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ABSTRACT 

Abstract 

A reactor has been designed to investigate diamond growth by varying the ratio of 

carbon:hydrogen incident on both silicon and diamond substrates. A well

characterised atomic hydrogen source developed in this laboratory is positioned at 

right angles to a carbon sputter source, which has been characterised using a quartz 

crystal monitor. Substrates are positioned at 45° to the two sources on a 

molybdenum holder which can be temperature controlled up to 1000°C. 

The etching of both graphite and diamond by atomic hydrogen has been investigated 

as a function of temperature and intensity. A model has been developed which 

explains both the temperature and intensity variation of the graphite sputtering yield. 

The etch rate of diamond has been shown to possess a temperature dependence not 

previously reported. A new atom source has been built, allowing enhanced versatility 

in adjusting the hydrogen intensity, and incorporating an "in-phase" radiator. 

To investigate a proposed mechanism for diamond growth based on surface 

interactions occurring between a surface and incoming carbon and hydrogen atoms, 

the ratio of carbon:hydrogen incident on the substrate surface has been varied. 

Increasing the ratio up to 1 :2500 resulted in diminishing amounts of amorphous 

carbon being deposited on the substrate, until eventually no deposition occurred. F:or 

larger ratios, no growth or etching occurred on silicon substrates. In contrast, 

subjecting diamond substrates to these higher ratios resulted in enhanced etching. 

This study has confirmed the role of atomic hydrogen in the diamond growth process 

- both in the preferential etching of graphite over diamond, and in its interaction with 

atomic carbon on a diamond growth surface. However, under the low pressure 

conditions of this reactor, where surface interactions should be the only significant 

reactions occurring, no diamond was grown, suggesting that the proposed surface 

mechanism is not valid. The present findings suggest that gas phase interactions fulfil 

a vital role in the mechanism of diamond growth. 
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Introduction 



1 - INTRODUCTION 2 

1.1 Diamond Studies 

Diamonds have the power to fire the imagination of almost everyone. A study of them 

reveals their inherent simplicity - the stone admired and utilised world wide, is 

composed of a single type of atom, chemically bonded to provide diamond with 

properties that man has yet to supersede. Yet, behind the simplicity lies an underlying 

complexity. The alteration of a small number of bonds can result in a transformation in 

the appearance and physical properties of the material. In diamond growth studies, 

adjusting the number of hydrogen atoms relative to carbon atoms striking a surface, 

can affect either the structure of the surface itself, or the nature of material deposited 

on it. Studying this process in detail over three years has made me realise primarily 

how much more there is to learn. I do suspect that diamond studies really are forever. 

1.2 Forms of Carbon 

The element carbon exists in many different forms. The two most common forms are 

graphite and diamond, although within the past few years a third fundamental form of 

carbon has been discovered - known as carbon fullerenes e.g. C60 . The difference 

between the forms of carbon is dictated by the arrangement of bonds between atoms. 

The valence shell of the C atom has one 2s orbital and three 2p orbitals. In diamond, 

these four orbitals mix, forming four tetrahedral Sp3 hybrid bonds, arranged as shown 

in Figure 1.1(a). By contrast, graphite comprises one 2s orbital and two 2p orbitals 

that mix to form three Sp2 hybrid bonds - the other 2p orbital remaining unchanged. 

The Sp2 hybrids point to the corners of an equilateral triangle (see Figure 1.1(b)). 

(a) (b) 

Figure /1 (a) diamond Sp3 hybrid orbital, (b) graphite Sp2 hybrid orbital (Atkins (1989)) 
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Crystalline diamond can exist in two separate forms - pure diamond and lonsdaleite, 

a hexagonal form of diamond found in meteorites. The ideal structures of diamond 

and lonsdaleite are shown in Figure 1.2 (a) and (c). They are formed completely from 

Sp3 bonded carbons, producing strong, uniform 3-D frameworks with a uniform 

distance between atoms of 1.545A. The difference in the two structures lies in the 

stacking of the planes. Puckered hexagonal rings are present in the chair formation in 

the diamond structure, with the lattice layers following the sequence ABCABC: In 

the lonsdaleite structure, hexagonal rings exist in the boat formation and the layers are 

ordered ABAB. Graphite, by contrast, is formed completely from Sp2 hybridised 

carbons and possesses strongly bonded 2-D planes in which the atoms are 1.415A 

apart (see Figure l.2 (b)). However, weak bonding exists between planes which are 

spaced a distance of3.354A apart and follow an ABAB sequence. 

Diamond 

A 

B 

C 

A 

Graphite 

A 

B 

A 

Lonsdaleite 

Figure 1.2: Lattice structures of diamond. graphite and lonsdaleite (Bachmann and Jvfessier (1989)) 

However, not all carbon exists In easily defined crystalline forms. "Diamond-like 

carbon" is a term used rather indiscriminately to describe a wide range of materials 

possessing some of the properties of true diamond, and which can be made by similar 

processes. These diamond-like phases are amorphous and are generally classified as 

either hydrogenated (a-CH) or non-hydrogenated (a-C) films. To date, no universal 

nomenclature exists to distinguish satisfactorily between these phases. 

The structure and bonding of these amorphous films is hard to determine from 

conventional diffraction experiments. However, using infra-red absorption, NMR 

measurements and EELS, typical Sp3/Sp2 ratios can be estimated. The hydrogen 

content is the primary independent variable which determines the structure and hence 
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the properties of diamond-like films. Non-hydrogenated diamond-like films typically 

contain less than 1 atomic per cent hydrogen, while hydrogenated diamond-like films 

may contain 16-60 atomic per cent hydrogen. 

Diamond-like carbon is believed to consist of a cross-linked random network of Sp3 

and Sp2 co-ordinated carbon atoms, which are mediated by hydrogen atoms. The 

number of hydrogen atoms is related to both the co-ordination type of carbon atoms 

and the macroscopic physical properties of the film. Use of models to predict the 

possible structure of diamond-like carbon materials, suggests that the non-crystalline 

network is comprised of a three-dimensional array of rings, dominated by six

membered rings, but also possessing some five and seven-membered rings (Angus et 

al (1991». This structure has no long range order, and so appears amorphous to 

diffraction analysis, but it should possess high rigidity. A possible structure for a 

diamond-like hydrocarbon is shown in Figure l.3: 

Key: 

• spJcarbon atoms 

• sp2carbon atoms 

o hydrogen atoms 

Figure 1.3: Two-dimensional representation of a proposed structure for a diamond-like hydrocarbon 
(Angus et al (1991)) 

Despite the variety of forms of carbon that have been discovered, each with their own 

characteristic properties and applications, it is still diamond that attracts the most 

attention. This is due in part to the extreme value of the material, but it is largely a 

result of the nature of the properties possessed by diamond. 

1.3 Diamond Properties 

The extreme physical properties possessed by diamond, which make it superior in so 

many ways to other materials, can be attributed to the unusual nature of its bonding. 
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The atoms of a diamond crystal are more densely packed than those in any other 

known material and the forces that tie the atoms together are stronger than those in 

most solids. This bonding results in diamond being the hardest known substance and 

the least compressible. It is also a better conductor of heat than any other material 

and, when free of defects and impurities, it is one of the most transparent materials. 

Comparison of diamond's properties with other similar materials highlights its 

exceptional nature, as is evident from Tables 1.1-1.3 (data published by GEC 

Marconi, in a Techbrief on "Application of Synthetic Diamond Thin Films"). 

Material Refractive Transmission Absorption Band 
Index Range Coefficient Gap 

(!J-m) (cm-1
) (eV) 

Diamond 2A 0.225-2 .5 < 0.01 x 10-4 5.5 
and> 6 at lO!J-m 

Sapphire 1.76 0.2-5 0.0002 at 6.2 

2.7!J-m 

Fused Silica lA5 0.18-3 - 6.7 
CVDZnS 2.2 0.6-12 0.24 3.6 
Silicon 3.5 1-15 < 0.01 1 
Germanium 4 2-23 0.02 0.67 

SbN4 2.1 0.26-8.0 - 4.8 

Table 1.1 ." Comparison of optical/electrical properties of diamond and other similar materials 

Material Young's Hardness Failure Friction Density 
Modulus (GPa) Stress Coefficient (xlO3kgm-3

) 

(GPa) (GPa) (!J-) 
Diamond 1050 110 075-9 0.1 3.52 

~-SiC 480 40 OA 0.7 3.22 

WC 720 23 - 0.2 14.95 
Sapphire 400 20 OA5 - 3.99 
Fused Silica 73 10 0.05 OA 2.2 
CVD ZnS 75 2.6 0.1 - 4.08 
Silicon 166 11.5 0.12 - 2.34 
Germanium 103 8.3 0.09 - 5.32 
Copper 130 0.08 0.31 - 8.96 
S Steel 200 0.2 1 0.39 7.93 

Table 1.2. Comparison of mechanical properties of diamond and other similar materials 
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lVlaterial Specific heat Thermal Thermal 
capacity Conductivity Exp. Coeff. 

(J/kg-1K-1) (xlO-6 K-1) (W m-I) 

Diamond 6195 2000 1 

~-SiC 700 210 2.8 

WC 240 80 3.9 
Sapphire 753 30 7.7 
Fused Silica 730 1.5 0.54 
CVDZnS 470 17.2 7.4 
Silicon 680 168 2.6 
Germanium 322 50 5.9 
Copper 380 403 17 
S Steel 440 25 18 

Table 1.3: Comparison of thermal properties of diamond and other similar materials 

However, scientists are not the only people who appreciate the properties of diamond. 

Diamond is also highly acclaimed by the general public because of its properties -

namely its cost, its hardness and its ability to sparkle. While the properties appreciated 

by the public differ somewhat from those most acclaimed by scientists, the same 

principle applies in both environments - the properties of diamond dictate its value and 

its potential applications. 

1.4 Diamond Applications 

It is the potential applicability of diamond to so many technologies, that has motivated 

the sustained effort of scientists over the past twenty ye:.J.rs to achieve low pressure 

diamond growth at commercial rates . This goal has now been attained - diamond films 

can be grown using a number of techniques, as detailed in Chapter 2. However to 

date, not all of the diverse applications postulated for diamond have been achieved. 

Currently, applications exist in the areas of materials science, optics, electronics and 

surgery. Items such as high frequency oscillating membranes in loud speakers, high

modulus tweeter speaker diaphragms and coatings for sunglasses made of diamond 

are all commercially available (Harker (1990)). 
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Diamond interacts in various ways with the whole of the electromagnetic spectrum -

resulting in a range of applications, as shown schematically in Figure lA. In the long 

wavelength region of the spectrum, the exceptional thermal conductivity of diamond 

leads to various thermal management applications, such as heat sinks for electronic 

devices. As a result of its low dielectric constant, diamond can be used as a window 

or radome for microwaves (1-1 0-3m). Diamond also has applications as a window for 

infrared radiation in the short, medium and longer wavelength regions, as well as in 

the visible part of the optical spectrum (10-3_1 0-7m). At shorter wavelengths in the 

UV, diamond begins to absorb radiation leading to its use as a detector of radiation. 

Very thin diamond membranes are transparent to X-rays, and so can be used as X-ray 

windows and mask membranes. 

THERMAL 
MANGEMENT IRADOMESj INFRARED I LTRAVIOLETI 
STRUCTURES . . WlNDOWSJ DETECTORS I 

X-RAY 
WINDOWS, 
MASKS 

DIODES, 
TRANSISTORS, 
INTEGRA 'fED CIRCUITS, 
VACUUM 
MICROELECTRONICS 

1 10 100 1 10 100 
Energy 

109 10lD lOll 10 12 1013 1014 1015 1016 1017 1018 1019 102D 
Frequency (Hz) 

1 10-1 llJ 1 10-3 10-4 lOos 10-6 lIf 10-S 10-9 10-10 10-11 

Wavelength (m) 

Figure 1.4: Applications of diamond as related to the electromagnetic spectrum (Ravi (1994)) 

Several very comprehensive reviews of diamond applications have been published by 

Seal (1992) and Ravi (1994). Some of the proposed and achieved applications for 

diamond are outlined in the following sections, along with the properties of diamond 

which make these applications so desirable: 
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1.4.1 Cutting Tools 

One of the most widespread uses of diamond is as a superhard coating for cutting 

tools - since it is an order of magnitude harder than other cutting tools such as TiN. 

Coatings for cutting tools and various grades of abrasive grit have been commercially 

available for quite some time. The very high thermal conductivity of diamond means 

it can remove heat from the cutting surface very rapidly, allowing faster cutting rates 

to be achieved. One of the main applications for diamond cutting tools is in the 

furniture business, where very hard composites are used. Diamond coated tools are 

useful for cutting these composites, or any non-ferrous materials . However, diamond 

tools are not generally useful for ferrous materials due to the formation of a layer of 

ferrous carbide, which degrades the diamond surface and prevents it from functioning 

properly. Generally, tungsten carbide tools are used to cut ferrous materials. 

1.4.2 Optical Applications 

Diamond is an ideal material for coating housings for radar equipment - known as 

radomes. Its hardness makes it suitable for resisting micro particle abrasion, while its 

optical transmissivity makes it suitable for a very broad spectrum of signals, and its 

thermal conductivity allows heat generated in supersonic flight to be easily conducted 

to the perimeter of the radome window. The properties which make diamond useful 

as a material for radomes, are also of crucial importance in thermal imaging 

applications such as night vision systems, guiding systerr:s for heat seeking missiles 

and infrared reconnaissance. Diamond radomes are commercially available - Norton 

Company offer missile radomes up to 5" in diameter and 1 mm thick. However, free

standing diamond films are not a prerequisite for this application Diamond films are 

used as protective coatings on soft infrared materials such as ZnS and ZnSe, or as 

anti-reflection, erosion-resistant coatings on silicon windows. Diamond coating on 

conventional silicon and germanium optics is a reality (Lettington (1989». 

Diamond components are useful for spectroscopy in a range of hostile environments -

such as quality control of molten plastics, caustic alkalis or fluorine compounds during 
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processmg and transport, or spacecraft investigation of Jupiter's and Venus' 

atmospheres. Diamond windows are very suitable for transmitting high intensity Nd

Yag and CO2 laser beams, however substantially more information and development 

work will be required before it is possible to establish CVD diamond as the preferred 

material for these applications. 

Among the first commercial applications of low-pressure synthesised diamond to be 

realised, was X-ray windows for use in analytical instrumentation (Harker (1990)). 

The combination of low atomic number and superior mechanical properties of 

diamond enables the fabrication of very thin diamond windows to replace beryllium 

windows in energy dispersive X-ray analysis instruments, including electron 

mIcroscopes. The advantage of diamond lies in the superior transmission to X-rays 

afforded by thin «l~m) diamond windows. 

An emergmg application that capitalises on the supenor X-ray transmission 

characteristics of diamond windows or membranes, is the fabrication of masks for X

ray lithography. High quality free-standing diamond films have already been used in 

photolithography (Lettington (1989)). Properties exploited in this application include 

the dimensional stability of diamond under intense X-ray fluxes and its resistance to 

ion erosion - providing dimensional integrity during ion lithography processes. Its high 

elastic modulus and mechanical properties permit formation of very thin membranes. 

1.4.3 Electronic Applications 

Electronic applications of diamond can be summarised as either passive or active: 

1. 4. 3.1 Passive Electronic Applications 

Passive electronic applications entail the use of diamond in conjunction with active 

electronic materials such as silicon and gallium arsenide. The properties of diamond 

that make it especially attractive in passive electronic applications include its 
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exceptional thermal conductivity, very high electrical resistivity, low dielectric 

constant and chemical nonreactivity. 

One of the most widespread applications of diamond is as a heat sink in electronic 

applications. A diamond heat sink is essentially a heat spreader - transferring heat 

from a small area under the chip to a larger area on the sub-mount from where it is 

dissipated to the surroundings. The unmatched thermal conductivity of diamond 

enables a new approach to electronic circuit layout to be employed, where cooling is 

accomplished at the edges of the circuit boards. This allows signals to run directly 

between closely spaced parallel circuit boards, and greatly reduces propagation delay 

times. Potential gains of 32 over silicon in circuit density are achievable. Norton 

company can provide microelectronic substrates 4-6" in diameter and more than 1 mm 

thick for use as heat sinks. 

In the late 1980s, laser diodes accounted for by far the largest consumption of 

diamond heat sinks. Higher power laser devices require diamond heat sinks -

especially in optical repeaters in long distance fibre optic cables. A laser diode chip is 

edge-mounted on the diamond heat sink, to avoid optical reflections from the flat 

mounting surface. To date, microelectronics "chips" have not yet benefited from the 

high thermal conductivity of diamond. Eden (1991) estimates that the use of CVD 

diamond would allow a multi chip module dissipating 500W per board, to operate at 

just over 31 °C. In comparison, the use of aluminium nitride for the same application 

would result in an unacceptable rise of over 367°C. 

1.4.3.2 Active Electronic Applications 

The particular properties of diamond that make it an extremely attractive material for 

the fabrication of active electronic devices include its wide band gap leading to very 

high electric breakdown strengths, exceptionally high thermal conductivity and high 

carrier mobility. The use of diamond in active electronic applications is potentially the 

most revolutionary of the applications of this material, together with being the least 
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technologically mature. Applications range from high temperature diodes and 

transistors to high-speed devices and integrated circuits. 

The very large dielectric breakdown of diamond combines with its acceptably large 

dielectric constant, low loss tangent and low mass density, to make it a good material 

to choose for energy storage, such as in a capacitor. A low coefficient of thermal 

expansion and ability to operate at high temperatures mean diamond is virtually the 

only material to consider for environments experiencing large temperature 

fluctuations. To gain maximum advantage from these properties, thin diamond films 

must be formed or rolled into cylindrical configurations. 

Diamond is being investigated as a fast opto-electronic switch and as a detector of 

ionising radiation. Used as an opto-electronic switch, the resistance of diamond goes 

down from> 1 010 ohm-cm to 10 ohm-cm during a period of 55-220 ps upon high 

power Vis-UV laser pulse (25ps) illumination. This means that a current of - 20A is 

obtained when the diamond is kept under 2kV dc bias. 

1.4.4 Medical Applications 

Diamond scalpel edges can be produced which are one or two orders of magnitude 

sharper than the finest steel edges - making them invaluable in precision surgery. 

CVD diamond has also been shown to be useful in coating surgical implants - due to 

its biocompatibility, unreactivity and impermeability. Con3equently, it can protect the 

implant from corrosion and reduce the number of ions or small particles released from 

metal implants - which are suspected of causing tumours. To date, problems of long 

term adhesion are still being addressed, and diamond-like carbon (DLC) is also being 

investigated within this context. 

The generation of electron-hole pairs in diamond by ionising radiation can be used for 

the quantitative measurement of radiation fields. The incentive to use diamond has 

come largely from medical physics, where the advantages of diamond include its non

toxicity, inertness to attack by body fluids and ability to be sterilised. 
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It is apparent that the possible future for diamond within the area of technology is 

bright. To date, the full potential of diamond devices has not been realised, owing 

largely to the difficulty in manufacturing thin films of diamond on required substrates. 

The main problems to be overcome include: improving the diamond growth process 

to get deposition at economic rates while retaining acceptable purity and crystalline 

quality; developing a method to grow or process the diamond films to create net 

shape structures; the restricted choice of substrates due to adhesion problems and the 

high temperature of deposition, and developing processes to make single crystal 

diamonds with few defects which can be reliably doped. However, these problems 

were not pressing considerations in the minds of those scientists who were faced with 

the initial problem of producing diamond synthetically. 

1.5 History of Diamond Growth 

For several centuries, graphite and diamond were the only known forms of carbon. 

Graphite was cheap and readily available, while diamond was scarce, very costly and 

highly desirable. For scientists as far back as the 17th century, the conversion of 

graphite into diamond was the ultimate alchemist's dream. However, attaining this 

dream proved to be a long-term goal - spanning two centuries and involving the 

sustained and concentrated efforts of scientists from many different countries. The 

main discoveries and experiments which have led to synthetic diamond production 

have been reviewed in detail by Angus (1989) and De Vries (1987). The principal 

events are outlined in the following sections. 

1. 5.1 Early Experiments with Carbon 

The efforts of numerous scientists in the 17th and 18th centuries formed the basis for 

future investigations into the synthesis of diamond. In 1675 Isaac Newton, comparing 

the refraction of light in diamond and in certain combustible fluids, concluded that 

diamond must be combustible. Robert Boyle substantiated his conclusion by showing 

that diamond is altered by a flame. In 1694, the Florence Academy conducted public 

experiments in which diamond was burned by light focused by a large convex lens. 

Antoine Lavoisier, investigating the products of diamond combustion, discovered in 
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1772 that they make lime water cloudy - indicating the formation of carbon dioxide. 

It was Smithson Tennant, an English chemist who, in 1797, showed that diamond is a 

form of carbon. He burned diamond in a closed gold vessel filled with oxygen, 

producing carbon dioxide with a content of carbon exactly corresponding to the 

weight of the diamond burned. In 1799, Clovet and Guillton of France also reached 

the conclusion that diamond is pure carbon. They substantiated this claim by heating 

pure iron with diamond and producing excellent steel. Since carbon is essential in steel 

formation, the iron could only have become steel by obtaining carbon from the 

burning diamond. In the same year, Guillton discovered that graphite is also carbon. 

Since these discoveries, diamond synthesis has been the goal of scientists. The first 

experiments aimed at the creation of artificial diamond were carried out in the 19th 

century. In 1823 Karazin, the founder of Kharkov University, obtained crystals of a 

refractory substance which contained a high proportion of carbon. Mendeleev, the 

creator of the Periodic Table, judged the crystals to be similar to diamond. In 1829, 

Karazin's work was repeated by a Frenchman, Cagniard de la Tour. Hannay reported 

that he had made diamond in 1880, by heating a mixture of hydrocarbons, "bone oil" 

and lithium at red heat in sealed wrought-iron tubes. Later attempts to follow this 

procedure by other experimenters proved unsuccessful. 

In 1893 Moissan, a French chemist, and Khrushchev, professor of Mineralogy at the 

PetersburgMedical Academy, both independently thought that they had grown 

diamond, due to the immense hardness of the crystals which they produced. 

However, modern work has indicated that the crystals could not have been diamond. 

All the work which has been described so far, involved efforts to synthesis diamond 

from solutions of carbon. Probably the first attempt to grow diamond from a 

carbonaceous gas, was made by von Bolton in 1911 (von Bolton (1911)). He 

reported growth of diamond on diamond seed crystals, using acetylene in the presence 

of mercury, at 100°e. 

Using the calculated curve of Berman and Simon (1955) and experimental evidence 

obtained from work on metal-solvent and carbon systems (see Figure l.5), the 

thermodynamically stable regions for diamond and graphite were identified, and 
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subsequent efforts were primarily directed towards exploiting the pressures and 

temperatures at which diamond is thermodynamically stable with respect to graphite. 

Achieving these conditions for the manufacture of diamond, called for the solution of 

difficult engineering problems connected with attaining high pressure and temperature 

simultaneously and in the same space. There was widespread scepticism that diamond 

could grow at all under metastable conditions despite many examples, particularly in 

organic chemistry, of metastable substances being synthesised in large quantities. 
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Figure 1.5: Stability regions of graphite and diamond determined using the theoretical Berman
Simon line. Also shown are the results of experiments involving different metal catalyst-carbon 
systems, which confirm the validity of the theoretical predictions. (De Vries (1987)) 

1.5.2 Synthesis of Diamond under High Pressure Conditions 

Initially, high pressure growth of diamond was investigated, because diamond is the 

densest form of carbon. Necessary requirements for synthetic diamond growth were 

to achieve the conditions of high pressure and temperature under which natural 

diamond is formed deep in the earth. The synthesis of diamond under high pressure, 

high temperature conditions (HPHT) was first achieved by Liander at Allemanna 

Svenska Elektriska Aktiebolaget (ASEA) in Sweden in 1953, although results were 

not published until later (Liander and Lundblad (1960)) The General Electric 
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Company (GEC) achieved diamond growth In 1954 and published their findings 

immediately (Bundy et at (1955)). 

Work at both compames started with non-diamond carbon, and diamond was 

crystallised from molten transition metal solvent catalysts under conditions where 

diamond is thermodynamically stable i.e. pressure ~ 55kbar and temperature ~ 1600K. 

HPHT processes are now routinely used to make diamond grit for use in cutting, 

grinding and polishing. The use of a liquid metal solvent catalyst and a seed crystal 

can produce crystals of at least 15mm diameter, possessing a high degree of 

perfection. However, pressures of 50-150 kbar and temperatures of several thousand 

K require specialised technology and expensive equipment. Diamond grit can also be 

obtained by exposing graphite to the shock waves of explosions (DeCarli and Jamison 

(1961), Treub (1968)). This direct graphite to diamond conversion is faster, but yields 

lower quality crystals. 

1.5.3 Synthesis of Diamond under Metastable Conditions 

The use of simple thermal decomposition of carbon and carbon-containing gases to 

synthesise diamond, without any additional activation of the gas, began to be seriously 

studied in the 1950s. This technique is known as chemical vapour deposition (CVD) 

and can be summarised by the net chemical reaction: 

CrR
y 
(gas) ( pyrolysis) C(solid) + yR(gas) 

Diamond growth at low pressures was first achieved by William Eversole at the Union 

Carbide Corporation. Work began in 1949 and growth of diamond seed crystals was 

achieved between November 1952 and January 1953 (Kiffer (1956)). Repetition of 

the experiments took place from February to October 1953. These experiments 

described the decomposition of a carbon-containing gas (preferably with methyl 

groups) on diamond seeds at 600-1600D C, and pressures of 0.1-1.0 Torr. Methane 

and a variety of other gases were used, and it was found necessary to alternate 

diamond growth with graphite removal. The work was detailed and sophisticated, 

with chemical vapour transport experiments with CB used to establish the growth of 
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new diamond on pre-existing diamond seeds. This work predated the synthesis of 

diamond at high pressures, achieved by GEC and ASEA. 

Angus and co-workers confirmed Eversole's results first (Angus et al (1968)). Their 

group initially reported the use of atomic hydrogen for removing graphitic deposits 

and for rationalising the diamond surface for future diamond growth (Angus et al 

(1971)). They also observed sintering and restructuring of crystals heated under an 

atomic hydrogen atmosphere. Blue, p-type semi-conducting diamond was grown from 

CH41B2H6 gas mixtures, to confirm diamond growth (Pofer! et al (1973)). 

Eversole's results were also confirmed by Deryagin et al (1969). They used pure 

methane at pressures from 0.1-0.3 Torr and temperatures from 950-1050°C, to 

deposit diamond on diamond seed crystals, at higher rates than had previously been 

observed. Over the next ten years, this group was responsible for a number of 

advances in the field of metastable diamond growth which included: diamond 

deposition and graphite removal cycles to achieve minute weight gain on < l).lm 

diamond seeds (F edoseev et al (1978)); the use of severe temperature pulses to 

alternately grow diamond and remove graphite (Deryagin and F edoseev (1973); the 

use of a glow discharge in the decomposition of hydrocarbons to activate the gas, and 

new methods for diamond synthesis using laser beams (Fedoseev et al (1980)). 

Lander and Morrison (1966) studied the role of hydrogen in permitting metastable 

diamond growth. Using Low Energy Electron Diffraction (LEED), they showed that 

unsatisfied dangling bonds normal to the diamond surface are terminated with 

hydrogen atoms. When atomic hydrogen is absent, the surface reconstructs into more 

complex structures. They noticed that there is a kinetic barrier to graphitisation of a 

H-covered surface and that there is significant mobility of carbon atoms (or vacancies) 

in the same temperature range. They pointed out that these conditions should permit 

epitaxial growth of diamond, provided the nucleation of graphite is inhibited. 

Chauhan et al (1974) and Fedoseev et al (1977) showed that addition of molecular 

hydrogen to the hydrocarbon gas phase suppressed the growth rate of graphite more 
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than it suppressed the diamond growth rate. Eventually, however, the graphitic 

carbons nucleated on the surface, suppressing further diamond growth and requiring 

removal using atomic hydrogen (Angus et al (1971» or oxygen (Deryagin and 

Fedoseev (1971». They also discovered that activating the hydrocarbon gas prior to 

deposition, increased the diamond growth rates from Alh to /-Lmlh - a significant step 

forward in the development of metastable diamond growth. 

It had taken two centuries to achieve synthetic diamond growth. While HPHT 

growth involving the conversion of non-diamond carbon to diamond was 

commercially viable, low pressure growth on existing diamond crystals had been 

achieved by only three groups, and was not fast enough to warrant scaling up for 

commercial applications. However, it was a significant breakthrough. The explanation 

for why diamond should grow at all under conditions where graphite is the stable 

form of carbon, requires a consideration of the thermodynamic properties of diamond 

compared to graphite . 

1. 6 Thermodynamic Considerations 

At standard temperature and pressure (STP), diamond is slightly unstable with respect 

to crystalline graphite. In the absence of a catalyst, such as a liquid metal that 

dissolves carbon, there is a large activation energy barrier between the two phases. At 

a fixed temperature, graphite will inevitably be converted into diamond at a pressure 

exceeding the equilibrium one, as seen from Figure l. 3. To convert at least some 

graphite to diamond requires subjecting graphite to pressures of 55 kbar and 

temperatures of 2000°C, as in the HPHT production of diamond. High pressure 

synthesis of diamond is achieved at temperatures sufficiently high to produce a molten 

phase from which the diamond is crystallised. 

The possibility of synthesis of diamond in the graphite stable region is based on the 

small free energy difference between diamond and graphite (0.03eV per atom) under 

ambient conditions. This small free energy difference means that there is a finite 

possibility that both materials can nucleate and grow simultaneously - especially under 
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conditions in which kinetic features can dominate, such as high energy or super 

saturation. Diamond growth under metastable conditions can be attributed to the fact 

that the concentration of carbon atoms collecting at the surface of diamond is greater 

than the concentration of atoms with which diamond can be in equilibrium (i.e. the 

saturation concentration) at a given temperature. Metastable phase formation depends 

on selecting conditions where the rates of competing processes leading to the 

formation of undesired products, are low. 

The CVD of diamond films utilises temperature and pressure conditions under which 

graphite is clearly the stable form of carbon. Substrate temperatures are elevated for 

kinetic purposes - to provide sufficient free radicals and mobility of surface species to 

ensure enhanced growth due to increased reaction rates. However, if diamond can be 

formed from low pressure gas, it will not readily transform into graphite, since this 

would require the addition of sufficient energy to break almost all the diamond bonds. 

1. 7 Relevance of Present Work 

Diamond films are now produced routinely in numerous laboratories all over the 

world. Pushing back the frontiers of diamond knowledge is no longer dependent on 

achieving synthetic diamond growth, but on making the existing processes better, 

more compatible with industry and more appropriate for desired applications. Having 

achieved the initial goal, scientists are now working to achieve the secondary goals 

required to implement this technology around us. 

One of the biggest problems still facing the diamond community is the identification of 

the mechanism by which diamond growth occurs. Despite the numerous models 

which have been proposed to explain diamond formation, some of which are outlined 

in Chapter 3, no one mechanism has been universally accepted to explain all aspects of 

diamond growth. The presence of numerous variables in CVD diamond growth 

reactors, rendering so many gas phase and surface reactions feasible, has hindered the 

development of a unified diamond theory. 
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This apparatus has been designed to investigate diamond growth using the simplest 

possible chemistry - hydrogen atoms interacting with carbon atoms. This process 

precludes many of the unwanted species and the majority of gas phase reactions 

present in diamond growth reactors. Numerous roles have been postulated for atomic 

hydrogen in diamond growth, and the independent variability afforded by our fully 

characterised hydrogen atom source permits the testing of some of these proposals. 

Olson et al (1993) investigated diamond growth in a sequential reactor using atomic 

hydrogen and carbon, and achieved diamond growth. They proposed a mechanism 

(Olson et al (1994)) to explain their findings - postulating that the diamond growth 

process did not involve a gas phase mechanism as proposed by many other groups, 

but simply depended on the interactions occurring on the diamond surface. Since the 

operating pressure in the present apparatus is considerably lower than the pressure 

employed by Olson et al (1993), this theory has been investigated using the current 

system. The ability to change the hydrogen or carbon fluxes independently at any 

time, permits the hydrogen:carbon ratio to be altered for different runs, allowing the 

nature of films grown to be correlated to the ratio incident on the surface. 

1. 8 References 

Angus J C, Will H A and Stanko W S, J Appl. Phys., 39 (1968) 2915 

Angus J C, Gardner N C, Poferl D J, Chauhan S P, Dyble T J and Sung P, Sin 

Almazy, 3, (1971) 38 

Angus J C, Proc. 1st Inter. Symp. on Diamond and Diamond-like Films, (1989) 1 

Angus J C, Wang Y and Sunkara M, Annu. Rev. Mater. Sci., 21 (1991) 221 

Atkins P W, General Chemistry, Scientific American News, (1989) 330 

Bachmann P K and Messier R F, Chem. Engineering News, 67 (1989) 24 

Berman Rand Simon F, Z. Elektrochem ., 59 (1955) 333 

Bundy F P, Hall H T, Strong H M and WentorfR H, Nature, 176 (1955) 51 

Chauhan S P, Angus J C and Gardner N C, J Vac. Sci. Technol., 11 (1974) 423 

DeCarli P Sand J ami son J C, Science, 16 (1961) 1728 



1 - INTRODUCTION 20 

Deryagin B V, Ryabov V A, Fedoseev D V, Spitsyn B V, Lykyanovich V M and 

Uspenskaya K S Y, 2nd All-Union Symposium on Processes for Nucleation and 

Growth of Crystals and Films of Semi conducting Compounds, N ovosibirsk, (1969) 

Deryagin B V and Fedoseev DV, Proc. of International Conference on Applications 

of Synthetic Diamonds in Industry, Kiev, (1971) 

Deryagin B V and Fedoseev DV, Dokl. Akad. Nauk. SSSR, 213 (1973) 1304 

De Vries R C, Annu. Rev. Mater. SCi ., 17 (1987) 161 

Eden R, Appl. of Diamonds and Related Materials, Materials Science Monograph, 

ed. Tzeng Yet aI, 73 (1991) 259 

Fedoseev DV, Vnukov S P and Deryagin B V, Zh. Fiz. Khimii, 51 (1977) 26 

Fedoseev DV, Uspenskaya K S, Varnin V P and Vnukov S P, Izv. Akad. Nauk SSSR, 

Ser Khim., (1978) 1252 

Fedoseev D V, Deryagin B V, Lavrent'ev A V and Varshavskaya I G, Lett. J Exp. 

Theoret. Phys., 32 (1980) 7 

Harker AB, R&D magazine, (March 1990) 84 

Kiffer AD, Tonawanda Laboratories, Linde Air Products Co., Synthesis of Diamond 

from Carbon Monoxide, June 6, (1956); W G Eversole US patents 3,030,187 and 

303,188 (1962) 

Lander J J and Morrison J, Surf Sci., 4 (1966) 241 

Lettington A H, SPIE Window and Dome Technol. and Materials, 1112 (1989) 384 

Liander Hand Lundblad E, Arkiv Kemi, 16 (1960) 139 

Olson D S, Kelly M A, Kapoor Sand Hagstrom S B, J Appl. Phys., 74 (1993) 5167 

Olson D S, Kelly M A, Kapoor Sand Hagstrom S B, J Ma:er. Res., 9 (1994) 1546 

Poferl D J, GardnerN C and Angus J C, J Appl. Phys., 44 (1973) 1418 

Ravi K V, Synthetic Diamond, ed. Spear K E and Dismukes JP, The Electrochemical 

Society, Pennington, (1994) 533 

Seal M, The Properties of Natural and Synthetic Diamond, ed. Field J E, Academic 

Press (1992) 

Treub L F, J Appl. Phys ., 39 (1968) 4207 

Von Bolton W, Z. Elektrochem. , 17, (1911) 97 



21 

Chapter 2 

Review of Previous Experimental Work 
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2.1 Introduction 

By the mid 1970s, diamond growth had been achieved by at least three groups, under 

low pressure conditions where graphite is the thermodynamically stable form of 

carbon. The methods employed were similar: thermal decomposition of hydrocarbons 

(usually methane or acetylene), with some dilution with hydrogen at 0.3-30 Torr and 

800-1000°C on diamond seeds. Evidence for diamond synthesis consisted of a small 

measured weight gain, after chemical erosion which only diamond could withstand. 

Small diamond crystals and polycrystalline films had been synthesised by CVD 

processes on a variety of substrates. However, in the early work the main problem 

was graphite removal, which had to be carried out in time-consuming separate etching 

cycles. Growth rates were low: typically < O.lllmlh, compared to > lOOOllmlh for 

HPHT deposition. Within the scientific community, there was still general scepticism 

that the growth rates could be made sufficiently high to support commercially viable 

technologies. 

Increase in interest in the metastable growth of diamond can be traced to the 

discovery that the presence of atomic hydrogen during the growth process is essential 

to the achieval of high growth rates. It also permits the nucleation of new diamond 

crystallites on non-diamond substrates and the simultaneous removal of graphite. In 

1976, Deryagin and co-workers announced that they had grown crystalline diamond 

on a non-diamond substrate at high rates, using an unspecified, electrically activated 

CVD process (Deryagin et al (1976». This technique eliminated the separate 

graphite removal step, and highlighted the role of atomic hydrogen in the growth 

process. Lack of sufficient details of the growth method used, prevented the 

reproduction of their results. 

It was a senes of papers by a group of scientists based at NIRIM in Japan 

(Matsumoto et al (1982a), Matsumoto et al (l982b), Kamo et al (1983) and Matsui 

et al (1983» that enabled reproducible experiments to be carried out. They gave the 

first detailed descriptions of a variety of methods that could be used to achieve the 

rapid growth of diamond at low pressures. All their techniques involved a method of 

activating the methane/hydrogen gas mixture that resulted in accelerated growth, due 
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to the presence of large quantities of atomic hydrogen. The initial technique described 

was the use of a hot filament to activate the gas mixture, although they also described 

activation techniques using a microwave plasma and a dc arcjet. These techniques 

gave growth rates of several microns per hour, and the experimental procedure was 

detailed enough to allow other groups to reproduce their results. 

It is interesting that much of the low pressure CVD diamond growth being 

accomplished today still employs the activation methods outlined in this revolutionary 

series of papers. The publication of these papers marked the beginning of world-wide 

interest in the production of diamond using low pressure techniques - since the 

possibilities of high rate diamond deposition at low pressures, and a single stage for 

diamond growth and graphite removal had both been achieved. Current interest in 

diamond growth has centred on the refinement of these processes, and on the 

investigation of theories to explain the chemical reactions taking place in these 

environments. 

Table 2.1 summarISes some of the most important events which have shaped the 

development of low pressure diamond synthesis, in chronological order, and Figure 

2 .1 summarises the pressure and temperature conditions required to grow diamond 

using different techniques. 

This chapter is intended to provide an overview of some of the important 

considerations in diamond growth. The main techniques used today for the low 

pressure production of diamond films are detailed in Section 2.2, along with an 

outline of the relative merits of each technique. Other methods for diamond growth 

have been reported in the literature, but these have not received the universal 

recognition of the main techniques. One of these methods is outlined in Section 2.2.5, 

because of its relevance to the current project. The process of diamond nucleation is 

discussed in some detail in Section 2.3, and a number of the factors affecting diamond 

growth are outlined in Section 2.4. Section 2.5 details some of the diagnostic 

techniques available for characterising grown films 
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Date Principal Author/ Description 
Affiliation 

1949 Eversole Initiated work on low pressure diamond growth 
Union Carbide Corp . 

* 1952-53 Eversole First successful growth of diamond on diamond 
seed crystals from Eases at low J2Tessures 

1956 Spitsyn Author's certificate on diamond growth from Br4 
PCI, Moscow and CI4 filed 

1956 Deryagin Initiated work on low pressure diamond growth 
PCI, Moscow 

1962 Eversole Patents on low jJressure diamond _growth issued. 
*1966 Lander LEED study of diamond surface structure 

Bell Lab., USA including effect of hydrogen. Surface adatom 
mobility, barrier to graphite nucleation and 
relevance to diamond epitaxy were noted 

1966-68 Angus Confirmation of Ever sole's results, higher rates 
CWRU, USA 

1969 Deryagin Confirmation of Ever sole's results, higher rates 
*1971 Angus Use of atomic hydrogen from hot filament in 

cyclic growth/etch process to remove graphite and 
prepare surface for subsequent growth. Sintering 
o(garticles noted. 

1973 Poferl Growth of boron doped p-type diamond from 
CWRU, USA B2H6/CH4 

1974 Setaka Initiated diamond research program 
NIRIM, Japan 

1974-76 Chauhan Effect of hydrogen on growth kinetics 
CWRU, USA 

1977-78 Fedoseev Effect of hydrogen on growth kinetics 
PCI, Moscow 

*1 976 Deryagin Faceted crystals on non-diamond substrates by 
"vapour transport method" . First evidence of de 
novo nucleation. Method not described 

*1981 Spitsyn Faceted crystals on non-diamond substrates . 
Method not revealed, but use of atomic hydrogen 
noted 

* 1981-82 Setaka, Sato, Kamo, Description of hot filament, microwave and DC 
Matsumoto et al methods for growth of diamond on non-diamond 
NIRIM, Japan substrates in presence of atomic hydrogen. Start 

of world-wide interest 
1983 Matsumoto Proposed hydrocarbon cage compounds as 

NIRIM, Japan diamond l'recursors 
1988 Hirose Growth of diamond from oxy-acetylene torch 

NIT, Japan 

Table 2.1. Chronology of developmen t of diamond growth by chemical vapour deposition [* Key 
experimental events in evolution of low pressure diamond growth} (Angus (1989)) 
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Figure 2. J: Phase diagram for carbon, indicating conditions for diamond growth using different 
techniques (Bachmann (1990)) 

2.2 Methodsfor Production of Diamond 

25 

Methods for the preparation of diamond films differ chiefly in the way the 

decomposition reaction is initiated, and in the techniques used to create the necessary 

concentration of reactive etching species (e.g. hydrogen), required to prevent graphite 

deposition. The typical process for CVD diamond growth involves a reactant gas at 

less than atmospheric pressure, and containing> 95% hydr0gen, which is activated by 

passing it through a plasma or over a hot filament, before contacting a 800-1000°C 

substrate on which the diamond is deposited. 

There are many techniques that have been shown to result in the production of thin 

film diamond, some of which are more widely used than others. In general, they can 

be categorised as thermal-, plasma-, or combustion-enhanced CVD methods. These 

techniques are outlined in the following sections - particular emphasis being given to 

those methods for metastable diamond production that have found widespread 

application. 
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2.2.1 Thermal-Enhanced CVD 

2.2.1.1 Hot Filament Assisted CVD 

The hot filament reactor was first developed by Matsumoto et al (1982a) and is one 

of the simplest methods for low pressure production of diamond. Typical apparatus is 

shown schematically in Figure 2.2. A gas mixture comprising < 1% methane in 

hydrogen is fed into a reactor maintained at a pressure of ~ 10 Torr. Both the carbon 

carrier gas and the molecular hydrogen are passed over a tungsten hot filament, which 

is heated to a temperature of - 1950-23 Ooce. The hot filament permits the catalytic 

dissociation of hydrogen on its surface, in a process first reported by Langmuir 

( 1912a, b) for tungsten. Many other decomposition reactions also take place on the 

filament, involving the feed hydrocarbon gas (Grabke (1965), (1970)), although 

Aikyo and Kondo (1989) demonstrated that no excitation of the hydrocarbon gas is 

necessary to produce diamond films . The substrate is mounted a distance of 5-15 mm 

downstream from the filament, and is maintained at 700-1000cC either by radiation 

from the filament, or using a separate substrate heater. 

. atomic hydrogen 
and carbon compounds ____ --__.. substrate at 1000°C 

'" 

:"-.. 

1-----,--- 
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wire at 2200°C 
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to pump 

Figure 2.2: Schematic diagram ofhot fllament reactor (Bachmann (1990)) 

The concentration of atomic hydrogen and other hydrocarbon speCIes around the 

fil ament have been directly measured (Celii et al (1988) , Celii and Butler (1989)) and 

the measurements indicate that thermodynamic equilibrium calculations predict 
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adequately the type and number of species present. No significant ionisation of the 

gas takes place, and the transport of reactive species is almost entirely achieved by 

molecular diffusion, because of the low pressure and high average gas temperature. 

A disadvantage of this technique is that the filament is a remote source of atomic 

hydrogen. Consequently, a considerable fraction of atomic hydrogen may be lost 

during transport from the filament to the substrate through trimolecular collisions 

between two hydrogen atoms and a third gas molecule (Lux and Haubner (1989». In 

order to minimise the loss of atomic hydrogen due to recombination, the filament to 

substrate distance must be kept as short as possible. Hirose (1987) showed that, in 

the presence of oxygen, tiny filaments positioned less than 1 mm away from the 

substrate, led to diamond growth rates of lOllmlhr - 10 times the normal growth rate 

for the hot filament reactor at that time. 

Because of the extreme filament operating temperatures, refractory materials such as 

tungsten, tantalum, molybdenum or rhenium must be used for the filament. 

Experiments have shown that, when heated to temperatures in excess of 2000°C, all 

of these materials will result in the growth of diamond films on a substrate 

(Yarbrough et al (1989». Rhenium does not form any carbides at 2200°C, and so is 

less brittle than other materials, making it a good choice for a filament material. 

However, it does dissolve large amounts of carbon causing it to swell, and it is more 

expensive than other refractory metals so, despite its longer running times, it is often 

rejected in favour of tungsten. Jansen et al (1990) have proposed the use of straight 

rhenium filaments, which are maintained in a state of tensile stress, to reduce problems 

caused by filament expansion during operation, but these have not yet found 

widespread application. A further disadvantage of this technique is the presence of 

the hot filament in the deposition chamber, which results in the inevitable inclusion of 

minute quantities of metal contaminants within the growing diamond films. 

Very well crystallised diamond films, exhibiting little or no evidence of non-diamond 

carbon using Raman spectroscopy, can be produced using the hot filament technique 

and a conventional gas mix of methane and hydrogen. Deposition rates vary from 0.5-
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20~lmJhr, with 1 ~lmJhr being a typical growth rate for high quality films (Bachmann 

and Messier (1989» . However, other gas mixes can also be used. Hirose and 

Terasawa (1986) successfully used organic compounds such as acetone and ethanol to 

grow diamond films, and the addition of oxygen containing species such as carbon 

monoxide, oxygen or water vapour to the gas mix results in increased growth rates of 

up to 40~lmJhr. Areas of up to 20 x 20 cm2 can be coated using this technique, and 

because the filament can be bent into different shapes, unusually shaped objects can be 

coated. Problems exist with the long-term stability of the filament and with possible 

metal contamination of the growing film. 

Wei and Tzeng (1993) modified the standard hot filament approach by usmg a 

sequential deposition and etching process to deposit diamond films at rates several 

times higher than those attained in a conventional reactor. A gas mix containing 3 % 

methane in hydrogen was used for the deposition process, and pure hydrogen was 

used for the etching process, in a reactor held at 50 Torr. Cycling times of 10s 

deposition and 10s etching produced high quality diamond films, as seen in Figure 2.3 . 
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Figure 2.3: Diamondfilm deposited on silicon substrate at 750'C with deposition time and etching 
time both fOs (Wei and Tzeng (/993)): (a) SEM image; (b) Raman spectrum 

Kim et al (1992) studied the effects of the deposition variables on the nucleation and 

growth of diamond particles in a hot filament reactor. The nucleation density and 

growth rate were found to increase with increasing methane concentration, filament 

temperature and flow rate, and displayed maximum values at a substrate temperature 
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of 950°C. McMaster et al (1994) used molecular beam mass spectroscopy to 

measure the gas composition near a growing diamond surface in a hot filament 

reactor. They found that under diamond growth conditions the gas composition was 

almost independent of the inlet hydrocarbon source and was dependent only on the 

CIH ratio in the gas feed. Gas composition was also found to be relatively insensitive 

to substrate temperature over the range 250-820°C. This result suggests that the 

temperature sensitivity of film properties is primarily due to changes in the kinetics of 

surface phenomena rather than changes in the gas composition near the surface. 

2.2.1.2 Electron Assisted CVD 

The hot filament process can be modified to allow electron bombardment of the 

substrate during the growth of diamond - known as electron assisted chemical vapour 

deposition (EACVD). Sawabe and Inuzaka (1985, 1986) reported that this 

bombardment resulted in an increase in both the nucleation and growth rates, and 

could be achieved by positively biasing the substrate holder with respect to the 

filament. Moustakas (1989, 1990) confirmed these results, and reported that when 

the substrate holder was electrically grounded, continuous films only formed on 

roughened silicon substrates. By contrast, biasing the substrate holder to + 300V with 

respect to the filament permitted the formation of continuous films on both roughened 

and polished silicon substrates. Kobashi (1989) showed that if the substrate holder is 

biased negatively with respect to the filament, then the nucleation and growth rates of 

diamond decrease, but the diamond crystal quality increases. By positioning a grid 

between the substrate and filament, Doty and Jesser (1991) independently controlled 

the substrate potential and the current passing between the filament and the substrate. 

They found that diamond was deposited when both the substrate was electrically 
~ 

neutral or positively charged, and a negative current was allowed to flow. 

However, this process is not yet well understood. Anthony (1991) pointed out that 

identical filament-substrate biases with both AC and DC heated filaments could have 

different effects on diamond growth. He also noted that all filament processes possess 

an EACVD character. In order to drive the current through a filament, one end of it 
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must be at ground potential, while the other end is at some applied voltage. If 

EACVD had a large effect on diamond growth, then there should be a change in film 

quality or thickness along the substrate parallel to the filament. Such a feature has not 

been reported, suggesting that EACVD effects are not particularly pronounced. 

2.2.2 Plasma Enhanced CVD 

Diamond growth can be achieved using a number of different plasma techniques to 

generate atomic hydrogen and to produce the carbon precursors required for growth -

with the efficiencies of these processes depending on the method used. These 

techniques include DC plasma assisted CVD, RF plasma assisted CVD and 

microwave plasma assisted CVD. In plasma processes, carbon containing gases and 

hydrogen molecules are activated by the electron impact dissociation of the precursor 

molecules. 

The growth rate of diamond in a plasma process is determined by the concentration of 

neutral radicals (typically 1% of the molecules in a plasma), and not neutral 

molecules - which take no part in the growth reaction because of the high activation 

energy required for their dissociation. Plasmas can be divided into low pressure (15-

30 Torr) and high pressure (up to 750 Torr) plasmas, with the absolute concentration 

of atomic hydrogen and neutral radicals depending on the pressure of the plasma. 

Large mean free paths in low-pressure plasmas mean that the gas temperature is 

relatively low compared to the electron temperature, and so atomic hydrogen and 

neutral radicals are produced in low concentrations by collisions with high energy 

electrons alone. By contrast, in high-pressure plasmas, the gas and electron 

temperatures are similar, and so the concentration of atomic hydrogen and neutral 

radicals is much higher, since both electron and molecular collisions contribute to 

their formation. As a result , diamond deposition rates are significantly higher for high 

pressure plasmas (500~lmlhr), than for low pressure plasmas (0.2~m1hr), although the 

high pressure plasmas are much more unstable to operate, and require elaborate 

cooling systems. 
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2.2.2.1 DC Plasma Assisted CVD 

In the DC glow discharge reactor, a plasma discharge is formed in a 

hydrogen/methane gas mix by applying a DC bias across two parallel plates. The 

gases are fed in over one plate, while the substrate is mounted on the other plate, 

ensuring that atomic hydrogen is produced near the substrate surface. Figure 2.4(a) 

shows a typical experimental set-up. 

Glow di scharge 
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__ Sub strate 
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~ L Cooling water 
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Figure 2.4: Schematic diagrams of (a) DC plasma deposition system and (b) DC plasma jet 
(Bachmann and Lydtin (1990)) 

At reactor pressures of 30 Torr, uniform films have been deposited on substrates over 

50mm in diameter, but at very low growth rates « O.llJ,m1hr) and with mediocre 

quality. Increasing the reactor pressure to 100-200 Torr results in substantial 

improvement in both the quality of the deposit and the linear deposition rate (up to 

1301J,m1hr) although the deposition area is reduced (Suzuki et al (1987)). However, 

maintenance of the plasma under such conditions, requires an increase in both the 

current density and discharge voltage applied to the system, and direct cooling of the 

substrate.. Experiments by several groups (Suzuki et al (1987), Peters et al (1988)) 

have led to substrates generally being positioned on the anode, since mounting on the 

cathode results in the deposition of graphitic material. Samokhvalov et al (1995) used 

the DC discharge technique to grow polycrystalline diamond films on a variety of 

substrates including tungsten, molybdenum, silicon, silicon nitride and silicon carbide. 
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Kurihara et al (1988) modified the DC process for diamond deposition by feeding an 

argon/hydrogen/methane gas mix into a conventional plasma torch, shown 

schematically in Figure 2.4(b). In this technique, argon is required to enhance stability 

and the methane/hydrogen ratio can be as high as 10%. Typical operating pressures 

are 150-750 Torr with lower pressures resulting in lower deposition rates and 

somewhat degraded quality. The plasma is directed out of the torch as a narrow jet, 

creating a small, spot-like deposition zone on the substrate, which is mounted on a 

separate water-cooled holder. Good quality diamond films have been obtained using 

this technique, as can be seen from Figure 2.5: 
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Figure 2.5: Diamond film grown using DC plasma jet (Kurihara et al (1988)): (a) SEM image, (b) 
Raman spectrum 

This technique has resulted in the highest diamond deposition rates for any method -

with Ohtake et al (1989) reporting rates of 930~ . .lrn/hr. Ohtake and co-workers did 

not activate the methane directly, but simply activated hydrogen and argon to form a 

hot plasma that expanded into a substrate vessel filled with methane gas, which 

subsequently diffused into the hot zone and decomposed. The rapid growth rate of 

diamond balances out some of the problems involved with this technique, which 

include poor energy efficiency, small deposition area and difficult process control. 

Reeve and Weimer (1994) found that the position of the substrate relative to the torch 

exit aperture is critical, and must be close in order to grow diamond. They also 

identified CH3 as the dominant growth precursor in their reactor. Better quality 

diamond films were obtained by introducing the methane into the argon/hydrogen 
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plasma midway between the arcjet and the substrate, rather than injecting the 

hydrogen Imethane mixture into a hot argon plasma. This is believed to be due to the 

reduction of residence time of the carbon species in the plasma region. 

2.2.2.2 RF Plasma Assisted CVD 

An inductively coupled RF plasma in a tubular silica reactor was first utilised by 

Matsumoto and co-workers (1987) to deposit diamond. Their apparatus is shown in 

Figure 2.6. Gas mixtures of 0.5% methane in hydrogen were fed into the reactor to a 

pressure of 1-30 TOff, with argon being used to stabilise the discharge. Up to 60kW 

of power \vas supplied at a frequency of 4 1v1Hz. Molybdenum substrates mounted on 

a water-cooled substrate holder were used, and high quality diamond films were 

deposited at rates of up to 180~rnIhr. 
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Figure 2.6: Schematic diagram ofRF plasma deposition apparatus lIsed bylvfatsumoto et al (1987) 

Since then, a number of authors have reported the growth of diamond crystals and 

thin films by similar techniques (Meyer et al (1989), Rudder et al (1992». However, 

diamond produced using RF discharges typically seems to be of poorer quality than 

diamond produced using microwave plasm as (Matsumoto (1985», and does not 

generally possess large, well faceted crystals. In addition, the high power required for 

diamond growth results in physical and chemical sputtering from the walls of the silica 
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tube, and it is difficult to stabilise the super-hot plasma fire ball. As a result, to date, 

there is only limited data available using this technique. 

2.2.2.3 Microwave Plasma Assisted CVD 

Microwave plasma assisted CVD has been more extensively exploited than any other 

diamond growth technique (Saito et al (1986), Badzian et al (1988) and Kobashi et al 

(1988)). Several different types of microwave reactors have been developed, although 

the principle of operation is similar in each. Generally, these reactors are fed with a 

gas mixture of 1-3% methane in hydrogen, and are maintained at a chamber pressure 

of 8-60 Torr. Microwave radiation is supplied at typical operating powers of 500-

1000W and up to 25% dissociation of molecular hydrogen is achieved. The substrate 

is mounted on a water-cooled substrate holder to maintain it at 700-1000°C. Well

crystallised diamond films have been grown on many different substrates using this 

technique (Yarbrough et al (1989)). Typical growth rates for these reactors are 1-

5~LInJhr and deposition areas are limited to around 50mm diameter. 

The first experimental set-up used to grow diamond from a mIcrowave plasma 

assisted reactor was devised by Kamo et al (1983). In this design, methane and 

hydrogen gases are fed into a silica tube surrounded by a microwave applicator - as 

shown in Figure 2.7(a). Substrate size is limited by the tube diameter, and plasma 

etching of the reactor wall can lead to contamination of the growing film. 

A cylindrical reactor has since been developed (Bachmann et al (1988)) in which 2.45 

GHz radiation is radiated into the reactor to ignite and sustain a ball-shaped plasma. It 

is shown schematically in Figure 2. 7(b). This system allows for the treatment of 4" 

wafers, and the confined plasma also reduces contamination problems by preventing 

etching of the reactor walls. Commercially available microwave plasma reactors, 

similar to the prototype developed by Bachmann et al (1988) permit good quality 

diamond films to be grown routinely. As a result, interest in microwave plasma 

technology is focusing on refining the process, optimising growth conditions and 

understanding the reactions involved in the growth cycle. 
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Figure 2.7.' Schematic diagrams oJ (a) Original microwave reactor developed by Kamo et al (1983) 
and (b) Cylindrical reactor developed by Bachmann et al (1988) 

Kobashi et al (1988) showed that, in a microwave reactor, the percentage of methane 

in the gas mix determines the morphology of the diamond film produced. Other 

carbon carrier gases such as methanol, acetone and carbon monoxide have also been 

used to successfully grow diamond films. Increasing the gas flow rate results in an 

increased deposition rate and a change in preferred diamond crystal orientation, at a 

reactor pressure of23 Torr (Celii et al (1992». 

Localised heteroepitaxial diamond growth on silicon (100) substrates has been 

achieved by Milne et al (1995) using a microwave plasma reactor. A hydrogen/carbon 

monoxide/methane gas mix produced highly oriented diamond (100) epitaxial layers 

with 15-20~m grain size, after substrate bias treatment to enhance nucleation. 

Homoepitaxial growth has also been achieved by a number of groups using 

microwave techniques. Stoner et al (1993) used a three-step nucleation and growth 

process to produce diamond films in which almost 100% of the grains were epitaxiaUy 

oriented relative to the un scratched silicon substrate. Findeling-Dufour et al (1995) 

investigated homoepitaxial growth on (100) and (110) diamond single crystals. For 

(100) substrates, they found that the morphology depends strongly on substrate 

temperature and microwave power density, while for (110) substrates, the 

morphology depends on the methane percentage and on the rate of substrate cooling 

after deposition. Epitaxial diamond grown using this technique is shown in Figure 2.8: 
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500 J.1ffi 

Figure 2.8: Epitaxial diamond film deposited on {1 J OJ diamond single crystal (Findeling-Dufour et 
al (1995)) 

Mitsuda et al (1989) used 2.45 GHz radiation in an atmospheric plasma torch 

experiment and achieved growth rates of up to 30~m/hr, although only over areas of 

~ 1 sq. inch. A gas mixture of argon/hydrogen/methane containing up to 10% 

methane is used in this set-up. The plasma is initially ignited by electric breakdown 

around a central electrode and then sustained by microwave electromagnetic waves 

generated between the central electrode and the chamber walls. Sustained operation 

of the system has proved difficult, due to both plasma instability and the need to cool 

the substrate very efficiently. To date, only coating of relatively simple substrates has 

been reported in the literature (Yarbrough et al (1989)). 

Several groups have used magnetised and electron cyclotron resonance (ECR) 2.45 

GHz microwave plasmas for deposition studies (Kawarada et al (1987), Suzuki 

(1989)). Under normal pressure conditions of> 8 Torr, the collision rate of the 

electrons is too high for full ECR action, and the magnetic field does not significantly 

affect the plasma. However, at pressures of < 0.1 Torr where ECR heating starts to 

become significant, both the quality of the film and the deposition rate are significantly 

reduced, compared to conventional microwave plasma processes. This is assumed to 

be due to the lower gas temperatures in the now non-isothermal plasma. 
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2.2.3 Combustion Synthe,l;is 

The growth of diamond at atmospheric pressures using combustion flames from an 

oxy-acetylene brazing torch was first reported by Hirose and Kondo (1988) and 

confirmed by Hanssen et al (1988). A typical experimental set-up for this technique is 

shown in Figure 2.9, and includes a substrate holder - water-cooled to - 800-1000°C, 

an oxy-acetylene torch and mass flow controllers for the regulation of gas flow. The 

ratio of oxygen to acetylene in a premixed oxy-acetylene flame can vary from - 0.85-

1.1 with most consistent results for diamond growth being obtained for a ratio of 

unity. Hydrogen addition to the flame has been found to reduce the amount of 

amorphous carbon in the diamond films (Oakes et al (1991)). Generally diamond 

scratched silicon wafers are used as substrates, although diamond nucleation has also 

been observed on untreated substrates. Both cutting (multiple nozzle) and brazing or 

welding torches (single nozzle) can be used with similar results. This approach is 

attractive in that no expensive vacuum equipment is required in order to investigate 

the diamond growth process. 
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~ L cooling water 

Figure 2.9: Schematic diagram of combustion synthesis using oxy-acetylene torch (Bachmann 
(J 990)) 

The torch flame consists of three distinguishable zones. The first zone closest to the 

nozzle is colourless and transparent - here, the premixed gases are heated to a high 

enough temperature to ignite and burn, producing a stable and conical flame front. 
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The second zone is the white or incandescent combustion zone in which the primary 

combustion of acetylene with premixed oxygen occurs. The extent of the second 

zone depends on the Oz/C2H2 ratio. Diamond deposition is observed when the 

substrate is placed in this portion of the flame, and the principal reaction products 

(atomic hydrogen, molecular hydrogen and carbon monoxide) are all formed here. 

The third zone is farthest from the nozzle and is blue and transparent, occupying the 

largest volume of the flame. Deposition is not observed in this portion of the flame . 

Oakes et al (1991) showed that inhomogeneities in diamond growth usmg a 

combustion flame result principally from flame species inhomogeneities rather than the 

temperature distribution across the substrate. They also found that the addition of 

hydrogen to the combustion flame results in higher quality diamond growth, although 

too much hydrogen can reduce the diamond growth density. Snail et al (1991) 

reported the homoepitaxial growth of diamond by this flame method at growth rates 

as high as 150~lrnlhr - probably due to elevated substrate temperatures of 1150-

1500°C. Diamond crystals grown using this technique exhibit a Raman spectrum 

almost identical to that of natural diamond (see Figure 2.10): 
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Fig ure 2.10: Raman spectra fo r diamond seed crystal bef ore and after deposition using an oxy
acetylene flame torch (Snail and Hanssen (J 99 1)) 
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Workers at the US Naval Research Laboratories (Doverspike et al (1992)) compared 

polycrystalline diamond films synthesised in an open atmosphere combustion flame, 

with those grown in an enclosed chamber combustion flame under a controlled 

atmosphere. They found that films produced in an open atmosphere and in an 

oxygen-controlled atmosphere show the characteristic Raman diamond peak at 1332 

cm-I, while those produced in an argon-controlled atmosphere also show a broad peak 

at 1500 cm-1 indicative of amorphous carbon. 

2.2.4 Summary of Main Diamond Growth Techniques 

The main techniques currently used in the low pressure synthesis of thin film diamond 

are summarised in Table 2.2. Choice of technique seems to depend very much on the 

quality of diamond required, what its applications will be, and the size of deposition 

area needed. For rapid, small crystal film growth, the dc hot plasma jet provides the 

best option. For high purity, good quality diamond films over relatively large areas, 

the microwave plasma technique is the most superior. For unusually shaped 

substrates with large deposition areas, where ultra high purity is not required, the hot 

filament technique is best. The oxyacetylene flame approach provides a fast, 

inexpensive technique for diamond growth. 



TECHNIQUE 

Hot Filament 

DC Plasma Jet 

RF Plasma 

Microwave Plasma 

Oxyacetylene Torch 

RATE AREA QUALITY SUBSTRATES ADVANTAGES DISADVANTAGES 
(~m/hr) (cm2

) (Raman) 

0.3-2 100 Very good Si, Mo, silica, -Wire can be bent to follow -Long term wIre stability 
alumina, 3-D shapes, like crucibles uncertain: filament -substrate 
diamond -Large area deposition distance may be uncontrolled 

achieved (up to 30x30cm2
) during deposition process 

-Rates of 40J...lfn/h achieved -Metal from wire can cause 
using 0 containing gases contamination 

-Deposition rates vary 
930 <2 Very good Mo, Si -Growth rates very high - -Deposition area is very small 

comparable with HPHT -Quality of deposits is non-
techniques uniform across substrate 

-Films under stress; contain 
large amounts of hydrogen 

180 3 Good Mo -Growth rates very high -Deposition area is small 
-Growth process not stable 
-Films are non-uniform 

1 -lowP 40 Very good Si, Ni, Ti, Ta, -Stable: can be run for days -Plasma must be magnetically 
30 -high P SiN, SiC, WC, -No hot filaments or confined 

Pt, Cu, silica, electrodes, so no metal -Deposition rates are low -
graphite, others contamination problems good quality diamond 1 J..I.m!h 

-Quite small deposition areas 
30-100 <1 Very good Si . Mo, TiN -Simple and easy to -Growth process is not stable, 

achieve diamond growth and can' t run unattended 
-Requires no vacuum -Deposition areas are very 
equipment small 

Table 2.2: Summary of main diamond growth techniques (Bachmann and Lydtin (J99Ja)) 
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2.2.5 Sequential Reactor 

One system that has been built to investigate diamond growth from a simple chemistry 

is the sequential reactor (Kelly et at (1992)). This reactor repetitively subjects a 

substrate to several environments, which have individually controlled chemistries. 

Kelly and collaborators use a single crystal (100) silicon substrate scratched with 

diamond paste, and subject it first to a sputtered flux of atomic carbon from a graphite 

target, and subsequently to a flux of atomic hydrogen, produced by dissociating H2 

gas over a hot tungsten filament. A schematic diagram of the apparatus is shown in 

Figure 2.11. The silicon substrate is heated to 800°C and rotates at 200RPM over 

two emitters. 200 sccm of gas flow from each of the environments into the reactor, 

which is maintained at a pressure of 10 Torr. The substrate plate is 0.5 mm above the 

emitters. 

Rotating Heater 

:' . .. ... .... .............. 

filament target 

I I 
Hydrogen Hel ium 

Figure 2.11: Cross-sectional schematic of sequential CVD reactor (Kelly et al (1992)) 

A series of experiments has been carried out to investigate the nature of films formed 

using this reactor. Graphitic films form if the hydrogen filament is not switched on. 

As the filament temperature increases producing more atomic hydrogen, the graphitic 

film becomes thinner until a sparsely nucleated diamond film grows - indicating that 

diamond and graphite are not simultaneously deposited. The mass of this diamond 

film has been found to increase with atomic hydrogen concentration. Based on 

calculations of atomic hydrogen and carbon intensities, Kelly found that 800 H 

collisions per surface atom per exposure result in a diamond-like carbon film with a 

poor Raman spectrum (see Figure 2.12(a)). Increasing the H atom intensity to ensure 

1700 H collisions per surface atom per exposure results in faceted crystallites with a 

high quality diamond Raman spectrum (see Figure 2.12(b)) 
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Figure 2. J 2: Raman spectra for films grown with (a) moderate H concentration and (b) high H 
concentration (Kelly et al (1992)) 

A series of experiments demonstrated that neither hydrogen contamination of the 

carbon source, nor carbon diffusion into the hydrogen emitter, could account for 

observed diamond growth (Olson et al (1993)). Olson et al concluded that the 

diamond growth reaction is likely to be a surface reaction, since increasing the carbon 

exposure beyond a certain value did not result in increased diamond growth. This 

would be expected if the gaseous carbon produced by the etching of sputtered carbon 

was responsible for growth. Olson and co-workers predict that the supply of atomic 

hydrogen to the surface should saturate since, at some exposure, all of the atomic 

carbon species should be removed, or converted to diamond. Additional atomic 

hydrogen exposure beyond saturation should decrease the film thickness until it 

reaches zero, as the excess atomic hydrogen etches the deposited diamond, although 

the film quality should continue to improve. Such saturation has not been observed 

experimentally. A model has been developed to attempt to explain diamond growth in 

the sequential reactor (0 lson et al (1994)) . It postulates that once a carbon species, 

from whatever source, attaches to the growing surface, then the growth process 

consists only of surface reactions. This is outlined in greater detail in Section 3.5.3. 

By utilising a third emitter, this group has investigated the effect of oxygen on 

diamond film growth (Kapoor et al (1995)). They found that no diamond growth 

occurs for the exposure sequence: carbon: oxygen: hydrogen, but for the 
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carbon:hydrogen:oxygen sequence, diamond growth rates are enhanced by up to 

500%, and the hydrogen flux required for growth is dramatically reduced. No 

diamond growth is observed for treatment using just carbon and oxygen - indicating 

that atomic oxygen cannot produce diamond growth in a similar way to atomic 

hydrogen. However, it is very efficient at etching away non-diamond surface carbon 

to enhance the film quality, and at etching the growing diamond film to create a higher 

density of growing sites. 

2.3 Nucleation of Diamond 

The formation of continuous diamond films on non-diamond substrates proceeds by 

the nucleation and three dimensional growth of individual crystallites, followed by the 

growth and eventual coalescence of diamond crystals into polycrystalline film (Angus 

and Hayman (1988), Spear (1989)). The initial step of nucleation on non-diamond 

substrates is important, and has a bearing on adhesion and film properties, since the 

nucleation density determines the range of crystallite size and morphologies. 

Various treatments have been reported to increase the nucleation density and affect 

the quality of grown diamond on non-diamond substrates. Diamond may be nucleated 

on both unscratched silicon wafers (Yugo et al (1991) and Stoner et al (1992)) and 

single crystal ~-silicon carbide (Stoner and Glass (1992)) using a technique known as 

"bias enhanced nucleation". In this process, the substrates undergo an in situ pre

treatment, in which a negative voltage is applied to them during immersion in a 

methane-hydrogen plasma. However, the most common technique involves 

scratching the surface with fine diamond powder (Jansen et al (1990), which reduces 

the induction time for nucleation and increases the nucleation density. Chang et al 

(1 988) proposed that scratching leaves diamond and/or other carbonaceous residues 

on the su rface, allowing diamond to grow on diamond. It has also been suggested 

that polishing introduces mechanical and crystallographic damage that enhances 

nucleation by creating high energy damage sites on the surface. 
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Different abrasives have been used to investigate the most efficient means of 

promoting diamond growth. Yarbrough et al (1987) found that in a tantalum hot 

filament deposition system, diamond growth resulted on a diamond scratched silicon 

sample after 5 minutes, but nothing was observed on substrates scratched with other 

abrasives after 30 minutes. A combined scratching experiment carried out by this 

group demonstrates the importance of diamond scratching. Two 3-5 mm paths were 

scratched across a 1 inch diameter silicon wafer at right angles to each other - one 

using diamond powder, and the other using sub micron cubic boron nitride. 

When the wafer was examined after diamond growth, high density nucleation was 

observed only on the regions of the wafer that had been scratched with diamond, and 

not over-scratched with boron nitride. Within the area scratched by both powders, 

some nucleation had taken place, but it occurred along the scratches associated with 

the diamond scratching direction. This result supports the idea that residual diamond 

enhances nucleation. Schelz et al (1997) found that hydrofluoric acid etching of 

silicon substrates pre-scratched with diamond powder, resulted in an enhancement of 

up to 30% of the nucleation density, provided the etch time was short. This 

enhancement resulted in an increased initial deposition rate and a lower surface 

roughness of the deposited diamond films. 

Lux and co-workers (Joffreau et al (1988a), (1988b)) studied the nucleation and 

growth of diamond on metallic substrates. Their results indicate that substrates can 

absorb carbon into the bulk often by forming carbides, thereby delaying diamond 

nucleation which takes place when the carbon concentration reaches its saturation 

value on the substrate surface. This is a possible explanation for the observation that 

diamond often nucleates preferentially on exposed convex corners produced by 

scratches, since these sites would become saturated with carbon most rapidly. 

Belton and Schmeig (1990) used X-ray photoelectron spectroscopy to observe that an 

initial deposit of graphitic carbon was converted to a hydrocarbon structure which 

subsequently converted to diamond. It has been suggested (Sunkara et al (1990)) 

that one effect of scratching the surface is to provide non-volatile graphite particles by 

local pyrolysis of the absorbed hydrocarbons. These would then be hydrogenated to 
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the precursor molecules in the atomic hydrogen environment, under diamond growth 

conditions. This idea is supported by the experiments of Vakil et al (1989), in which 

diamond crystallites were formed by the reaction of atomic hydrogen with graphite . 

Evidence from these experiments suggests that residual, imbedded diamond enhances 

nucleation. Since many surfaces, for example in semi-conductor electronics, cannot 

be polished and still fulfil their required functions, it is imperative that alternative 

methods are sought to enhance nucleation. Diamond abraded surfaces are reportedly 

not a prerequisite for deposition in some high growth rate techniques (Kurihara et al 

(1 988), Tzeng et al (1990)) or with electron bombardment during filament assisted 

CVD (Bar-Yam and Moustakas (1990)). Laser-ablated carbon films increase 

nucleation by a factor of almost 400 (Hartnett et al (1990)) . Nucleation density 

enhancements have also been reported using carbon-rich oxy-acetylene torches (Ravi 

and Koch (1990)). Meilunas and co-workers (Meilunas et al (1991)) discovered that 

diamond grows easily on a silicon substrate first coated with a C70 layer that has been 

bombarded with carbon and hydrogen ions. Ion-activated fullerenes enhance 

nucleation by nearly ten orders of magnitude. The decrease of nucleation time in 

these cases is thought to result from rapid carbide formation and carbon saturation at 

the substrate surface. 

To date, most work seems to have been done using diamond-abraded surfaces, which 

permit diamond nucleation and subsequent growth. Alternative techniques avoiding 

mechanical surface damage are desirable for industrial applications, and some are 

currently being used. However, more work is needed in this area, before diamond 

growth on sensitive devices becomes a routine operation . 

2.4 Factors Affecting Diamond Growth 

2.4.1 Gas Species 

A vari ety of precursor gases have been used in the successful growth of diamond 

films In early growth experiments involving diamond growth on diamond powder, 
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carbon monoxide was commonly used. Most reports of diamond growth on non

diamond substrates have been achieved using a mixture of less than 5% methane in 

hydrogen. However, in the combustion flame technique a mixture of acetylene and 

oxygen is commonly used, and over the past number of years, a variety of carbon

containing gases have been investigated. Hirose and Terasawa (1986) used a range of 

organic compounds in the filament process to successfully achieve diamond growth. 

Within the microwave plasma system, Sato et al (1987) found that ethane, propane, 

butane, ethylene and acetylene produce essentially the same results as methane for the 

same carbon to hydrogen ratio. 

McMaster et al (1995) suggested that the extent of gas activation within the reactor 

environment determines the importance of the hydrocarbon species in film growth. 

For example, in studies attempting to identify the precursor for diamond growth 

where hydrocarbon decomposition is incomplete (Yarbrough et al (1992), May et al 

(1993)), a methane/hydrogen mix produces better quality diamond films at faster 

rates, than an acetylene/hydrogen mix. However, in situations where gas activation is 

more extensive, film growth properties appear to be independent of the nature of the 

carbon source, but dependent on the relative concentrations of carbon and hydrogen 

in the gas feed. Sato et al (1987) observed that different hydrocarbons produced 

films with similar growth properties in a plasma-assisted environment, when the C/H 

ratio in the gas feed was kept fixed. This suggests that similar concentrations of the 

growth precursors are present above the growing surface, if the gas is well activated. 

Bachmann et al (1991) carried out a systematic survey of the experimental literature 

available for diamond growth from different precursor gases. They classified all the 

results according to the ratio of carbon, hydrogen and oxygen in the starting mixture, 

and whether diamond or non-diamond carbon was deposited. Using this data, a C-H

o phase diagram has been constructed (see Figure 2.13), which predicts that diamond 

synthesis is only possible within a well defined region, regardless of the growth 

technique or the precursor gases used. This diagram has no direct temperature 

dependence, since essentially all temperature results are plotted, but results for a 

specific temperature could be extrapolated. 
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This diagram provides a common basis for all low pressure diamond CVD methods, 

by connecting data from a vast number of diamond growth experiments. Since 

precursor gases are not the only variables to be considered in the diamond growth 

process, it does not follow that a gas mix with the correct C-H-O combination will 

necessarily result in diamond growth. However, the careful selection of this ratio 

should allow the optimisation of the other deposition parameters required for diamond 

growth. 
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Benndorf et al (1996) investigated the growth of diamond in a microwave reactor, 

using hydrogen/acetylene/oxygen and argon/acetylene/oxygen gas mixes, in order to 

obtain more information on the atomic ratios required for diamond growth. It was 

demonstrated that diamond could be grown without the addition of molecular 

hydrogen, with oxygen successfully removing graphitic carbon deposits. Experiments 

also showed that the gas phase concentration of acetylene must be reduced below a 

certain level before diamond growth can result, and that oxygen is more efficient at 

reducing acetylene than methane. It is therefore possible, using acetylene, to obtain 

good quality diamond films at much higher hydrocarbon concentrations than could be 

attained using methane. Experiments suggest that, for oxygen containing source 

gases, atomic hydrogen is not the species that determines diamond quality. For the 

two different gas mixes, the measured atomic hydrogen concentration is almost 

independent of the oxygen addition, whereas the diamond quality increases with 

oxygen addition as the carbon mole fraction is decreased. 

The use of halogens has also been found to increase the rate at which diamond 

deposition occurs, and in some cases, to improve the quality of diamond produced. 

Halomethanes such as CCl4 and CChF2 have resulted in diamond growth at reduced 

substrate temperatures (Goto et al (1989) and Hong et al (1993)). Nyberg and co

workers (1997) showed that the quality of diamond films grown on silicon substrates 

decreases with increased fluorine concentration, due to excessive etching of silicon by 

hydrogen fluoride . Such effects are not observed with CCl4 which produces a diamond 

film over the whole surface, and no evident etching. If silicon carbide is used as a 

substrate, higher diamond quality is observed as the fluorine concentration increases, 

believed to be due to the preferential etching of graphite by hydrogen fluoride. 

2.4.2 Atomic Hydrogen 

The presence of atomic hydrogen in a reactor is important for diamond growth, 

although there has been much debate about the exact nature of the role which it fulfils. 

Anthony (1 990) has summarised possible functions performed by atomic hydrogen in 

the diamond growth environment, and these are outlined below: 
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1. Stabilisation of the diamond surface 

When a diamond surface is cleaved, dangling single bonds are formed (as shown in 

Figure 2.14a), which are energetically unstable. In order to reduce its surface energy, 

the cleaved surface quickly reconstructs to a "graphitic-like" surface containing a 

mixture of single and double bonds, and future carbon atoms depositing on the 

surface will form layers of graphite. To prevent this, the surface can be exposed to 

atomic hydrogen which reacts with carbon to form single bonds (see Figure 2.14b), 

thus stabilising the diamond surface (Pate (1986». 

Dangling bonds / ~ ~ ... 
Diamond 

/ Lattice ~ 

Ca) (b) 

Figure 2. J 4: Schematic diagrams of (a) Cleaved diamond surface showing dangling bonds and (b) 
Diamond surface stabilised by atomic hydrogen (Anthony (J 990)) 

2. Generation of vacant surface sites 

Atomic hydrogen colliding with a diamond surface can react with a surface hydrogen 

to form a hydrogen molecule and a vacant site (Angus and Hayman (1988». It is 

most likely that the vacant site will be filled by another hydrogen atom, however a 

carbon radical may also collide with the vacant site and attach to the diamond crystal, 

thereby generating diamond growth. Anthony states that 10,000 hydrogen atoms 

must be produced for each carbon atom that attaches to the diamond surface. 

3. Reduction of critical size of diamond nucleus 

Before the introduction of atomic hydrogen into the diamond growth process, 

diamond could only be grown on diamond substrates, suggesting that diamond 

nucleation was a difficult process requiring a large critical nucleus size. Atomic 

hydrogen reacts with and covers the surfaces of small diamond nuclei and greatly 

reduces their surface energy (Pate (1986» . This decreases the critical nucleus size to 

a few atoms, and so allows enhanced nucleation. The small size of the critical nucleus 

in an atomic hydrogen environment is suggested by adamantane, which is a small 

diamond crystal whose surface has been terminated by hydrogen (see Figure 2.15). 



2 - REVIEW OF PREVIOUS EXPERIMENTAL WORK 

Figure 2.15: The lattice structure of adamantane 

4. Production of Carbon solubility minimum 
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Considering atomic hydrogen as a "solvent" for carbon, in the sense that it reacts with 

it to form a number of gaseous hydrocarbons, a solubility minimum for carbon is 

found at approximately 1000°C (Lersmacher et al (1967), Van Den Hoek and 

Klessens (1975)) . If the substrate for diamond growth is placed at the solubility 

minimum, diamond will be deposited only on the substrate and not on the walls of the 

reaction chamber, which can be kept at room temperature, where the solubility of 

carbon is higher. 

5. Generation of condensable carbon radicals 

Hydrocarbon molecules will not react with diamond to cause diamond growth. Most 

diamond growth is attributed to hydrocarbon radicals, generated by the reaction of 

atomic hydrogen with hydrocarbon molecules (Chen (1988)), although the 

hydrocarbon radical most important for diamond growth has not been proven 

experimentally (Harris et al (1988)). Hydrocarbon radicals that generate diamond 

growth can also be produced on the diamond surface by reactions of atomic hydrogen 

with adsorbed hydrocarbon molecules. 

6. Etching of graphite 

It is known that atomic hydrogen etches both diamond and graphite (Deryagin and 

Fedoseev (1977)). It can be shown that atomic hydrogen etches graphite much more 

rapidly than diamond in the temperature range commonly used for CVD diamond 

growth. This process is investigated in some depth in Chapter 5 of this thesis. 
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7. Prevention of graphite precursors 

It has not been proven that the differential etching of graphite over diamond by atomic 

hydrogen is essential for CVD diamond growth. Frenklach (1989) suggested that the 

etching function of atomic hydrogen is not needed for CVD diamond growth, but that 

the critical feature is the presence of molecular hydrogen. This suppresses the 

formation of polycyclic aromatic hydrocarbon radicals that are graphite precursors 

and so prevents graphite from forming in the first place. 

2.4.3 Substrate Temperature 

A number of investigative studies have been carried out into the effect of substrate 

temperature on the diamond film growth process. The influence of additional features 

such as gas composition and excitation source make it difficult to isolate the precise 

role fulfilled by the temperature. The most common temperature range for crystalline 

diamond growth by CVD processes involving hydrogen-hydrocarbon gas mixes has 

been 600-1 OOO°C (Bachmann and Linz (1990), De Vries (1987)). In this region, the 

substrate temperature is believed to be high enough to allow some surface mobility of 

C and CH species, resulting in the growth of diamond, and the removal of graphite 

and hydrogen. By imposing a temperature gradient along a length of tungsten wire, 

Banholzer (1992) found the optimum temperature for diamond growth in a hot 

filament reactor to be 950°C. Above this limit, the growth rate decreases until 

graphite type deposits are produced above 11 OO°C, while below 600°C, hydrogenated 

amorphous films with varying diamond-like properties are expected. 

Zhang et at (1994) have used a formula developed by Dryburgh (1993), to estimate 

the minimum and maximum substrate temperatures at which diamond can be grown 

using a hydrogen-hydrocarbon gas mixture. They define the minimum temperature as 

that when the arrival rate of hydrocarbon species at the surface sites, is equal to the 

rate at which pre-adsorbed species can diffuse away across the surface. Similarly, the 

maximum substrate temperature is defined as that when the rate of arrival of hydrogen 

atoms at the surface sites is equal to the rate at which pre-adsorbed atoms can diffuse 

away. 



2 - REVIEW OF PREVIOUS EXPERIMENTAL WORK 52 

Using this model they predict that crystalline diamond can only be deposited at 

temperatures between these minimum and maximum values. Below the minimum 

temperature, hydrogenated amorphous carbon is deposited, due to the arrival of too 

many hydrocarbon fragments, resulting in disordered packing. The maximum 

temperature is limited by the diamond surface reconstruction into graphitic Sp2 

structures, when there are not enough hydrogen atoms to satisfy the dangling bonds 

of surface atoms. The model predicts that decreasing the supersaturated partial 

pressures of those hydrocarbon fragments important for growth would decrease the 

minimum substrate temperature, while increasing the supersaturated partial pressure 

of atomic hydrogen at the surface would increase the maximum substrate temperature. 

It has also been experimentally observed that the material formed at different substrate 

temperatures differs depending on the gas composition. Diamond can form at low 

rates at temperatures of 400°C from C-H-O containing gas mixtures, whereas in a C

H system, only amorphous material is deposited at such low temperatures (Bachmann 

et at (1991). The addition of a halogen containing gas has allowed the growth of 

diamond at < 300°C using thermal CVD (Angus et at (1991), Celii and Butler 

(1991» . More recently, the lower temperature limit for diamond growth has been 

reduced even further, with Yamaguchi et at (1994) demonstrating diamond growth 

using a hot filament reactor at temperatures as low as 13 S°e. 

The deposition of diamond films at room temperature on (Ill) silicon substrates by 

the laser irradiation of COIH2 gas mixtures at low pressures (Rebello et at (1993» has 

introduced the possibility of diamond coating temperature-sensitive materials . In this 

technique, the gas phase has been independently excited away from the substrate 

surface, precluding the need for substrate heating. Most other growth techniques 

employ a source to excite the gas, which simultaneously heats the substrate to 

elevated temperatures - making it very difficult to decouple the necessary excitation of 

the gas phase from the heating of the substrate. 

The influence of temperature on faceting occurring during CVD diamond synthesis is 

quite complex, and depends on the temperature of the substrate, and the effective 
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temperature at which the gas has been decomposed (Clausing et al (1989), Angus et 

al (1991 )) . For T < 900°C, {Ill} octahedron faces dominate crystal morphology, 

whereas for T > 1000°C, {lOO} faces dominate. At an intermediate temperature of 

700°C diamond particles are cubo-octahedron-faceted with both {lOO} and {Ill} 

faces (Yamaguchi et al (1994)) . 

Substrate temperature has also been found to have a bearing on the deposition rate of 

diamond films . At temperatures above 1000°C the growth rate decreases, as shown 

graphically in Figure 2.16 where it is plotted as a function of reciprocal temperature. 

By contrast, growth rates of films grown by the ECR-assisted CVD method using 

CO-H mixtures, have a weaker temperature dependence (Jin and Moustakas (1993)), 

which is expected under conditions where hydrogen abstraction from the growth 

surface is the rate limiting step. 
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Figure 2. 16: Growth rate versus reCiprocal temperature for different methods of activated chemical 
crystallisation (Spitsyn (1990)) 

2.4.4 Substrate Material 

A wide variety of materials have been used as substrates for diamond deposition. 

These include single crystals of diamond, sapphire or silicon; metals such as 

molybdenum, tantalum, tungsten, nickel and copper; hard materials such as silicon 

carbide, silicon nitride, boron nitride and tungsten carbide; and graphite (Kurihara et 

al (1988), Bachmann and Messier (1989) and Samokhvalov et al (1995)). Carbide 

formation competes with the formation of diamond when carbide forming materials 
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are used as substrates (Joffreau et al (1988c)) . Sato et al (1990) found that 

disordered graphite is deposited on nickel, cobalt and iron substrates, unless the 

carbon content in the gas phase is kept sufficiently low. Diamond films have been 

grown on stainless steel with a silicon intermediate layer, via the hot filament 

technique (Chen et al (1992)). In order to overcome the problems of a long 

nucleation period, the catalytic effect of iron and a thermal expanSIon mismatch, 

oxygen-assisted low temperature deposition was used, and initial and secondary 

nucleation was enhanced to yield small grain sizes in the continuous film. 

To date, most work has concentrated on the deposition of diamond on single crystal 

silicon substrates, often pre-scratched with diamond powder to enhance nucleation. 

However, in order to realise commercial applications, more work is required on the 

deposition of diamond films on to semiconductor materials at low temperatures, 

without the necessity of substrate pre-treatment. 

2.4.5 Gas Temperature 

Bachmann and Lydtin (l991b) correlated the gas temperature with the linear growth 

rate of diamond for different CVD techniques, and observed a strong dependence of 

growth rate on gas temperature (see Figure 2.17). 
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Figure 2.17.· Growth rate for difj"erent diamond CVD methods as a function of gas temperature in 
their activation zones (Bachmann and Lydtin (J 991 b)) 
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This dependence is thought to be due to the generation of atomic hydrogen and 

appropriate neutral carbon-containing radicals through collisions with gas molecules 

as well as electrons. Low pressure DC and RF discharges produce a slight plasma 

heating of the gas, apart from heating caused by the substrate being held at 1000°C, 

and have typical growth rates of 0.1 ~Lrnlhr. Low pressure microwave plasmas and hot 

filaments result in a gas temperature of 2000-2S00°C and have correspondingly higher 

growth rates of 1-10~Lrnlhr. This trend is repeated for the oxy-acetylene flame 

process, in which gas temperatures of 3000-3S00°C produce typical growth rates of 

1 OO~Lrnlhr. Growth rates of 100-1 OOOllrnlhr are achieved in high pressure plasmas, 

where gas temperatures can range from SOOO-7000°C. 

2.4.6 Carbon Supersaturation 

The general crystallite shape of diamond films depends upon the growth conditions. 

Crystals with {Ill} faceting are the dominant growth form at low gas phase carbon 

supersaturations, independent of the deposition method used. As carbon 

supersaturation increases, morphology evolves to cubo-octahedra i.e. a combination 

of { lOO} and {Ill}, then cubic {lOO} faceting and finally, at highest supersaturation, 

to spherical shape (Kobashi et at (1988». 

The facets that appear in a crystal are those for which the normal growth velocity is 

the slowest. The common appearance of cubo-octahedral forms indicates that linear 

growth rates normal to the {Ill} and {lOO} faces are remarkably similar. The virtual 

absence of {11 O} faceting means that under most conditions, growth normal to the 

{110} faces is most rapid . Direct measurements by Geis (1989) and Chu et at (1991) 

show that growth rates normal to the {110} surface are 2-3 times faster than growth 

rates normal to the {Ill} and {lOO} surfaces. 

2.5 Characterisation Techniques 

It is important that films grown using different techniques can be compared, to allow 

the relative merits of each technique to be assessed. During the diamond growth 
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process, a wide range of carbonaceous materials with varymg degrees of 

hydrogenation can be deposited alongside, or instead of, diamond. Analytical 

techniques for characterising these materials are important in that they may relate 

macroscopIc properties of the films such as hardness, electrical and thermal 

conductivity or optical transparency, to microscopic properties such as phase 

composition, defect structures, impurities and microstructure. An understanding of 

the relationships between macroscopic and microscopic properties, should lead to the 

production of films which satisfy the requirements of particular applications. Chalker 

(1991) has provided a concise summary of some of the major techniques used m 

diamond characterisation. Some of these are outlined briefly below: 

2.5.1 Raman Spectroscopy 

Perhaps the most widely used technique for diamond characterisation is Raman 

spectroscopy. In Raman scattering, a photon interacts with the optical vibrational 

modes of the material under investigation and leaves the material with a different 

frequency. Since the shift in frequency is characteristic of the probed material, Raman 

scattering is a very important tool for identifying the material being examined and its 

state of stress or disorder. 

Within diamond film growth, there are four possible contributions to the Raman 

spectrum: these arise from diamond, graphite, diamond-like carbon and possibly 

polymers. A sharp peak is observed at 1332 cm-I for diamond, while graphite 

produces a mode at 1580 cm-1 Diamond-like carbon can be used to cover a wide 

range of carbon species. In disordered graphite, possessing largely Sp2 bonding, two 

peaks are observed at around 1355 and 1570 cm-\ referred to as the D band 

(disorder) and the G band (graphite), respectively. The peak position depends on the 

size of the graphite crystallites (Windischmann and Epps (1990)), and also on the 

frequency of the laser light being used to excite the samples. For most diamond work, 

the 514nm line of the Ar-ion laser is used to excite the samples being examined. In 

hydrogenated amorphous carbon, the major Raman peak is around 1520 cm-I, arising 

from Sp2 bonded clusters embedded in an amorphous carbon network (Ramsteiner and 
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Wagner (1987)). In diamond like films, a broader band is observed at 1555 cm- 1 

(Knight and White (1989)). Raman spectra for some of the common forms of carbon 

are shown in Figure 2.18. 
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Figure 2.18: Raman spectra for different forms of carbon (Chalker (J 991)) 

Raman spectroscopy has become a powerful tool in the analysis of carbon films, due 

to its ability to distinguish different bonding types and domain size and its sensitivity 

to internal stresses. Many diamond and DLC films are a composite of differently 

bonded carbon phases, resulting in complex Raman spectra. Identifying the different 

components making up these spectra can be a difficult process. A factor which 

complicates the interpretation is that the Raman scatterin[S efficiency for diamond is 

about 50 times lower than that for graphite (Wada and Solin (1981)). Consequently, 

small amounts of diamond in an amorphous network may be masked. This does 

however, ensure that films exhibiting the diamond signature are good quality 

diamond . 

2.5.2 Scanning Electron Microscopy 

It is important to be able to visually examme the films produced usmg different 

techniques, since morphology, grain size and orientation, as well as physical evidence 

of strain or faceting are particularly important in crystalline structures. Scanning 

Electron Microscopy (SEM) is one of the most widely available tools for diamond 
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characterisation. In this technique, a beam of primary electrons are accelerated 

through a potential of lO-20kY on to the surface under examination. The primary 

electrons lose energy by processes including the stimulation of secondary electrons. 

The energy distribution of these secondary electrons is peaked at around a few e Y, 

and can be used to examine the topography of a sample. Analysis of the X-rays which 

are generated by the radiative relaxation of a core-level hole excited by the primary 

beam, can also provide information on any impurities present within the material. 

This technique is particularly important for the examination of film morphologies, and 

allows the effect of different process parameters on the resulting film structure to be 

examined. SEM can also be used to estimate the crystal grain size in a film and the 

thickness of the deposited film. Figure 2.19 shows deposits on two different 

substrates obtained using different gas mixes, as viewed using SEM - where (a) and 

(c) are highly graphitic, and (b) and (d) are well-faceted crystalline diamond. 

(a) 

(c) (d) 

Figure 2. 19: Morphological studies using SE/v!: Deposits on diamond scratched (a, b) and untreated 
(c,d) single crystal silicon from a microwave plasma using 1.6% (a,c) and 0.5% (b, d) 
methane/hydrogen mix (Bachmann and Wiechert (J 99 1)) 
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2.5.3 Infrared Spectroscopy 

In this technique, the interaction of chemical bonds with infrared frequency radiation 

leads to a spectrum of absorbed radiation, dependent on the frequency of the 

incoming radiation. This results from the interaction of oscillating molecular dipoles 

within a sample with the oscillating electric vector of EM radiation with the same 

frequency, which gives rise to resonant absorption. The infrared spectra of diamond 

films are comprised of broad bands due to the phonon absorption modes. The 

presence of impurities such as nitrogen or boron can be detected because they induce 

the forbidden single phonon mode to become infrared active. This single phonon 

absorption band has been used to measure the concentration of nitrogen present in 

bulk diamond (Sutherland et al (1954)) . Other weak absorptions in diamond films are 

related to hydrogen incorporated during growth, and can make quantitative 

absorption measurements difficult. 

2.5.4 Transmission Electron Microscopy 

In this process the electrons transmitted through a specImen are examined for 

diffraction effects. Consequently, the primary beam voltage is of the order of a few 

hundred kV, and the specimen must be thinned to about 1 micron to make the 

material electron transparent. An electron beam passing through a thinned sample can 

be imaged to show lattice features with resolutions of O.2nm. This allows twin 

defects, dislocation and grain boundary effects to be studied. 

2.5.5 X-Ray Diffraction Analysis 

X-rays directed on to a sample are primarily scattered by electrons within atoms. 

Constructive scattering between sample atomic planes leads to diffraction, resulting in 

maxima in the intensity of the scattered X-rays . The position of the maxima provides 

information about the shape and size of the unit cell, while the width of the maxima 

allows evaluation of the size, orientation and strain of grains in the material under 

examination. The preferred orientation of a material can also be studied using X-rays. 
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2.5.6 Secondary Ion Mass Spectrometry 

Secondary Ion Mass Spectrometry (SIMS) is an invasive technique, which can be 

used to obtain structural and chemical information on the sample under investigation. 

Primary ions with energy in the range 0.5-50 keY are directed on to the substrate 

surface, where they transfer energy to the surrounding target atoms, resulting in their 

ejection from the surface. Almost all of the charged and neutral clusters originate 

from the outermost atomic layers of the substrate, so this technique provides detailed 

information on surface constituents. Sample information is obtained by analysing the 

mass and energy of the atomic or molecular ions emitted from the surface. Data is 

often presented as a mass spectrum, which reflects the number of ions detected with a 

given mass/charge ratio. 

2.5.7 Rutherford Backscattering 

The principle of operation of this technique relies on the fact that high energy ions 

projected on to a surface may be back-scattered within the first micron. Light ions 

such as helium or hydrogen possessing energies of Me V are generally used as 

projectiles in this technique, to ensure that sputter yields are low and the technique is 

non-destructive. Analysis of the energy spectrum and angular distribution of the 

backscattered ions provides information on the composition and structure of the 

sample under investigation. This technique is relatively insensitive to light elements in 

heavy matrices, but has a higher sensitivity to heavy elements in light matrices, 

permitting the identification of impurities within a lattice. 

2.6 Summary 

Low pressure techniques for diamond growth have been a major breakthrough in the 

last fifteen years. The catalyst to their development seems to have been the direct 

incorporation of atomic hydrogen etching into the growth process and the activation 

of the source gases to achieve commercially significant growth rates. Numerous 

techniques have been used to grow thin film diamond - most of which involve 
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chemical vapour deposition. Despite the diversity of these methods, a number of 

features appear to apply to all chemical vapour deposition techniques. This suggests 

that, to some extent at least, diamond growth is independent of the method employed. 

These common features are outlined briefly below: 

1. Activation of the feed gas is required to achieve appreciable growth rates . 

2. Diamond growth is independent of the method of activation of the source gas. 

Approximately the same conditions are needed for diamond growth regardless of 

the technique, which influences the rate of growth but not the structure. 

3. The nature of the hydrocarbon precursor appears to have little effect on the 

deposition behaviour of diamond films. Aliphatic and aromatic hydrocarbons, as 

well as alcohols and ketones can be used to grow diamond. This relative 

independence of diamond growth on the nature of the input species is consistent 

with the fact that most hydrocarbon sources tend to chemically transform to 

common product species, such as acetylene, under harsh environments similar to 

those required to activate precursor gases in diamond deposition. 

4 . The primary plasma species detected in diamond growth reactors are acetylene and 

methyl radicals - as evidenced using mass spectroscopy, emission spectroscopy and 

IR diode laser absorption spectroscopy (e.g. Harris et al (1988) and Goodwin and 

Gavillet (1990)). 

5. Scratching, seeding and etching of the substrate affect the induction time for 

diamond growth, but not the rate of subsequent growth. 

6. Graphite formation usually accompanies diamond growth. 

7. Small amounts of oxygen accelerate the diamond growth rate, and produce better 

quality diamond films . The addition of oxygen reduces the acetylene concentration 

in the reactor, probably produced by the pyrolysis of methane or the hydrogenation 

of non-diamond carbon. This reduction, in turn, suppresses the deposition of 

graphitic or amorphous carbon, resulting in an improved quality of diamond film. 

8. Atomic hydrogen is required for effective growth. While the exact nature of the 

fu nction of atomic hydrogen is still under debate, it appears to fulfil a number of 

significant roles in the diamond growth process. 

9. Varying the substrate temperature results in a variation in the diamond growth rate, 

indicating the competit ion between diamond and graphite growth 
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However, despite the large advances made in thin film technology over the past fifteen 

years, there still remain a vast number of unknown quantities within the diamond 

growth process. Much of the progress made in the field of thin film diamond growth 

is empirical in nature having been achieved by trial and error. As yet, no satisfactory 

explanation exists as to why certain operating conditions are better than others. 

The current issues in diamond growth include the production of single crystal 

diamond films instead of polycrystalline materials, the adhesion of diamond films to a 

wider range of substrates, and the deposition of good quality diamond at very low 

operating temperatures, to access a much wider applications market. Progress in the 

understanding of fundamental aspects of the growth process is required before the 

solution of these problems is assured. 
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3.1 Introduction 

In order to realise the huge potential commercial applications of thin film diamond, a 

detailed understanding of the complex deposition chemistry and fundamental 

phenomena responsible for diamond nucleation and growth is required. Mechanisms 

for diamond growth have been keenly debated over the past number of years. 

However to date, no one mechanism has been found to explain satisfactorily all 

aspects of diamond growth. Numerous suggestions have been presented, postulating 

the role of different carbon species as possible growth precursors. Some of these 

theories involve detailed consideration of kinetic and thermodynamic constraints on 

growth species, whilst others simply attempt to explain results obtained in a particular 

growth environment. 

Essential to the verification of any theory is the existence of experimental evidence 

which validates the assumptions proposed in the mechanism. The most stringent 

testing of diamond growth mechanistic hypotheses involves checking for consistency 

with known experimentally observed trends. However, despite the care taken in 

developing appropriate tests, experiments which appear to confirm one diamond 

growth mechanism are balanced by those which support a fundamentally different 

growth process. This may be due, in part, to the immense difficulties involved in 

determining accurately species' concentrations and interactions. An increasing 

number of researchers (Spear and Frenklach (1994), Yarbrough (1991) and Zhang et 

af (1994» are addressing the possibility that there may be more than one significant 

precursor species for deposition, whose importance depends on experimental 

conditions such as temperature, pressure, residence time or reactor geometry. 

Over the past ten years, a vast number of mechanisms have been proposed to try and 

explain the growth of diamond films. Tsuda (Tsuda et af (1987» proposed the first 

mechanism for diamond formation in Iow pressure activated gas environments, 

although experimental evidence disputes its viability on energetic and steric grounds. 

The two most quoted mechanisms to explain the growth of polycrystalline diamond 

are those proposed by Harris (1990), involving methyl radicals, and Frenklach 
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(Frenklach and Spear (1990)) involving acetylene molecules . Both main mechanisms 

employ the postulate of chemical similarity, first proposed by Frenklach and Spear 

(1990), which assumes that CVD diamond surface reactions can be approximated by 

those of large alkane molecules . As a result, surface processes can be modelled in 

terms of elementary chemical reactions of specific surface sites. These models, 

together with subsequent modifications, will be considered in some detail in this 

chapter, along with additional models and relevant experimental evidence. 

3.2 Ionic Mechanisms of Tsuda 

Tsuda, Nakajima and Oikawa (1986, 1987) assumed that a part of the hydrogenated 

diamond (111) surface could be simulated by a hydrogenated carbon cluster. 

Assuming that only C1H, radicals and ions could be the growth species in a CH4-H2 

plasma, they carried out a series of semi-empirical quantum-chemical computations of 

potential energies, in order to identify the lowest energy path of diamond growth. 

Model compounds used for the calculations are shown schematically in Figure 3. 1, 

where model L has the smallest sub-unit structure of a diamond crystal, and model S 

has only the surface structure of diamond covered with methyl groups. Tsuda et al 

(1986) showed that use of the simpler S model introduced very few errors into the 

potential energy calculations, and so they employed it. 

Model L Model S 

Key : 

• H atom 

o C atom 

Figure 3.1.- iHode l compounds Land S considered by Tsuda et al (1 986) 

They developed a two-step reaction sequence where the (111) plane of the diamond 

surface is covered by methyl groups, either through insertion of methylene into C-H 

surface bonds: 
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Cd-H + CH2 ~ Cd-CH3 

or abstraction of H from these bonds, followed by addition of free methyl radicals to 

the created radical sites on the diamond surface: 

where: X = H, CH, CH2, CH3 

Cd = C on surface, 

* = radical 

Cd-H + X ~ Cd* + XH 

Cd* + CH3*~ Cd-CH3 

A free gaseous methyl cation CH3+ can then bind together three neighbouring CH3 

groups on the (111) plane, releasing three H2 molecules. Figure 3.2 illustrates the final 

configuration of the four methyl groups in the diamond structure: 

Key: 

• H atom 

o Catom 

• MethylCatom 

Figure 3.2: The completed incorporation offour methyl groups into the diamond structure (Spear et 
al (1994)) 

Tsuda et at (1987) later extended their mechanism to postulate lattice growth entirely 

by reaction of free CH3 radicals with the surface complexes that maintain a positive 

electric charge. They stated that "the most important requirement is the maintaining of 

positive charges on the growing surface so long as methyl radicals are supplied". 

3.2.1 Experimental evidence disputing ionic mechanisms 

Tsuda et at (1986, 1987) proposed a binding reaction between three CH3 groups 

chemisorbed adjacent to each other on' a (111) plane. Mehandru and Anderson 

(1990) and Pederson et at (1991) estimated that the repulsion between individual 

methyl hydrogen atoms on this surface would be too strong to make this mechanism 

sterically viable. Quantum chemical calculations by several groups (Pederson et at 

(1990) and Valone et at (1990)) have shown that adjacent methyl groups on diamond 
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(Ill) surfaces would be highly sterically hindered, and so a full monolayer of methyl 

groups, as proposed by Tsuda, is unlikely to form. 

Molecular dynamics calculations carried out by Valone (1989) also indicate the 

unlikelihood of Tsuda's mechanism, since they estimate the activation energy of the 

process to be large (210 kcalimol), thus decreasing the probability of it occurring 

sufficiently frequently to account for measured growth rates. The presence of 

significant concentrations of gas-phase methyl radical cations CH3 + is essential to 

Tsuda's mechanism. However, Frenklach and Spear, in several papers (Frenklach and 

Spear (1990) and Spear and Frenklach (1989» have emphasised the unlikelihood of 

this occurring in hot filament environments. Kondoh et al (1991) also rej ected this 

mechanism, on the grounds that electrically charged species would not exist in 

sufficient quantities in the hot filament CVD process. Despite evidence supporting 

CH3 - as growth species, evidence predicting the overall instability of this mechanism 

suggests that it is unlikely to represent accurately the process of diamond growth. 

3.3 CH3-Based Mechanisms 

Harris first proposed a mechanism based on CH3 addition to a diamond surface, which 

included detailed kinetic considerations. Subsequent CH3 models have developed and 

modified this original model to more accurately represent diamond growth. 

3.3.1 Harris'mechanism 

Harris (1990) proposed a mechanism for homoepitaxial diamond growth from methyl 

radicals on a hydrogenated, electrically neutral (100) surface, assuming typical 

fil ament-assisted growth conditions. Bicyclo[3 .3.1 ]nonane (BCN) was used as a 

model compound representing a diamond surface, to which carbon from a CH3 radical 

was added, to form adamantane - often taken as a prototype for diamond. Growth on 

BCN was assumed similar to growth on a hydrogenated diamond (100) surface, 

because the orientation of the displayed H atoms and the C atoms to which they are 

bound, are identical in both cases . Figure 3.3 shows schematically the main steps 
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involved in conversion of BCN (called ill-I) to adamantane (called B). The two H 

atoms pointing towards each other on BCN are of primary concern, since they 

represent H atoms on the hydrogenated (100) surface. Table 3.1 outlines the reactions 

involved in Harris' proposed mechanism. Rate constants for these reactions are 

detailed in the original paper (Harris (1990» . 

"1---* M--r" 
C~~~~~~xl/ 

V *M 
C 

"~rH "--rH 
'V 'H* 

H ____________ H M* ______ ______ H 

~ A 
c~c 

V HM* 

Figure 3.3: Surface configurations converting BCN to adamantane. -* represents a radical site; -M 
represents a surface-bonded -CH3 species; 1'vl* represents a surface-bonded -CH2* radical (Harris 
(1990)) 

Reaction Equation 

1 ill-I + Hgas 
B H* + Hias 

2 H* + Hgas B ill-I 

3 H* + CH3g B HM 

4 HM + Hgas 
B *M + Hias 

5 *M+Hgas B HM 

6 HM + Hgas B HM* + H2ga~ 

7 HM* + Hgas B HM 

8 HM* B *M 

9 HM* + H B H* + CH3 

10 HM* + CH3g
as B HE 

11 HM* + Hgas B B + H2g
as 

12 *M + Hgas B B + H2g
as 

Table 3.1: Diamond growth mechanism proposed by Harris (1990) 
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Reaction (l) involves abstraction of a "surface" H by Hgas to form a H2gas molecule 

and a surface with a H atom and a radical site - denoted H*. These H* sites either 

accept Hg
as 

to reform HR (2), or accept CH3g
as to form HM (3) . Hgas can then abstract 

either a methyl hydrogen to form HM* (6) or the remaining "surface" H atom to form 

*M (4) . HM* and *M can interconvert (8) and Hgas may react with HM* to liberate 

CH3g
as 

and form H* (9). Finally an H atom is abstracted, leaving two adjacent radical 

C atoms which react to form a C-C bridge bond (11 or 12) - adamantane. A linear 

hydrocarbon chain will form if CH3g
as adds to HM* to form an ethyl group HE. 

This mechanism assumes an infinite diamond (100) surface to be made up from a 

collection of BCN molecules . However, there are differences between diamond and 

BCN which will produce discrepancies in the calculation. On a diamond surface, each 

HR site has neighbours which can have steric and kinetic effects on its reactivity. On 

the original (100) surface, each HR site has HR neighbours, but growth produces an 

increasing fraction ofB neighbours. BCN does not have these B neighbours . 

In order to simulate more accurately the diamond surface, Harris evaluated kinetic 

and thermodynamic parameters for each BeN, as though it was part of a 

hydrogenated (100) surface with HR and B neighbours. He postulated that the 

average growth rate would lie between two extreme calculations: one assuming that 

all neighbours on BCN are HR, and the other assuming they are all B . 

This mechanism predicts that growth accelerates during formation of a layer, and that 

each layer should be largely complete before the next one begins - providing a smooth 

surface. Harris estimated an uncertainty of two orders of magnitude in his predicted 

growth rate of 0.06-0.6 ~lmh-l ; but the measured growth rates (0.1-1.0 ~lmh-l) quoted 

seem consistent with his predicted rates on (100) surfaces for hot-filament conditions. 

3.3.2 Harris and Goodwin's mechanism 

Goodwin (1991) published a modified version of Harris' mechanism, which included 

adjustments to some of the rate coefficients, and an additional nine reactions 
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describing radical recombination on the surface via H-atom abstraction. Simulations 

of the oxy-acetylene flame experiments of Matsui et al (1989) and dc arcjet 

experiments of Stalder and Sharpless (1990) and Raiche et al (1991), showed that this 

methyl growth mechanism not only predicted measured growth rates for the hot 

filament reactor, but also for these two experimental configurations, to within a factor 

of two . The good agreement achieved between experiment and theory is surprising, 

considering the large uncertainties in the thermochemistry of the (100) surface and the 

polycrystalline nature of the grown films. However, it does suggest that this methyl 

growth mechanism can account for both high and low-rate diamond growth. 

Goodwin also noted that the model predicted atomic carbon to have a high 

concentration on the growth surface, which might permit it to play a role in diamond 

growth. Such a role however, was neglected in these simulations. The modifications 

to the original model were accepted by Harris and the model is summarised in Table 

3.2, where C6HH is the same surface as HH in Harris' original mechanism. 

Reaction Equation 

1 C6HH + Hgas ~ C6H* + H2g
as 

2 C6H* + Hgas ~ C6HH 

3 C6H* + CH3g ~ C6HM 

4 C6HM + Hgas ~ C6*M + H}as 

5 C6*M + Hgas ~ C6HM 

6 C6HM + Hgas ~ C6HM* + H2g
as 

7 C6HM* + Hgas ~ C6HM 

8 C6HM* ~ C6*M 

9 C6HM* + H ~ C6H* + CH3 

10 C6HM* + Hgas ~ C6B + H2g
as 

11 C6*M + Hgas ~ C6B + H2g
as 

12 C6HH + Hgas ~ C6*H + H2g
as 

13 C6*H + Hgas ~ C6HH 

14 C6H* + Hgas ~ C6 ** + H2g
as 

15 C6 ** + Hgas 
~ C6H* 

16 C6*H + Hgas ~ C6** + H2g
as 

17 C6 ** + Hgas ~ C6*H 

18 C6 ** + CH3g
as ~ C6*M 

19 C6H* ~ C6*H 

Table 3.2: GoodlVin 's mechanism for diamond grolVth (Harris and Goodwin (1993)) 
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Harris and Goodwin (1 993) published a paper In which shortcomings In Harris' 

original mechanism (Harris (1990)) - including the unlikelihood that a surface 

composed of BCN-type sites would be stable, because of very large H-H steric 

repulsions - were outlined. This original mechanism (called the "trough" mechanism) 

was modified to reduce surface stress, by combining it with a new "dimer" 

mechanism. The dimer mechanism was proposed in response to STM and AFM 

experiments (Everson and Tamor (1991) and Baranauskas et at (1992)) which 

showed that diamond surfaces can be rough on an atomic scale, but at least some of 

the surface reconstructs to the (100)-(2xl) :H form. On this surface, each carbon 

atom is bonded twice to carbon atoms in the bulk, once to a surface hydrogen, and 

once to a neighbouring surface carbon making a "dimer" and forming a five

membered ring . 

The trough and dimer mechanisms operate sequentially on the two types of surface 

site present on the (100)-(2x1):H diamond surface. Carbon atoms can either insert 

into dimer bonds or add across troughs between dimer bonds. To complete a new 

monolayer, the same number must add to both. Figure 3.4 shows the dimer and 

trough positioning on part of the (1 00)-(2x l) :H surface: 

h 

d 

Figure 3.4: Diamond surface structure. Positions labelled a, c, e and g are sites fo r addition with the 
dimer mechanism; positions labelled b, d, f, and h are sites f or addition with the trough mechanism 

(Harris and Goodwin (1 993)) 

The steps involved in adding carbon across the trough are identical to those outlined 

previously. Harris and Goodwin used a dimer mechanism proposed by Garrison et at 

(1 992), in which all the reactions have low activation barriers and well known 

analogues in hydrocarbon chemistry. This is detailed in Table 3.3 : 
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Reaction Equation 

1 Cs + Hgas ~ Cs* + H2g
as 

2 Cs* + Hgas ~ Cs 

3 Cs * + CH3g
as ~ CsM 

4 CsM + Hgas ~ CsM* + H2g
as 

5 CsM* + Hgas ~ CsM 
6 CsM* + Hgas ~ Cs* + CH3g

as 

7 CsM* ~ Cd* 

8 Cd* ~ C6* 

9 C6* + Hgas ~ C6 

10 C6 + Hgas ~ C6* + H2g
as 

11 C6 + Hgas ~ C6 T* + H2g
as 

12 C6T* + Hgas ~ C6 

13 TC6 T*+C6 + Hgas ~ C6HH + Hias 

Table 3.3: Reactions involved in the dimer mechanism (Harris and Goodwin (1993)) 

The dimer structure is denoted Cs because of the presence of five-membered rings, 

and the formation of C6 from Cs requires two hydrogen abstraction reactions. The 

trough mechanism occurs only adjacent to C6 -type sites just formed by the dimer 

mechanism, and requires three hydrogen abstraction reactions to form C6B (called B 

in Harris' original mechanism). Analysis shows that the trough mechanism is slower 

than that of the dimer mechanism, partly due to the additional H atom abstraction 

necessary. Since a complete new layer cannot form until addition has taken place at 

each site, the trough mechanism is rate limiting. This may explain the ability of the 

trough mechanism alone to predict accurately, experimental growth rates (Harris 

(1990)) 

3.3.3 Yu and Girshick's mechanism 

Yu and Girshick (1994) noted that under thermal plasma conditions, a potentially 

important growth species is monatomic carbon vapour - due to its abundance, 

favourable energetics (Huang and Frenklach (1992)) and high reactivity (Garrison et 

al (1992)) Smith and leffries (1991) had previously noted that carbon atoms could be 

a primary growth species in a plasma arcjet reactor. Yu and Girshick extended Harris' 

methyl dimer and trough mechanism to treat any CHm radical, m = 0-3, arriving at the 
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surface as a growth monomer, for typical conditions in an atmospheric-pressure 

thermal plasma. Twelve surface structures are used in the mechanism [see Figure 3.5 

where symbols are the same as in Harris' mechanism] - of which eight are taken from 

the modified Harris mechanism. Table 3.4 summarises the surface reactions 

considered, where reactions 1-19 are included in the Harris mechanism. Reactions 20 

and 21 involve gas phase C atoms reacting with either a single or a di-radical site; 

reactions 22-27 involve H atoms arriving at sites on a HM radical, to be adsorbed or 

to abstract an atom from the methyl group; reactions 28-31 involve CH and CH2 

arriving at either single radical or di-radical sites. Again, the original paper outlines in 

detail the determination of rate constants for each of the considered reactions, and 

provides justification for any simplifications employed. 

H _____ ____ H M' _____ ____ 11 

~ A 

'Y 'HM* 
c 

* V H _____ ______ c _______ ____ H 

~ A 
c~c 

If B* 
c 

"1---* HA " 
'Y "H 

Figure 3. 5: Sur/ace structures included in Yu and Girshick's mechanism (1994) 
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REACTION EQUATION REACTION EQUATION 
1 RH + H +-+ H* + H2 17 *H+H ~ ** +H2 
2 RH+H ~ *H+H2 18 ** + H ~ H* 
3 HN1 + H ~ *M + H2 19 ** + H ~ *H 
4 HN1 + H ~ HM* + H2 20 ** + C ~ B** 
5 H* +H ~ RH 21 H* + C ~ HN1*** 
6 *H + H +-+ RH 22 HN1*** + H ~ HN1** 
7 *M+H ~ HM 23 HN1** + H ~ HN1* 
8 HN1* +H ~ HM 24 HN1*** + H ~ B** + H2 
9 HN1* ~ *M 25 HN1** + H ~ B* + H2 
10 H* ~ *H 26 HN1* + H ~ HN1** + H2 
11 . H* + CH3 ~ HM 27 HN1** + H ~ HN1*** + H2 

12 ** + CH3 ~ *M 28 ** + CH ~ B* 

13 HN1* + H ~ H* + CH3 29 ** + CH2 ~ B 

14 HN1* + H ~ B + H2 30 H* + CH ~ HN1** 

15 *M+H ~ B + H2 31 H* + CH2 ~ HN1* 

16 H* + H ~ ** + H2 

Table 3.4 .· Growth mechanism involving any CHm radical (Yu and Girshick (1994)) 

Using a model for the boundary layer above the diamond growth substrate, the 

growth rate can be predicted as a function of boundary layer thickness between the 

plasma and the growing diamond film, and contributions to the growth rate 

determined for each monomer (see Figure 3.6) . 
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Figllre 3.6.· Contributions to diall10nd growth rate ji-om dijJerent monomers as a function of 

boundary laver th ickness (Yu and Girshick (1994)) 
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Calculations using this model suggest that thermal plasma diamond CVD can be 

divided into two regimes : ' growth by methyl' for relatively low velocity, low growth 

rate plasm as such as rf plasmas, and' growth by C' for high velocity, high growth rate 

plasmas such as dc plasma jets. The border between these regimes depends on the 

boundary layer thickness . 

3.3.4 Butler's mechanism 

Butler and Woodin (1993) outlined a mechanism to account for incorporation of 

carbon into the lattice, involving CH3 at (110) type growth sites. They emphasised 

CH3 as growth species because of kinetic and spectroscopic data indicating that it (or 

perhaps another single carbon species) is responsible for most carbon incorporation 

into the lattice. This mechanism is very general, and simply outlines steps which 

would permit different pathways for diamond growth (as proposed by other groups) 

to proceed, depending on the reaction products formed. The first step involves the 

generation of a chemisorbed ethyl group on the surface through succeSSIve 

attachments of CHx (x :S 4) species at radical sites (see Figure 3.7) . 

{H,H} 

H H 
I \ H 
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\ C-C l 

C- c C- C 
CH} -

\ C- CI 

CH) H 
CH} I \ 
-- C-C C-C +--

\ C- Cl 

Figure 3.7. Generation of an ethy l group on a (110) site (Butler and Woodin (1993)) 

The ethyl can undergo many surface reactions involving H addition or abstraction. 

Often a C2H4 bridged species is formed and sometimes a chemisorbed vinyl group, 

{C2H3,H} (see Figure 38(a), (b)) . 
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Figure 3.8: Schematic diagrams of (a) C2H4 bridged species, (b) chemisorbed vinyl group, (c) s/ 
bonded bridged species (Butler and Woodin (1993)) 

Diamond growth may proceed from the bridge species by the addition of single 

carbon species down (110) troughs, as proposed by Harris (1990). The vinyl group 

may undergo reactions to form the bridge species, or form a Sp2 bonded bridged 

species (see Figure 3.8(c)). Depending on the position of these Sp2 bonded bridged 

species on the growth surface, a new layer of the diamond lattice may be formed (as 

proposed by Belton and Harris (1992)), or a defect in the lattice may be generated. 

This mechanism estimates that generation of the C2H4 bridged species is rate-limiting. 

It predicts that infrequent nucleation of a growth site is followed by more frequent 

growth events around that site. 

3.3.5 Experimental evidence supporting CH3 growth mechanisms 

Initial experimental work concentrated on identifying the possible species for diamond 

growth. Experiments conducted by Martin and Calloway (1989) indicated CH3 and 

C2H2 to be the most effective free radicals for diamond formation. Harris et at (1988) 

and Goodwin and Gavillet (1990) used measured concentrations of species in the gas 

phase and expected reactivities, to show that CH3 and C2H2 are the most likely 

growth species. 

These general findings indicate several species which have a high probability of being 

involved in the growth process. However, evidence does exist which supports a 

specific methyl growth mechanism. Martin (1990) and Martin and Hill (1990) carried 

out experiments using flowtubes, in which the relative efficiencies of acetylene and 

methyl radicals for diamond growth were compared . It was found that both species 

produced diamond, but ten times more diamond was observed with methane injection, 



3 - MECHANISMS FOR DIAMOND GROWTH 82 

which also produced better diamond quality, than with acetylene injection. An 

experiment by Harris and Martin (1990) provided further evidence that CH3 radicals 

dominate in filament-assisted systems. 

A very significant study was that carried out by Chu et al (1990), in which diamond 

growth in a hot filament reactor was investigated using competition studies between 

carbon-13 labelled methane and carbon-I2 acetylene. The carbon-I 3 mole fraction of 

the film was determined from the shift of first order Raman frequency at 1332 cm-I, 

and the carbon-I3 mole fractions of methane, acetylene and the methyl radical in the 

gas phase were obtained by sampling the gas near the growth surface and determining 

its composition by matrix-isolation FTIR spectroscopy. The carbon-13 mole fraction 

of the grown film was found to match that inferred for the methyl radical, but was 

higher than that of acetylene - leading to the conclusion that diamond growth using 

HFCVD, results mainly from methyl radicals. In subsequent studies (Chu et al 

(1991), D'Evelyn et al (1992)), this group examined films grown on (100), (Ill) and 

(110) diamond substrates and concluded that the methyl radical is the predominant 

growth. precursor regardless of the crystallographic orientation of the diamond 

substrate. 

Harris et al (1991) used a filament-assisted arrangement to provide data for the gas

surface model, which predicted a growth rate proportional to CH3 concentration - an 

idea supported by earlier work (Harris and Weiner (1990)). Harris and Goodwin 

(1993) showed that Harris' CH3 mechanism (1990) successfully predicted growth 

rates for a range of systems (see Figure 3.9) . Reeve and Weimer (1994) modelled 

conditions in a dc arcjet, showing CH3 to be the most abundant species between the 

plasma gun and substrate, and so the dominant diamond growth precursor. 
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Figure 3.9: Comparison of measured growth rates with rates predicted by Harris' mechanism 
(Harris and Goodwin (1993)). Simulated environments were: oxy-acetyleneflame (solid squares), dc 
arc jet (open circle), rf torch (open squares), acetylene-oxygen flat flame (solid triangle), and a hot
filam ent system (solid circle) 

3.3.6 Experimental evidence disputing CH3 growth mechanisms 

There is also experimental evidence, along with some theoretical considerations, 

which disputes the methyl radical mechanism. Pinter et at (1994) measured diamond 

growth rates as a function of water vapour content in a C~:H2 microwave plasma. 

Increasing the water content in the plasma gas resulted in an increase in diamond 

deposition rates, but a decrease in CH3 + and CH3- ion concentrations. Pinter predicted 

that the CH3 concentration in this reactor would also decrease, suggesting that it 

could not be the cause of the increased diamond growth rate, and so could not be the 

primary species responsible for diamond growth. 

An ECR plasma-enhanced filament-assisted reactor was used in experiments 

conducted by Tsai et at (1992) . They generated methyl radicals from an 

ethane/hydrogen mixture, and studied the material deposited over a range of operating 

conditions. In all cases, they found that only graphite was deposited. This also 

questions the role of methyl radicals as precursors for diamond growth. 

Sun et al (1993) showed that the steric repulsion for the H-H site on BCN (used in 

Harris' mechanism (1990)) is different from that on the diamond (100) surface. They 
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predicted very strong steric repulsions between neighbouring hydrogen atoms on the 

diamond surface. Huang and Frenklach (1992) used quantum-chemical calculations to 

predict that the potential energy barrier for methyl insertion using Harris' mechanism, 

is 80kcallmol. This would make the initial addition of methyl to the diamond surface 

very slow, and so would limit predicted growth rates. Mehandru and Anderson 

(1 99 1) proposed that H atoms on a (100) diamond surface would move apart to 

reduce the strain, strongly affecting diamond growth on that surface. 

However, as pointed out by Angus et al (1991), these studies only consider total rates 

of atom addition. Mechanisms could exist where C2Hx or C3Hx species form a critical 

nucleus, followed by CH3 addition. Under these circumstances, the majority of atoms 

added to the diamond surface arise from CH3 radicals, but other species have a vital, 

neglected role. 

3.4 C2Hr Based Mechanisms 

3.4.1 Frenklach and Spear's mechanism 

Frenklach and Spear (1988) proposed an acetylene-addition mechanism, inspired by a 

reaction mechanism identified for the formation and growth of polycyclic aromatic 

hydrocarbons (P AH) in hydrocarbon pyrolysis and combustion. Since acetylene is the 

most thermodynamically stable small gaseous hydrocarbon, they predicted that it 

should be one of the main gaseous species present in an activated hydrocarbon gas or 

plasma. 

They assumed the starting point for their growth reaction sequence to be a step 

fragment on a diamond (111) plane. H abstraction activates a hydrogen terminated 

surface carbon (labelled Cd) : 

Cd-H + H ---) Cd* + H2 

and a gaseous acetylene molecule adds to this surface radical: 

Cd* + C2H2 ---) Cd-CH=CH* 
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A second C-C bond can form between this newly formed specIes and the 

neighbouring surface site Cd': 

Cd-CH=CH* + Cd'-H ~ Cd-C*H-CH2-Cd' 

The addition of a second acetylene molecule to the surface results in the subsequent 

formation of a new fragment of diamond surface, and the original H atom responsible 

for creating the active surface site is regenerated: 

Cd-C*H-CHrCd' + C2H2 ~ Diamond + H 

This process requires the formation of new C-C bonds, and the migration of two 

hydrogen atoms from lower to upper surface layers, with the release of one atom into 

the gas phase. A series of elementary bond breaking or bond forming processes are 

responsible for this process and are detailed in the original paper (Frenklach and Spear 

(1988)). This sequence of diamond growth on a (Ill) surface by acetylene addition 

is shown schematically in Figure 3. 10: 

Key: 

Step 1 Step 2 • Hatom 

0 Catom 
• • C2H 1 C atom 

Step 3 Step4 

Figure 3.10: Diamond growth through the addition of two acetylene molecules to a step on a (111) 
surface (Spear and Frenklach (1994)) 

Frenklach and Spear showed that this growth process does not limit the hydrocarbon 

species to acetylene. Other acetylenic species such as C2H, C4H2, C4~ and C6H2 

could undergo surface growth reactions similar to those of acetylene, resulting in 

diamond production. However, the concentration of such species in the deposition 

zone of a typical CVD reactor is much lower than that of acetylene (Frenklach and 

Wang (1991), Martin and Calloway (1989)), and so the rate of diamond growth via 

these species would be correspondingly reduced. 
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Huang et al (1988), in a subsequent development of this original mechanism, used 

semi-empirical quantum-chemical calculations to show that the process of acetylene 

addition to a diamond (111) step should proceed by a single reaction step via a 

complex transition state, rather than a sequence of two separate acetylene addition 

steps, on energetic grounds. As a result, fewer elementary reactions should be 

required than were originally postulated. 

3.4.2 Frenklach and Wang's mechanism 

Frenklach and Wang (1991) developed a detailed chemical kinetic model involving 

158 reactions, to simulate gas-phase and surface reactions occurring in an idealised 

hot-filament reactor, and assuming deposition on the (Ill) diamond plane. The gas 

phase sub-model predicted correctly the measured concentrations of major gas 

species, while the surface sub-model reproduced observed temperature and pressure 

effects on growth rate and film quality. By comparing the reaction rates of diamond 

deposition for different reaction mechanisms this model predicts that, in a hot filament 

reactor under specified conditions, the dominant process for diamond deposition is the 

H abstraction-C2H2 addition reaction outlined earlier (Frenklach and Spear (1990)). 

In contrast to Harris' proposal, this mechanism found growth by a CH3-based 

mechanism involving CH3 additions and H abstractions was inhibited by the low 

concentration of surface Cd-CH3 complexes. Analysis of the reaction paths indicated 

that diamond deposition by methyl radicals proceeds via the formation of acetylenic or 

ethylenic complexes on the growing surface. 

3.4.3 Belton and Harris' mechanism 

Belton and Harris (1992) proposed a mechanism for the addition of C2H2 to the 

fastest growing (110) diamond surface, under filament-assisted conditions. They 

divided the (110) surface into units containing four surface carbon atoms and assumed 

that growth occurs at all such units in parallel. The mechanism begins with fully 

hydrogenated surface units called H4, one of which is shown schematically in Figure 
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3.11, together with some of the subsequent species formed. The reactions in this 

mechanism are summarised in Table 3.5: 

Figure 3.ll: Schematic model showing some of the species formed during diamond growth on the 
(1lO) diamond surface (Belton and Harris (1992)) 

REACTION EQUATION 

1 H4 + Hgas 
f-t RH3 + H2g

as 

2 RH3 + Hgas 
f-t H4 

3 RH3 + Hgas 
f-t R2H2 + Hias 

4 R2H2 + Hgas 
f-t RH3 

5 R2H2 + C2H2g
as 

f-t VH2 

6 VH2 + Hgas 
f-t VRH + H2g

as 

7 VRH + Hgas 
f-t VH2 

8 VRH + Hgas 
f-t VR2 + Hias 

9 VR2 + Hgas f-t VRH 

10 VR2 + C2Hias 
f-t V2 

11 V2 + Hgas f-t YE 

12 YE f-t BR 

13 BR + Hgas 
f-t C4 

Table 3.5: Reactions involved in C2H2 addition to the (1lO) surface (Belton and Harris (1992)) 

The mechanism involves abstraction of a surface H atom to form a surface radical 

RH3, which undergoes a series of reactions to form an adsorbed vinyl structure VH2 . 

An analogous series of steps leads to the addition of the second vinyl group - forming 

V 2 A gaseous H atom adds to the end of one of the vinyl groups, changing it to an 
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ethyl-like radical, and forming the structure YE. When the ethyl radical attacks the 

remaining vinyl group, a butyl radical-like structure BR is formed, which accepts a 

gaseous H atom to form the final hydrogenated carbon structure C4, corresponding to 

the new diamond surface. 

Despite some similarities between this mechanism and that proposed by Huang et al 

(1988), Huang's reaction pathway was rejected by Belton and Harris (1992) as a 

feasible pathway to diamond formation, because of energy constraints. They used 

thermochemical analysis to show that the reverse reaction for C2H2 addition was so 

fast , that C2H2 desorbs in preference to incorporating into the diamond lattice, and so 

is unlikely to explain the observed diamond growth. 

3.4.4 Experimental evidence supporting C2H2 growth mechanisms 

Very few experiments seem to have been carried out to determine whether or not 

C2H2 is the main diamond growth precursor. Evidence supporting or refuting these 

mechanisms seems to be largely indirect - the experimental evidence in Section 3.3.5 

contradicting or confirming CH3 growth, is taken as evidence for or against acetylene 

growth respectively. Harris and Martin (1990) showed that diamond could be grown 

directly from an acetylene and hydrogen mix fed into a quartz flow tube. They noted 

that the quality of diamond films and the rate at which they were grown, was inferior 

to films produced when methane was injected in place of acetylene 

Sun et al (1993) suggested that both C2H2 and CH3 contribute to the growth of the 

diamond (111) surface - C2H2 to growth along the [011] direction and CH3/CH4 to 

kernel formation, whereas only CH3 species contribute to the growth of (100) 

surfaces. This suggests that precursors may fulfil different roles in diamond growth 

on different surfaces . They further postulated that the growth rate of diamond (Ill) 

facets in a HFCVD reactor is controlled by the concentration of C2H2 at the film 

surface, providing support for a C2H2 mechanism. 
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3.5 Combined CH;-C2H2 Based Mechanisms 

3.5.1 Frenklach's mechanism 

Frenklach (1992) used sterically resolved Monte-Carlo simulations to examme a 

combined methyl-and-acetylene reaction mechanism for nucleation of a (111) 

diamond layer. Diamond growth was assumed to be governed by addition of gaseous 

methyl radicals and acetylene molecules to surface radical sites, when sterically 

uninhibited . 

The following set of reactions reproduce the kinetic behaviour of the Monte Carlo 

procedure : 

Cd-H + H ~ Cd* + H2 

Cd* + H ~ Cd-H 

Cd * + CH3 ~ Cd-CH3 

Cd-CH3 + H ~ Cd-CH2 * + H2 

Cd-CH2* + H ~ Cd-CH3 

nCd-CH2* + C2H2 ~ nCd-H + H 

Frenklach found that CH3 and C2H2 addition reactions occur simultaneously and 

interdependently. Adsorption of CH3 creates sites for C2H2 addition, while addition 

of C2H2 creates sites for CH3 adsorption. The model predicts no growth, if one or 

other species is not present, since without methyl present, there are no microscopic 

surface steps formed which enable the addition of acetylene. Similarly, without 

acetylene, the surface rapidly saturates with CH3 radicals and, since no CH3 additions 

to already chemisorbed CH3 groups are permitted, growth is stopped. This reaction 

mechanism is capable of predicting experimental growth rates and implies that the 

formation of microscopically perfect planes in diamond CVD is unlikely. Frenklach 

noted that this interdependence of methyl and acetylene additions would necessitate 

significant modifications to the original proposed acetylene addition mechanism 

(Frenklach and Spear (1 988» . 
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3.5.2 Wolden's mechanism 

Wolden et af (1994) simplified the mechanisms proposed by Harris et af (1991) and 

Frenklach and Wang (1991) for a hot filament reactor, to a single model comprising 

nine species and nine elementary reactions. This was achieved by identifying the 

concentrations of methyl radical, acetylene and atomic hydrogen as the significant 

parameters in this reaction process. Goodwin and Gavillet (1990) stated that these 

are the only species abundant enough to directly participate in diamond deposition, 

and hence if a species does not affect the concentration of these selected species, 

Wolden and co-workers predicted that it would not significantly affect diamond 

growth. 

The mechanism developed is outlined in Table 3.6, and it can be divided into three 

parts . Firstly, the production of atomic hydrogen (reaction 1) . Secondly, the 

interconversion of methane and methyl radicals (reactions 2-4). Finally, the 

combination of a methyl radical with another methyl or methylene radical to form 

C2HS or C2H4, followed by the necessary hydrogen abstractions to reduce these 

molecules to acetylene (reactions 5-9). 

REACTION EQUATION 

1 H2 + H + H ~ H2 + H2 

2 CH4 ~ CH3 +H 

3 CH4 + H ~ CH3 + H2 

4 CH3 + H ~ CH2 + H2 

5 CH3 + CH3 ~ C2Hs + H 

6 CH3 + CH2 ~ C2H4 + H 

7 C2HS ~ C2~ +H 

8 C2H4 + H ~ C2H3 + H2 

9 C2H3 ~ C2H2 + H 

Table 3.6: Reduced reaction mechanism proposed by Wolden et al (1 994) 

Figure 3.1 2 (Wolden et af (1 994)) compares the reduced and full mechanisms and 

shows that the results of the full models can be reproduced over four orders of 

concentration, via this simplified model. The elementary reaction set can be further 
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condensed to a scheme containing only SIX reactions and SIX specIes. This 

condensation is possible, because the mechanism is insensitive to the parameters of 

reactions 7-9, since once methyl and methylene combine, they are rapidly converted to 

acetylene in a practically irreversible process. Despite the success of this model in 

reducing the complexity of calculations required to predict diamond growth, it is only 

applicable to a hot filament reactor. The authors stress that at the higher temperatures 

and greater fractions of atomic hydrogen occurring in DC arc and microwave systems, 

species such as CH, C and C2H, which were eliminated in their analysis, could play an 

importa·nt role. 

10.2..,..-- ----------, 

c 
C/) 

c 
.2 10·] 
u 
CJ 

~ 
~ 10-4 

.c 
VI 

c 10-5 
.2 
o 
'" ... 

~ 
o T-latom ;/ 
o Methyl Radical 
D.. Acetylene 

:: 10.6 

o 
~ 

I 0.7 L--~...-_.......,..~.......,..~_,..................j 

10.7 10-/\ 10·; 10 · ~ 10.3 10·~ 

Mole Fraction - Full Mechanism 

(a) 

10.2:-.---------- --

c 
C/) 

c 
'" .c 
~ 10-3 

~ 
"C 
c 
.c 
r./) I O·~ 

o H atom 
o Methyl Radical 
D.. Acetylene 

.~ /.Jl ~ 10.5 

~ 10·/\ L/=--~....,._~~..,.........~~r_~........j 
10 ·(, 10.5 10-~ 10·~ 10-2 

Mole Fraction - Full Mechanism 

(b) 

Figure 3.12: Concentrations of atomic hydrogen, methyl radical and acetylene calculated from the 
reduced mechanism, versus the values from the complete mechanisms of (a) Harris et al (1991) and 
(b) Huang et al (1988) (Wolden et al (1994)) 

3.6 Alternative Growth Mechanisms 

A number of researchers have, over the years, put forward their own diamond growth 

theories to explain experimentally observed phenomena. These models, while not 

having received the recognition of Harris' and Frenklach's mechanisms, are also worth 

considering. 

3.6.1 Angus' model 

Angus et at (1991) proposed a series of general free radical hydrocarbon reactions 

which could occur in any system. Butler and Woodin (1993) also proposed a similar 
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serIes. The series includes the endothermic process in which molecular hydrogen is 

dissociated to form two hydrogen atoms: 

H2~2H 

Atomic hydrogen can then add to vacant sites on the diamond surface: 

Cd* + H ~ Cd-H 

or remove hydrogen from the hydrogenated diamond surface, or from other 

hydrocarbon molecules R-H: 

Cd-H + H ~ Cd* + H2 

R-H + H ~ R * + H2 

R * or R-H can add to vacant surface sites to form new diamond: 

Cd* + R* ~ C-R 
d 

Cd* + R-H ~ Cd-R + H 

Atomic hydrogen and free radicals can be destroyed by homogeneous gas phase 

reactions with any third body M e.g. 

H* + H* + M ~ H2 + M 

H* + R * + M ~ R-H + M 

This summary of general reactions is a useful reference when comparing features of 

different proposed mechanisms, as is a conceptual diagram for diamond formation 

using microwave CVD proposed by Setaka (1984), which is shown in Figure 3.13 

(Kobashi et al (1988)). 

Microwave · 

Activated 
hydrocarbon 

source 

/ 
I Dia;ond I 

Etching 

Hydrocarbons 

Figure 3. 13: General mechanism for processes occurring in diamond growth reactors (Kobashi et al 
(1 988)) 
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3.6.2 Deak's model 

Deak et al (1991) proposed a mechanism for diamond growth in the presence of 

atomic hydrogen. They simulated an ideal hydrogenated (111) diamond surface using 

a semi-empirical quantum chemical calculation and calculated heats of reaction for 

each proposed step. They postulated that atomic hydrogen could "activate" a 

methane molecule or surface carbon atom through the reactions: 

CH4 + *H ~ * CH3 + H2 

Cd-H + *H ~ Cd * + H2 

The active surface site could then capture a methyl radical, starting kernel growth: 

Cd* + *CH3 ~ Cd-CH3 

The abundance of atomic hydrogen ensures the frequent occurrence of hydrogen 

addition-abstraction reactions, which "activate" this site: 

Cd-CH3 + *H ~ Cd-CH2* + H2 

The site then captures another methyl radical to form a five-member surface ring with 

the release of a hydrogen molecule. The C-C bridge in this ring can form a C-H-C 

bond which, upon capture of a methyl radical, releases H2 forming the propane-like 

kernel assumed by Frenklach and Spear (1990), which can close in to form diamond

like rings. Growth proceeds by methyl capture and H2 release. This mechanism 

highlights the importance of atomic hydrogen throughout the growth process. 

3.6.3 Olson's model 

Olson et al (1994) exposed a substrate to alternate beams of carbon atoms and 

hydrogen atoms in a sequential reactor, producing good quality diamond films. Their 

results suggested that graphite and diamond were not simultaneously deposited, and 

that gaseous carbon produced by the etching of sputtered carbon could not account 

for the growth rates observed. In order to explain their findings, they developed a 

surface mechanism, which assumes that once a carbon species becomes attached to 

the growing surface, the growth process consists only of surface reactions. They 

assumed the growth site to be a ledge on the diamond surface (see Figure 3.14): 
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Growth site 

~ __________ ~ __ -=Arl ------------/~ 
1~ ___________ D_i_al_n_o_nd __ b_u_lk ________ ~ 

Figure 3.14: Diamond growth surface in cross-section (O/son et at (J 994)) 

They proposed that the mechanism consists of a series of steps including: 

carburisation of the diamond surface, deposition of disordered carbon on top, etching 

of the disordered carbon by atomic hydrogen, conversion of the carburised diamond 

surface to diamond at growth sites by atomic hydrogen, and the carburisation of the 

new diamond surface. According to this mechanism, doubling the supply of atomic 

hydrogen should double the amount of carbon converted to diamond, regardless of 

the species introducing the carbon to the growth site. As yet, a carburised surface has 

not been observed. 

3.6.4 Goodwin's model 

Both Goodwin (1991) and Goodwin and Gavillet (Goodwin et al (1990)) simulated 

high-rate diamond synthesis and predicted from species profiles that C atoms could 

play a role in diamond growth. They postulated that C radicals could be in partial 

equilibrium under filament assisted conditions, and so could make a significant 

contribution to diamond growth. This evidence, together with Olson's proposed 

mechanism (Olson et al (1994)), and Yu and Girshick's findings (1994), suggests that 

C atoms may have a significant role to play in the diamond growth process. 

3.6.5 Pinter's model 

The CH5+ radical was proposed as a possible growth precursor by Pinter et al (1994) 

after they investigated diamond deposition rates in a conventional microwave reactor. 

They varied the relative concentration of different ions in the plasma by adjusting the 

water concentration, and noted the effect on diamond growth rate and quality. 

Increased water concentration was found to lead to enhanced diamond deposition 
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rates. Pinter and co-workers could not attribute this enhanced rate to CH3 radicals, 

since the CH3 concentration decreased with increasing water vapour. 

However, they found that there seemed to be a correlation between the concentration 

of CHs + ions in the plasma, and diamond deposition rates. They postulated that 

reaction of CHs + at a vacant site on a diamond surface can result in diamond growth, 

and proposed a simple model. The CHs + decays spontaneously to the most stable CH 

form, corresponding to the hydrogenated diamond surface, while emitting hydrogen 

molecules: 

Cd + CHs + ~ C-CH3 + H2 ~ C-CH + 2H2 

Vacant sites are largely produced by atomic H suppression: 

C-H + H ~ Cd + H2 

Alternatively, the CHs + at the hydrogenated diamond surface might decay, generating 

a vacant site for subsequent growth: 

C-H + CHs + ~ Cd + CH4 + H2 

This model is similar in some respects to some of the more complex mechanisms 

proposed, except that it uses a more uncommon species to produce diamond growth. 

3.6.6 Singh 's model 

Singh (1994) proposed a series of steps for diamond growth by the HFCVD process, 

beginning with the formation of clusters of carbon atoms on the substrate. During 

formation, the supply of activated hydrocarbons and atomic hydrogen to the surface 

results in the conversion of sp 1 and Sp2 bonds between carbon atoms in the cluster, to 

tetrahedral Sp3 bonds. Crystallisation of this amorphous phase occurs by a series of 

complicated exothermic reactions involving hydrogen atoms, in which energy is 

released which locally recrystallises the amorphous phase. The recrystallised regions 

act as nuclei for the growth of diamond. Diamond growth results, with crystals 

changing from a hemispherical to a more faceted shape. Growth continues through 

conversion of amorphous diamond-like carbon into diamond. No mechanisms are 

outlined for how this conversion occurs. 
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3. 7 Summary 

Numerous mechanisms for diamond production have been proposed, attempting to 

explain the reactions taking place. Whilst largely confined to consideration of CH3 

and C2H2 as growth species, some mechanisms have postulated other possible growth 

precursors. These postulates can be debated on energetic or steric grounds, but 

ultimate proof of what is occurring, depends on experimental observation. 

A great deal of time and effort has been expended in seeking to identify speCies 

responsible for growth, and whether critical reactions occur in the gas phase or on the 

growth surface. Experiments have been set up to monitor species' concentrations at 

the substrate and in the gas phase, and complex semi-empirical quantum-chemical 

calculations have been carried out on models designed to simulate reactor conditions. 

However, results do not point conclusively to one particular mechanism. 

Experimental evidence has been quoted to support fundamentally different growth 

process.es. It has been suggested by some, that species responsible for growth may 

differ with reactor environment, or with diamond growth surface - thus increasing the 

complexity of the process even further. As a result, to date, no universally accepted 

method for diamond growth exists. 

Part of the problem may lie in the complex deposition chemistry of CVD reactors. 

Activation of a hydrocarbon gas and hydrogen, upon injection into a system, results in 

unknown concentrations of numerous gaseous species. Inherent in these processes, is 

the possibility that any individual species present could contribute to diamond growth 

- if not to the actual growth step, then to the formation of intermediate complexes. 

As a result, until more fundamental information exists about gas phase and surface 

reactions~ it will be difficult to differentiate between the merits of the most widely 

accepted mechanisms. 
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Chapter 4 

Experimental Apparatus 
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4.1 Introduction 

All experiments performed throughout the duration of this project, were carried out in 

a vacuum system shown schematically in Figure 4.1. The apparatus comprises two 

differentially pumped chambers, separated by a 3mm aperture. The main chamber 

consists of a 200mm internal diameter 6 way cross, maintained at a base pressure of 

10-6 Torr by an Edwards Diffstak®160 diffusion pump backed by an Edwards E2M18 

roughinglbacking pump. The secondary chamber of 100mm internal diameter can 

achieve base pressures of 2x1 0-7 Torr without nitrogen cooling, and is pumped by a 

Diffstak®100 diffusion pump, backed by an E2M18 roughinglbacking pump. The main 

chamber houses the equipment used for film growth and treatment namely, a 

hydrogen atom source, a carbon sputter source and a heated substrate holder, while 

the secondary chamber houses a quadrupole and ioniser, used for characterisation 

purposes. Pneumatically operated butterfly valves allow the diffusion pumps to be 

isolated from the chamber, and combined roughinglbacking valves permit the 

roughing pumps to be switched from roughing the chamber to backing the diffusion 

pumps. The system pressure is monitored using two Pirani gauges mounted on the 

backing lines, and by Penning gauges mounted on both chambers near the opening for 

the diffusion pumps. The system controls and interlocks are described in Section 4.5. 

4.2 Hydrogen Atom Source 

4.2.1 Introduction 

The hydrogen atom sources which have been used throughout this project are based 

on a design developed in this laboratory by McCullough et af (1993). While new 

designs have modified the original source to incorporate additional features, the 

principle of operation has remained essentially the same for each source. Dissociation 

of the gas is achieved using cylindrical slotted line radiators, similar to those described 

by Lisitano et af (1968), which couple 2.45 GHz microwave radiation into a Pyrex 

plasma tube, through which the gas flows. 
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Figure 4.1 Schematic diagram of vacuum apparatus. This can be 
compared with the photograph of the apparatus shown overleaf 
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4.2.2 Operation of the Slotted Line Radiator 

A slotted line radiator comprises a thin cylinder of copper into which slots have been 

cut, of specified length and width. A typical radiator is shown in Figure 4.2: 

Coaxial connector 
"A/2 ) 

/ 

Slotted lines 

Figure 4.2.' Schematic diagram of a slotted line radiator(as if laid out flat) showing the position of 
the slots and coaxial connector 

An oscillator provides up to 300W of 2.45 GHz microwave radiation to the radiator, 

which is coupled via coaxial cable to an adaptor from a N-type socket to the slotted 

line. The current density at the copper surface falls to lie of its original value within a 

skin depth of 1.3~m. A potential difference is established between the slot walls and 

the resultant electric field inside the slotted line radiator is a superposition of the 

electric field distributions due to individual slots. The rapid oscillation of electrons 

backwards and forwards within the plasma tube produced by these changing electric 

fields, results in the collisional dissociation of the hydrogen molecules. 

At a distance of one half wavelength from any arbitrary position on a slot, the electric 

field will be 1800 out of phase and the electron motion will be in the opposite 

direction to that at the starting position. As a result, if the distance between 

midpoints of adjacent slots is made equal to half the wavelength of the incident 

radiation , then adjacent slots may be assumed to be in phase, resulting in the 

generation of a more uniform electric field distribution within the plasma tube. The 

slot width must be significantly smaller than the wavelength of the incoming radiation 

to ensure a large electric field . Provided the end of the slot is one quarter wavelength 
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away from the adjacent midpoint, a standing wave pattern will be established along 

the length of the slot, resulting in maximum power transfer. 

Suetsugu and Kawai (1984) determined theoretically the field distribution inside a 

Lisitano coil, by regarding the coil as an assembly of slot antennae and superimposing 

the field distribution formed by each slot. They showed that this approximation is 

valid provided the diameter of the coil is not too small. The field intensity is found to 

be uniformly distributed inside the coil, and originates at the edges of the slot lines, 

from where it radiates towards the plasma. If the radius of the coil is less than half the 

wavelength of the incident radiation, as in the atom sources, then the electric field 

intensity is found to increase monotonically towards the slots. The magnetic field has 

a maximum at the centre of the coil, regardless of the coil radius. 

Figure 4 .3 shows the calculated field intensity dependencies for a specific case. 

Suetsugu and Kawai (1984) validated their theoretical model by measuring the field 

intensities inside a Lisitano coil with a calibrated loop antenna, and obtaining 

essentially the same results . They stressed however, that both these sets of results are 

valid only in a vacuum. The solution of the field distribution in the presence of a 

plasma, which is both anisotropic and an absorbing medium, involves much more 

complicated mathematics . 
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4.2.3 Source Description 

Two different sources have been used in this project - one of fixed length, and the 

other a new adjustable source. In both sources, twin slotted line copper radiators of 

thickness 1.5mm are clamped around a 250mm long Pyrex tube, with an outside 

diameter of 26mm and a wall thickness of 1.7mm. The midpoint of any slot is 

designed to be one half wavelength (6.lcm) from the corresponding point on an 

adjacent slot Microwave power is transferred to the slots by N-type coaxial 

connectors. Molecular gas is fed in through a 10mm diameter tube at one end, and 

emerges through an exit aperture 1.7mm in diameter and 2mm long, as a highly 

dissociated thermal energy beam. 

In order to ensure that the majority of atoms formed in the discharge tube emerge 

from the exit aperture, the atom recombination rate on the walls of the Pyrex tube 

must be minimised. Wood and Wise (1962) have shown that the atom recombination 

rate on the walls increases with temperature, and so a water cooled copper flange is 

mounted on top of the copper radiator and clamped in position using copper heat 

transfer rods . The high thermal conductivity of copper, and the good contact between 

the radiator and Pyrex tube ensure that the tube remains cool. A microwave shield 

mounted over the radiator minimises the microwave leakage to the surroundings. The 

Pyrex tubes are cleaned before use by soaking them in orthophosphoric acid for at 

least 12 hours, and then rinsing them in distilled water. 

4.2.3.1 Fixed length source 

The first source used on this project is shown schematic ally in Figure 4.4. The source 

was originally designed for the production of both atomic hydrogen and atomic 

nitrogen. The introduction of an axial magnetic field enhances dramatically the 

production of atomic nitrogen, by exciting the plasma electrons to higher energies 

through a cyclotron heating process - permitting their subsequent dissociation. 

Consequently, ring magnets are incorporated in this source. The radiators used in this 

source are identical to that shown in Figure 4.2. Each slotted line radiator has four 
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slots of length 54mm and width 2mm cut in it, with short interconnecting slots cut at 

right angles to the main slots. 

This atom source has been used for most of the etching measurements and a 

significant proportion of the film growth studies. It has proved to be reliable for the 

production of well defined and characterised beams, giving reproducible results over 

long periods of time. The source is mounted inside a tubular adaptor which in turn 

bolts on to the vacuum chamber. Two adaptors of different lengths have been used to 

vary the position between the exit aperture of the atom source and the substrate. 

4.2.3.2 New Adjustable Atom Source 

F or this project, the ratio of hydrogen to carbon striking the substrate must be capable 

of being adjusted easily over a wide range of operating conditions. Variations in the 

ratio are achieved primarily by altering the hydrogen flux - either by changing the 

source operating pressure, or by changing the source to substrate separation. With 

the existing source, the source to substrate separation could only be adjusted by 

changing adaptors, which gave a limited intensity range. This has led to the design of 

a new, more versatile source. It is shown schematically in Figure 4.5. 

The new source is designed in two separate pieces : source mount and source housing, 

which connect together via a threaded section, allowing 9cm of movement. By 

turning the housing clockwise or anticlockwise, the source can ce moved towards or 

away from the substrate, with one complete turn corresponding to a horizontal 

translation of 2mm in or out. A spreadsheet has been set up to determine the source 

to substrate distance required to achieve any desired intensity and, knowing the 

starting position, the source can be correctly aligned. 

A new radiator, which is shown schematically in Figure 4.6, is also included in the 

new source design. Previous radiators were designed so that the microwave radiation 

emerged from the coaxial cable in opposite directions. The new radiator is designed 

so that the coaxial cable propagates power in one direction only around the radiator. 



Gas 
III 

I-_~r ! 

Source mount 

Pyrex tube 

\ 
DN200 CF 

1-- . 1 
.... -

Slotted line 
radiators 

N-type connector 

lOOmm ~ 

Source housing 

Beam 

Microwave Key: 
shield 

~ 

Exit 

SS mount 

Cu housing 

Cu radiator 

Cu connectors 

Figure 4.5: Scale diagram of new adjustable hydrogen atom source 
.... 
o 
00 

"" 
~ 
~ 
~ 
~ 
r-
h 

~ 
?2 

~ 

, 



-
4 - EXPERIMENTAL APPARA TUS 109 

The other radiator acts in the same direction so that the electric field lines propagate 

continuously around the inside of the plasma tube. It is still essential that the distance 

between the midpoints of the slots is equal to half a wavelength. An additional slot 

emerging from the coaxial cable, of length one quarter wavelength, prevents power 

from being transferred to this region of the radiator. 

Coaxial connector 

AJ4 

Slotted lines 

Figure 4.6: New in-phase radiator, as if laid out flat, showing curved slots and distances between 

critical points ().= 12.5cm) 

By situating the coaxial cable at the end of the new radiator, the need for soft iron 

mounted around the coaxial connectors has been precluded, and so the coaxial feed is 

now remote from any magnetic field which would be present for example, in atomic 

nitrogen production. The new radiator has been designed so that sharp corners, which 

may have resulted in reflection of some small portion of the microwave power in 

previous radiators, have been replaced by smooth curves - while ensuring that the 

microwaves travel the same distance between the midpoints of any two slots. 

4.2.4 Measurement of Source Characteristics 

Characterisation of the hydrogen atom source involves the determination of both the 

dissociation fraction and the gas throughput. Determination of these parameters has 

been described in detail by Donnelly et al (1992) and is outlined briefly below: 



4 - EXPERIMENTAL APPARATUS 110 

4.2.4.1 Dissociation Fraction 

To determine accurately the dissociation fraction of the beam, a quadrupole mass 

spectrometer is used, positioned in line with the emerging atom beam. The beam is 

sampled by modulating a small fraction of the beam at 180 Hz using a tuning fork 

type electromechanical chopper, mounted on the separating wall between the two 

chambers (see Figure 4.1). The beam, together with the unmodulated hydrogen 

present in the background, passes through the 3mm aperture separating the two 

chambers, where it is ionised using an electron impact ioniser. A quadrupole mass 

filter (Centronic Q806) is used to select the H/ ions from the ioniser region. These 

ions are then deflected into a windowless electron multiplier (EMI Type 642/2EMB), 

the output of which is connected to a phase sensitive lock-in amplifier system 

(Brookdeal Type 401). Suitable phase tuning enables the chopped H/ signal arising 

from the hydrogen source to be separated from the background dc H2 + signal. The 

dissociation fraction is determined using the expression: 

where Solf is the molecular ion signal with the discharge off and Son is the 

corresponding signal with the discharge on. Measuring the decrease in the molecular 

hydrogen signal ensures that the obtained value is a true measure of the dissociation 

of molecular hydrogen. Checks have been made to ensure that measurements are not 

affected by background gas pressure modulation, or by changes in beam velocity due 

to heating introduced when the discharge is struck. McCullough et al (1993) 

monitored the signal of He + from a helium discharge. They observed no change in the 

He + beam velocity with the discharge on or off - confirming that no heating effects are 

introduced when the discharge is switched on. 

4.2.4.2 Gas Throughput 

Determination of the gas throughput T (measured in Torr I S-I) is carried out using the 

apparatus shown in Figure 4.7. With valves 1 and 2 open, and the needle valve 

closed, a reservoir of fixed volume (V) is filled to a known pressure, as measured on a 
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pressure gauge connected directly to the reservoir. Valves 1 and 2 are then closed, 

and the needle valve is opened to the required source operating pressure as indicated 

on the baratron. Valve 2 is opened, and the reservoir is used to feed gas to the atom 

source. The time (t) taken for the pressure in the reservoir to fall by a known amount 

(L1P) is measured, for the source maintained at a given source pressure. The 

throughput, corresponding to the number of particles leaving the aperture per second 

at a given source pressure, can be determined using the equation: 

T = L1P X V 
t 

Converting the throughput to a flow rate Fr (measured in I S-I) determined at 1 Torr, 

means that the throughput at any pressure (P) can be determined by multiplying this 

flow rate by the required pressure. 

Reservoir of 
fixed volume 

Needle valve 

Valve 2 

Pressure 
gauge .. 

toH2 

cylinder 

Baratron Atom Source 

Figure 4. 7: Schematic diagram of the apparatus used in the determination of the hydrogen atom 

source throughput 

The throughput for a gIven pressure can also be determined theoretically by 

considerina the atom source as a series of tubes with different conductances. o 

Summing individual conductances together, the throughput T, can be calculated using: 

T= C(PI - P2 ) 

where C = total conductance of the tube; PI = source operating pressure (Torr) and 

P2 = chamber pressure (Torr) . 
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The atom flux Fatom leaving the exit aperture can be determined using the equation: 

Fa/om = 2D X P X Fr 

This equation gives the flux in Torr I S-l Conversion to units of atoms S-I, requires 

multiplying by 3.55 x 10 19 

In the present work, it is essential to know the intensity of the hydrogen beam striking 

the substrate, for a given distance r (in cm) between the exit aperture and the 

substrate. The intensity [ (in atoms cm-2 
S-I) can be determined using the equation: 

1 = F cose 
atom 2 

7rr 

where Fatom (in atoms S-I) is the flux of atoms leaving the exit aperture and e is the 

angle of the substrate edge with respect to the source axis. 

4.2.5 Source Characteristics 

4.2.5.1 Dissociation Fractions 

Dissociation fractions have been measured on a number of occasions for both sources. 

Typical results are shown in Figure 4.8, where it is apparent that the first radiator 

produces higher dissociation fractions over a larger pressure range than the new 

radiator. Possible reasons for this are discussed in Section 4.2.5.3. The results are 

not fully understood since, on visual inspection, the plasma produced by the new 

source appears to be more uniformly distributed throughout the interior of the Pyrex 

tube than the discharge produced by the old source. More rigorous testing of the new 

source is required, particularly to determine its efficiency for nitrogen. 

4.2.5.2 Atom Intensities 

Throughputs for the new source have been measured for 1.7 x 2 mm2 exit apertures in 

250 mm long Pyrex tubes, as outlined earlier in Section 4.2.4.2. Comparison with 

theoretical throughputs for the same tube shows good agreement, as can be seen from 

Figure 4 .9. Using these values and the measured dissociation fractions, the atom 
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intensities incident upon the substrate have been determined for both the fixed lenoth 
Cl 

atom source and the new atom source. These values are shown in Figure 4.10 for 

typical source-to-substrate distances. 
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Figure 4.9: - Measured and --- theoretical throughputs for different hydrogen operating pressures 
for a source exit aperture of 1. 7 x 2 mm2 

4.2.5.3 Electric Field Distributions 

Both radiators used in these experiments, which are designed to have an impedance of 

son in the absence of a plasma, are typically supplied with 150W of microwave 

power. The potential lines generated inside the plasma tube by the two radiators have 

been simulated for a potential drop across the slots of approximately 90V, using 

SIMION 3D Version 6.0 (Dahl (1995)) - a charged particle trajectory and electric 

potential simulation package. Using these potential lines, the trajectory of electrons 

moving inside the plasma tube can be predicted as shown in Figure 4.11 . 

Figure 4 .11(a) shows the electric field pattern obtained for the radiator used in the 

fixed length source. It can be seen that the pattern is not circular, but is divided into 

quadrants . This results from the microwave radiation travelling in both directions from 

each coaxial connector and the interaction between the electric field patterns from the 

two halves of the radiator. 
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(a) 

Coaxial input Coaxial input 

(b) (c) 

Figure 4.11: Cross section of radiators showing: -potential lines and 
- electric field lines: (a) original radiator; (b) new radiator, two halves 
out of phase,· (c) new radiator, two halves in phase 
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Figure 4. 11 (b) and ( c) show the electric field patterns obtained for the new radiator -

with (b) representing the two radiators acting 1800 out of phase with each other, and 

( c) representing the two radiators acting in phase. Different lengths, characteristic of 

different fractions of a wavelength, were added to one of the microwave cables to 

check the operation of the new radiator. It was found that introducing a section of 

cable equivalent to half a wavelength (6.1 cm), resulted in consistently higher 

dissociation fractions, while 9cm inserts produced no significant changes in measured 

dissociation fraction. This result is strange, because consideration of Figure 4 .11 (c) 

shows that the new radiator produces a circular electric field pattern when the two 

halves are fed in phase. By contrast, Figure 4.11 Cb) shows that the two radiators fed 

1800 out of phase result in an electric field pattern which acts in two opposing halves. 

It was expected that the production of a circular electric field pattern would result in 

better dissociation, but instead it seems to produce poorer dissociation. 

Several possible solutions have been suggested. One is that the presence of a circular 

electric field pattern inhibits dissociation, because of the low electric field gradient. A 

1 Oe V electron travels 1 mm on average before the field changes, and a large field 

gradient will result in more energy being transferred to the electron, and so increased 

probability of dissociation, if the electron collides with a molecule. This is supported 

by the fact that the original radiator, which experienced four changes in electric field 

direction, produced higher dissociation fractions than the new radiator acting out of 

phase, which possessed two changes in electric field direction. which in turn produced 

higher dissociation than the new in-phase radiator, which experienced no changes in 

direction. To date, more work is needed to successfully explain these observations. 

Another possible solution is that the plasma may introduce a phase shift between the 

two radiators which is difficult to simulate in practice. All the calculations have been 

carried out in a vacuum, and may not explain adequately the processes occurring in 

the plasma. Tests to measure the amount of reflected power detected in one radiator 

when power was being supplied only to the other radiator, showed a decrease when 

the plasma was ignited, but it is hard to discern from these results whether any 

additional reaction is occurring as a result of the plasma presence. 
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4.2.5.4 Ion and Electron Currents 

To ensure as accurate a measurement of the ion and electron currents from the new 

atom source as possible, a four plate grid assembly was made up and mounted on the 

front of the source. The ion and electron currents had been measured previously for 

the fixed length atom source, using a less sophisticated approach, but the values 

obtained showed remarkable agreement with the results for the new atom source. 

The grid assembly is shown schematically in Figure 4.12 . The front grid plate is held 

at earth potential, to prevent field penetration. The second grid plate can be biased 

positively or negatively, and is used to bias off the unwanted species during a 

particular measurement. The aperture plate has a grid mounted in front of it, and the 

aperture is 13mm high and 8mm wide to reproduce the area of the substrate presented 

to the atom source, when it is positioned at 450. It can be biased positively or 

negatively, to allow determination of the ion or electron energies incident on the 

collector plate. Finally, the electrons or ions impinge on a beryllium-copper collector 

plate mounted behind a grid, which can also be biased positively or negatively. The 

collector plate is 20 mm from the atom source aperture - the same distance as the 

substrate from the source. The plates are isolated from each other by ceramic spacers 

and the voltage on each plate can be varied independently. 

Figure 4. f]· Schematic diagralll showing fo ur plate grid assembly for measurement of ions and 

electrons ji'olll the atom source 
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The results obtained for the electron and ion currents strikina the substrate are shown 
:::> 

in Figure 4.l3(a), where the measured current is plotted as a function of the voltage 

applied to the collector plate, for the second plate and aperture plate maintained at 

OV. The measured electron current was 8 x 10-8 A - corresponding to an electron flux 

striking the substrate of 1 x 10
12 

electrons S-I, while the ion current was approximately 

40 x io-8 
A - corresponding to an ion flux of 6 x 10 12 ions S-I. Based on the voltage 

required to produce the maximum ion or electron currents, the maximum electron 

energy was estimated to be ~ 70e V, and the maximum ion energy was ~ 20e V. Figure 

4. l3 (b) shows the variation of the ion and electron currents with pressure in the atom 

source. It can be seen that the combined current was essentially independent of 

operating· pressure over the range of pressures used, although for the collector plate 

biased negatively, there was some slight variation. However, these results suggest that 

ion and electron currents should not vary significantly for different pressures. 

Our success with the new radiator has been mixed, to date. Characterisation is not 

yet complete, due to lack of time. While needed urgently for its adjustability in the 

context of varying carbon:hydrogen ratios incident on substrate surfaces, the full 

extent of the new in phase radiator design has not yet been explored. Molecular 

hydrogen requires a minimum energy of 4.5 eV to dissociate, while molecular 

nitrogen requires at least 8-geV for dissociation. At pressures of - 0.25 Torr, where 

maximum dissociation occurs, the average electron energy is estimated to be ~ 3 e V 

(Geddes et at (1993)) for hydrogen, and somewhat higher in the case of nitrogen. 

Consequently, very low dissociation of nitrogen is observed in practice with this 

source. In order to provide the electrons with additional energy, an axial magnetic 

field must be introduced, which permits the cyclotron heating of the electrons. 

To date, this source has not been tested in detail with nitrogen. A solenoid to supply 

the magnetic field has been developed to mount directly inside the water cooled 

flange, but additional water cooling is required before this can be installed. Permanent 

magnet configurations have also been investigated for the new source, although these 

have not yet been tested in practice. More work is needed to assess the full 

performance of this source compared to the previous source. 
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4.3 Carbon Sputter Source 

4.3.1 Principle of Operation 

Sputtering is a process in which material is ejected from the surface of a solid due to 

the momentum exchange associated with surface bombardment by energetic particles. 

Magnetron sputtering is the sputtering technique most widely used in industrial 

vacuum coating applications, since it provides relatively high deposition rates, large 

deposition areas and low substrate heating. A magnetron device employs magnetic 

fields as well as electric fields, to control the flow of electrons within the sputtering 

plasma. Within any sputtering system, the target material to be sputtered is made the 

cathode with respect to an earth shield. The sputtering gas is fed into the sputter 

source, where the potential difference between the cathode and shield results in the 

generation of a plasma above the target surface. 

The cathode istypically maintained at a potential of -500 to -700V with respect to the 

anode surface, and the electrically conducting plasma is usually +5 to +20V with 

respect to the earth shield. Ions leaving the plasma bombard the cathode with an 

energy given by the potential difference between the cathode and the plasma, typically 

less than 1 ke V, sputtering away target material and producing secondary electrons. 

These electrons accelerate into the plasma with the same high energy, and are trapped 

by the magnetic field, giving up energy in ionisation processes. Various energetic 

particles are produced in the plasma and the sputtering process, which can influence 

the growth of the film. These include: 

Plasma electrons and ions 

The energies of electrons and ions striking the surface can be adjusted by biasing the 

substrate . The fraction of positive ions in the sputtered flux is generally less than 1 % -

since the electric field over the target surface inhibits the escape of positive ions. 

Because the plasma potential is small, any positive ions bombarding an earthed 

substrate will have low energies. However, negative ions and electrons can be 

accelerated to higher energies in this field and ultimately impact on the substrate. 
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Sputtered Atoms 

Species sputtered from the target are primarily atoms (Westwood (1976) and Chopra 

(1969)) . Sputtered atoms are ejected with an approximately Maxwellian energy 

distribution, with a most probable energy of <10eV, and an average energy of 10-

40e V, depending on the energy and the angle of incidence of the bombarding species. 

Sputtered Atom Clusters 

Computer modelling has predicted the experimentally observed magnitudes for cluster 

formation of a few per cent (Harrison and Delaplain (1976)). Cluster formation arises 

since atoms sputtered directly by the bombarding ion will be leaving the surface at 

approximately the same time as atoms sputtered by high velocity knock on atoms 

created by the same ion, and so may attach together to form atomic clusters. 

Neutral Sputter Gas Atoms 

The gr<?wing film is being . constantly bombarded with thermal inert gas atoms in the 

chamber, possessing energies of up to 1 e V, which are too low to affect growth. The 

generation of high energy neutrals will only present a problem if the mass of the 

sputter gas atom is much less than that of the target atom. 

The sputtering process is quantified in terms of the sputtering yield - defined as the 

number of target atoms ejected per incident particle. The yield depends on the target 

species, the bombarding species, and the energy and angle of incidence of the 

bombarding species. The process is most efficient when the mass of the bombarding 

particles is comparable to that of the target atoms. Inert gases, particularly argon, are 

generally used as the bombarding species, since they do not produce chemical 

reactions on the target. For sputtering to occur, the bombarding species must possess 

energy of at least 10-30 eY. The variation of sputtering yield with ion energy for ions 

with normal angle of incidence, as is generally assumed in a glow discharge, is shown 

in Figure 4.14 for a variety of materials . Table 4 .1 details sputtering yields for a series 

of materials under argon bombardment, and shows the exceptionally low sputter yield 

for carbon. 
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Figure 4.14: Variation of sputter yield with Ar ion energy for various materials ([hornton (J 982)) 

Ion Energy, eV 
TARGET 200 600 1000 2000 5000 10000 

Metal Sputterin:! Yield, atoms/ion 
Ag 1.6 3.4 - - - 8.8 
AI 0.35 1.2 - - 2.0 -
Au 1.1 2.8 3.6 5.6 7.9 -
C 0.05* 0.2* - - - -
Co 0.6 1.4 - - - -
Cr 0.7 1.3 - - - -
Cu 1.1 2.3 3.2 4.3 5.5 6.6 
Fe 0.5 1.3 1.4 2.0 2.5 -
Ge 0.5 1.2 1.5 2.0 3.0 3.98 
Mo 0.4 0.9 1.1 - 1.5 2.2 
Nb 0.25 0.65 - - - -
Ni 0.7 1.5 2.1 - - -

Pd 1.0 2.4 - - - -

Pt 0.6 1.6 - - - -
Re 0.4 0.9 - - - -

Rh 0.55 1.5 - - - -

Si 0.2 0.5 0.6 0.9 1.4 -

Ta 0.3 0.6 - - 1.05 -

Ti 0.2 0.6 - 1.1 1.7 2.1 
W 0.3 0.6 - - 1.1 -

123 

Table 4.1: Sputtering Yields for various materials under argon ion bombardment (* - Kr + ions) 
([horn ton (J 982)) 
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4.3.2 Source Description 

An AlA International A300 series dc magnetron sputtering source has been used to 

provide carbon atoms for the deposition studies. The sputter source head is shown 

schematically in Figure 4.15 , and comprises a 1/4" thick graphite target held in 

position by a clamping ring, on top of a water cooled copper cathode block, which 

contains rare earth magnets arranged so that the central magnet has opposite polarity 

to the outer ring of magnets. Argon gas is used to sputter the graphite, and a 

torroidal plasma is formed above the cathode surface, due to the presence of the 

magnetic field . As a result, sputtering does not occur uniformly over the target 

surface, but the argon ions are directed on to the graphite surface in an annular 

distribution, as shown in Figure 4.15. 

Plasma torus 
. ~Magnetic field lines 

Argon Ions / . 
. . \ Earth shIeld Clampmg nng . . 

. . . .... ... . " 

:. . . Key: 

Figure 4.15: Sputter source head showing magnetic fi eld lines and plasma torus 

Rare earth magnet 

Plated iron 
OFHC Copper 

Water Channel 
Graphite 

A shield maintained at earth potential is positioned over the clamping ring, ensuring 

that the voltage drop occurs over a very short distance. A gas injection channel from 

the back fl ange permits the sputtering gas to be directed on to the sputtering target. 

The source is operated using a MDXI000 power supply which allows operation in 

three different modes: constant power, voltage or current, with maximum voltage of 

1000V and maximum current of 1 A achievable. Generally, constant power operation 

is used, since this ensures the automatic adjustment of the voltage to correspond to 

any changes in detected current, thus maintaining a fixed power condition. 
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4.3.3 Modifications to the Source 

In normal sputter deposition systems, substrates are positioned a distance of 10-20 cm 

from the sputtering target. However, because carbon has such a low sputter rate, in 

this application the sputter source must be positioned as close to the substrate as 

possible. This will result in a different film profile from that observed for sputtering 

over long distances. Additional factors which differ from those in a "typical" 

sputtering environment are that the sputter source must be run simultaneously with 

the hydrogen atom source, and that the chamber pressure must be kept as low as 

possible - in order to ensure the safe and long term operation of the substrate heaters, 

and to minimise gas phase reactions. To facilitate these requirements, a chimney has 

been incorporated on to the front of the magnetron to maintain a significant pressure 

differential between the sputter source and the rest of the vacuum chamber. 

A conical chimney was constructed and tested, with a gas channel in the base to allow 

argon to be directed on to the target, and an aperture of radius 0.5 cm on the top to 

allow carbon to reach the substrate. The chimney was 1.5 inches deep to prevent it 

interfering with the position of the sputtering plasma. This chimney operated well, 

and ensured the maintenance of a moderate chamber pressure, when both the 

hydrogen and carbon sources were operational. 

The pressure drop across the chimney aperture can be estimated by assuming the 

0.5cm radius aperture on the front of the chimney to be an ideal orifice. At low 

pressures the conductance F in I s-\ of an ideal orifice of radius r (in cm) may be 

expressed as (Dushman (1962)) : 

where: T = temperature in K 

M = molecular weight in amu 

The flow rate Q, in Torr I S-I , may be written in terms of the conductance as : 

Q = F(P! - P2 ) 

where PI is the chimney pressure and P2 is the chamber pressure (both in Torr). 
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Q may also be expressed in terms of the pumping speed s (in Is-I), of the diffusion 

pumps: 

Combining these three equations, the chimney pressure PI may be calculated: 

sP 
P.= 2 +P 

I 11.4r2 JT/ M 2 

F or a measured chamber pressure of 2 x 10-5 T orr due to the operation of the sputter 

source, this calculation predicts a chimney pressure of 1.6 x 10-3 Torr, i.e. a pressure 

differential of 80 between the chimney and the chamber. 

In an attempt to further reduce the chamber pressure, a 0.25cm radius aperture was 

mounted on the front of the chimney. However, this smaller aperture resulted in the 

formation of very thin films with a central spot, at low deposition rates. In order to 

explain this observation and to determine the best aperture for uniform film 

deposition, a series of aperture designs have been drawn up. By adopting a simple ray 

diagram approach, the atom trajectories from several points on the target annulus 

through the various apertures and on to the substrate have been drawn to scale. 

Consideration of the number of rays striking different points of the substrate permits a 

qualitative, two-dimensional film profile to be drawn up for the different aperture 

designs. The ray diagrams are shown schematically in Figure 4.16. 

The results of this study confirm that a small central aperture is likely to result in an 

uneven film distribution, and they suggest that an annular aperture of internal radius 

0.25cm and external radius 0.55cm should produce a relatively uniform film over the 

substrate surface. These radii have been chosen so that the area of the annular 

aperture is approximately equivalent to the area of the 1 cm aperture, and so the same 

pressure differential should exist in both cases between the chamber and the chimney. 

A new chimney has since been designed and installed with this new aperture design, 

and with a greater wall thickness, in order to allow the mounting of several 

monitoring facilities. It is shown schematically in Figure 4.17. A flexible bellows 

connector has been mounted in the chimney wall, leading to a baratron situated on the 
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(a) lcm aperture (b) O.5cm aperture 

(c) Annulus with radius O.25 -0.55cm (d) Annulus with radius O.6-0.8cm 

Figure 4.16: Ray diagrams f or different aperture configurations on the front of the sputter source 
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Figure 4.17: Sputter source chimney showing baratron cable and quartz crystal sensor head 
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outside of the vacuum chamber. This allows the pressure in the chimney to be 

monitored directly, ignoring the short length of tubing connecting the chimney to the 

baratron, and has permitted the calculations employed in determining the chimney 

pressure to be tested . Using an annular aperture of internal radius 0.25 cm and 

external radius 0.55 cm, the sputter source was set up to run at 200W with a chamber 
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pressure of2 x 10-
5 

Torr. The corresponding baratron pressure of2 .8 x 10-3 Torr i.e. 

a pressure differential of 140 - compares favourably with the calculated value, 

justifying the theoretical approximations used. 

Another modification to the sputter source has been the incorporation of a quartz 

crystal monitor which is mounted off the sputter source flange. The monitor is 

required for use in the characterisation of the sputter source, and its operation is 

outlined in greater detail in Section 4.3.4.5. A hole has been drilled in the sputter 

source chimney at an angle of 27° to the vertical, with the mounting plane for the 

crystal sensor head machined perpendicular to it, so that the crystal looks directly on 

to the centre of the target. In order to shield the sensor head from radiative heating 

due to the silicon nitride heaters, a shiny polished metal plate has been mounted on the 

front of the chimney, between the heaters and the sensor head. 

4.3.4 Source Characterisation 

Since the hydrogen atom source is well characterised, it is essential that the carbon 

source is also characterised, so that comparisons of the ratio of hydrogen atoms to 

carbon atoms used under different operating conditions can, in principle, be deduced. 

4.3.4.1 Measurement of Electron and Ion Currents 

The ion and electron currents from the sputter source have been measured using a 

three plate grid assembly similar to that used for the hydrogen source, but without the 

second plate. In this case, the collector plate was positioned 26mm from the source 

aperture - the distance of the substrate from the sputter source. 

The results obtained for the electron current are shown in Figure 4.18 . Figure 4.18(a) 

shows the negative voltage on the aperture plate required to suppress the electron 

current striking the earthed collector plate, as a function of sputter source power. It 

can be seen that the required voltage increased linearly with sputter source power, 

with -21 OV required to suppress the electron current at 300W. Figure 4.18(b) shows 
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the measured electron current on the collector plate held at ~V, as a function of 

sputter source power, for the aperture plate held at ~V . The electron current striking 

the earthed substrate at 300W was - 2mA. Figure 4. 18( c) shows the variation of the 

current measured on the earthed collector plate, as a function of voltage applied to the 

aperture plate. As in Figure 4.18(a), applying -200V to the aperture plate resulted in 

the suppression of the electron current and the production of a small positive current. 

Thus these graphs suggest that the electron current striking the substrate is dependent 

on the sputter source operating power, but has a maximum value of 2mA, and the 

average electron energy is - 200e V. 

With the aperture plate held at -200V, in order to suppress the majority of electrons, 

the ion current on the collector plate was measured as a function of sputter source 

power, and is shown in Figure 4.19(a). It increased less than linearly with energy, 

attaining a maximum current of 90 !lA at a power of 300W. Figure 4.19(b) shows 

how the current on the collector plate varied with collector plate voltage, for the 

aperture plate fixed at -200V. The ion signal increased as the collector plate was 

biased up to -50V, and thereafter remained constant at around 90 !lA - assumed to be 

the true ion current. This suggests that electrons may possess energies up to 250eV, 

since not all the electrons were suppressed by the -200V applied to the aperture plate. 

To determine ion energies, all the electrons would have to be biased off leaving only a 

positive ion current, and then the aperture plate made increasingly positive until no 

positive signal could be detected on the collector plate. The voltage applied to the 

aperture plate would then provide an indication of the ion energy. However, the 

application of any positive voltage to the aperture plate, resulted in the detection of a 

large negative signal, which masked any ion information. Using an additional plate 

before the aperture plate was considered, but it was decided that the electron current 

was so large, that any positive voltage applied to the aperture plate would still result 

in the detection of a large negative signal. Information from theoretical 

considerations suggests that the plasma potential is +5 to + 1 ~V, and so ions should 

only strike the earthed substrate with energies of a few tens of electron volts, but this 

could not be confirmed for this experimental arrangement. 
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Assuming the ion currents incident on the substrate surface are of the order of 90 ).lA, 

this corresponds to an ion intensity of 5.6 x 1014 ions cm-2 
S-I, which is larger than the 

average carbon atom intensities of 9 x 1013 atoms cm-2 
S-I estimated to be strikina the o 

substrate. However, this ion intensity does not discriminate between argon or carbon 

ions striking the substrate. As has been stated earlier, average sputtered ion currents 

from a typical sputter source are estimated to contribute less than 1 % to the total flux 

striking a substrate. This suggests that the majority of the ion current striking the 

substrate is composed of argon ions. 

To investigate whether ion currents from the sputter source contribute to the spot 

observed on the substrate using a small central aperture, several different sweep field 

arrangements were mounted on the front of the chimney. A triangular wire was 

electrically isolated from the earthed chimney, and biased to the same voltage as the 

graphite target, to prevent any electrons from escaping and generating a plasma 

around the heaters . However, this wire would actively draw ions out of the plasma by 

attracting them towards the wire, and any ions or electrons travelling through the 

aperture on axis would not be deflected by the voltage. A different sweep field 

arrangement involved the mounting of parallel wires on either side of the aperture, 

one biased negatively and the other positively, so that all ions and electrons emerging 

from the aperture should be directed on to one or other of the wires. However, the 

presence or absence of a voltage produced no obvious change in the nature of the 

films produced using the sputter source, and so no ion suppression measures were 

used permanently. 

4.3.4.2 Choice of Sputter Gas 

For most applications, argon gas is used in the sputtering process, because it is 

heavier than helium, and so capable of transferring greater momentum to the 

sputtered target particles. However, Olson et at (1994) used helium to sputter carbon 

in their sequential deposition process. In order to determine which gas would be 

optimum for this application, the relative sputtering capabilities of the two species 

were investigated. The graphite sputter target is clamped in position using a stainless 
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steel ring, and the chimney is made of dural. Hence in order to compare the relative 

merits of helium and argon, their sputtering yields were investigated for carbon, iron 

and aluminium, in case one gas sputtered impurities much more rapidly than the other. 

Matsunami et at (1984) developed an empirical formula for the sputtering yield for 

different ions on a variety of targets as a function of sputter energy, and the relevant 

yields are shown in Table 4.2: 

Target He Sputter Yield Ar Sputter Yield 
( atomslion) ( atomslion) 

Cat 500V 0.1 0.2 
Cat 1000V 0.1 0.6 
AI at 500V 0.15 1.0 

AI at 1000V 0.2 1.5 
Fe at 500V 0.1 1.0 
Feat 1000V 0.15 1.5 

Table 4.2. Sputtering yields for different materials. using helium and argon 

It can be seen that helium is significantly poorer at sputtering carbon than argon. It is 

also correspondingly worse at sputtering the materials present around the graphite 

target, so it may result in purer films. Because of their low mass, any helium ions 

escaping from the chimney would transfer less momentum to the growing film than 

argon ions with a similar energy, which could result in better quality films. However, 

helium is only easily ionised to He+, while argon may be ionised to a series of different 

higher ionisation states, resulting in the production of more electrons. Enhanced 

electron production should ensure the operation of the argon discharge at lower 

pressures, making it easier to operate than helium. 

It is apparent that there are advantages and disadvantages about usmg either 

sputtering gas. However, a comparison of the films grown using the two gases did 

not indicate sufficiently higher fractions of impurities in the argon grown films to 

justify the use of helium. Consequently, argon was used throughout the remainder of 

the experiments, to achieve higher rates of carbon sputtering. 
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4.3.4.3 Correlation to Power 

It was postulated that the deposition rate could be correlated to the operating power 

of the sputter source, assuming that for a fixed power the rate of deposition of 

material on the substrate should be constant. A series of runs was carried out in which 

the mass deposited on the substrate was compared with the mass lost from the target, 

and the ratio related to the power at which the sputter source had been operated. It 

was found that, beginning from a new target, the amount of material deposited on the 

substrate did not bear a fixed relationship to the power at which the source was 

operated, or to the amount of material sputtered from the target. 

Clearly, neither of these approaches can be used to determine atom intensities of 

material striking the substrate. Several possible explanations for these observations 

have been suggested. One is that although the power at which the source is being 

operated is fixed, with time the current and voltage drop across the target may vary a 

little - conceivably affecting the rate of deposition. Another explanation may be the 

preferential sputtering of the target. Since the annulus formed is not a uniform depth, 

more material is sputtered from the centre of the annulus than from the edge, which 

could affect the amount of material deposited on the substrate for a given run. 

4.3.4.4 Estimation of Sputter Yield 

Yamamura et al (1983) developed a formula allowing the determination of the 

sputtering yield, Y, for an ion on any target, at any incident energy. It is expressed as: 

where : 

Y= 0.42 xa* xQxKxS,J£) X[l - (E
tl
rlE )O.S]2.8 

Us [1 + 0.35 x Us X Se ( £) ] 

SIl (c:) = '-- ( ,--) 
1 + 6.355-v c: + c: -1.708 + 6.882-v c: 

1441.J£ In( c: + 2.718) 
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K = 8.478 X Z I X Z 2 X MI 

(
2/ 3 2/ 3) 0.5 M +M 

ZI + Z2 I 2 

(
M )OA ()129 

a* = 0.08 + 0.164 M~ + 0.0145 ~~ 

[ (M )-1 (M )124] 
Et/l = Us 1.9 + 3.8 M~ + 0.134 M~ 

M 1, ZI = Mass / atomic number of sputtering element 

M 2, Z2 = Mass / atomic number of target element 

E = incident energy of sputtering ion 

Q = 3. 1 (determined from Matsunami et al (1984)) 

Us = 7.37 (determined from Matsunami et al (1984)) 
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The voltage at which the sputter source is operating will determine the incident 

energy of the sputtering ions, and the current (l) at which the sputter source is 

operating allows the number of ions (N) incident on the target surface per second to 

be determined, since: 

I=Nxe 

where e = electronic charge (1.6 x 10-19 C). 

It follows that, if the sputter yield is known for a particular incident ion energy, and 

the sputter current is known for the same energy, then the flux of carbon atoms (F) 

leaving the target surface in one second may be determined since: 

The sputter yield for this system has been computed in atoms/Ampere second, so that 

for any given operating voltage, the carbon flux leaving the target can be determined 

by multiplying the sputter yield by the operating current. Figure 4 .20 shows the 

sputter yield in atoms/Ampere second for argon incident on a graphite target. 
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Figure 4.20: Dependence of graphite sputtering yield on incident argon ion energy 

However, it is necessary to know not only the carbon flux leaving the target, but also 

the carbon flux incident on the substrate. 

o 200 400 600 800 1000 
Energy of Incident Ions (e V) 

Figure 4.21: Estimated carbon intenSity striking substrate per ampere magnetron current, as a 
f unction of incident argon ion energy 
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The carbon flux sticking to the substrate was determined for a particular run by 

measuring the mass increase on a silicon substrate after a known period of carbon 

deposition. Using Yamamura's formula, the carbon flux leaving the target was 

computed for the same incident ion energy, providing a ratio of flux leaving the target 

to flux striking the substrate. In order to obtain an initial estimate of the carbon 

intensity on the substrate as a function of incident ion energy, this ratio was applied to 

all incident energies, and the resulting curve is shown in Figure 4.21. It is obvious 

that this approximation is flawed, and that a more continuous form of sampling is 

required, in order to ensure a reliable calculation of the carbon flux incident on the 

substrate. However, it does at least provide an initial estimate of carbon flux. 

4.3.4.5 Quartz Crystal Monitor 

In an attempt to provide a more detailed level of characterisation of the sputter 

source, a quartz crystal monitor has been incorporated into the sputter source 

chimney, as mentioned earlier. The quartz crystal sensor head comprises two separate 

parts: a water cooled stainless steel housing which is mounted directly on the 

chimney, and a gold plated stainless steel crystal holder which snaps into the housing 

and is easily removable. The exposed crystal electrode is fully grounded to eliminate 

problems due to free electrons and RF interference. 

An oscillator is used to drive the 6MHz quartz crystal at its resonant frequency, and 

excite it into mechanical motion. The frequency at which the quartz crystal oscillates 

is lowered by the addition of material to its surface. Such small changes in frequency 

can be detected electronically by the monitor, and rapid sampling permits the 

frequency change per unit time to be reported as a deposition rate. The user can 

programme into the monitor both the density of material being deposited and the 

acoustic impedance of the material - which is used to correct for the mismatch 

between the crystal and film material. 

The monitor uses the following simplified equation to relate the film thickness 

deposited on the crystal surface, to the change in crystal frequency: 
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Pq t t - t 
T = -P N q --arctan(Rz tan 7r(--q » 

f 7rRzf t 

where: T = film thickness 

Pq = density of quartz (g/cm3
) 

Pr = density of film (glcm3
) 
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Nq = 1.668 x 10
5 

rnIs (frequency constant for a quartz crystal vibrating in the 

thickness shear mode) 

Rz = ratio of the acoustic impedance of quartz divided by the acoustic 

impedance of the deposited film 

f= resonant frequency of the loaded crystal CMHz) 

t = period of the loaded crystal (s) 

Iq = period of the uncoated crystal (s) 

Because of its proximity to the graphite target, more material is deposited on the 

crystal, and at a faster rate, than is deposited on the substrate surface. Initially, for a 

14mm diameter aperture between the target and the crystal, so much material was 

deposited on the crystal that it shorted very quickly, preventing the monitor from 

functioning. Since it is desirable that the crystal continues operating until the end of a 

deposition run, several smaller apertures have been investigated, to reduce the 

deposition rate on to the crystal. An assembly consisting of a 3mrn aperture near the 

target, then a cylinder holding off a 5mrn aperture near the crystal surface is now 

used. Depending on the operating conditions, this gives a deposi:ion rate of 0.1-

0.3A/s, which generally permits the long term operation of the monitor. 

It is important that an accurate ratio of material deposited on the crystal compared to 

material deposited on the substrate is known, to ensure that the carbon flux sticking to 

the substrate can be determined for a given source-substrate distance, a given angle 

and a given set of crystal aperture conditions. Since all simultaneous depositions of 

hydrogen and carbon are carried out at 45° to both sources, most of the 

characterisation work has been carried out at this fixed angle. The source to substrate 

distance has also been kept fixed at 4.7 cm from target surface to the centre of the 

substrate, since this is the closest possible distance which still allows sample rotation. 
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The steps involved in determining the ratio are outlined below: A silicon sample was 

weighed using a microbalance (Mettler MT5), to determine its mass to within ± 5 )lg. 

The sample was then carefully clamped in position and the vacuum chamber pumped 

down. The sample was set to the correct orientation and heated to the required 

temperature, and the crystal monitor was switched on and set to zero. The sputter 

source was then switched on and allowed to run for the required length of time. The 

total thickness of material deposited on the crystal was noted, and the corresponding 

mass deposited on the crystal determined using the equation: 

Mass deposited on crystal (mg/cm2) = Thickness (kA.) x Density (g/cm3) 
10000 

The sample was reweighed and the mass of carbon deposited on the sample (in mg) 

was determined, by subtracting the original mass of the silicon wafer from the final 

mass . Knowing the area over which the material was deposited, the substrate mass 

per unit area (in mg/cm2) was calculated. A ratio for substrate mass:crystal mass 

could then be easily determined using the equation: 

Ratio = Substrate mass/unit area 
Crystal mass/unit area 

This procedure was repeated for a series of runs, to allow average values for the same 

running conditions to be determined. The average ratio proved to be reliable even 

with different sputtering powers and different lengths of runs. Havi:1g obtained a ratio 

for a given angle, aperture, source-substrate distance and temperature, which did not 

vary significantly with sputtering power or length of run, this could be used to set up 

a spreadsheet for the determination of carbon mass deposited on the substrate for any 

run . The following set of equations outline the steps required to convert a thickness 

displayed on the crystal monitor, to the equivalent mass deposited on the substrate: 

Mass deposited on substrate = Thickness x 2.25 x 10-
4 

per unit area (mg/cm2) (kA.) 
x Ratio 

(for given 
conditions) 

Total mass deposited = Mass per unit area x Treated area 
(mg) (mg/cm2) (cm2) 
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Provided the run time is known, the average carbon flux on to the substrate surface 

can be calculated using the equation: 

Incident C flux = Mass ofC deposited (m g) x 5.02 x 1019 

(atoms S-I) Run time (s) 

In an attempt to estimate how the incident carbon flux varies across the substrate 

surface, a scale diagram of the target, chimney and substrate positioned at 45° was 

drawn up. The predicted intensity variation is shown in Figure 4.22: 
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Figure 4.22: Estimate of the variation in carbon intensity across the substrate surface 

The predicted variation was calculated using the following procedure: Approximating 

the intensity of carbon emitted from different points on the annulus as a quadratic 

function, the distance from a series of points on the annulus to the substrate was 

measured, and used to estimate the intensity of material striking the target from each 

position. By summing up the contributions from each point on the annulus, an 

intensity distribution could be obtained for both horizontal and vertical displacement 
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across the substrate. Normalising the vertical variation, the combined intensity 

variation across the substrate could be simulated, as shown in Figure 4.22. This 

calculation is only a very crude approximation of the real situation - more accurate 

estimates would require integration, and the determination of the intensity variation 

using a spherical polar co-ordinate system rather than a Cartesian system. However, 

despite its inadequacies, this model is useful - at least for estimation purposes. 

The position of the crystal monitor is critical to its operation. Because of the close 

proximity of the hydrogen atom source, the crystal sensor head cannot be mounted on 

the side of the sputter source, and attempts to mount it at the bottom of the sputter 

source resulted in the crystal shorting, due to material deposited on the chimney 

dropping on to it. Consequently, the sensor head must be mounted on the top of the 

sputter sOl.lrce to prolong its operation. 

However, problems still exist with the operation of the monitor, due mainly to the 

nature of the material being deposited. Because the quartz crystal sensor head is 

water cooled, any carbon which is deposited on the crystal surface is deposited as 

soot, which does not possess good adhesive qualities. Consequently, a portion of the 

deposited material may flake off, resulting in the crystal shorting and the monitor no 

longer displaying the updated film thickness. Alternatively, sudden arcs in the 

discharge may result in the malfunction of the crystal, which also constitutes an 

oscillator failure. If the oscillator fails during a run, then the total thickness of 

material deposited on the crystal throughout the run, will not be known. While the 

total thickness may be estimated using the average deposition rate, this process 

introduces uncertainties which reduce the procedure's reliability. 

4.4 Substrate holder 

Initially, a Vacuum Generators electron beam heated system was used as a substrate 

holder. It incorporates 3600 rotation, lateral translation of 8mm in the x and y planes, 

and can be stepper motor driven to raise or lower the substrate to the required height 

for treatment. Under typical operating conditions « 10-4 Torr in the main chamber), 
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the 600V biased filament producing the electron beam did not function properly -

frequent arcing resulted in non-uniform heating and prevented long term stability of 

operation. Desired substrate temperatures could not be achieved and sustained using 

this heating supply. However, despite being incapable of functioning in its normal 

mode in this environment, the substrate holder possesses many features which make it 

ideal for manipulating the substrates. Consequently, an alternative means of heating 

the substrate has been incorporated into the existing holder assembly. 

4.4.1 Ceramic heaters 

Ceramic heaters developed by Kyocera have been used as an alternative to the 

electron beam filament. They are produced by unique metallising and ceramic 

laminating techniques, and comprise a heating element which is protected and 

insulated by a silicon nitride ceramic body, and which allows rapid temperature rise to 

1000°C. Figure 4.23 shows a schematic diagram of a silicon nitride heater. At these 

elevated temperatures, the heaters maintain high insulation resistance - allowing them 

to be in direct contact with metal surfaces; good thermal conductivity - ensuring even 

heat distribution to the substrate, and excellent physical strength - permitting them to 

be used for extended periods of time. 

Silicon nitride 

Lead wire 

Resistance circuit 

Figure 4.23: Schematic diagram showing construction of a silicon nitride heater 

Two heaters oflength 72mm and width 4.7mm and with 25mm long heating elements, 

have been used in this application. A graph showing the typical temperature rise 

characteristics and current and voltage requirements for these heaters, is shown in 

Figure 4 .24. It can be seen that the heaters can carry a maximum current of -0.8A 

through them without overheating. As a result, the two heaters are wired in parallel, 



4 - EXPERIMENTAL APPARATUS 
143 

since only half the current is required to produce the same temperature as would be 

achieved for the heaters wired in series. This has enhanced the lifetime of the heaters. 
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Figure 4.24: Temperature rise characteristics for silicon nitride heaters 

4.4.2 Heater Holder 

After a series of iterations, a holder has been developed to support the ' silicon nitride 

heaters, permit substrates to be clamped securely in position, and maintain electrical 

and thermal isolation from the original electron beam substrate holder. A schematic 

diagram of the holder is shown in Figure 4.25. 
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Figure 4.25: Diagram showing heaters mounted in molybdenum suhstrate holder 

It is made of molybdenum - an excellent thermal conductor that can withstand 

sustained high operating temperatures without surface degradation. It comprises two 
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plates which clamp the silicon nitride heaters in position. The upper plate has two 

molybdenum clamps mounted on it, which are used to clamp the silicon substrate. 

The back plate of the substrate holder is screwed into a plate mounted on the original 

holder, and is thermally and electrically isolated from the main body of the holder by 

four sapphire balls. A small plate is mounted over the upper end of the molybdenum 

plates to enclose the heater hot zones and prevent excessive heating of the chamber. 

4.4.3 Temperature Measurement 

The molybdenum holder is not only required to clamp the ceramic heaters in position, 

but also to ensure that the substrate is in good thermal contact with the heaters. 

Several options have been investigated to ensure maximum thermal contact between 

the substrate and the holder. Silver dag was painted on to the substrate holder and 

used to position the silicon wafer on top. Copper foil of thickness O.125mm was also 

positioned between the substrate and holder. However, neither of these procedures 

were implemented, since they both resulted in a reaction taking place between the 

copper or silver and the silicon substrate. It has been found that, provided care is 

taken to ensure the flatness of the upper molybdenum surface, sufficiently good 

thermal contact is maintained between the substrate and the surface, without any 

additional treatment. However, any unevenness in the molybdenum surface will result 

in the generation of hot spots - leading to non-uniform temperature distribution. 

The substrate temperature is measured using two type K (NiCrlNiAl) thermocouples. 

The two thermocouples are used for different purposes - one displays the substrate 

temperature on a temperature controller which is used to regulate the current supply 

to the ceramic heaters, and the other provides a reference for a trip condition used in 

system control. These controls are outlined in Section 4.5 . Initially, the 

thermocouples were positioned between the silicon substrate and the clamp, in order 

to determine the temperature on the substrate itself. However, remounting between 

runs could result in different temperature readings . In order to ensure reliable and 

reproducible temperature readings, the thermocouples are now positioned under the 

edges of the plate enclosing the hot zone of the heaters, and consequently do not need 
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realignment between runs. However in this position, they monitor the temperature of 

the molybdenum substrate holder, and not that of the substrate itself Also, the 

indicated thermocouple temperature does not correspond exactly to the temperature 

obtained using a disappearing filament optical pyrometer, operating at 0.65 ~m. Since 

the pyrometer is more accurate, the thermocouple temperature must be correlated to 

the pyrometer temperature for the molybdenum holder, which in turn must be related 

to the temperature of the substrate material. 

The optical pyrometer is calibrated against an ideal blackbody radiator, which has the 

maximum possible emissivity value of 1.0. Because different materials have different 

emissivity characteristics, a heated object might not be as bright as a blackbody that 

has the same temperature. The true temperature of the object can be obtained if its 

emissivity value is known, by adding on a compensation factor to the indicated 

pyrometer reading. Three different substrates have been used during this project: 

silicon, graphite and diamond films deposited on silicon. Using quoted emissivities for 

these materials and for molybdenum, the compensating factors for each material have 

been calculated for different temperature settings, and used to determine both the 

substrate and holder temperatures for any given thermocouple temperature. 

In order to facilitate ease of correlation, a graph has been plotted of indicated 

thermocouple temperature against measured pyrometer temperature for the different 

substrates used during this project. It is shown in Figure 4.26 . By fitting a regression 

to each temperature set, a spreadsheet has been set up allowing the determination of 

the thermocouple temperature corresponding to any given material temperature. 

Indicated temperatures of the molybdenum holder obtained for each substrate show 

excellent agreement, confirming the reliability of the measurement process. 

This design has successfully achieved all its initial objectives. The substrate can be 

easily positioned and manipulated, and its temperature controlled at values up to 

900°C, for periods of several hundred hours. The heaters run stably in a relatively high 

pressure environment (-1 xl 0-4 Torr), and plasma generation around the shielded 

heater leads has not constituted a problem. 
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4.5 System Control 

An essential feature of this experiment is the need for long term stable operation of 

the sources. Typical running times are up to several hundred hours, and it has been 

necessary to develop monitoring equipment to ensure the safe operation of the 

sources when unattended. It is imperative that if the operating conditions of one 

source change during a run, then all the sources are switched off, so that the 

parameters for the run remain known. With this objective in mind, a source controller 

has been designed and built, and Section 4.5.1 provides a summary of how this 

controller operates. In order to ensure the safe operation of the roughing pumps, 

diffusion pumps, valves and pressure gauges comprising the vacuum apparatus, as 

well as the sources themselves, a system controller has also been built, and is 

described in Section 4.5 .2. The operation and arrangement of the pneumatically 

operated valves in the system is outlined in Section 4.5.3 . 

4.5.1 Source Controller 

The source controller is shown schematically in Figure 4.27 . It allows the operation of 

three sources and two gas pressure controllers, either individually or simultaneously. 

Mains Set trip level Trip reset Override Running Time 

• Temp.@ • • 
0 /' 2:45 

A B Set time: 20:00 

Microwave @ • • 
Ref. Power 0 Clock Override 

• • 2f • sputter @ 
Power 0 -( 

Figure 4.27: Schematic diagralll o/source controller 
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Each item is interlocked into the controller, so that it cannot be turned on without the 

controller being on. Under normal operating conditions, the controller is designed to 

shut off all the sources if one source trips. The trip levels for the heaters, the 

hydrogen atom source and the carbon sputter source can be independently set and 

varied by the user. If a source trips, its trip light will come on. The light can only be 

removed by pressing the reset button, provided the trip conditions are no longer being 

satisfied. The Granville Phillips Pressure Controllers, used to control gas pressure 

flow into the chamber, do not have trip conditions associated with them on the source 

controller - but if one of the sources trips, they will close automatically, ensuring the 

removal of the gas supplies from the chamber. The different safety features of the 

source controller are described below in detail: 

4.5.1.1 Trip Conditions 

1. Temperature Trip 

A thermocouple monitors the temperature of the substrate, and sends a signal current 

back to the controller which can be correlated to an actual temperature. This acts as 

the trip ror the substrate heaters . The dial reads from 0-10, and corresponds to the 

trip current in arbitrary units. Figure 4.28 shows a graph of thermocouple 

temperature against trip current. 
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Generally, a current corresponding to a trip temperature of around half the value of 

the running temperature is chosen. The dial trips if the temperature falls below the 

trip value - which should only occur if one of the heaters goes open circuit. 

2. Hydrogen Atom Source Trip 

The percentage of reflected power detected by the microwave power supply is used as 

the trip condition for the hydrogen source. The dial reads from 0-10, which correlates 

with 0-100% reflected power. Reflected power of 80% is generally set as the trip 

value, since the dial trips if the reflected power goes above this value. This trip 

condition would only be met if the atom source tube cracked, or the hydrogen gas 

supply ran out, and microwave power was still being supplied to the source. 

3. Sputter Source Trip 

The operating power of the sputter source is used as the controller trip value. The 

dial reads from 0-10 which corresponds to 0-1000W. Trip values are usually set to 

less than 50% of the measured sputter power, and the dial trips if the sputter power 

falls below the trip value. This is the most frequent cause of shut down, since the 

sputter source may arc suddenly and stop operating. An additional switch has been 

incorporated into the sputter source that allows the source to run in manual or 

automatic mode. When moved to automatic mode, the source will try to restart itself 

for 40 seconds if the power falls below the trip value. This means that any momentary 

arcs will not result in shut down of the system. If, after 40 seconds, the sputter 

source is still not restarted, then the trip condition will be activated. This procedure 

has helped greatly in the long term operation of the system. 

4.5.1.2 Override Conditions 

Each source has two override switches labelled A and B in Figure 4.27. Normally 

when setting up the sources, all override switches are moved to the up position, 

corresponding to the light being on. If one of the sources is not being operated, both 

its override switches should be left on, to ensure that it does not trip the other 

sources. When override switch A is on for a particular source, it will not turn off 
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even if its trip conditions are met. This facility is essential when initially setting up the 

sources - it can then be removed when the sources are operational. When override 

switch B is on for a particular source, it will not turn off even if the trip conditions for 

another source are met, and it switches off This is useful if one source is tripping 

frequently initially. The purpose of these override switches is to allow the greatest 

possible versatility in the operation of any combination of these sources. 

4.5.1.3 Timing Conditions 

The clock fulfils two functions - it can either trigger the sources to stop if a preset run 

time has been completed, or it will display the run time at which a source tripped. If 

the timing override switch is on, then the sources will not stop if the run time is 

completed, nor will the clock stop if a source trips . 

4.5.1.4 Granville-Phillips Pressure Control Valves 

Initially, needle valves were used to regulate the flow of both hydrogen and argon 

gases into the chamber. These valves proved accurate and ensured fine control over 

the gas flow entering the sources. However, throughout the night, the gas pressure 

was prone to drift slightly with changes in room temperature, resulting in a rise or fall 

in the source pressure. This was particularly significant for the hydrogen source, since 

variations in the pressure of gas entering the atom source could result in a change of 

the dissociation fraction, and subsequently a change in intensity of the hydrogen beam 

striking the substrate. If the argon pressure fell off dramatically during the night, 

resulting in an inability to reach the required power set point for operation, then the 

sputter source would be shut down. Another disadvantage of the needle valves was 

that, in the event of one of the sources tripping and shutting the other sources off, the 

gases continued to flow into the chamber, until they were manually removed. 

Two automatic pressure controllers are now used to monitor and control the 

hydrogen and argon pressures flowing into the vacuum chamber. The controllers 

comprise a servo driven, organic free valve and an electronic controller, and are 
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designed to automatically regulate the gas pressure within the range 10-11 Torr to 

1300 Torr. Two Baratron pressure gauges, which monitor the pressure in both of the 

sources, serve as feedback transducers. A voltage corresponding to the source 

pressure is sent to the automatic pressure controller, which compares this input 

voltage with the user reference voltage. The difference between the input and 

reference voltages is used to control the servo motor drive circuitry. The motor then 

opens or closes the valve to reduce this difference to near zero. Operating in 

autom~tic mode, these controllers can be set to the required inlet pressure, and then 

left to run safely, with the pressure being maintained within a very narrow range. 

The two pressure controllers have been interlocked into the back of the source 

controller, so that in the event of one source tripping, the valves will close. When 

closed, the valve seals to a leakage conductance of less than 10-12 1/s, i.e. all gas is 

removed · from the chamber. Thus the dual problems of pressure stability and safe 

removal of gas have been satisfied by the introduction of these valves into the system. 

4.5.2 System Controller 
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Figure 4.29: Schematic diagralll of system controller 
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A schematic of the system controller is shown in Figure 429. Incorporated into the 

controller are pre-conditions which must be satisfied before individual components are 

activated, in order to ensure safety during operation. These requirements are 

summarised in Table 4.3. 

COlVIPONENT REQUIREMENTS 
Roughing Pump Appropriate RP switch pressed 
Diffusion Pump Appropriate RP on, air supply on, water cooling 

supply on, appropriate DP switch pressed 
RoughinglBacking Valve Appropriate RP on, air supply on, appropriate 

RIB switch pressed 
Butterfly Valve Appropriate DP on, pressure in Gauge 1 < 0.5mb, 

appropriate BF switch pressed 
MAINS OUTLET CROSS 1. 

H Atom Source Both RPs on, atom source cooling water on, 
pressure in Gauge 1 < 0.5mb, switch pressed 

C Sputter Source Both RPs on, sputter source cooling water on, 
pressure in Gauge 1 < 0.5mb, switch pressed 

Substrate Heater Both RPs on, atom source cooling water on, 
pressure in Gauge 1 < 0.5mb, switch pressed 

MAINS OUTLET CROSS 2. 
Quadrupole + Ioniser Both RPs and DPs on and BF valves opeR, 

pressure in Gauge 5 < 1.0 x 10-4mb, switch 
pressed 

Table 4.3: Summary a/switch on requirements/or vacuum components 

The system controller is designed to respond to failures in electrical, air or water 

supplies. It is imperative that the system not only shuts down safely if amenity failure 

occurs, but also remains in a safe condition when the amenity is restored. The safety 

procedures implemented for different amenity failures are outlined in Table 4.4. The 

controller is linked via a relay unit to an Edwards Controller 2002, which supplies a 

read out of chamber and backing line pressures. The Edwards controller has been 

programmed with four stages, which allow the chamber to be let up to air safely while 

protecting the diffusion pumps, and which monitor the chamber pressure throughout 

run times - removing power from the sources or shutting the butterflies if the chamber 

pressure exceeds certain trip conditions. The combination of manual and automatic 

control has worked well in ensuring the safety of the vacuum chamber. 
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AlVIENITY STATE ACTION TAKEN 
POWER Failure RPs and DPs off; RIB valves vented to neutral position; 

BF valves move to closed position; atom source, sputter 
source, substrate heater and quadrupole switched off 

Returns RIB valves resume position before failure; nothing back 
on until switches are pressed 

AIR Failure DPs off; RIB valves vented to neutral position; BF valves 
remain in position before failure; atom source, sputter 
source, substrate heater and quadrupole switched off 

Returns DPs back on; RIB valves resume position before failure; 
BF valves remain in position before failure; all sources 
remain off until switches are pressed 

WATER Failure DPs off; RIB valves remain in position before failure; BF 
valves move to closed position; atom source, sputter 
source, substrate heater and quadrupole switched off 

Returns DPs back on; RIB valves remain in position before 
failure; BF valves resume position before failure; all 
sources remain off until switches are pressed 

Table 4.4. Summary of action taken in the event of amenity failure 

4.5.3 Pneumatic Valve Panel 

The pneumatically operated valves are mounted on a panel, as shown in Figure 4.30, 

and activated by a. compressor. The air supply is first directed through two pressure 

switches wired into the system control box. They confirm that the air pressure IS 

above the trip level, before activating the air interlock on the system control box. 

Figure 4.30: Schematic diagram of pneumatic valve panel 
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Air is then piped to a manifold from which it is fed to two valves controlling the 

butterflies, and to a vent valve. Air from the vent valve is used to operate the 

roughing/backing valves via another manifold. Each of the valves is operated by a 

solenoid which is controlled by the supply of power from the system control box. In 

the case · of electrical power failure, the vent valve vents the air line, resulting in the 

roughing/backing valves moving to a central neutral position. To avoid the butterfly 

valves being vented during power failure, resulting in the butterflies being unable to 

close, they are supplied with air before it passes through the vent valve. 

4.6 References 

Chopra K L, Thin Film Phenomena, McGraw Hill, New York (1969) 

Dahl D A, Simion 3D Version 6.0 User's Manual, Idaho National Engineering 

Laboratory (1995) 

Donnelly A, Hughes M P, Geddes J and Gilbody H B, Meas. Sci. Technol., 3 (1992) 

528 

Dushman S, SCientific Foundations of Vacuum Technique, Wiley & Sons, (1962) 91 

Geddes J, McCullough R W, Donnelly A and Gilbody H B, Plasma Sources Sci. 

Technol. , 2 (1993) 93 

Harrison D E and Delaplain C B, J Appf. Phys., 47 (1976) 2252 

Lisitano G, Ellis R A, Hooke W M and Stix T H, Rev. Sci. Instrum ., 39 (1968) 295 

Matsunami N, Yamamura Y, Itikawa Y, Itoh N, Kazumata Y, Miyagawa S, Morita 

K, Shimizu Rand Tawara H, Atomic Data and Nuclear Data Tables, 31 (1984) 1 

McCullough R W, Geddes J, Donnelly A, Liehr M, Hughes M P and Gilbody H B, 

Meas. Sci. Technol., 4 (1 993) 79 

Olson D S, Kelly M A, Kapoor Sand Hagstrom S B, J Maler. Res., 9 (1994) 1546 

Suetsugu Y and Kawai Y, Jap. J Appf. Phys., 23 (1984) 1101 

Thornton J A, "Deposition Technologies for Films and Coatings ", ed. Bunshah R F 

et al ,Noyes Publications (1 982) 170 

Westwood W D, Progress in Surface Science, 7 (1976) 71 

Wood B J and Wise H, J Phys. Chem., 66 (1962) 1049 

Yamamura Y, Matsunami N and Itoh N, Radial. Efl, 71 (1983) 65 



155 

Chapter 5 

Etching Measurements 
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5.1 Introduction 

One of the most important considerations in diamond film growth is the exact nature 

of the role of atomic hydrogen in the growth environment. Numerous roles have been 

postulated for this species, as outlined earlier. It has long been known and accepted 

that atomic hydrogen is useful in the preferential etching of graphitic carbon co

deposited with diamond on a substrate (Anthony (1990)) The etching of graphite by 

hydrogen atoms is a chemical sputtering process. In chemical erosion, molecules are 

formed by the chemical reaction between the incident particles and the target atoms, 

and desorb with an energy distribution equivalent to the surface temperature of the 

material. The temperature dependent chemical reactions result in a temperature 

dependent sputtering yield. 

Numerous studies of the etching of graphite by hydrogen have been reported in the 

literature, with the authors concentrating largely on recording the yield of gaseous 

products formed during etching by hydrogen (Auciello et al (1983), Balooch and 

Olander (1975), Stangeby et al (1983) and Vietske et al (1982)) . Much of the 

etching work has involved the use of hydrogen ions, which may not be of primary 

concern in the diamond growth environment. In the temperature range used for CVD 

diamond growth, the principal product produced by etching has been identified as 

methane, and the methane yield per incident atom has been determined as a function 

of graphite temperature. It is worth noting that in many of the experimental 

arrangements the detector did not sample the reaction products directly emitted from 

the graphite target, either due to its position or the high gas pressure. Consequently, 

the recorded intensity of those products that condense on the chamber walls (such as 

carbon atoms) would be greatly reduced. This might lead to an erroneously low value 

for the sputtering yield . 

There is diversity of opinion about how atomic hydrogen interacts with diamond, and 

the rate at which diamond is etched . Most authors state that hydrogen etches graphite 

at much higher rates than diamond, without providing quantitative experimental 

evidence to substantiate their claims. Bachmann (1990) stated that atomic hydrogen 
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etched graphite - 20 times faster than diamond, while Deryagin and F edoseev (1977) 

and Setaka (1989) estimated that graphite is etched several orders of magnitude faster 

than diamond. Under CVD diamond growth conditions, Angus et al (1993) and 

Banholzer (1992) have estimated that - 104 H atom recombination events are 

required to add one C atom to a diamond surface, although they provide no estimates 

for the removal of one C atom from a diamond surface. 

In these investigations graphite and diamond targets have been bombarded, under high 

vacuum conditions, with a well-characterised thermal energy hydrogen atom beam, 

and the resulting target mass loss measured. The chemical sputtering yield expressed 

as carbon atoms removed per incident hydrogen atom has been determined for both 

substrates over a range of temperatures, which include those commonly used for CVD 

diamond growth. For the same incident hydrogen intensity, the relative etch rate of 

diamon<;i compared to graphite has been investigated for several temperatures. This 

should prove a useful addition to the data available for the modelling of diamond 

growth environments, and may provide further insight into the effect of temperature 

on diamond growth. 

The effects of varying both the substrate temperature and the intensity of the 

hydrogen . beam striking the substrate have been investigated in some detail for 

graphite substrates. Modifications to an etching model proposed in the literature have 

allowed the successful prediction of observed intensity and temperature dependencies. 

Within systems for diamond growth, pure graphite may not always be the form of 

carbon co-deposited with diamond, so comparisons of etch rates for different forms of 

carbon are beneficial. Consequently, some etch measurements for glassy carbon have 

been carried out to allow comparison with the results obtained for graphite. 

5.2 Experimental Procedure 

The experimental apparatus for carrying out the etching measurements comprises the 

fixed lenath hydroaen atom source and the heated substrate holder. It is shown 
b 0 

schematically in Figure 5. 1. 
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Research grade hydrogen of minimum purity 99.995% was used in the source for 

these experiments. By adjusting both the source-to-substrate distance using different 

adapters and the source operating pressure, the hydrogen atom intensity striking the 

substrate could be varied from 5 x 1015 to 1 x 10 18 atoms cm-2 
S-I. The chamber 

pressure during the etching experiments was always less than 1 x 10-4 Torr. 

Substrates were always positioned at right angles to the emerging hydrogen atom 

beam. It was assumed that the hydrogen intensity striking the substrate was essentially 

uniform over the entire surface, resulting in uniform etching. Justification for this 

assumption may be obtained from a consideration of Figure 5.2. It can be seen that 

the angle between the aperture and the substrate edge is 24.6° for the closest source 

to substrate distance of 1.2 cm. Assuming that the beam emerges from the aperture 

with a cosine distribution, this corresponds to a variation in hydrogen atom intensity 

of less than 10% across the substrate surface. For longer source-to-substrate 

distances, this variation would be even smaller. 

1 
E.xit 0.2+ ~ __ ~1,-,-".2",---__ ~ 

Aperture .. 
1.3 Substrate 

~ 0.5cm ~ 

Figure 5.2: Scale drawing showing angular distribution of hydrogen beam emerging from source 
exit aperture, for source-to-substrate distance of 1.2cm 

Chemical sputter yields were determined using an identical procedure to that outlined 

for the calibration of the quartz crystal monitor in Section 4 .3. Samples to be treated 

were weiahed on the microbalance and their initial mass recorded . After careful 
o 

clamping in position on the substrate holder, the substrate holder was lowered into 

position in the vacuum chamber, and the chamber pumped down. The substrate was 

heated to the desired temperature, and the hydrogen source then turned on. 

Treatment at the required temperature and intensity was carried out for the 

determined time and the substrate was allowed to cool down, before being removed , 
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from the chamber and re-weighed. Knowing the length of run, the area of substrate 

exposed to the incident hydrogen beam and the incident intensity, the number of 

carbon atoms removed for each hydrogen atom incident (the chemical sputtering 

yield) could be determined for different temperatures and incident intensities. 

Since hydrogen ions etch graphite much more rapidly than hydrogen atoms, it is 

essential to determine the contribution made by hydrogen ions emerging from this 

source to the graphite sputter yield. As outlined earlier, the hydrogen ion flux striking 

the substrate was measured to be - 1012 ions S-I, with ions possessing an average 

energy of less than 20e V. Hsu (1988) has investigated the etching of graphite using 

low energy hydrogen ions. Assuming the sputter yield quoted for 50eV hydrogen 

ions, the flux of ions incident on our substrate contributes less than 1 % to the etch 

rates measured for graphite in this present work. This confirms that the measured etch 

rates are due to hydrogen atom etching and not to combined ion and atom etching. 

5.3 Graphite Etching Measurements 

The graphite used in the etching measurements, obtained from Kurt J Lesker Ltd., 

was hot isostatically pressed and 3mm thick with a purity of99.999%. Typical errors 

in the sputter yield measurements were estimated to be 15%, allowing for small 

variations in atom intensity and the sensitivity of the microbalance. 

5.3.1 Temperature Dependence 

Graphite samples were positioned a distance of either 12 or 92 mm from the exit 

aperture of the atom source. The incident hydrogen atom intensity was fixed at either 

8.9 x 10 17 or 1.7 x 10 16 atoms cm-2 
S-I and the substrate temperature was varied as 

required . Runs were normally of 22h duration . It was found that at room temperature 

and 1143K etch rates were low, and so the etch time for these temperatures was 

doubled in an attempt to minimise errors in the mass loss measurement. Etching 

measurements were repeated to confirm the reliability of the method used . 
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Figure 5.3 shows the chemical sputtering yield of graphite as a function of 

temperature for the two different hydrogen intensities. It can be seen that the graphite 

sputtering rate is strongly temperature dependent For an intensity of 8.9 x 1017 atoms 

cm-2 
S-I , the sputter yield varies over two orders of magnitude over several hundred 

degrees . K. The maximum sputter yield occurs around 780 K, with the yield falling 

dramatically on either side of this value. At the lower hydrogen intensity of 1. 7 x 10 16 

atoms cm-2 
S-1 the sputter yield is consistently higher - contrary to expectations that 

fewer carbon atoms would be removed, and possesses a less pronounced peak. 

To explain this result, it was initially postulated that saturation effects are being 

observed and that maximum sputter yields are obtained at the lower incident intensity. 

This implies that operating at higher intensities results in the same amount of carbon 

being removed, but the resulting sputter yield is lower since more hydrogen is incident 

on the surface. Such an explanation makes the determination of absolute sputter 

yields very difficult, since the incident intensity producing optimum etching would 

have to be determined for each temperature, to prevent saturation effects from scaling 

the sputter yield. However, this explanation cannot satisfactorily explain the observed 

results. If saturation effects are being observed then, for any given temperature, the 

sputter yields obtained for different intensities should differ from each other by the 

ratio of the two incident hydrogen intensities. This ratio should be fixed for all 

temperatures - resulting in identical curve profiles . However, the shapes of the two 

curves obtained in these measurements are not identical, and so saturation effects 

cannot account for the observed results . Consequently, the measurements obtained 

must be a feature of the experimental conditions and as such, require an explanation. 

The effects of the etching of thermal energy atomic hydrogen can be seen clearly 

when substrates are compared at the same magnification using scanning electron 

mlcroscopy. Figure 5.4 shows a series of graphite substrates etched at the same 

intensity but different temperatures, possessing greatly differing surface morphologies. 

Examination of the sample treated at 780K, where etching is maximum, shows the 

graphite structure to be much more open than at other temperatures . The strong 

temperature dependence of the sputter yield determined numerically using mass loss 

measurements, is confirmed by examination of these visual images. 
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(a) (b) 

(c) (d) 

-(e) (t) lOum 

Figure 5.4: SEM images of graphite substrates etched at fixed H atom 
intensity of 8.9 x 1017 atoms cm-2 

S-l but different temperatures: 
(a) untreated sample,' (b) 3 o OK,' (c) 58 OK,' (d) 78 OK,' (e) 970K,' (f) 1140K 
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5.3.2 Intensity Dependence 

The dependence of the graphite sputtering yield on incident hydrogen atom intensity 

was investigated by carrying out a series of measurements at fixed temperatures. To 

ensure measurable mass loss from the sample, the treatment time was varied as 

required for each intensity. The results obtained are shown in Figure 5.5. It can be 

seen that at all the operating temperatures investigated, the sputtering yield decreases 

as the incident H atom intensity increases. 

However, the sputtering yield dependence on intensity does not vary uniformly with 

changes in temperature. At 314K the sputtering yield is approximately inversely 

proportional to the intensity. As the temperature increases up to - 780K, the 

sputtering yield becomes less strongly dependent on intensity, as evidenced by the 

gradient becoming less steep . At temperatures above - 780K, the sputter yield 

dependence on intensity increases once again. It is interesting that the temperature at 

which the sputter yield changes from possessing a decreasing intensity dependence to 

once again possessing an increasing intensity dependence, corresponds to the value at 

which maximum sputtering occurs. The fact that maximum sputtering is achieved for 

the temperature exhibiting least dependence on incident intensity, may imply that the 

two variables are not totally independent. Clearly, the sputtering yield for graphite 

possesses both a temperature and an intensity dependence, which must be explained 

by the theoretical models. 

Figure 5.6 shows SEM images of graphite samples treated at - 780K using different 

hydrogen intensities. Again, varying degrees of etching are evident for different 

intensities. As the intensity decreases from 8.9 to 2.8 x 10
17 

atoms cm-
2 

s-\ the sputter 

yield increases, but the porosity of the etched graphite surface decreases - evidenced 

by the graphite appearing less deeply pitted. This effect is particularly pronounced for 

a hydrogen intensity of 1.7 x 1016 atoms cm-2 s-1,·where the surface appears relatively 

flat and very similar to the untreated graphite surface, and yet repeated mass loss 

measurements confirm large sputter yields. This may indicate that etching occurs via 

different processes for different intensity conditions. 
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(a) 

(b) (c) 

(d) (e) 
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lOurn 

Figure 5.6: (a) SEM image of untreated graphite substrate; SEM images 
of graphite substrates etched at a fixed temperature of 78 OK, but 
different H atom intensities (atoms cm-2 

S-1): (b) 8.9 x 1017,. (c) 4.8 X 1017,. 

(d) 2.8x1017
,. (e) 1.7x 1016 
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5.3.3 Comparison with Existing Data 

Hsu (1988) has presented a useful summary of the measured chemical sputter rates of 

graphite by hydrogen impact, for both hydrogen ions and atoms. Hydrogen ion 

sputtering is at least an order of magnitude higher than hydrogen atom sputtering. 

Results for sputtering by hydrogen atoms possessing energies up to a few e V were 

obtained by detecting reaction products using a mass spectrometer, or by measuring 

the electrical resistance change of the carbon samples. 

Sputter yields obtained by different groups vary quite significantly, indicating the 

sensitivity of the reaction mechanism to the structure of the particular graphite sample 

and its conditioning history. Both Gould (1975) and Stangeby et al (1983) observed 

that graphite sputter yields using atomic hydrogen can be divided into two distinct 

groups: one exhibiting a peak between 700 and 900K, and the other possessing a peak 

at < 600K. The first set of curves represent samples which have been activated by 

some pre-conditioning process - such as heating to at least 800K before exposure to 

the hydrogen flux, while the second set represent deactivated samples. The activated 

state is characterised by a large transient yield upon initial exposure to the hydrogen 

flux. This is gradually reduced to a deactivated state upon continued exposure, 

resulting in a steady, smaller yield. 

These two groups are evident in Figure 5.7 where a number of curves, mostly arising 

from the measurement of the elL yield per H atom, are compared with the current 

sputtering yield obtained at an H intensity of8.9 x 1017 atoms cm-2 
S-l It can be seen 

that the current results agree well with the general temperature dependency of the 

majority of other results, with an observed maximum in the sputter yield occurring 

around 800K. This suggests that the samples used were activated in some way before 

etching. However, the present sputter yield is approximately an order of magnitude 

higher than most others presented. A possible explanation for the observed differences 

in magnitude may lie in the experimental methods used by other groups to measure 

the etch rates since absolute values may not have been determined due to the , 

condensation of species on reactor walls. 
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Figure 5.7: Comparison of present results with chemical sputtering 
yields presented in the literature. CIH: e, present results; CHI H: A 
(basal) and B (prism), Balooch and Olander (1975); C, Stangeby et al 
(1983); D and E, Gould (1975); F and G, Pitcher et al (1984); H, 
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The results labelled A and B in Figure 5.7 have approximately the same magnitude as 

our observed results. They were obtained by Balooch and Olander (1975) in a 

detailed series of experiments, in which the reaction of pyrolytic graphite with 

hydrogen was investigated using modulated molecular beam mass spectrometry. The 

products formed were either methane or acetylene - methane being formed at 

temperatures up to 800 K as shown in Figure 5.7 and acetylene being formed above 

1000K. No carbon gasification was observed at temperatures between 800-1000K -

the region where maximum sputtering of graphite and so maximum methane 

formation, were observed by other groups. Balooch and Olander proposed that under 

these conditions, the graphite surface acts as a catalyst to recombine adsorbed H 

atoms to form H2 . 

Vietzke et at (1984) directly viewed a graphite sample with a quadrupole mass 

analyser during etching, and showed that at temperatures less than 1000K the main 

reaction product is not CH4, as proposed by Balooch and Olander (1975), but CH3 . 

They also failed to detect any evidence for the higher temperature erosion branch 

detailed by Balooch and Olander, producing acetylene as a reaction product. 

5.3.4 Fit to Existing Theory 

5.3.4.1 Balooch and Olander's Model 

Balooch and Olander (1975) identified three routes by which adsorbed H atoms could 

be removed from a graphite surface: 

(a) A series of elementary steps resulting in CH4 production, which occurs at low 

temperatures 

(b) Direct recombination of adsorbed H atoms to form H2, which leaves the surface 

(c) Reaction between two CH radicals on the surface to form acetylene, which occurs 

at temperatures above 1000K. 

They proposed a mechanism to explain the dependence of graphite etching by thermal 

energy H atoms on temperature. In it, they assumed that the sticking probability of 

atomic hydrogen to a graphite surface is temperature independent, and that the H 
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atoms on the graphite surface are mobile at all surface temperatures, and can diffuse 

into and out of the bulk solid. At temperatures above 1000K the CH species is also 

assumed to possess surface mobility. 

Their model consisted of a serIes of kinetic reactions whose parameters were 

determined by matching the predicted dependence of reaction probabilities with the 

measured ones. It involved the solution of complex diffusion equations for phase lag 

and reaction probabilities as functions of target temperature, beam intensity and 

modulation frequency. The best fit to their experimental data was achieved by 

assuming methane formation to be proportional to CH
3 and acetylene formation to CH

2
, 

where CH is the surface concentration of hydrogen. The model successfully predicted 

the observed dependencies of methane and acetylene reaction probability on 

temperature, as shown in Figure 5.8: 
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Figure 5.8: Temperature dependence of the apparent reaction probabilities for methane and 
acetylene, showing experimental data and theoreticalflt developed by Balooch and Olander (1975) 

Despite the complicated nature of this mechanism, it does not explain the peak in 

temperature dependence of the methane yield evident in both these results and many 

other experiments. Roth (1983) pointed out that Balooch and Olander's experiment 

was carried out under conditions of low hydrogen surface coverage, As a result, the 

surface hydrogen concentration would be well below the saturation limit, and could 
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steadily increase as the temperature was reduced. Since the methane yield depends 

critically on the concentration of hydrogen present, it would increase with decreasing 

temperature . For higher atomic fluxes such as are present in many other experiments, 

surface coverage could already be near the saturation limit, resulting in an effective 

decrease in sputter yield as the temperature is decreased . A peak in the sputter yield 

would then be expected - as observed. 

5.3.4.2 Erent's Model 

Erents et al (1976) investigated the chemical sputtering of graphite by 20keV H+ ions 

and found that the hydrocarbon production rate exhibited a peak at a temperature 

close to that of the present data. They stated that the methane production rate is 

determined primarily by the equilibrium concentration of hydrogen atoms on the 

carbon surface. In order to explain their results, they modified Balooch and Olander's 

theory by assuming that the rate of formation of methane, R', is given by: 

R . = f(ns}F(T) 

where f(nJ is a function of the surface concentration of hydrogen atoms ns, F(T) = A 

exp (-Q/ RT) , and A and Q, are the constants of the chemical reaction rate F(T). 

The surface concentration of hydrogen atoms at any given time was postulated to 

depend on three terms, and represented as : 

dnjdt = 1 - 10 ems - n,/r (5 .1 ) 

where 1 is the rate of arrival of hydrogen atoms from the bulk to the surface, 10 is the 

arrival rate of the incident ions, and 'f is the surface lifetime, 'f = 'fo exp (Q2IRT) . The 

second term in equation (5.1) is included to take into account the depletion of the 

hydrogen surface concentration due to desorption induced by incident ions, for which 

the cross-section CJ is - 10-16 cm2 The third term is the rate of thermal desorption of 

hydrogen atoms from the graphite surface. 
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Assuming a steady state situation where dn/dt = 0 and .1 = .la, then the surface 

concentration ofH atoms may be expressed as: 

If the formation of methane is assumed to be directly proportional to ns, then the rate 

R of formation of methane per H ion may be expressed as: 

R = A exp( - QI / RT) 

.1
0

(5 + r:1 exp( - Q2 /RT) 

Erents et al noted that their model was an oversimplification of the processes 

involved, and postulated that the methane formation rate might be a higher order 

function of the surface concentration, ns. However, this equation can be solved to 

produce a maximum in methane formation at one particular temperature, as observed 

in practice. The existence of a peak is due to the supposition of one temperature 

independent process (beam desorption) and one temperature dependent process 

(thermal desorption). Consideration of the model shows that at high temperatures the 

formation rate of methane is limited by thermal desorption of H2, and as the 

temperature increases, the formation rate R decreases. As the temperature decreases, 

the chemical reaction rate F(T) decreases, resulting in a drop in methane production. 

Erents et al (1976) stated that their model successfully explained the difference 

between ion bombardment of a graphite surface and the interaction of a thermal 

atomic beam as being due to the effect of ion induced desorption. They claimed that 

most of the experiments that have resulted in a peak in methane production ha-le used 

rf discharges, in which some desorption due to ions or electrons would be expected. 

Consequently, the sputter yields obtained cannot be attributed solely to etching using 

thermal energy atoms, and so are not necessarily in conflict with the results obtained 

by Balooch and Olander (1975) for H atom sputtering of graphite . 

However, this explanation of the difference between ion and atom induced desorption 

does not satisfactorily explain the results obtained in this experiment. As detailed 

previously, the ion and electron fluxes from the atom source incident upon the 
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substrate have been measured. The ion flux has a maximum value of 10 12 ions S-I with 

ions possessing - 20eV, while the electron flux is less than 5 x lOll electrons S-I with 

electron energies not greater than 70eV. These fluxes are significantly lower than the 

incident atom intensity that ranges from 10 16 to 10 18 atoms cm-2 
S-l As has been 

stated earlier, this ion flux is not large enough to make a significant contribution to the 

sputter yield, and the low energies of the ions mean that they are unlikely to produce 

strong ion-induced desorption effects . The pronounced peak in the present sputter 

yield measurements must, therefore, be explained in terms of atom interactions. 

Since Erents et at assumed CH4 to be the major reaction product resulting from the 

sputtering of graphite, the rate of formation of methane per incident ion, R, in their 

model, can be regarded as equivalent to the chemical sputtering yield obtained in this 

set of experiments. Using Erents' model and assuming that, instead of H ions, 

incident H atoms can induce desorption of hydrogen from the graphite surface, an 

excellent fit has been obtained for the sputtering yield measured at an incident 

intensity of8 .9 x 1017 atoms cm-2 
S-l It is shown in Figure 5.9. The fit was achieved 

with 'toO' = 4.3 X 1028 cm-2 
S-I , Ala = 5.8 x 1016 cm2 

S-I , QI = 19 kJ mOri, and Q2 = 

160 kJ mOrl . The arguments of Erents et at (1976) indicate that these values are 

realistic . However, using identical parameters but adjusting the value of the incident 

intensity, this model was not able to fit the sputter yield obtained for a hydrogen 

intensity of 1.7 x 1016 atoms cm-2 s-\ as shown in Figure 5.9 . Figure 5.9 demonstrates 

clearly that although this model can successfully predict the dependence of the 

graphite sputtering yield on temperature, it is incapable of simultaneously predicting 

the intensity dependence of the sputter yield using thermal energy hydrogen atoms. 

For a fix ed temperature, at low intensities the model predicts that R is approximately 

constant, while at intensities above a critical value, R becomes inversely proportional 

to the intensity Jo. The critical value for this behaviour to be observed increases as the 

temperature increases. These features are not observed in our results . The chemical 

sputtering yield of graphite appears to have a more complicated dependence on 

temperature and intensity than is predicted by this simple model. 
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5.3.5 Modifications to Erents' Theory 

In order to represent more accurately the observed intensity and temperature 

dependencies of the sputter yield, additional terms have been included in the 

modelling equation. The adjustments made to the existing theory are empirical, 

although they each possess a physical significance. In the new model, the surface 

concentration is given by: 

(S.2) 

where all the terms are identical to those used in equation (S.l), with the addition of p 

and Q3, which are constants, and nfwhich is defined as the number of free sites on a 

clean graphite surface. 

Comparing this with equation (S . l), it can be seen that in both equations the surface 

concentration is dependent on three terms. The last term in both equations is 

identical, but the first two terms have been modified. In equation (S.l), the first term 

was simply the rate of arrival of hydrogen atoms from the bulk to the surface. In the 

present model, this has been modified to assume that the surface concentration of 

hydrogen atoms will depend on the number of free sites available on the surface. It 

seems reasonable to assume that the probability of a hydrogen atom diffusing from the 

bulk to the surface will depend on whether the surface is completely clean or almost 

entirely covered. This is reflected in the first term included in equation (S.2) in which 

there will be no contribution to the hydrogen surface concentration from hydrogen 

diffusing from the bulk, if the surface is completely covered. If, on the other hand, the 

surface is completely clean, then the contribution will be proportional to tile rate of 

arrival of hydrogen from the bulk - as assumed in Erent ' s model. 

The second term in equation (S .l) allowed for the depletion of the hydrogen surface 

concentration due to desorption induced by the incident ions. In equation (S.2) this 

term has been modified to include a temperature dependent term for desorption 

induced by atoms. This inclusion is based on the assumption that the efficiency of an 

atom at removing an adsorbed atom will depend on the energy possessed by the 
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adsorbed atom. This, in turn, will be dictated by the temperature of the surface on 

which the adsorbed atom resides. 

Adopting these modifications and assuming a steady state situation, the surface 

concentration of hydrogen atoms can be expressed as: 

n = plo 
s plo/ nJ +lo (Jexp(-Q3 /RT)+T~J exp(- Q2 /RT) 

The rate of sputtering of graphite by hydrogen atoms can be determined using the 

same procedure as outlined earlier: 

R= aexp(-QJ /RT) 

l o +blo exp( - Q3 / RT) +c exp( -Q2 / RT) 
(5.3) 

Using equation (5.3), the results obtained for the sputtering of carbon by thermal 

energy hydrogen atoms have been fitted as shown in Figure 5.10. The fit was 

obtained with a = 3.2 x 10-5
, b = 7.9, c = 0.21, QI = 2.5 kJ mor\ Q2 = 2.0 kJ mOrl 

and Q3 = 23 .3 kJ mOrl . It is immediately apparent that the introduction of these new 

factors has resulted in the successful prediction of the observed temperature and 

intensity dependence of the sputter yield. Where the previous model failed to 

accurately account for the intensity variation of the sputter yield, the adjusted model 

has succeeded. However, the fit is not perfect, since it fails to accurately predict the 

high temperature dependence of the sputter yield at high intensities. Theoretical 

values are lower than the measured sputter yield for H intensity of 8.9 x 1017 atoms 

cm-2 s-\ suggesting that the model needs additional refinement to more accurately 

represent the experimental data at all temperatures . 

5.3.6 Glassy Carbon Measurements 

During diamond growth in CVD reactors, not all of the material formed is diamond. 

Depending on the process, varying amounts and compositions of Sp2 bonded carbon 

can also form - commonly referred to as graphite or graphitic carbon. However, it is 



5 - ETCHING MEASUREMENTS 
177 

10-2 ~----------------------------------~ 

,-.., 
0 

~ 
---0 

u 
'-" 

S 10-3 
0 
1ij 

~ 
I-; 
<l) 

0.. 
rfl 

S 
0 
1ij 

U 
~ 
0 

"'0 ........ 
<l) 10-4 ...... 
» 
I-; 
<l) ....... ....... 
~ 
0.. 

r./J 

10-5 ~~~~~~~~~~~-L~~LJ-L-L~~~~ 
200 400 600 800 1000 1200 

Temperature (K) 

Figure 5. 10: Fit to experimental data using new theoretical model (same 
constants for both curves): - New model; • H intensity = 8.9 x 10

17 

atoms cm-2 s-/; • H intensity = 1.7 x 10/6 atoms cm-2 s-/ 



5 - ETCHING MEASUREMENTS 178 

unlikely that the material co-deposited with diamond is identical in nature to graphite. 

This raises the issue of whether etch rates for crystalline graphite can be used to 

predict rates of removal of graphitic materials in the diamond growth environment. 

In an attempt to address this issue, several runs were carried out using glassy carbon. 

Glassy carbon is a term used to describe the films produced by graphite sputtering. 

These films are more likely to represent the Sp2 carbon co-deposited with diamond in 

that they are deposited rather than machined. Several films were deposited at different 

temperatures on pre-weighed silicon wafers, and the mass of carbon deposited 

determined using the microbalance. Each substrate was then repositioned on the 

substrate holder and treated with hydrogen at the temperature at which it had been 

deposited. This approach was adopted since any carbon removed by atomic hydrogen 

in the diamond growth environment at a particular temperature, would have been 

deposited at the same temperature. 

Etching measurements for glassy carbon were carried out at a hydrogen atom 

intensity of lA x 1017 atoms cm-2 S-1 . The results obtained are shown in Figure 5.11, 

together with the results for graphite etching at hydrogen intensities of 8.9 x 1017 and 

1. 7 x 1016 atoms cm-2 S-1 It can be seen that the etch rate of glassy carbon possesses 

a similar temperature dependence to that of graphite - with a maximum etch rate being 

observed at - 770K, although no measurements were obtained at temperatures below 

this. The values also lie approximately within the bounds imposed by the two graphite 

measurements, which is encouraging since the glassy carbon was etched at an 

intermediate hydrogen intensity. These results suggest that the assumption that Sp2 

carbon co-deposited with diamond is graphitic, may be valid to first approximations. 

This justifies the extrapolation of results obtained for the etching of graphite and 

diamond under identical conditions, to the diamond growth environment. 
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5.4 Diamond Etching lv[easurements 

Randomly oriented diamond films (5J.lm thick) deposited on silicon (supplied by 

Goodfellow Metals Ltd .) and typically containing 1 % or less bulk Sp2 -bonded carbon, 

have been used in the etching measurements. Substrate areas were generally 10 x 12 

mm
2 

Typical errors in the sputter yield measurements were estimated to be - 30%, 

due to the smaller mass losses achieved during etching. 

5.4.1 Temperature Dependence 

Diamond samples were positioned a distance of 12 mm from the exit aperture of the 

atom source. The dependence of the diamond etch rate on temperature was 

investigated by keeping the incident hydrogen atom intensity fixed at 8.9 x 10 17 atoms 

cm-2 S-I during a series of runs at different temperatures. Typical run times were in 

excess of 200 hours to obtain even a minimal degree of etching. This proved 

prohibitive in developing the study to the same extent as the graphite measurements. 

Consequently, three different temperatures were investigated, and the sputter yields 

obtained are shown in Figure 5.12. 

It is apparent that the diamond sputtering yield has a very different dependence on 

temperature to that of graphite. In contrast to measurements obtained for graphite, 

no peak is observed in the diamond sputtering yield at intermediate temperatures, but 

at high temperatures a slight increase in yield is observed. Perhaps the most striking 

feature is the magnitude of the diamond sputter yield - a maximum yield pe,- H atom 

of 10-6 is obtained at the highest temperature investigated using thermal energy 

hydrogen atoms. Examination of the diamond samples using SEM before and after 

hydrogen treatment confirms the low levels of etching achieved, as shown in Figure 

5.13. There is no obvious difference in surface morphology between the treated and 

untreated diamond samples. 

Because of the presence of low levels of Sp2 carbon in the bulk diamond film, it was 

speculated that the diamond etch rates achieved could be attributed instead to the 
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Figure 5.13: SEM images of diamond substrates etched at fixed H atom 
intensity of 8.9 x 1017 atoms cm-2 

S-1 but different temperatures: 
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removal of graphitic carbon from the diamond surface. However, several factors 

imply that this is not the case. In the first place, the measured etch rates for graphite 

show a different temperature dependence to that obtained for diamond, which would 

not be expected if the diamond etch measurements were a result of graphitic carbon 

etching. Secondly, the measured sputter yield for graphite is at least several orders of 

magnitude larger than that obtained for diamond. Although graphitic deposits within 

a diamond film may not be etched in exactly the same way as a graphite surface, it 

seems reasonable to assume that if the graphitic carbon was being etched from the 

diamond, the indicated sputter yield would be larger than is observed in practice. 

5.4.2 Comparison between Diamond and Graphite Sputter Yields 

The sputter yields obtained for both diamond and graphite at an incident hydrogen 

atom intensity of 8.9 x 10 17 atoms cm-2 
S-1 are shown together for comparison in 

Figure 5.14. Within the temperature range 750-1120K, it can be seen that the relative 

etch rate of diamond compared to graphite changes quite dramatically. At 750K 

diamond is etched 7.7 x 103 times more slowly than graphite, while at the higher 

temperature of 1120K, this relative etch rate is reduced to a factor of only 75. 

Because the shape of the sputter yield dependence on temperature differs for the two 

materials, their rate relative to each other changes very significantly over the 

temperature range investigated. 

5.5 Summary 

The etch rate for graphite using thermal energy hydrogen atoms has been determined 

as a function of both substrate temperature and incident intensity using mass loss 

measurements. The sputter yield has been found to be dependent on both the 

temperature and the intensity - in a manner which cannot be explained by exisitng 

theoretical models. By adapting a model proposed by Erents et al (1976), the 

observed intensity and temperature dependence have been successfully reproduced. 

Etch rates for randomly oriented diamond films have been obtained as a function of 

substrate temperature in the region commonly used for CVD diamond growth. 
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The sputter yield for diamond possesses a different temperature dependence to that 

obtained for graphite. Consequently, the sputter yield of diamond relative to graphite 

varies over several orders of magnitude, depending on the operating temperature. 

These findings should be considered during discussions of the optimum growth 

conditions for diamond. Most diamond growth is carried out in the temperature 

range 900-1200K - the region in which the smallest variation is observed between the 

rate at which graphite and diamond are etched by thermal energy hydrogen atoms. 

This would imply that in this region, a higher proportion of grown diamond relative to 

graphite, is likely to be etched. The growth of diamond at lower temperatures such as 

700K should permit the enhanced selective removal of graphite compared to 

deposited diamond, and so could result in better quality films. Clearly however, this is 

only one factor which must be borne in mind when considering diamond growth. 

The intensity dependence of the graphite sputter yield also suggests that these findings 

can only' accurately be extended to any other diamond growth environment, if the 

hydrogen atom intensity is known. The low operating pressures of this experiment and 

the absence of any hydrocarbon gas also differs from the normal growth environment 

found in a CVD reactor. However, these findings are important for the successful 

modelling of diamond growth environments and they confirm the important role 

played by thermal energy hydrogen atoms in the selective etching of graphite in the 

diamond growth environment. 
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6.1 Introduction 

The extent and nature of the roles fulfilled by atomic hydrogen in the diamond growth 

process, is a question under current debate. The importance of atomic hydrogen in 

the preferential etching of graphite relative to diamond has been demonstrated in 

Chapter 5. An additional role of atomic hydrogen is postulated to be the stabilisation 

of dangling bonds on the diamond surface, so that further diamond growth can occur. 

Both of these roles are independent of the carbon precursor used to promote diamond 

growth - hence, provided diamond nucleation sites are present initially, atomic 

hydrogen should play the same role in any diamond growth reactor. In this respect, 

the results obtained using this reactor should be applicable to all diamond growth 

environments. In an attempt to study the active role of atomic hydrogen in the 

diamond growth process, growth studies at different carbon:hydrogen ratios have 

been carried out using atomic hydrogen and carbon sources. 

Diamond formation has been shown to be dependent on conditions such as pressure, 

temperature or gas species present. The low pressure environment in this reactor 

reduces the likelihood of gas phase interactions occurring, and so limits any growth to 

that induced by reactions occurring on the substrate surface. These experiments 

permit the study of a single species interacting with another single species on a 

surface, in the absence of gas phase reactions. They also allow the investigation of 

whether the ratio of hydrogen relative to carbon incident upon the surface, is a critical 

factor in determining the nature or quality of film formed, as stated by Olson et at 

(1994) . However, if the role of atomic hydrogen is primarily to interact with 

hydrocarbon species in the gas phase, as postulated in many mechanisms, then this 

current approach should not result in effective diamond growth. In summary, results 

obtained using this reactor should clarify aspects of the diamond growth process . 

6.2 Characterisation of Films 

Film characterisation was carried out uSing three mam techniques: mass 

measurements, Scanning Electron Microscopy and Raman spectroscopy. In the first 
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of these techniques, a Mettler 5 microbalance was used to weigh the samples before 

and after treatment, permitting any mass changes to be determined and providing an 

indication of whether film growth had taken place. 

Scanning Electron Microscopy was also used as a characterisation technique. The use 

of a HITACHI S3200N microscope, able to detect materials with mass number as low 

as carbon without the need for enhanced coating procedures, has allowed good 

quality images to be obtained. This technique permits examination of changes in the 

substrate surface resulting from the deposition process, and comparison of the 

deposited film with the substrate, or with films deposited under different conditions. 

A RamanSpec™ currently being developed by Andor Technology Limited, was used 

for all the Raman spectroscopy measurements, permitting the nature of the material 

deposited to be determined. However, all the measurements were carried out using a 

laser operating at a wavelength of 782nm, rather than 514nm which is optimum for 

diamond applications. Consequently, results obtained using this system required 

interpretation before comparison with other results, since the operating wavelength 

and other factors affect the positions of the detected peaks as outlined briefly below. 

The typical Raman spectrum for glassy carbon possesses two bands - one at - 1355 

cm-! and the other at - 1570 cm-\ as noted in Chapter 2. The relative intensity of the 

two lines depends on the nature of the graphitic material, and varies as the inverse of 

the crystal size. The line at 1570 cm-! is known as the graphite mode (G band) and is 

present in all graphitic samples, being assigned to the C=C stretching vibration E2g 

mode in highly ordered pyrolytic graphite (HOPG) (Nemanich and Solin (1979)). The 

G band peak in amorphous carbon lies in the range 1560-1610 cm-! depending on the 

degree of disorder, and it shifts to higher wavenumbers with decrease in crystallite 

size. The band at -1355 cm-! is a defect induced band, often called the disorder mode 

(D band) . The intensity of this line increases as the amount of unorganised carbon in 

the samples increases, and as the graphite crystal size decreases (Tuinstra and Koenig 

(1970)). These two bands are diagnostic features for disordered carbon films, with the 

linewidth and DIG intensity ratio both varying depending on the film structure. 



6 - FILM GROWTH STUDIES 190 

The Raman spectra of both glassy carbon films and amorphous hydrogenated carbon 

films (a-C) vary with laser excitation wavelengths. Yoshikawa (1989) measured 

Raman spectra of amorphous carbon films as a function of excitation wavelength. 

Figure 6.1 shows the variation of peak frequencies of the major Raman bands with 

excitation wavelength for a-C, pyrolytic graphite (PG), HOPG, and glassy carbon. 
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Figure 6. i: Variation of Raman shift as a function of exciting wavelength for different materials. 
Two types of a-C were used with different hydrogen content: A - 0%; C - 30% (Yoshikawa (1989)) 

In HOPG the G band is observed at 1581 cm-I, independent of excitation wavelength. 

The position of the G band of glassy carbon depends only slightly on excitation 

wavelength, shifting to higher frequency by about 2-5 cm- l as the wavelength is 

increased (Yoshikawa et al (1988)). However, the position of the D band, observed 

at ~ 1360 cm- l in glassy carbon, shifts significantly to lower frequency (~ 1330 cm-I) 

with increase in excitation wavelength (Tuinstra and Koenig (1970)). This frequency 

shift is not well understood, but is observed in pyrolytic carbon and a-CH as well as 

glassy carbon. The maximum wavelength at which values were noted by Y oshikawa 

(1989) was 641nm. Since the wavelength at which the present measurements were 
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carried out was 782nm, the D band shift may be even more pronounced for these 

results . This must be taken into consideration during analysis of the results. 

Raman spectra for glassy carbon show an increase in intensity and narrowing of the 

width of the 1360 cm-
l 

band with increasing heat treatment temperature (Nakamizo 

(1991)), although such changes are not observed for the 1580 cm- l graphite band. 

This results in an increase in the DIG ratio with increasing anneal temperature (Dillon 

et at (1984)) due to very small crystallites present in the sample growing in size 

andlor in number, and so beginning to contribute more to the Raman spectrum. 

Annealing amorphous carbon films at temperatures up to 700°C produces gradual 

graphitisation of films, as evidenced by broad bands at 13 3 0 and 1520 cm- l gradually 

transforming to relatively sharp peaks centred at 1350 and 1580 cm-I. Clearly, films 

grown at different temperatures may exhibit peaks at slightly different frequencies. 

6.3 Choice of Substrate 

Initally, silicon (100) wafers scratched with diamond paste were used as substrates. 

These were chosen, because silicon has a similar bond structure to diamond - with 

each silicon atom surrounded by four other silicon atoms in a tetrahedral arrangement, 

and because diamond is expected to grow most quickly on the (100) diamond surface. 

As detailed in Chapter 2, various techniques exist to enhance diamond nucleation on 

non-diamond substrates. The simplest process involves scratching the surface with 

0.75-1.5ttm diamond dust, and then cleaning it in an ultrasonic bath using acetone, 

followed by methanol, decon solution and then deionised water, before drying it using 

a nitrogen gas gun. Examination of samples prepared via this technique using an 

electron microscope, shows that some diamond particles remain embedded on the 

silicon surface, enhancing the likelihood of new diamond nucleating near these sites. 

However, for some of the later studies of diamond growth, growth on polycrystalline 

diamond films obtained from Goodfellow Metals Ltd. was investigated. It was 

postulated that, due to the low incident carbon fluxes and the relatively low nucleation 

density, the growth rate of diamond films on scratched silicon wafers might be slow, 
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and the enhanced nucleation density of diamond substrates might permit faster growth 

rates. However, while any amorphous carbon deposited would quickly mask the 

presence of the underlying diamond, the deposition of new diamond on a diamond 

substrate might not result in a change in Raman signature. Clearly, other techniques 

would also be required to characterise films grown on this type of substrate. 

6.4 Growth Studies using Gas Molecules 

The diamond growth mechanisms which have received most attention are those 

involving methyl radicals (Harris (1990» and acetylene molecules (Frenklach and 

Spear (1988». Two brief separate sets of experiments were carried out, designed to 

investigate whether methane or acetylene molecules could account for diamond 

growth in the current reactor. 

The controlled introduction of gas into the chamber was achieved by replacing the 

sputter source with a length of stainless steel tubing, possessing a small aperture in the 

end. The pressure inside the tube was monitored using a baratron mounted outside the 

chamber, and was controlled using a Granville-Phillips pressure control valve. The 

flow rate S (in I S-l) through the tube, can be determined using the equation: 

where A = aperture area and Ao = tube cross-sectional area (cm2); Do = tube diameter 

and L = tube length (cm) ; and K= (RTI2TCM)lf2 (= 1l.61 S-I cm-2 for air at 20°C). 

The gas throughput T (in Torr I S-I) out of the aperture, can be determined for a given 

inlet gas pressure P (in Torr) using the equation: 

T=SxP 

Multiplication by 3.55 x 1019 converts the throughput to atoms S-l As in the case of 

the hydrogen atom source, the intensity 1 (in atoms cm-
2 

S-I) of methane or acetylene 

strikina the substrate can be determined using the equation: o 

1 = T cos () 
o 

m'-
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where T is in atoms S- I, and r = distance between aperture and substrate (cm). For a 

fixed tube and aperture size, adjusting the inlet gas pressure varied the intensity of 

methane or acetylene striking the substrate, as determined using a spreadsheet. 

6.4.1 Methane as Growth Species 

The possibility of growing diamond in the present reactor usmg methane and 

hydrogen was investigated. Two scratched silicon wafers were treated using different 

ratios of methane and hydrogen. The first sample was treated at a methane:hydrogen 

ratio of 1 :2000 for 100 hours at 800°C and an incident hydrogen intensity of 2.7 x 

10 17 atoms cm-2 
S-I. When removed from the chamber, the sample was completely 

clean - indicating that no film growth had taken place. Repetition of the experiment at 

the same temperature and incident hydrogen intensity, but with an increased methane 

intensity resulting in a methane:hydrogen ratio of 1 :40, produced no different results. 

Once again, no difference was evident in the treated and untreated regions of the 

sample The factor of 50 variation in the methane:hydrogen ratio had no effect on the 

end product, suggesting that in the current reactor methane and atomic hydrogen do 

not resuh in diamond production, as observed in typical CVD reactors. 

6.4.2 Acetylene as Growth Species 

Frenklach and Spear (1988) proposed a mechanism for diamond growth involving 

acetylene molecules (C2H2)' This mechanism postulates the addition of acetylene 

molecules to a hydrogenated diamond surface, without the additional activation of the 

acetylene molecules. If this simple model is correct, then the simultaneous supply of 

acetylene and atomic hydrogen on to the substrate surface, should permit the 

successful growth of diamond films, for a suitable incident ratio. Martin (1990, 1993) 

has shown that diamond can be grown using acetylene as the only hydrocarbon 

starting species, although methane produces diamond at faster rates. 

Two separate experiments were carried out using acetylene and atomic hydrogen, in 

which the hydrogen intensity was fixed at 1.4 x 10
17 

atoms cm-
2 

S-1 and the acetylene 
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intensity was varied by pressure adjustment. In the first experiment, the 

acetylene hydrogen ratio was fixed at 1: 100, and a scratched silicon substrate was 

treated at 770°C for over 100 hours. At the end of this time there was no evidence of 

a film on the substrate surface, and there was no change in substrate mass. 

The next experiment was carried out at an increased acetylene:hydrogen ratio of 

1: 1 000, with a diamond substrate being treated for over 110 hours at 800°C. This 

should have ensured enhanced nucleation sites for diamond growth. Once again, the 

substrate mass did not increase, and in fact a small decrease was observed, consistent 

with the . etching of diamond by atomic hydrogen. No difference in film morphology 

between the treated and untreated regions was observed using the electron 

microscope, as seen from Figure 6.2. These results demonstrate that under the 

operating conditions of our reactor, diamond growth does not occur for different 

ratios of acetylene to hydrogen incident simultaneously on a substrate - either 

diamond scratched silicon or polycrystalline diamond film. 

Several explanations can be suggested for these observations. Firstly, there is the 

possibility that the acetylene mechanism is only valid in normal CVD diamond growth 

reactors, because of the higher gas pressures involved. Secondly, perhaps acetylene 

does not result in diamond growth via the mechanism proposed by Frenklach. While 

acetylene has been shown experimentally to result in diamond growth (Martin 

(1993)), the species may require activation before it can successfully add to the 

hydrogenated diamond surface. Thirdly, the acetylene:hydrogen ratios investigated in 

this reactor may not be sufficient to enable carbon addition to the diamond surface. 

Additional ratios would need investigated to permit the validation of this argument. 

These results with gas species interacting with atomic hydrogen on the surface of both 

scratched sil icon and diamond substrates have been unsuccessful in explaining the 

proposed mechanisms for diamond growth involving these gas species. The process 

is complex, and appears dependent on the conditions under which it is attempted. Our 

approach has demonstrated that diamond growth is not achievable using only 

unactivated gas species and atomic hydrogen, under the ratios investigated here. 
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(a) 

(b) 

Figure 6. 2: SEM images of diamond sample treated at acetylene: 
hydrogen ratio of 1: 1000: (a) untreated region (b) treated region 
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6.5 Growth Studies using Carbon and Hydrogen Atoms 

The apparatus used in the majority of growth experiments is as described in Chapter 4 

- comprising the hydrogen atom source, positioned at right angles to the carbon 

sputter source with the substrate at 45° to both sources. Most studies were carried 

out using the new atom source, as shown schematically in Figure 6.3, although early 

results were obtained using the fixed length source. The purpose of these studies was 

to investigate the hypothesis proposed by Olson et al (1994), that the ratio of 

hydrogen to carbon incident upon a substrate is crucial in the determination of the 

quality of films grown. Olson stated that the nature of carbon incident on the surface 

is not of primary importance, compared to the proportion of carbon relative to 

hydrogen incident in anyone cycle. 

Raman spectra for different films, obtained using the RamanSpec operating at 782nm 

are compared in Figure 6.4. The Raman spectrum for a sample of Goodfellow 

diamond does not exhibit the sharp, narrow band at 1332 cm-1 typically associated 

with diamond, but instead displays a much broader, diffuse peak centred around 1332 

cm- l A carbon film deposited at 800°C, and one deposited at the same temperature 

with a carbon:hydrogen ratio of 1: 100 display essentially identical Raman spectra -

corrresponding to that expected for glassy carbon. The twin peaks are observed at 

around 1340 and 1630 cm- l These wavelengths agree with the shifts recorded by 

Yoshikawa (1989) for different operating wavelengths. In both cases, the 1340 cm-1 

peak is significantly larger than the 1630 cm-1 peak - indicating a high level of 

unorganised carbon, and small crystal size (Tuinstra and Koenig (1970». This result 

shows that atomic hydrogen is having no influence on the character of the material 

deposited on the substrate surface. A sample of crystalline graphite displays two 

peaks at similar wavelengths to those for glassy carbon, with both peaks possessing 

similar intensities. This confirms that the graphite samples used are not pyrolytic. 
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6.5.1 Growth on Silicon Substrates 

A series of silicon wafers have been treated at varying carbon:hydrogen ratios to 

determine the effect on the grown films. Lengths of runs were not identical - films 

were usually grown until the sputter source shorted and stopped operating, which 

varied from run to run. Run temperatures varied between 600-800°C, the range in 

which diamond growth takes place in most CVD reactors. Some of the main results 

are summarised in Table 6 .1 below: 

Sample Run Substrate H Intensity Est. mass Sub. mass Incident 
Time Temp. (t -2 -1) a.cm s ofC dep. change C:H ratio 

(h) (QC) (mg) (mg) 

Si4 81 685 1.1 x 10 16 0.800 +0.181 1: 100 

Si6 85 685 2.6 x 10 16 0.686 +0.178 1:230 

Si 12 54 600 l.4x1017 0.545 1: 1400 

Si 14 99 700 l.4x1017 0.527 1:2700 

Si 5 100 760 2.0 x 1017 0.708 1 :2850 

Si7 52 750 1.4x1017 0.237 1:3180 

Table 6.1 : Summary of the conditions under which films were grown on scratched silicon substrates 

At carbon:hydrogen ratios of 1: 100 and 1:230 mass increases were observed. Clearly, 

the atomic hydrogen flux incident on the substrate under these conditions, is not 

sufficient to successfully remove all of the amorphous carbon deposited, or to 

transform it into diamond. Figure 6.5 shows microscope images of sample Si 4 

(treated at a ratio of 1: 100) and sample Si 6 (treated at a ratio of 1:230) - providing 

evidence of the very fine granular structure of the material deposited. Raman spectra 

of the same two films, also in Figure 6.5, confirm that the material deposited on the 

substrate is not diamond but glassy carbon, and that the same material is deposited for 

different incident carbon : hydrogen ratios. 

However, increasing the ratio of carbon:hydrogen to 1: 1400 resulted in the deposition 

of no film at all . Despite predicted carbon deposition of O. 545mg, the treated silicon 

wafer appeared identical to the untreated region of the sample. Increasing the ratio of 
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Figure 6.5.- SEM images of samples treated at different C.-H ratios.
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carbon:hydrogen incident on the surface further, up to 13200 resulted in no change -

with nothing deposited on the silicon substrate. Figure 6.6 shows microscope images 

of two samples and a Raman spectrum obtained after film treatment, showing the 

characteristic silicon peak. These confirm that no deposition had occurred using any 

of these ratios. Consideration of samples Si 5 and Si 14 which were both treated for 

the same length of time at almost identical carbon:hydrogen ratios, but at different 

temperatures (760°C compared to 700°C) shows that this temperature change did not 

result in any significant difference in film formation on the substrate - both samples 

showed no evidence of any film formation. 

In the sequential reactor, a fraction of a monolayer of carbon was always present on 

the surface of the silicon wafer before the introduction of atomic hydrogen. In case 

the atomic hydrogen acted to convert carbon already present on the surface into 

additional diamond growth sites, a separate experiment was carried out in the present 

reactor. A silicon wafer was treated at 770°C with carbon from the sputter source, 

until a layer of glassy carbon was deposited. This sample was then subjected to 

simultaneous carbon and hydrogen exposure at a ratio of 1 :3200 for 30 hours. Not 

only was there no film deposited as a result of this process, but the carbon film 

previously deposited had been largely removed, leaving just the silicon substrate. 

Clearly the presence of the amorphous carbon did not precipitate diamond growth, as 

hoped. Combining the mass of carbon deposited during treatment and the estimated 

mass of carbon deposited before treatment, gives a reduced value of 2300 hydrogen 

atoms required to remove 1 carbon atom. This is higher than the measured sputter 

yield of glassy carbon, obtained for the same hydrogen intensity and temperature, 

where 3300 hydrogen atoms were required to remove 1 carbon atom. It appears that 

hydrogen possesses the ability to successfully remove more carbon if additional 

carbon is being deposited, than when acting on a carbon surface in isolation. 

6.5.2 Growth on Diamond Substrates 

A serIes of experiments was carried out to investigate the effect of varying the 

carbon:hydrogen ratio incident on a diamond substrate. In all experiments, the 
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Figure 6.6: SEM images of samples treated at different C:H ratios: 
(a) 1: 1400,' (b) 1:2700. Both images show clearly that no film has been 
deposited, since the scratches on the silicon substrates are evident. 
(c) Raman spectrum of sample treated at C:H ratio of 1:2850, showing 
only the silicon peak at ~520nm 
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substrate was positioned at 45° to both sources, and operating conditions are 

summarised in Table 6.2: 

Sample Run Substrate H Intensity Est. mass Sub. mass Incident 
Time Temp. (at cm-2 S-l) ofC dep. change C:H ratio 

(h) CC) (mg) (mg) 

D5 35.5 800 1.6 x 1016 0.340 +0.224 1: 170 
D6 42 800 4.4 x 1016 0.270 +0.179 1 :480 
D7 52.3 800 6.4 x 1016 0.239 +0.078 1: 1200 
D4 35 800 1.4x1017 0.141 -0.002 1:3500 

D8 130 800 3.8 X 1017 0.875 -0 .230 1:4000 

D1 137 660 3.8 x 1017 0.877 -0 .902 1 :4700 

Table 6.2: Summary of operating conditions for a series of films deposited on Go 0 dfe 1l00v 

polycrystalline diamond samples 

From Table 6.2 it is apparent that the main distinction between these films is the ratio 

of carbon:hydrogen incident on the substrate surface. Diamond films subject to 

carbon:hydrogen ratios of 1: 170, 1 :480 and 1: 1700 exhibited mass increases after 

treatment, which became progressively smaller as the carbon:hydrogen ratio 

increased. As seen in Figure 6.7, microscope images of the films grown at reduced 

carbon:hydrogen ratios show evidence of a "fur" composed of very fine particles 

covering the diamond crystals. There is some evidence for preferential deposition -

with the fine particles mainly aligned in one direction, parallel to the base of the 

substrate. Examination of the films using Raman spectroscopy shows that the 

underlying diamond Raman signature is completely masked by the two peaks 

characteristic of glassy carbon, as seen from Figure 6.7, for an incident ratio of 1: 170. 

Sample D4 was treated at an incident carbon:hydrogen ratio of 1:3500, resulting in an 

almost negligible net change in mass - suggesting that the incoming hydrogen was 

capable of removing all of the incident carbon. Electron microscope images of sample 

D4 show no evidence of material deposited over the diamond surface as seen from 

Figure 6.8, and individual diamond crystals are clearly visible - as in the untreated 

diamond sample. However, there is some evidence of minimal etching, again in a 

direction parallel to the base of the substrate. The Raman spectrum in Figure 6.8 for 
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the treated sample possesses only a diamond signature - confirming that all of the 

amorphous carbon has been removed. These results provide no evidence for the 

nature of the material formed changing as the incident carbon:hydrogen ratio varies. 

Atomic hydrogen is efficient at removing amorphous carbon, but its role in the 

transformation of amorphous carbon into diamond is not substantiated by this study. 

Increasing the incident carbon:hydrogen ratio further, produced an unexpected result. 

Sample D8 was treated with an incident carbon:hydrogen ratio of 1 AOOO. When the 

substrate was re-weighed, a large mass loss was found to have occurred - with 

0.23mg of the diamond film being removed. This mass loss of diamond corresponds 

to a sputter yield of 6.5 x 10-5 carbon atoms per incident hydrogen atom. The 

measured etch rate of diamond at this temperature for an incident hydrogen flux of 

8 .9 x 10'7 atoms cm-2 s-' was only 1 x 10-6 carbon atoms per incident hydrogen atom. 

Comparison of the two etch rates shows that this enhanced diamond etch rate cannot 

be attributed to the action of atomic hydrogen alone. 

Including the mass of carbon deposited by the sputter source, the total number of 

carbon atoms removed can be calculated. This gives a total sputter yield of 3 x 10-4 

carbon atoms removed per incident hydrogen atom, which compares exceptionally 

well with the etch rate of 2.9 x 10-4 obtained for glassy carbon at a hydrogen intensity 

of lA x 10'7 atoms cm-2 s-' . This suggests that the diamond surface may be converted 

into an amorphous structure, which is less resistant to hydrogen erosion. Electron 

microscope images of this sample in Figure 6.9 show very strong evidence of etching 

in one direction, with the faceting of individual diamond crystals much less evident. 

Raman spectrscopy confirms the diamond nature of the surface. 

The experiment was repeated at a temperature of 660°C for an incident 

carbon:hydrogen ratio of 1 A 700. After treatment, 0.9mg of the diamond film had 

been removed from sample D 1. This corresponds to a diamond sputter yield of 2 x 

10-4 carbon atoms per incident hydrogen atom - an increase of 500 on the measured 

sputter yield for hydrogen alone, which was 4 x 10-
7 

Accounting for both diamond 

and amorphous carbon removed by this incident hydrogen flux, the overall sputter 
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yield under these conditions is 4.3 x 10-4 carbon atoms per incident hydrogen atom. 

This value does not show such close agreement with the sputter yield of 5.5 x 10-3 

obtained for glassy carbon at this temperature, for a hydrogen intensity of lA x 10 17 

atoms cm-
2 

S-l At this temperature and for this incident ratio, the diamond faceting 

was almost completely removed, leaving the whole surface relatively smooth, as seen 

in Figure 6.9, with slight evidence for some preferential etching. Raman spectroscopy 

verifies the diamond nature of the sample surface. Both this and the previous result 

suggest that the enhanced etch rate observed is dependent on deposition temperature. 

6.6 Discllssion 

6.6.1 Film Deposition 

6.6.1.1 Olson's Model 

Olson et al (1994) postulated a mechanism for diamond growth which differs from 

other proposed mechanisms. They suggest that, once a carbon species attaches to the 

growing surface (in a process that they call carburisation), diamond growth is not 

dependent on the gas phase interactions occurring in many reactors, but is solely 

dependent on the reactions occurring on the diamond growth surface, between atomic 

hydrogen and surface bound carbon. Olson and co-workers have shown that all the 

films they deposited can be plotted as a function of the exposure of the substrate to 

atomic hydrogen and carbon per cycle, as shown in Figure 6.10. 

A disordered carbon etch line is included in the plot, with diamond growth occurring 

to the right of the line and only disordered carbon deposited to the left. As this line is 

approached films possess decreasing thickness, indicating that diamond and graphite 

are not simultaneously deposited, but that as the ratio of hydrogen relative to carbon 

deposited increases, eventually diamond growth occurs. For a given carbon exposure, 

increasing the exposure to atomic hydrogen results in a higher quality deposited film 

of greater thickness. However, while the ratio of carbon to hydrogen required for 

diamond orowth must be above some fixed value, it does not follow that diamond o 
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growth is assured if these conditions are met. In the regime where carbon deposition 

rates are low, then diamond growth may not result if sufficient atomic hydrogen is 

present to remove all the carbon being deposited. 
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Although our incident carbon flux is much lower than that achieved by Olson et al 

(1994), the ratio of hydrogen to carbon striking the substrate is comparable to those 

values at which diamond growth was achieved using the sequential reactor. Ratios in 

the present reactor have ranged from 1:100 to 1:4700. Kelly et al (1992) produced 

poor quality diamond for 800 hydrogen collisions per surface atom per exposure, but 

excellent quality diamond when this rate was increased to 1700 hydrogen collisions 

per surface atom per exposure. Assuming that these values are equivalent to incident 

carbon:hydrogen ratios in the present reactor, it should have been possible to see the 

entire spectrum of films deposited in this reactor - from glassy carbon right through to 

good quality diamond. However, this was not observed in practice. 

Having increased the carbon:hydrogen ratio until there was no net substrate mass 

gain, it was expected that the disordered carbon etch line predicted by Olson and co-
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workers had been achieved. Since they state that diamond and graphite are not 

simultaneously deposited, diamond growth was expected for carbon:hydrogen ratios 

above this value. In practice, no film growth was observed on silicon substrates, and 

diamond substrates were subjected to vigorous etching. If the crucial factor in the 

growth process is the proportion of carbon:hydrogen incident on the substrate, as 

proposed in Olson's model, then diamond growth should have been observed using 

this reactor. Since this has not been the case, a suitable explanation must be sought. 

6.6.1. 2 Comparison of the Experimental Set-ups 

The sequential reactor and the present experimental apparatus are similar in many 

respects, but fundamental differences in the two approaches are crucial to the 

interpretation of the present findings. The main similarities and differences between 

the two pieces of apparatus are outlined below: 

In both reactors atomic hydrogen and carbon sputtered from the graphite target are 

the only species believed to contribute to growth. However, in the two environments, 

these two species impinge on the silicon substrate in a different sequence. In the 

present reactor, both species are incident simultaneously on the substrate surface 

throughout the duration of the experiment. In the sequential reactor, a fraction of a 

monolayer of carbon is deposited on the scratched silicon substrate, which is then 

exposed to a fraction of a monolayer of atomic hydrogen, in a process which is 

repeated every 100 ms. 

This difference in deposition conditions may be significant in the interpretation of the 

diamond growth process, since atomic hydrogen is interacting with carbon already 

bonded to the diamond surface in the sequential reactor, while in the current 

arrangement incoming hydrogen and carbon are incident at the same instant of time. 

An additional feature which is different in the two systems is the gas used to sputter 

carbon - while argon has been used throughout this set of experiments, Olson et al 

(1994) used helium as the sputter gas. Since helium has a lower mass than argon, it 

transfers less momentum to the carbon atoms, resulting in a lower sputter yield. 
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However, this is of little consequence in the sequential reactor because of the small 

distances between source and substrate. 

In an attempt to reduce the pressure in the current reactor, a chimney has been 

mounted on the front of the sputter source. Consequently, the substrate is a distance 

of 4.7 cm away from the sputtering target. By contrast, the silicon substrate in the 

sequential reactor has a nominal separation of 0.2mm from the sputter source. 

Because of this close proximity, the carbon flux incident each cycle on the substrate is 

very much larger than the incident flux in this reactor. However, this proximity also 

implies that the substrate is periodically introduced into the helium plasma - subjecting 

it to bombardment by higher energy ions and electrons emanating from the sputter 

source, which could conceivably change the nature of the material deposited. 

Bombardment by ions may also result in additional activation of the surface sites. 

Thus the sequential reactor may not properly involve the interaction of thermal energy 

atoms on a heated surface, which can be said to be occurring in the present reactor. 

The sequential reactor typically operates at pressures of 10 Torr - permitting gas 

molecules to travel an average distance of 10-2 mm between collisions. By contrast, 

the gas pressure in the current reactor is at least five orders of magnitude lower than 

this, providing a mean free path for the gas molecules of the order of Im. This 

implies that in this reactor, there are very few gas phase reactions between the species 

emerging from the sources, before they are incident on the ~urface of the substrate. 

By contrast, despite the proximity of the sources and substrate in the sequential 

reactor, the high operating pressure greatly enhances the likelihood of gas phase 

reactions taking place between the molecules . This increases the probability of 

additional gas species being formed in the gas phase and subsequently being directed 

on to the substrate surface, where they may interact. 

6.6.1.3 Explanation of results 

Several possibilities exist to explain these observations. The present reactor is clearly 

operating at a much lower pressure than the sequential reactor. It seems reasonable to 
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assume that gas phase reactions play no part in the interaction of carbon and hydrogen 

atoms produced in this reactor, because of their long associated mean free paths. In 

particular, any hydrocarbons produced by the etching of amorphous carbon by atomic 

hydrogen, would be unlikely to react with incoming gas species and be redirected 

back on to the surface of the substrate, where they might result in subsequent 

diamond growth. Consequently, any reactions occurring in this growth environment 

can truly be said to be surface interactions, since gas phase reactions possess such a 

low probability of occurrence. It follows that, since the present apparatus was 

unsuccessful in achieving diamond growth by a surface growth process, such a surface 

process is unlikely to account for diamond growth in other environments. 

This suggests that another explanation is required to account for the results obtained 

by Olsonet al (1994) . Olson and co-workers (1992) state that the gaseous carbon 

produced by hydrogen etching of the sputtered carbon does not significantly 

contribute to diamond film growth, on the basis that when more than two monolayers 

of carbon were deposited per cycle, additional carbon was not utilised. However, 

despite the proximity of the sources and the substrate, operating pressures are 

sufficiently high to merit the possibility of gas phase reactions accounting for the 

observed diamond growth. 

This would be particularly true in the case of hydrocarbon species formed by the 

etching of amorphous carbon by atomic hydrogen. The meaa free path is sufficiently 

small that numerous collisions could occur between outgoing hydrocarbon molecules 

and incoming atoms. Consequently, hydrocarbon molecules or radicals produced by 

etching could be redirected on to the surface of the substrate, and could conceivably 

result in diamond growth. In this way, the mechanism proposed by Olson et al could 

still apply - to the extent that once the substrate surface is carburised, then the 

mechanism could proceed as proposed. However, results from this current study 

differ from Olson et al in the initial step of surface carburisation, proposing that the 

presence of a hydrocarbon, which is most likely to be CH3, is necessary to result in 

diamond growth. 
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6.6.2 Enhanced Diamond Etching 

Investigations of the ratio of carbon:hydrogen necessary to promote diamond growth 

have led not only to consideration of the mechanisms of diamond growth, but also to 

the causes of diamond etching. For a carbon:hydrogen ratio greater than 1:2500 

incident on a silicon substrate, no growth or etching was observed. The incident 

hydrogen served only to remove the carbon deposited by the sputter source, but did 

not chemically change the nature of the substrate. By contrast, diamond substrates 

treated with approximately the same carbon:hydrogen ratio and at the same substrate 

temperature, showed evidence of extreme etching. 

Since this result cannot be attributed to the action of atomic hydrogen alone, which 

results in very low rates of diamond etching, it must result from one of two causes. 

Either argon ions from the sputter source incident on the substrate surface produce 

this pronounced etching effect, or it is caused by the combined action of atomic 

carbon and hydrogen on the diamond surface. Both of these possibilities are 

addressed in the following sections: 

6.6.2.1 Etching of Diamond by Argon Ions 

Although it has not been determined experimentally, the ion energy striking the 

earthed substrate in this reactor is estimated to be low (ofLhe order of tens of e V) 

because of the small positive plasma potential ( +5 to + 1 OV). The ion flux on to the 

substrate is - 5 x 10 14 ions cm-2 
S-1 (as detailed in Chapter 4), of which the majority of 

ions are expected to be argon. Numerous studies have been carried out on the effects 

of etching of carbon by argon ions, mainly at much higher energies - typically several 

ke V. These studies have been investigated to determine whether they satisfactorily 

explain the diamond etching observed in the present set of experiments. 

Matsunami et at (1984) used a formula to model the dependence of the sputtering 

yield of carbon on the incident energy of argon ions, which compared well with 

experimentally measured values (see Figure 6.11). It can be seen from this figure that 
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the energy threshold for argon ion sputtering is -1 OOe V, at which the sputter yield is 

only 10-
4 

atoms/ion. If it is assumed that the total ion current on to the substrate in 

this reactor is caused by argon ions, and that the enhanced etching is attributed to 

argon ions alone, then the required sputter yield would be 3 atoms/ion - achieved only 

by ions with energies of at least 10 ke V. It should also be remembered that the 

measured sputter yields in Figure 6.11 are probably for graphite rather than diamond 

or glassy carbon, making the direct application of this study to the present situation 

difficult. However, it is apparent that the ions in this reactor do not possess sufficient 

energies to satisfactorily explain the observed etch rate using this formula. 

10-4 

Figure 6. J J: Carbon sputter y ield as a fun ction of incident argon ion energy: - theoretical model; 

0 - experimental data (Matsunami et al (1984)) 

Hoffman et al (1992) used secondary electron emission and Auger spectroscopies to 

monitor the change in single crystal diamond (110) induced by 1 keY Ar irradiation, 

as a function of dosage. They found that below a certain dose, the diamond remained 

essentially single crystalline, with increasing levels of disorder. At the critical dose of 

- 2 x 10 15 ions/cm2, the damaged structure suddenly transformed into an amorphous 

but still insulating material, with similar properties to those of amorphous carbon with 

local Sp3 bonding. Further irradiation resulted in the transformation of Sp3 to Sp2 

bonds, with a corresponding rise in conductivity. By contrast, Okada et al (1995) 
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bombarded graphite and diamond surfaces with 1 ke V argon ions at - 200°C and 

observed that while the graphite surface changed to glassy carbon, there was very 

little change in the Raman spectrum of the polycrystalline diamond film. 

The results of Hoffman could explain the findings from this reactor, where the 

deposited carbon and diamond are etched at rates comparable to those of glassy 

carbon - suggesting that the diamond structure has been transformed into an 

amorphous material. However, Hoffman et al (1992) found this effect to be produced 

by ions possessing energies of 1 keY, at a dosage of2 x 10 15 ions cm-2 In the present 

reactor the ion energy is expected to be much lower than 1 keY, and the combined 

argon and carbon ion dose striking the substrate is < 5 X 1014 ions cm-2 
S-I. Both these 

factors suggest that the findings cannot be attributed to high energy argon ion etching. 

Saitoh et al (1996) used a 10 keY argon ion beam to investigate diamond etching. 

This etching resulted in smoothing of the crystal edges, creating cavities on the 

polycrystalline diamond facets at low angles of incidence. The etching rate and degree 

of surface roughness of polycrystalline diamond films was found to change with the 

incidence angle of the argon beam - with a relatively smooth surface produced after 

treatment at an incidence angle of > 15° from the normal. Maximum etch rates of 16 

).lm h(1 were obtained at incident angles of 15° and 30° from the normal. 

In the present reactor, the angle of incidence of the argon ions was 45° for all treated 

and grown films - with only the substrate temperature or the carbon:hydrogen ratio 

changing If the enhanced diamond etching is caused by argon ions, then it should be 

evident on all diamond films, not just those exposed to a certain carbon:hydrogen 

ratio. Also, it would be expected that argon ions would etch amorphous carbon much 

more rapidly than polycrystalline diamond, resulting in two possible effects - the 

sputter source alone should be incapable of producing carbon films, and at low 

carbon:hydrogen ratios no glassy carbon films should grow. Neither of these 

outcomes are observed in practice, suggesting once again that argon ions are not 

responsible for this level of diamond etching. 
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Vietzke et al (1982) investigated the combined reaction of atomic hydrogen and 

argon ions with pyrolytic graphite. Simultaneous bombardment of the substrate by 

these species greatly enhanced the hydrocarbon formation by up to a factor of 100. 

F or argon ion energies above 2.5 ke V, the reaction probability of hydrocarbon 

formation remained approximately constant, while below this value it dropped 

uniformly with energy. However, no threshold for hydrocarbon formation was 

observed for ion energies below 500eV, suggesting that low energy ions do not 

contribute to this effect. Vietzke et al (1982) explained their observations by 

assuming a fast mechanism in which the simultaneous hydrogen and ion bombardment 

produces a precursor, which reacts with additional atomic hydrogen to form a 

hydrocarbon which desorbs from the surface. While this study does not involve 

diamond etching, it emphasises that low energy ions are not efficient at achieving 

enhanced etching. 

6.6.2.2 Combined Carbon and Hydrogen Etching 

Since the observed diamond etching cannot be satisfactorily explained by the action of 

argon ions, it must be attributed to the combined interaction of carbon atoms and 

hydrogen atoms on the diamond surface. This possibility has not yet been 

quantitatively explained, but a possible qualitative explanation is outlined below. It is 

proposed that the atomic carbon from the sputter source attaching to the diamond 

surface, bonds in such a way as to make the carbon atoms c0mprising the upper layer 

of the diamond surface, more susceptible to removal by the incoming atomic 

hydrogen atoms. 

The fact that the observed effect is dependent on the incoming hydrogen flux is 

significant. It suggests that a certain hydrogen flux is required to remove the incoming 

carbon atoms. For ratios below this critical value, the incident hydrogen flux is not 

sufficient to remove all the carbon being deposited; consequently a layer of 

amorphous carbon builds up on the surface. Above this critical value, the incident 

hydrogen flux is capable of removing the incident carbon. However, the ratio of 

hydrogen to carbon is such that the carbon as it is deposited, is able to chemically 
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transform the attaching bond of the diamond surface into a graphitic carbon bond, 

making it easier for the hydrogen to remove the uppermost layer of the diamond 

surface. The actual mechansim by which this occurs is not known, and it is hard to 

comprehend why atomic carbon should be capable of transforming the diamond 

crystalline structure only under specified conditions. 

To the best of our knowledge, this observation has not been noted in any of the 

current literature. What is not clear from this study, is whether any diamond was 

deposited initially using this technique. Due to etching of the original diamond surface 

it is impossible to determine whether any carbon deposited was transformed to 

diamond and subsequently removed, or whether the amorphous carbon served only to 

reduce the existing diamond film to a form which could be removed at enhanced rates . 

6.7 Future Work 

Opportunities for further development work are outlined in the following sections. 

Atomic carbon and hydrogen are ideal candidates for use in diamond formation, since 

they are both readily available and are chemically much simpler than gaseous 

hydrocarbons used in the majority of diamond growth. The work carried out using the 

sequential reactor has shown that these two species can be used to produce very good 

quality diamond. However, our experiments have failed to replicate these results, 

although diamond growth has been attempted under different carbon:hydrogen ratios, 

on several substrates and at different substrate temperatures. 

These two conflicting results must be reconciled by further experiment. Two 

fundamental differences are apparent between the present reactor and the sequential 

reactor used by Olson and co-workers. In the first place, the operating pressure in the 

sequential reactor is five orders of magnitude higher than that used in the current 

system, introducing the possibility of gas phase collisions which could contribute to 

growth. Secondly, the species are introduced on to the substrate surface alternately in 

the sequential reactor. In order to identify which of these factors is critical to the 

initiation of diamond growth, each one would need to be investigated separately. 
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A first step towards identification of this parameter would involve the incorporation 

of two mechanised shutters into the present reactor. These shutters would 

sequentially chop the hydrogen and carbon fluxes incident on the substrate, at similar 

rates to those employed in the sequential reactor. While this process would not 

completely mirror the situation occurring in the sequential reactor, in which the 

substrate is always parallel to the source, it should represent it fairly closely. If the 

deposition of a fraction of a monolayer of carbon before hydrogen is incident is 

important, then this simple test should result in diamond growth, provided the 

carbon:hydrogen ratio is sufficiently high. If however, no diamond growth results 

from this approach, then it would seem logical to assume that the pressure in the 

reactor is the critical factor - and that gas phase collisions resulting in the formation of 

hydrocarbon species which lead to subsequent growth, are of primary significance. 

Implementation of a test such as this, should allow a more conclusive statement to be 

made about the diamond growth process. 

Another area requiring further consideration is the enhanced etching of diamond films. 

The removal rates obtained when sputtered carbon and hydrogen simultaneously 

impinge on a diamond surface are exceptionally high, and additional work is needed 

before they can be satisfactorily explained. In particular, an explanation for how 

atomic carbon incident on a diamond surface in the presence of sufficiently high levels 

of atomic hydrogen, could change the chemical bonding of diamond, is required. 

Enhanced diamond etching could be investigated as a func:ion of temperature - to see 

how it compares with the etch rate dependency obtained using only atomic hydrogen. 

The whole area of diamond etching by atomic hydrogen could also prove to be a 

beneficial topic for research. Numerous different types of diamond can be grown or 

are available naturally - ranging from single crystals to polycrystalline films. 

Companies can produce a range of diamond films for different applications, each 

possessing different specifications, based on the technique by which they have been 

grown or the impurities they contain. A systematic study of the relative etch rates of 

different types of diamond under hydrogen atom bombardment at different 

temperatures and intensities would provide a valuable contribution to the debate on 
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the forms of diamond most applicable for different situations. The advantage of using 

the present reactor for such a study, is that the hydrogen atom intensity can be 

determined accurately, and varied as required. 

High on the list of priorities is the continued characterisation of the new atom source. 

Of particular interest is the performance of the new in-phase radiator in the 

production of atomic nitrogen in the presence of a magnetic field. A solenoid which 

fits over the radiator has been designed and built, to provide a magnetic field which 

can be varied by adjusting the current flowing through the coils. Tests using this 

solenoid are due to begin shortly. The efficiency of this radiator compared to previous 

radiators is of great significance, and the performance of the source should provide 

greater insight into the nature of the role played by the electric field generated around 

the radiator slots by the microwave radiation. 

If the new source proves efficient in the production of atomic nitrogen, a systematic 

investigation could be undertaken of diamond doping using atomic nitrogen. The 

treatment of different diamond samples with varying intensities of atomic nitrogen, 

would allow the effects on the electrical properties of the diamond films to be studied. 

The nitrogen source might also find application in a study of the most efficient way to 

achieve nitriding of steels, and the effects on steel strength of different nitrogen 

implantation dosages. 

6.8 Conclusions 

A reactor has been designed to investigate diamond film growth by varying the ratio 

of carbon:hydrogen incident on both silicon and diamond substrates. A well

characterised atomic hydrogen source developed in this laboratory is positioned at 

right angles to a carbon sputter source, which has been characterised with the aid of a 

quartz crystal monitor. Substrates are positioned at 45° to both sources, and are 

clamped on a molybdenum heater holder which can be temperature controlled up to 

lOOO°C. A sequential reactor developed by Olson and co-workers, in which atomic 

carbon and hydrogen are alternately sprayed on to a silicon substrate, has resulted in 
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the growth of diamond films when the ratio of carbon:hydrogen is sufficiently high. 

Results of these experiments have led them to postulate a mechansim for diamond 

growth based on surface interactions occurring between a carburised diamond 

surface, and incoming carbon and hydrogen atoms. They propose that gas phase 

interactions play no part in the diamond growth process. 

In an attempt to verify this mechanism and replicate Olson's findings in a different 

environment, the ratio of carbon:hydrogen incident on the substrate surface has been 

varied, and the results noted. Increasing the ratio from 1: 100 up to 1 :2500 resulted in 

diminishing amounts of amorphous glassy carbon being deposited on the substrate, 

until eventually no deposition occurred. For values above this ratio, no diamond 

growth resulted on silicon substrates - with the sample mass remaining unchanged 

after treatment. In contrast, subjection of diamond substrates to higher ratios of 

carbon: hydrogen resulted in enhanced etching which cannot be attributed to the action 

of either atomic hydrogen, or argon ions. Instead, it is postulated that the enhanced 

diamond etching is a result of the interaction of carbon and hydrogen on the diamond 

surface, converting it to a form which can more easily be removed by atomic 

hydrogen. As yet, this process is not well understood, and the above proposal is 

presented ' simply as an explanation for observed results. 

The results from this study call into question the mechanism proposed by Olson, 

which should also be valid in the present environment. Although the incident flux of 

carbon is much lower in this reactor than in the sequential apparatus, any incident 

carbon should result in the carburisation of a proportion of the diamond surface, 

which could then be attacked by atomic hydrogen. Even if the growth rate is much 

lower in this reactor, it is expected to be discernible . Its total absence suggests that 

the growth mechanism cannot adequately be described as a surface process. We 

propose that the operating pressure in the sequential reactor results in collisions 

between 'the methane molecules formed by the interaction of atomic hydrogen with 

carbon deposited on the substrate surface, and incoming atoms. Some of the methane 

molecules are subsequently redirected back on to the substrate surface where they 

react, resulting in diamond growth. Thus the mechanism may be termed a surface 
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mechanism, but it requires the addition to the surface of methane molecules or methyl 

radicals which are formed as a result of gas phase collisions. 

The etching by atomic hydrogen of both graphite and diamond, has been investigated 

as a function of temperature and intensity. A model has been developed which 

successfully explains both the temperature and intensity variation of the graphite 

sputtering yield. The etch rate of diamond, while being very low, has been shown to 

possess a temperature dependence not previously reported. These findings indicate 

that the relative etch rates of diamond and graphite are dependent on the substrate 

temperature, which must be considered when attempts are being made to optimise 

conditions for diamond growth. 

A new atom source has been designed and built - permitting the source to substrate 

distance to be adjusted easily. This allows enhanced versatility, and the variation of 

the hydrogen flux on to the substrate, as required. Tests are shortly to be undertaken, 

designed to check the performance of a new "in-phase" radiator in the production of 

atomic nitrogen, in the presence of a magnetic field. 

This study has confirmed the importance of atomic hydrogen in the diamond growth 

process - both in the preferential etching of graphite or glassy carbon over diamond, 

and in its interaction with atomic carbon on a diamond growth surface. However, this 

study calls into question the likelihood of single carbon atoms and hydrogen atoms 

interacting to result in diamond film growth. The present findings cannot adequately 

be explained by a surface mechanism, and they suggest that gas phase interactions are 

a critical element in the mechanism of diamond growth. 
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