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Preface

It is my privilege as the Editor-in-Chief to present to you an effort of our team of

prominent contributors to this monograph on Carbon and Oxide Nanostructures.

Over the past 20 years, carbon and oxide nanostructures evolved into one of the

most studied objects and are presently entering in the transition phase from nano-

science to nanotechnology. Carbon and oxide nanostructures constitute an enor-

mous topic which may only be described in a simplified manner, which in essence is

the intent of this book. It is hoped that this book would provide valuable resources

for researchers as well as postgraduate students of physics, chemistry and engineer-

ing. Related carbon-based materials such as fullerenes, carbon fiber, glassy carbon,

carbon black, amorphous carbon, diamond, graphite, buckminsterfullerene, and

carbon nanotubes (CNTs) are discussed. CNTs which have attracted the attention

of the scientific community due to their fundamental and technical importance are

elaborated. It also presents a review of the applications of fullerene and its deriva-

tives as electron beam resists, as well as outlining the effects of catalyst on the

morphology of the carbon nanotubes. Structural and optical properties of hydro-

genated amorphous carbon (a-C:H) thin films prepared in a DC-plasma-enhanced

chemical vapor deposition reactor is discussed in greater detail. Some of the works

done on polymer-CNTs-based solar cells with a variety of device architecture and

band diagram are summarized. Several irregular configurations of carbon nanofi-

bers (CNF) such as coiled, regular helical, and twisted coil are elaborated. This

book also includes the molecular modeling of carbon-based nanomaterials includ-

ing discussions on some aspects of the issues related to the synthesis and character-

ization of diamond prepared via CVD techniques using the hot filaments and

plasma. Oxide-based materials related to fuel synthesis and solar hydrogen produc-

tion are also presented. The versatility of ZnO nanostructures and some of the novel

applications such as solar cells and light-emitting devices are being highlighted. A

brief introduction of Fe–FeO nanocomposites and some superparamagnetism stud-

ies in the form of particles and thin films are included. The benefits and drawbacks

of the properties of some nanomaterials used in optical sensing applications are

given, and the recently developed optical chemical sensors and probes based on

photoluminescence are also rigorously overviewed. Aspects of nanocatalytic reac-

tions, the types of catalyst, and also the preparation and characterization of the

active catalyst for ammonia synthesis are scrutinized.
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I am grateful to all authors who have contributed to the chapters of this book. All

merits on overview of such an enormous topic as Carbon and Oxide Nanostructures

in this concise monograph should be credited to all contributing authors, but any

shortcomings to be attributed to the Editor-in-Chief. The book is dedicated with all

sincerity to all whose work has not received due reference and recognition.

Universiti Teknologi PETRONAS Assoc. Prof. Dr. Noorhana Yahya

Malaysia
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Diamond: Synthesis, Characterisation

and Applications

Roslan Md Nor, Suriani Abu Bakar, Tamil Many Thandavan, and

Mohamad Rusop

Abstract In this chapter we review some aspects of the synthesis and characterisa-

tion of chemical vapor deposited diamond. Chemical Vapor Deposited (CVD)

diamond is arguably the first of the “new” carbon materials that has received

extensive research attention due to its potential industrial applications. Intense

research activities on CVD diamond that spanned over 30 years brought much

progress in understanding and techniques on the synthesis and laboratory demon-

stration of applications. However, industrial scale applications are still elusive,

mainly due to the many technical hurdles that must be overcome in order to fully

benefit from the wonderful properties of diamond. Although CVD diamond has

been superseded by fullerene in the 1990s, later carbon nanotubes and more recently

the emergence of graphene, it is worth looking at this fascinating form of synthetic

diamond which may yet make a comeback in years to come. Attention was given to

the established techniques for the synthesis and characterisation of CVD diamond as

well as issues related to the challenges of industrial applications of CVD diamond.
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1 Introduction

Carbon is the only element in the periodic table that has four isomers from

0 dimensions to 3 dimensions. There are two well known polytypes, namely

graphite with sp2 hybridized bond and diamond with sp3 hybridized bonds. During

the last 30 years, a number of “new” carbon forms have received vast attention, all

of which are variations of the two forms of carbon mentioned above. The “new”

carbon forms are CVD diamond [1–3], which is the subject of this chapter, full-

erenes, carbon nanotubes and graphene.

Fullerenes are a class of carbon materials with 0 dimensions which were first

discovered in molecular beam experiments in 1985 by Harold W. Kroto, Robert F.

Curl and Richard E. Smalley [4]. The most abundant of the fullerenes is C60. It has

the structure of hollow spherical cluster of 60 carbon atoms forming a complete

molecule. In each molecule, 12 pentagons associated with sp3 hybridization and 20

hexagonal formation of carbon atoms involving sp2 hybridization [5, 6], joined

together to form a complete spherical shape.

Carbon nanotubes were first discovered in 1991 created much attention as one

dimensional nanostructured pure carbon materials with numerous useful properties

which are of interest to both industrial applications and fundamental research [7].

The latest of the new carbon material is graphene which is one atom thick layer of

two-dimensional carbon atoms with sp2 bonding. Theoretical speculation have long

showed that a single layer graphene sheet should be thermodynamically unstable

but this was dispelled in 2004, when it was first fabricated by mechanically cleaving

of Highly Oriented Pyrolytic Graphite (HOPG) [8].

2 Diamond

Diamond has been revered by humans since ancient times mainly as gemstone. Its

scarcity, hardness and bright sparkle makes it a status symbol. Apart from being

the much sought after gemstone, the many remarkable properties of diamond

have similar appeal to material scientists and engineers. Among the properties are

hardest known material, chemical inertness, and highest thermal conductivity at

room temperature, least compressible and highest stiffness. When doped, diamond

exhibit semiconducting properties with a larger band gap of 5.4 eV which can be

useful for the fabrication of microelectronics devices for high frequency and high

power applications.

Diamond which is carbon in the most concentrated form, involves sp3 hybridiza-

tion of the valence electrons in carbon to form chemical bonds. In diamond each

carbon atom shares all four of its available electrons with adjacent carbon atoms,

forming tetrahedral unit, with 1.54 Å in length [9]. This shared electron-pair

bonding forms the strongest known chemical linkage, sp3 hybridized electrons

forming the covalent bond, which is responsible for the many superlative properties

196 R.Md. Nor et al.



of diamond. This bond form equal angles of 109˚280 separating each carbon atoms.

The repeating structural unit of diamond consists of eight atoms, which are funda-

mentally arranged, in a cube [10] as shown in Fig. 1.

With this cubic form and its highly symmetrical arrangement of atoms, diamond

crystals can develop in a variety of different shapes known as ‘crystal habits’. The

octahedron shape is the most common crystal habit. But diamond crystal can also

form cubes, dodecahedra, and even combinations of these shapes.

2.1 Natural Diamond

Diamonds were first mined in India as early as 4,000 years ago. Up to until the

eighteenth century mines of Golconda in India were the only known market for the

trade of gemstones diamond. Then Brazil became the main producer after diamonds

were found there in 1726. Later in 1867 diamond was discovered in Hopetown,

South Africa [11], which up to this day remained a major supplier.

Natural diamonds were thought to be created under extreme conditions due

geological processes at more than 150 km in the mantle of the earth. The diamond

crystals formed were then transported to the surface of earth in molten rock, or

magma in explosive volcanic eruptions. Although diamonds are not formed near the

earth’s surface, where graphite is the preferred stable form of carbon, some dia-

monds formed in extreme conditions in the crust of the earth survived at the surface

because a temperature of about 600�C is required to decompose diamond to carbon

dioxide.

2.2 Synthetic Diamond

Today, synthetic diamond can be fabricated using two different methods, with

different conditions. The earlier and more established method was the High

1.52 Å

1.5
4 Å

a b

Fig. 1 (a) Diamond lattice (b) Face-centered cubic structure of diamond
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Pressure High Temperature (HPHT) technique which duplicates the condition of

natural diamond formation [9]. Using the HPHT technique synthetic diamond can

be converted directly from graphite under specific conditions. At present, syn-

thetic diamond formed using the high pressure high temperature technique is a

major source of industrial diamond, mainly as abrasives and drill bits [12].

Alternatively, the Chemical Vapour Deposition (CVD) technique is the method

to synthesis diamond at low pressure and low temperature conditions from gas

phase precursors. The main attraction of CVD diamond is its film form where new

potential applications such as coatings or optical mirrors are possible. The possi-

bility of CVD diamond synthesis was first proposed in 1955, when Bundy et al.

[13] presented the carbon phase diagram as illustrated in Fig. 2. The diagram

shows the thermodynamic stability for graphite and diamond at different tem-

peratures and pressures. The position of the diamond/graphite equilibrium line

was established by thermodynamic calculations based upon the measured physi-

cal properties of graphite and diamond in the temperature range from 300 to about

1,200 K and by experiments on growing or graphitization of diamond. It has

been proposed that a temperature, pressure phase diagram for carbon which

included a wide temperature, pressure area at lower pressures and temperatures

in which there would be in apparent equilibrium state or ‘pseudo-equilibrium’

between diamond and graphite [14]. The quantitative of free energies of graphite

and diamond determination by Rossini et al. showed that their difference at one

atmosphere, 0 K, is only about 2.5 KJ mol�1 [15].
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2.3 High Pressure High Temperature (HPHT) Diamond

The carbon phase diagram illustrated in Fig. 2 shows that diamond is unstable with

respect to graphite except at high temperatures (>1,300�C) and high pressures

(>40 kbar).

In 1955, H. T. Hall and co-workers at General Electric developed the solvent-

catalytic HPHT method [13, 16]. In this procedure graphite was compressed in a

hydraulic press in the presence of a suitable molten metal catalyst/solvent until

carbon dissolved and diamond crystallized. Sufficiently high temperature was

provided by passing an electric current through the sample. Molten metals like

Ni, Co or Fe are commonly used which dissolve graphite at elevated pressures of

between 5 and 10 GPa, and temperatures in the range of 1,300–2,300�C. The
dissolved carbon re-crystallizes into diamond at normal pressures and temperatures.

The transition of graphite to diamond is accompanied by volume decrease of 43%,

posing severe technical problems to maintain suitable pressure, being a vital

condition [17]. If the pressure is not maintained, the formed diamond would convert

itself back to graphite immediately. Synthetic diamond crystals with sizes ranging

from few nanometres to millimetres were recovered from the process by dissolving

the metal catalysts in acid [18].

There are applications of HPHT diamond materials. Diamond grit are used as

cutting tool in industries and the main bulk of diamond used here are synthetic more

viable than the use of natural diamond. Russell Hemley at Carnegie institution had

found that most HPHT synthetic diamond is yellow and most CVD diamond is

either milky white or greyish, limiting their optical applications. Colourless dia-

mond are costly to produce using the HPHT method and this situation had limits the

general applications of these diamonds as gems, in optics, and in scientific research.

CVD diamond which is grown under non-thermal equilibrium conditions can be

stable even at low pressure [19]. CVD diamond which can be produced in film form

at this condition has similar properties as natural diamond and therefore provided

tremendous prospective applications in industry.

2.4 Low Pressure Low Temperature CVD Diamond Synthesis

The notion of growing diamond from gas at pressures lower that atmospheric and

temperatures lower than 1,000�C may seem counter intuitive, but the mechanism

involved is totally alien of the HPHT process. The first reported success of low

pressure low temperature was reported by Eversole in 1962, whereby the optimal

temperature and pressures were 900�C and 0.1 Torr respectively [20]. In a patent

they described a cyclic process for hydrocarbon pyrolysis onto a diamond surface

followed by a separate graphite etching step using H atoms.

This was extended by Derjaguin et al. from the Soviet Union [10]. They

performed a physical chemistry experiments such as thermal gravimetric analysis
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(TGA) to observe weight gain in diamond powder with complete removal of

residual graphite, from a CVD synthesis. They were partially successful in produc-

ing epitaxial films growth at a slow which was not completely free of graphitic

carbon. These initial works demonstrated the feasibility of CVD diamond synthesis,

albeit on a diamond substrate.

In 1968, Angus [21] showed that synthetic diamonds were identical with natural

diamond and later showed that semiconducting diamond can be obtained by doping

diamond grown from methane and hydrogen with boron [22, 23]. Japanese scien-

tists at the National Institute for Research in Inorganic Materials (NIRIM) in Japan

developed various diamond thin film deposition techniques such as CVD with the

activation of carbon-containing gases, physical vapour deposition (PVD) from a

solid carbon source and hybrid processes involving solids, carbon and catalytic

materials and gases as the sources. These were done both on diamond or non-

diamond substrates. Generation of atomic hydrogen near deposition surface was

found to be the major common factor in diamond growth [11].

3 Mechanism of CVD Diamond Growth

Chemical vapor deposition refers to the process where solid materials are formed

from the gas phase at some suitable temperature and pressure. Figure 3 shows

a schematic diagram demonstrates the chemistry of hydrocarbon radicals and

CH4

CH4CH4CH4

CH4

CH4

CH2 CH
CH

H

reactants

gases in

activationhot filament

free radicals

diffusion layer

substrate

Flow and
 reaction

H
H

H
H

H H

H

CH3

CH4

H2 H2
H2

H2

H2

H2H2H2

Fig. 3 Chemistry of hydrocarbon radicals and hydrogen atoms in a hot filament chemical vapor

deposition method
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hydrogen atoms generation in a hot filament, representing typical diamond CVD

environment.

Synthesis of CVD diamond would involve some carbon containing gas (CH4,

C2H2) diluted in hydrogen. The precursor gas would not readily condense on

the substrate to form diamond. A mechanism to dissociate the gas to generate

active species such as CH3, CH2, CH, and C are necessary. One of the most

common techniques is using a hot filament, where the gas molecules are thermally

dissociated.

Typically the reactant gas mixture, for example low concentration of CH4 in H2

is introduced into an evacuated reactor chamber trough a hot filament above a

substrate. With filament temperatures reaching 2,000�C, CH4 and H2 are decom-

posed upon collision on the surface of the hot filament wire to produce a variety of

hydrocarbons radicals and H atoms.

The radicals then reacted chemically either in gaseous phase or on selected

substrate materials. The general opinion is that the hydrocarbon methyl radical CH3

is the main growth species in a CVD growth condition [24–26]. To picture this

simplistically, in a deposition environment, CH3 radical diffuses to substrate sur-

face and is deposited on an active surface site, retaining its tetrahedral form with the

three hydrogen atoms sticking away from the substrates. The hydrogen atoms can

be removed from the surface by H atom to form H2 or a CH3 radical to form CH4,

leaving a dangling bond to receive another CH3 radical or to form bridging bond

with another surface carbon atom. The process will continue, building up the

diamond nucleus with the addition of CH3 radicals and the removal of surface

H atoms and the addition of CH3 radical to dangling bonds on the surface.

Other active species such as CH2, CH and C although at a much lower concen-

tration at the substrate surface, contributed to the growth of diamond [27]. The CH2

radical upon condensation on the surface have a dangling bond ready for the

addition of another radical or for bridging bond with another carbon atom on the

surface. Similarly, the condensation of CH and H radicals may lead to carbon with

diamond structures based on similar processes of addition and abstraction of actives

radicals.

The chemistry of hydrocarbon species and hydrogen atoms has already been

studied by many researchers and scientist in the past 10–15 years ago. Bachmann

et al. [27] introduced the first C H O phase diagram providing a common scheme for

all major diamond chemical vapor deposition (CVD) methods used to date. They

had discovered that at low pressures, good quality diamond films can be synthesized

from different gas mixtures by thermal CVD, Hot Filament CVD, combustion

flames and various plasma deposition techniques.

3.1 Choice of Substrate for Diamond Growth

It is most desirable to deposit diamond on any substrate of choice. However, there

are many restrictions. Ferrous metals are unsuitable due to the high solubility of
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carbon. Materials with melting points lower that the deposition temperatures are

also not suitable.

For good adhesion the selected substrates are required to have a comparable

thermal expansion coefficient with natural diamond which is 1.18�10�6 K�1 [28].

This is important because the substrate will expand at the high temperature and

during deposition and upon cooling to room temperature; the substrate and the

diamond film will contract unevenly and at different rates due to the different

coefficient of expansions resulting in compressive or tensile residual stresses

which could lead to cracks and delaminating of diamond film. For homoepitaxial

growth, another consideration is the matching of the lattice of the substrate with that

of diamond. This condition, while not affecting the growth of diamond can signifi-

cantly affect adhesion of the diamond film to the substrate.

The most efficient substrate is diamond itself. Silicon is the next most efficient

and the most studied substrate for CVD diamond growth. The lattice mismatch

between silicon and diamond is about 52% where the lattice constant of silicon is

5.4301 Å and for diamond is 3.5667 Å. Furthermore, there a large difference in the

coefficient of thermal expansion where for silicon it was two orders of magnitude

smaller at 2.1�10�8 K�1 [29]. Despite these differences, efficient growth of CVD

diamond with good adhesion to silicon substrates was routinely reported. The

reason for this was that the growth of diamond was not directly on the silicon

substrate but on a carbide layer formed prior to diamond nucleation [30]. Similarly,

other carbide forming metals such as molybdenum, tungsten and titanium, and the

carbides of this metal have been utilized as substrates. The degree of adhesion

varied with different materials where the fabrication of free standing CVD diamond

would favor substrates with the least adhesion. The effect of carbide formation can

be demonstrated with the aid of Fig. 4, which shows the XRD spectra of CVD

diamond on silicon and molybdenum substrate deposited using the MWPCVD at

different temperatures. Notice that significant carbide formation is evident in the

sample on molybdenum, which inevitably affect adhesion of the diamond film.

3.2 Substrate Pretreatment Methods and Diamond Nucleation

CVD diamond formation on non-diamond substrates occur by a two steps mecha-

nism, that is, nucleation of diamond seeds and further growth of diamond on the

seeds. The efficiency of the nucleation in terms of density and quality will inevita-

bly influence the growth rate and morphology of the film. The nucleation process

occurred in a carbon saturated state which facilitated the nucleation process [23].

The initial surface condition of substrate material is very important for diamond

nucleation and growth rate. Even with silicon, the strongly favored substrate material,

diamond nucleation is very poor on mirror-polished silicon substrates [31]. Therefore

pretreatment of substrate are commonly applied to enhance diamond films growth

on silicon.

202 R.Md. Nor et al.



The nucleation density of diamond could be significantly enhanced by scratching

or abrading the silicon substrate surface with micrometer sized diamond abrasive [32,

33], SiC sand paper [34], cubic BN [35] and stainless steel paste [36]. Among these

abrasives, diamond pastes gave the best nucleation density and subsequently the

best growth rates. This phenomenon is demonstrated with the aid of Fig. 5 which

shows the SEM micrographs showing the effect of scratching on the nucleation of
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num substrate
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CVD diamond grown using the microwave plasma deposition technique. Here,

three mirror polished Si (100) substrates, the first was unscratched (Fig. 5a), second

scratched with SiC abrasives (Fig. 5b) and the third with diamond particles of

average grit size of 15 mm (Fig. 5c) were compared. Deposition was done on all

three substrates simultaneously to keep the conditions similar. It is evident from the

SEM micrographs that scratching Si surface with diamond significantly enhanced

the nucleation of diamond, both in terms of quality and quantity. Notice that there

were preferential growth in the scratch lines of the substrates abraded with SiC

(Fig. 5b) and diamond grits (Fig. 5c).

This phenomenon can be explained as follows. Scratching removes atoms from

the surface and leaves behind dangling bonds which are active sites for hydrocarbon

radicals to react and condense on. When scratched with diamond abrasives, some of

the nanosized diamond fragments may be trapped on the silicon surface and acts as

seeds for efficient diamond nucleation and enhancement of growth. The formation

of grooved lines facilitated turbulent flow of the precursor gas during deposition

which somehow promoted nucleation of diamond on silicon.

Alternative techniques such as ion beam sputtering to create sub-micrometer

scale craters using focused 25 keV Ga+ beams [37], etching in KOH to create

micrometer scale V grooves [38], coating with hydrocarbon oil of a low vapor

pressure and high thermal stability [39], coating with thin layer of evaporated

carbon [40], applying substrate bias voltage [41, 42] and 25 keV Si+ ion beam

implantation [43] are some of the pretreatment methods that have been applied to

enhance the nucleation of diamond films. Yang et al. [44] had reported that ion

implantation did not make substrate surfaces as rough as mechanically scratched or

chemically etched process but still enhanced nucleation.

It is believed that by applying pretreatment process on silicon substrate, the

resulting surface stresses have some influence on diamond nucleation. The surface

energy of the substrate may increase due to an atomic displacement process which

influences the diamond growth process. It is also possible that surface treatment

cause reduction in the surface energy difference between Si and diamond enhance

Fig. 5 Effect of scratching the substrate surface (silicon) with (a) unscratched (b) sand paper

(c) SiC abrasive (d) diamond particle (15 mm)
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the nucleation. Pretreatment process allows changes in surface morphology because

it favors the formation SiC which functioned as the diamond growth layer [44].

In a conventional method of hot filament chemical vapor deposition environ-

ment most of the species are neutral and positively and negatively charged

species are present with different number density and with the overall density

expected to be very much less than, for example, in a microwave plasma [45].

Electrically biasing silicon substrates during deposition, using either negative or

positive voltage has been shown to be effective in enhancing nucleation rates. In

the case of negative bias voltage, the effect may be attributed to a sputtering

effect due to an increase in the kinetic energy of incident positive ions. When the

substrate is positively biased negative ions and electrons bombard the substrate

surface to bring about sputtering and the creation of active nucleation sites.

George et al. [45–47] reported that negative bias definitely enhances the amount

and crystalline of the deposits which was identified by XRD and AFM studies. Cui

and Fang [48] have reported that biasing influenced the distribution of hydrocarbon

species and the electron temperature. They reported that nucleation density

increased by a factor of two at a 120 V bias meanwhile at 200 V it was enhanced

more than an order of magnitude. Sawabe et al. [49] found that positive biasing

method can enhance nucleation density and Chao et al. [50] observed that with

positive bias much smoother surface was obtained. This can be due to the signifi-

cantly small number densities of negative ions, so that the surface was essentially

bombarded by electrons which resulted in surface activation with little damage.

Stoner et al. [51] reported that negative biasing in MWCVD have also increased the

nucleation density of diamond. An investigation of DC and AC bias voltage by

Kromka et al. outlined some interesting features [52]. At higher DC bias voltage

degradation of nucleation process was reported compared to low DC bias voltage

which was due to excessive sputtering during the deposition process. In AC bias

voltage higher voltage is required to obtain dense packed and well-faceted diamond

grains.

A slight increase of hydrogen atom percentage with biasing are not expected to

affect the gaseous component mean temperatures and hydrocarbon species con-

centration distributions. However, methane and hydrogen decomposition can be

accelerated by electron bombardment adding growth species and H atoms to

enhance nucleation. Although the electron density depends on the filament tem-

perature, the numbers of electron impinge on substrate surface will be increased

due to biasing and create active sites for nucleation. In another study, Mahajan

et al. reported coated SnO2 on silicon substrates and observed nucleation density

increased irrespective of whether the substrate surface is pretreated or not, prior

to SnO2 deposition [53]. The issue enhancing of nucleation density of CVD

diamond is still unresolved. Although many published reports have provided

some understand basic underlying mechanisms, a truly efficient technique have

yet to be developed for industrial scale production of CVD diamond. Further-

more, nucleation enhancement may be influenced by the formation of diamond

structured stable clusters of from hydrocarbon in the gas phase which condensed

on the substrate surface as preferred nucleation sites [54].
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3.3 The Role of Atomic Hydrogen in CVD Diamond Growth

As mentioned earlier atomic hydrogen (H) is one of the key constituent in the

growth of CVD diamond. They were produced heterogeneously by the decomposi-

tion of hydrogen gas (H2).

H2ðgÞ ! Hþ H (1)

The condensation of all the carbon containing radicals basically adds carbon to

the substrate surface. It is well known that the formation of non-diamond carbons

(graphite and amorphous carbon) is much more efficient than that of cubic dia-

mond. The atomic hydrogen formed preferentially etches sp2 graphite and amor-

phous carbon at a much higher rate than diamond [55–57]. Another important role

of hydrogen atom is to stabilize the growing sp3 bonded carbon on the substrate

whereby resulting in surface termination which prevented cross-linkage, and

subsequent reconstruction of the surface to graphite. During deposition dangling

bonds might be created by thermal desorption and abstraction of the surface

hydrogen atoms. Thus a large number of reactive hydrogen atoms are required

to make bonds to the excess dangling bonds, avoiding surface graphitization.

Spatial distribution of atomic hydrogen is strongly dependent on parametric

conditions [57].

Atomic hydrogen accelerates the gas phase reaction and promotes the decompo-

sition rate of CH4 or C2H2 into active radicals.

CH4 þ �H ! CHx þ H2 ðx ¼ 1 to 3Þ (2)

C2H2 þ H ! C2Hþ H2 (3)

4 Plasma Enhanced Techniques for Chemical Vapour

Deposition Diamond Synthesis

4.1 Microwave Plasma Enhanced CVD (MWPECVD)

Scientists at the National Institute for Research in Inorganic Materials (NIRIM),

Japan, demonstrated the first working microwave plasma enhanced CVD diamond

system [58] where polycrystalline diamond growth was demonstrated on a silicon

substrate. It is known that molecules are efficiently dissociated in microwave

plasmas giving rise to a cocktail of neutral and charged particles as well as electron.

The generation of plasma in a microwave system involves the oscillation of charged

particles at the microwave frequency. Collision of electrons with gas atoms and
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molecules generates high ionization fractions. Microwave plasmas are typically

described as having “hot” electrons and “cool” ions and neutrals where the electron

temperature can be in the hundreds of eV but the ions are essentially at room

temperature. Under such conditions, high flux of energetic electrons on the sub-

strate surface functioned as growth activators as a result of active sites formed.

Microwave energy is introduced into the reaction chamber using antennas or

wave guides which convert a rectangular microwave signal into a circular mode,

later pass through a silica microwave window (vacuum barrier) into a cylindrical

cavity which is a PECVD process chamber. The location of the luminous plasma

ball is controlled by the cavity tuning as well as the pressure, power, and gas phase

composition of plasma. The luminous ball will further contract in size as the

pressure in the chamber increases. The luminous ball will increase in diameter as

the microwave power is increased.

This technique of plasma generation exhibits good stability and high density

plasmas and the generation of the plasma does not require any electrode, thus

eliminating the possibility of contamination from particles sputtered from the

electrode. The plasma is also confined to the center of the deposition chamber to

form ball-shaped plasma, thus carbon deposition on the walls of chamber is

minimal. The main disadvantage the MWPECVD is the difficulty of scaling up to

industrial scale.

4.2 Direct Current (DC) Plasma Enhanced CVD

In DC plasma CVD, a negative or positive DC voltage is applied to the substrate

platen or to an auxiliary electrode to generate plasma in rarefied gas mixture.

Intermediate electrodes may be used to guide the plasma and to alter the plasma

position and properties. DC plasma enhanced CVD shows both advantage and

disadvantage. The diamond deposition area is only limited by the size of the

electrodes and the DC power supply which is technically relatively easy to over-

come. The disadvantage of DC plasma enhanced CVD is that it may self extinguish

if a very thick film is grown since a biased platen will change its bias if coated by a

dielectric diamond film.

Japanese scientists developed the DC arc PECVD methods which created thermal

plasmas capable of growing diamond films at rates �20 mm h�1. Kurihara et al. at

Fujitsu Laboratories have developed a DC plasma jet process called the DIA-jet

process [59] which utilized a gas injection nozzle composed of a rod cathode

concentric with a tube anode. Gases passed between the cathode and anode and

were sprayed out from an orifice in the anode. The gas mixture is CH4 and H2 with a

carrier gas (Argon or Helium); the total pressure is between 4.1 and 41 kPa

(30–300 torr) were typical. The DC arc is sustained by 80–150 V and 10–50 A

(power of 0.8–7.5 kW); the substrate was water cooled to maintain the substrate

temperature between 520 and 1,220�C. Typical growth rates reported to be as high as
80 mm h�1. DC arc methods have demonstrated high deposition rates and ability to
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synthesize high quality diamond and are gaining acceptance as a commercially viable

manufacturing technology for diamond film synthesis; De Beers’s industrial diamond

developing CVD diamond using 10 kW DC Arc jet system.

4.3 Radio Frequency Plasma Enhanced CVD

Radio Frequency plasmas are widely used in the fabrication of silicon based

microelectronics mainly in dry etching systems. As a result, rf plasma systems

technology are the most developed. There have been sparse reports on the use of rf

plasma to fabricate diamond thin films. In most reports, inductively coupled rf

plasmas were used since these are simple systems capable of generating high

density plasmas. Furthermore, rf power coupling to the gas using conductive coils

located outside the reactor chamber, thus eliminating contamination from sputtered

coil materials. Rudder et al. [60] and Bozeman et al. [61] reported the deposition of

CVD diamond using rf plasmas with the methane–hydrogen system and verified the

existence of cubic diamond based on Raman spectroscopy and X-ray diffraction.

Although existence of cubic diamond was proven, Raman spectra showed signifi-

cant inclusion of graphitic carbon. Furthermore, less facetted diamond crystallites

based on their SEM analysis again indicated the inclusion of graphitic carbon, at

least on the surface. An important point reported was that diamond growth in an rf

plasma was feasible at pressures >1 torr and high input power. Noda et al. [62]

reported using ICP rf plasma to deposited diamond using methanol-hydrogen-water

system at relatively low pressure of 80 mtorr. They reported enhanced diamond

growth with increasing water partial pressure of up to 40 mtorr.

Studies by our group [63, 64] showed that significant silicon substrate damage

occurred at pressures lower than 20 mtorr based on the observation of pits and no

deposition. This is especially true when the plasma was operated in the H-mode

where the plasma density is much higher than the E-mode. This is mainly due to the

nature of inductively coupled rf plasmas which is high ion and electron tempera-

tures. Furthermore, the formation of the sheath layer at the interface created

significant electric field which gives kinetic energy to positive ions in the plasma.

The ions impinge on the substrate surface as a consequent of its kinetic energy and

also due to the fact the substrate is also more negatively charged that the environ-

ment, as a result of faster electrons. Ion temperatures of tens of eV and electron

temperatures in the hundreds of eV are common in inductively coupled plasmas.

Thus, the needs for higher pressures where ion and electron densities and tempera-

tures are reduced due to gas phase collisions where diamond liked carbon are

formed. Our study on a hybrid rf plasma and hot filament system showed that the

effect of rf plasma activation and hot filament activation were independent of each

other [65] where results from increasing rf power from 0 to 400 W reduced the

amount of cubic diamond and enhanced graphitic carbon with increasing rf power.

Excessive surface sputtering in the rf plasma due to the high density and energetic

ion species seemed to be the main inhibitor of diamond growth.
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5 Doping of CVD Diamond

The many excellent mechanical, chemical, optical and chemical properties of CVD

diamond coupled with it is a material with a wide band gap makes it a prime

candidate for specialized microelectronics materials. Being a material of negative

electron affinity(NEA) conducting diamond films can function as robust field elec-

tron emitters, Doping with boron, which has an acceptor level of Ev þ0.37 eV [66]

has been investigated using the Cold Implantation Rapid Annealing (CIRA) tech-

nique [67]. Besides boron as a p-type dopant, n-type dopants like sulphur, lithium,

sodium, and phosphorus were used in doping of diamond with varying degrees of

success. The doping process can be done either during deposition (in situ doping) or

post deposition (ex situ doping).

Li et al. [68] reported that in microwave plasma assisted CVD, sulphur incor-

poration was enhanced by the presence of boron but the donor level energy was

reported to decrease from 0.52 to 0.39 eV. Borst and Weis investigated the

electrical properties doped diamond film and found that Li, Na and P doped films

had very high resistivity of over 109 Ocm�1 [69]. They reported boron doped film

showed activation energy of electrical resistivity in the range of 0–0.43 eV com-

pared to 0.16 eV for lithium doped. Suzuki et al. [70] demonstrated that the p-type

conduction existed for B doped CVD diamond based on (I–V) and (C–V) measure-

ments. The barrier height Fb for the Schottky junction was reported to be 1.77 eV.

They also reported the proportional increase of net acceptor concentration with

boron concentration based on C–V measurements. Boron-doped CVD diamond

electrodes fabricated by Latto et al. [71] showed that at an oxygenated electrode

surface, two time constants were observed in impedance plots where the electron

transfer process was thought to be mediated by surface states.

Bohr et al. [72] suggested that phosphorus addition during diamond growth

influence the growth kinetics primarily due to surface reaction rather than to

changes in the gas activation. They used 5% ultrapure phosphine 99.998% mixed

in 94% hydrogen and 1% CH4. Koizumi et al. [73] successfully fabricated phos-

phorus doped n-type diamond thin films with the activation energy of carriers at

0.46 eV in a higher temperature region and the Hall mobility was 28 cm2 V�1 s�1

for a sample with 600 ppm PH3 content in the deposition mixture. There has been

report that increasing the amount of dopant source gas during diamond growth

enhanced the growth rate for example, Tsang et al. reported enhancement with

addition up to 2,000 ppm but decreased when PH3 concentration reached above

3,000 ppm [74].

Sulphur doping in diamond film using the MWCVD system was reported by

Petherbridge et al. [75]. They showed that sulphur incorporation into the diamond

film are directly proportional to the H2S concentration in gas phase at number

densities about 0.2%. The sulphur incorporation was further supported by the four

point probe measurement. The group compared HFCVD with MWCVD deposition

of sulphur doping into diamond [76]. They reported little effect on film morphology

or growth rate was observed for HF grown diamond films, even at high doping
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levels (1% H2S in the gas phase), and little or no evidence was seen for

S incorporation into these films. In contrast, deposition from MW plasmas yielded

diamond films of which the morphology, degree of S incorporation were strong

variation of H2S incorporation. Nishitani-Gamo et al. [77] reported producing

sulphur doped homoepitaxial (001) diamond which showed n-type conduction by

Hall Effect measurements in the temperature range 250–550 K. The mobility of

electrons at room temperature was reported at 597 cm2 V�1 s�1.

6 Characterization of CVD Diamond

One of the main issues related to the utilization of CVD diamond as an industrial

material is the purity of the diamond film. As it is well known that sp2 bonded

carbon formation competes with the formation of diamond which is sp3 bonded

carbon. Here, we discuss three of the most common techniques, namely scanning

electron microscopy, X-ray diffractometry and Raman spectroscopy.

6.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopic images is undoubtedly the most appealing analysis

technique when applied to CVD diamond. SEM gives the morphology of the crystal

structure. For example, in Fig. 6, the crystal particle structure of CVD diamond

deposited using the hot filament technique is clearly visible. Useful as it is in

visually evaluating diamond film growth; the SEM technique by itself is inadequate

in determining CVD diamond quality in terms of diamond and non-diamond

composition of the sample. Well facetted crystal structures may harbor layers of

amorphous carbon on its surfaces.

6.2 X-Ray Diffraction

X-ray diffraction method is one of the non destructive methods used for both lattice

parameter measurement and crystallinity measurement. The phenomenon of X-ray

diffraction by crystals results from a scattering process in which X-rays are scat-

tered by the electrons of atoms without any changes in wavelength. A diffracted

beam is produced by coherent or Bragg scattering only when certain geometrical

conditions are satisfied. This may be expressed in either of two forms, Bragg’s

diffraction law or the Laue equations. From the Bragg equation for the cubic system
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nl ¼ 2affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p sin y (4)

nl ¼ 2dsiny (5)

where d equals to a/
ffip
h2 + k2 + l2, is the inter-planar spacing, y is the diffraction

angle, n is an integer and l is the incident wavelength. The h, k and l are the Miller

indices of the peaks and a is the lattice parameter of the elementary cell.

Figure 7 shows typical X-ray diffraction spectra of CVD diamond where the

crystalline nature of the films is evident. It is obvious that the film is polycrystalline

and the peak high distribution can be compare to standard values for powder

diffraction, which can reveal preferences in crystal orientation. Also, peak positions

Fig. 6 Scanning electron microscopy (SEM) images (a) diamond film layer on silicon substrate

(b) diamond crystal at the edge of film and (c) polycrystalline diamond film in the center position
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which are normally shifted to higher or lower values than that of standards are signs

of compressive and tensile stress respectively. Residual stress which is an important

feature of CVD diamond on non-diamond substrates determines the adhesiveness of

the film to the substrates. Studies using X-ray diffraction revealed that the main

reasons can be attributed to lattice mismatch between diamond and substrate, and

the difference in the coefficient of expansion of diamond and substrate materials.

In terms of elucidating the quality of CVD diamond, X-ray diffraction analysis

has the capability to confirm the existence of crystalline diamond forms and to some

extend crystalline graphitic carbon forms. The presence of amorphous carbon may

not be efficiently detected.

6.3 Raman Spectroscopy

In the case of single crystal diamond, the carbon atoms are bonded to their

neighbors by strong covalent sp3 bonds, forming cubic structure belonging to the

Oh
7 (Fd3m) space group. The diamond structure has only one triply generate optical

mode at the centre of the Brillouin zone (T2g symmetry) which appears as a sharp

line at 1331.9 cm�1 [78]. Under ambient conditions, the graphite structure with

strong in-plane sp2 bonding is the most stable phase and the crystal structure

belongs to the D6h
4 (P63/mmc) hexagonal space group. The graphite crystal

exhibits two Raman active modes, namely the E2g2 mode at 1,582 cm�1 and

under special conditions, the E2g1 mode at 42 cm�1.

The peculiarities of Raman spectra from CVD diamond can be demonstrated

with aid of Fig. 7. For natural diamond, a sharp peak at about 1,332 cm�1 formed

the signature for cubic diamond. The sharpness of the peak is due to symmetry of

the carbon atoms bonded tetrahedrally in the diamond crystal. Typical spectra for

CVD diamond shown in Fig. 7b illustrate a number of characteristics. Firstly,

looking at the best diamond film which is the upper trace in Fig. 8b, there a
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Fig. 7 Typical X-ray diffraction pattern of CVD diamond
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luminescent background is evident. This was due to continuous emission as a result

of crystal defects expected in CVD diamond. Another possible reason is due to the

inclusion of impurity atoms, mainly nitrogen which is expected to be present in a

CVD environment. By comparing the three spectra in Fig. 8b, it is clear that the film

deposited at about 600�C significant peaks due to graphitic carbon around

1,400 cm�1 and 1,500 cm�1. It is known that the Raman shift due to graphitic

carbon is about 50 times more efficient than that of diamond [76], Raman
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from CVD diamond synthesized using the microwave plasma technique on silicon substrates with
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spectroscopy is an excellent technique for monitoring the presence of graphitic

carbon in the film. Notice that the peak position of the diamond line increased with

deposition temperature. This is due to the increase in the residual stress of films

deposited at increasing temperatures, as a result of the difference between the

values of the coefficient of expansion of diamond and silicon.

7 Potential Applications of CVD Diamond

Although it has been about 30 years the potential applications of CVD diamond

have been enthusiastically promoted in numerous publications, grant submissions

and talks it still remained in a potential. However it is worth a revisit and assesses

the realities of these potentials. As mentioned earlier, the main strength of diamond

as a material is it mechanical, chemical, optical and electrical properties. Optically

diamond is transparent from the uv to the far infrared, making an excellent optical

windows especially in hard environments. As medical radiation detectors, diamond

is attractive because it is stable, non-toxic and atomic number value close to that of

biological tissues. Vittone et al. [79] compared the thermoluminescence response of

polycrystalline diamond with standard LiF TLD100 under beta irradiation and

reported similar response for one of their diamond sample.

However, the most promising potentials are with conducting diamond films.

Although, as microelectronics devices the issues related to wafer size single crystal

fabrication and n-type doping still persist, applications in the field of electrochem-

istry seemed the most promising especially as electrodes for operations in harsh

chemical environment. Such applications require the film just to be conducting

without the stringent specifications of the electrical properties. Vinokur et al. has

reported that boron doped diamond films exhibited unsurpassed properties for such

applications [80].

Another promising application of doped diamond is as field electron emitters.

However undoped diamond seemed to be more efficient emitters than conductive

boron doped samples. This was attributed to emission from graphitic carbon present

at the grain boundary of diamond particles in polycrystalline diamond samples [81].

8 Challenges of Industrial Scale CVD Diamond Production

After the much progress in the science and technology of the synthesis of CVD

diamond the realization for actual industrial applications is still elusive [82]. The

main obstacle remains the slow growth rate of a few mm per hour renders the

process and the product too expensive. Furthermore, issues on the homogeneity of

film quality remain an issue. Substrate surface temperature being a key parameter in

the deposition process changed significantly after a layer of diamond is formed due

to the high thermal conductivity of diamond. For the application of CVD diamond
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as wear resistant coatings, serious issues related to substrate adhesion, substrate

compatibility and residual stresses are still unresolved. Also, with the relatively

high deposition temperature of present techniques most material surfaces are

unsuitable for coating. As for potential applications for the fabrication of micro-

electronic devices, two main technical hitches have to be overcome. Firstly,

efficient and cheap techniques have to be developed to fabricate wafer size single

crystal diamond. Secondly, these single crystal diamond wafers will have to be

doped. While techniques of p-type doping mainly with boron have been quite

developed, the progress in n-type doping still lags behind. Taking the silicon

experience as a guide, many attempts on doping diamond with phosphorus have

been reported but with no real breakthrough in terms of producing n-type diamond

suitable for microelectronic devices. As such, the field of CVD diamond is still

wide open waiting for a breakthrough for the excitement to return and possible

some real industrial applications to be realized.

9 Summary

In this chapter some aspects of the issues related to the synthesis and characteriza-

tion of CVD diamond is briefly revisited. CVD synthesis techniques using the hot

filaments and plasma are discussed as demonstration for the CVD synthesis of

diamond as a whole. Characterization of CVD diamond films based on evaluating

film quality is discussed in the light of the scanning electron microscopy, X-ray

diffraction and Raman spectroscopic techniques. The challenges of producing

industrial scale CVD diamond was appraised in the light of technical difficulties

highlighted by the numerous work during the golden age of CVD diamond.
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