this case, it would be interesting to see if the 

hydrogen plasma causes defects to form in the surface during long periods of exposure to 

hydrogen plasma. If defects do not form in the atomically smooth surface, then it would be 

possible to batch-treat many diamond samples in the presence of atomic hydrogen and simply 

leave the reactor running until an atomically smooth surface is formed on all of the diamonds.  

Being able to treat many samples at once would have a number of benefits, not only in terms of 

the production time of device grade diamond, but in reducing the overall energy requirements 

of the production process, since the plasma does not need to be lit many times over. 

 In parallel with these studies on as-grown SCD, polished diamond surfaces should also be 

investigated. In this project, it has been shown that a brief period of hydrogen plasma treatment 

at a high temperature at the end of diamond growth can induce graphitisation and drastically 

increase the time required for removing material from the surface by lapping. This process 

would allow the defects in the diamond surface to be removed quite rapidly, making the 

diamond surfaces more uniform. However, the lapping procedure produces scratch marks on 

the surface. As already mentioned in a previous chapter, these scratched surfaces have been the 

subject of much of the hydrogen plasma treatments reported in the literature. Analysing these 

samples before and after ‘post-polishing hydrogen plasma treatment’ should show that the 

samples become considerably smoother. However, at first glance it will be difficult to determine 

whether the treatment causes the polish marks to become less prominent due to etching or 

surface migration. 

The most simple way in which it may be possible to determine the mechanism of smoothing 

could be weighing the samples as previously done in the literature. Obviously, if the mechanism 

is hydrogen atom assisted surface migration, the mass of the sample should remain the same. 
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However, in the case of etching, it is possible that the amount of diamond material removed 

from the surface by the treatment will be very small and so the mass of the sample may not 

decrease to a level to be considered as significant. This is the major problem with using the mass 

of the samples as a means of determining the mechanism since using a number of samples with 

different masses will expand the error margins and so may mask some of the small changes in 

mass.  

A way to deal with this problem would be to etch a deep gulley across the centre of a sample 

using a laser, as shown in Figure 7.1. By noting the thickness of the sample at the bottom of the 

gulley and the top surface of the sample, it will be possible to observe changes to the sample 

following treatment much more obviously. This measuring would be performed using SEM, 

where the scale bar can be used to determine the thickness of the sample at the points of 

interest.   

Following hydrogen plasma treatment, it would be expected that the walls of the gulley would 

be completely etched to leave a thinner sample with an atomically smooth surface. On the other 

hand, if the thickness of the film following treatment is between the measurements of the 

bottom of the gulley and the top of the surface, then surface migration is playing a significant 

role in the smoothing process. The combination of these measurements of the sample 

dimensions and masses should give a clearer picture as to the processes occurring at the 

diamond surface during hydrogen plasma treatment. 
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Figure 7.1: An illustration of the proposed experiment using a deep gulley etched into an SCD 

sample by a laser as a means of determining the mechanism of surface smoothing by hydrogen 

plasma treatment. H is the height from the bottom of the sample to the bottom of the trench. 

Figure designed by author. 

Despite one mechanism appearing to be dominant, there is also a high probability that the other 

process will play a role in the surface smoothing. For this reason computational studies will need 

to be performed to demonstrate how the growth, migrations and etching reactions work in 

together to produce homoepitaxial diamond with atomically smooth surfaces. It would be hoped 

that these computational models would provide the closest fit to the experimental growth rates 

simulated so far. Furthermore, this computational work could then be compared with previous 

work in the field.  

In addition to the investigation into the main mechanism of smoothing by hydrogen plasma 

treatments, it would also be possible to show that graphitising the surface of the diamond using 

high temperature hydrogen plasma conditions could enhance other methods of polishing such 

as thermochemical etching and O2 plasma treatments. By investigating a range of other polishing 
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methods it may be possible to identify the fastest and most reproducible way of fabricating 

device grade diamond surfaces. It may also be possible to refine the chosen technique further 

leading to improved performance and reductions in cost. These would be beneficial 

developments from a commercial point of view.  

With regards to the investigations into LPSSS-style treatments, it is clear that the 

thermochemical reaction between some metals and the diamond surface makes the use of thin 

metal films as a means of enhancing hydrogen plasma etching unsuitable. Some metals etch the 

diamond significantly as well as etching grain boundaries. Due to this etching, the integrity of 

PCD samples can be reduced to the extent where the sample disintegrates and it is also possible 

that in the presence of more metal and also longer treatments, nanodiamond particles may be 

removed from the substrate completely.  

These factors indicate that PCD materials may not be suitable as substrates for LPSSS-style 

treatments. However, as of yet it has not been determined whether the thermochemical 

reaction of the metal with the diamond surface enhances the hydrogen plasma treatment. This 

possibility could be investigated using a large SCD sample coated with a thin layer of Fe and 

treated under hydrogen plasma conditions. If a large sample is used, it will not be completely 

etched away by the metal during the treatment and furthermore, SCD has not grain boundaries, 

leading to no risk of the sample disintegrating. If the time required to produce a smooth surface 

is reduced significantly by the presence of the metal (i.e. the increase in the rate of hydrogen 

plasma smoothing outweighs the time required for coating) then the technique may have 

potential for use in commercial settings.  

If the technique is shown to be useful in a commercial setting, the issue of recovering as much of 

the metal as possible during the treatment will need to be addressed. The optimal situation 

would be to catch the ‘hot’ metal atoms which are etched from the surface of the sample by 

using a form of ‘cold-finger’ as used in sublimations in synthetic chemistry. By positioning this 

water-cooled finger near chamber outlet, it may be possible to recover a significant proportion 

of the metal which has been etched from the surface of the sample. This cooling would also 

cause atomic hydrogen species to recombine to form molecular hydrogen and so the metal 

deposited onto the cold finger will not be etched further. Since material is being recovered using 

the ‘cold-finger’ it can be reused in subsequent treatments. Recycling the metal in this way has 

potential to significantly reduce the cost of the procedure.  

In the majority of the future work on LPSSS, it is expected that the technique will be investigated 

as a method of diamond formation distinct from CVD and HPHT.  In these investigations the 

diamond growth will need to be studied using a number of different carbon sources both 

gaseous (e.g. 1% CH4 in H2) and solid (eg. graphite and amorphous carbon) in combination with 

different metals. In these investigations it will be the diamond growth in the bulk of the metal 

which will be of most interest.  

In the case of investigations using a methane precursor, enhanced diamond nucleation at the 

surface of a carbon rich metal is expected. This effect has been mentioned in a previous chapter 

of this project and so is not of great interest for the LPSSS process. In these treatments, it is 

expected that the molten metal will need to be saturated with carbon before diamond will form 

in the bulk. This was reported in the original work on LPSSS diamond growth.  
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To achieve the desired saturation from the solid carbon sources, the ratio of metal to carbon 

needs to be optimised. As a starting point, a 1:1 metal atom to carbon atom mixture should be 

used. For most metals, this will be more than enough carbon to saturate the metal beyond the 

point where carbide compounds are formed (carbides are commonly found in the form of M3C), 

reminiscent of the original LPSSS experiments. The samples should be treated for 12 hours in 

these investigations to allow sufficient time for diamond crystals to nucleate within the molten 

metal.  

The next task will be finding the diamond crystals forms in the bulk of the metal, which will 

solidify as a block when the treatment is finished. The easiest solution to this would be to cut the 

treated metal-carbon block into slices and analyse each slice using ultra-high resolution SEM. In 

order to make the diamond crystals even more prominent it may be necessary to treat the 

treated metal-carbon slice for a short time in acid to dissolve any graphite which may be 

preventing small diamond crystals from being viewed.  

One major problem with these treatments is that a large amount of metal will be required. Due 

to the risk of contamination, these treatments cannot be performed in the MWCVD system at 

the University of Bristol. A HFCVD system could be more useful. Due to the H2 dissociating due to 

the transfer of thermal energy from the filament to the gas, HFCVD systems provide a lower flux 

of atomic hydrogen and so the etch rate of the metal would be lower. This also means that less 

hydrogen embrittlement will occur due to less atomic hydrogen permeating the metal, and so 

the metal will melt closer to its standard melting point. This, coupled with the fact that 

nanoscale processes are no longer relevant to a large block of metal, makes the melting points 

of the metals in the treatments much more predictable and controllable. However, the 

treatments may require an additional heat source to be added to the set-up to produce a molten 

metal phase for the treatment.  

Once a ‘bulk’ molten metal phase has been formed, it will need to be contained within the 

reactor to prevent it from flowing into the reactor and causing contamination. A solution for this 

would be to make a ‘sand-pit’-like container from a material with a high melting point such as W. 

An illustration of such a container is shown in figure 7.2.  
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Figure 7.2: An illustration of the experiment set-up for investigating LPSSS diamond growth using 

large amounts of metal. The dotted lines indicate cutting the solidified block which has trapped 

the newly formed diamond crystals into sections for analysis. Figure designed by author. 

When the treatment is over, the molten metal in the container will cool to form a solid block. At 

this point it will not be possible to see any of the diamonds which have hopefully formed inside 

the metal. To analyse the contents of the metallic solid phase, the block should be cut into 

sections using a laser cutter and analysed under high resolution SEM to try and identify diamond 

crystals. It is possible that some small diamond crystals may be destroyed by the laser cutting 

process, but by using a long treatment, it would be hoped that large crystals would be formed 

which could surface the cutting process. Using plasma etching or acid treatment could prove to 

be useful for making the diamond crystals more prominent under SEM, since the inert diamond 

crystals will react much more slowly with the etchant species than the metals causing the 

diamonds to protrude from the surface being analysed.  

 It is clear that the future investigations into LPSSS may be quite complicated and require a great 

deal of work. However, if LPSSS is shown to form diamond in the bulk of the metal, the 

technique could have a dramatic impact on the way in which diamond-based devices are 

produced. If the growth of diamond in the bulk of the molten metal phase is confirmed, an 

investigation into SCD growth using LPSSS should be performed. LPSSS may present a way of 

producing SCD at much faster rates than is possible with current CVD techniques and would 

allow a wide variety of cheap carbon containing materials to be used. If this were to come to 

fruition, LPSSS could lead to substantial developments in diamond based technologies. 


