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ABSTRACT
A range of surface sensitive probes including thermal desorption
spectroscopy. Auger electron spectroscopy and low energy electron diffraction
have been em ployed to investigate interfacial reactions on Si(lOO) and
polycrystalline CVD diamond.
The system s studied encom pass the
adsorption of CH4, C2H 4 , C2H 2 and CH3I on Si(lOO) and the effect of atomic H
on the adsorbed phases formed. The interaction of H 2 and CH4 with CVD
diamond has also been investigated. The chemistry observed is considered
in the context of chemical vapour deposition (CVD) of diamond.
Bound hydrocarbon species, both C2H 4 and C2H 2, are formed on Si(lOO) after
flowing CH 4 over a hot filament. A conversion of adsorbed C2H 4 to C2H 2 by
atomic H abstraction is observed.
Further atomic H abstraction enables
catenation to occur giving rise to C3 forms. This formation provides direct
experimental insight into the surface reactions which occur during the onset
of hot-filament activated CVD diamond formation on Si.
Abstraction by atomic H from directly adsorbed C2H 4 is found to give rise to
adsorbed C2H 2, which then undergoes C-C scission to form adsorbed CH 2
groups when further exposed to atomic H. CH2 formation is also apparent
when atomic H interacts directly with adsorbed C2H 2 . The importance of
CH 2 as surface intermediate in diamond CVD process is discussed.
CH 3I undergoes dissociation upon adsorption on Si(lOO) giving rise to surface
CH 3 and I. Comparison of the effect of atomic H on this adsorbed layer with
the other systems indicates the relative efficiency of CH 3 and C2H 2 species in
CVD diamond formation on Si. A preliminary investigation of a CH 3 source
is also described.
The reactivity of polycrystalline CVD diamond surfaces with respect to the
interaction with atomic H and activated CH 4 suggests that single crystal
diamond surfaces could provide useful model substrates for the investigation
of diamond CVD processes.
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1

INTRODUCTION

Diamond is one of the most technologically and scientifically valuable crystalline
solids found in nature, as it has a combination of properties effectively unrivalled
by any other known material. However, only over the past decade has the
growth of thin films of diamond on non-diamond substrates, at low pressures,
enabWthis material to be seriously considered for a wide range of applications.
These span mechanical uses, optical coatings and windows, electronic and
optoelectronic devices, thermal management in IC packaging and sensor devices
[1.1]. A review of the various methods of diamond synthesis, along with the
potential applications of such films in different fields is presented in chapter 2 .
A primary goal of the world-wide diamond research community is the formation
of low defect hétéroépitaxial diamond layers on inexpensive substrates (such as
silicon).
While there are numerous chemical vapour deposition (CVD)
techniques which successfully deposit diamond at low pressure [1.2,3], a
generally accepted understanding of the chemical mechanisms leading to the
growth of crystalline diamond during CVD is still lacking [1.4].
This is
discussed further in chapter 3. Currently, homoépitaxial single crystal diamond
can be grown with properties approaching natural diamond, the films on non
diamond substrates, however, have generally been found to be difficult to
nucleate, are non-epitaxial and polycrystalline, and contain significant
concentrations of defects [1 .2 ].
Presently, a great deal of interest has centred upon the identification of the
critical species and mechanisms of the diamond CVD process, as this will assist
in the understanding and technological improvement of the process and
material. There is much speculation [1.4-6] aided by a number of studies of the
gas phase intermediates observed [1.7-10]. In particular the role of methyl
versus acetylenic species has been extensively discussed [1.5,6]. However, the
exact nature of the important gas phase species involved in film growth is still
uncertain. Furthermore, virtually no information is available on how such
species react on the substrates utilised to produce the initial atomic layers on
8
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which further growth takes place.

These initial layers play a critical role in

determining overall growth characteristics. Clearly, the least understood aspect
of the diamond CVD process is the array of surface reactions and physical
phenomena occurring at the growth interface between the solid and vapour
phases. It is within this context that the present work is set.
Within the complex CVD growth environment many chemical and physical
processes may occur at the interface between a gas and a solid phase; adsorption,
diffusion, reaction, nucléation and desorption must all be considered. Such
phenomena may be spontaneous upon exposure of a surface to a reactive gas at a
given temperature, or be induced by bombardment of the adsorbed phases on
the surface by photons, electrons, energetic ions or reactive species. One
approach to studying chemical processes at the gas-surface interface involves the
use of spectroscopies, which are sensitive to the surface region of a material,
typically a few atom layers thick. With the development of ultra high vacuum
(UHV) technology many such techniques have been introduced for surface
analysis, leading to a very wide range of surface specific studies. These have
been discussed in detail elsewhere [1.11-14].
Of these, many give
complementary information about a given reaction, and most UHV systems are
equipped to perform a number of different techniques. This study has made use
of Auger electron spectroscopy (AES), low energy electron diffraction (LEED)
and thermal desorption spectroscopy (TDS). The basis and the experimental
implementation of these in-situ surface spectroscopic methods will be described
in chapter 4, along with the details of the surface cleaning procedures used
throughout this work.
Adsorption studies of various hydrocarbons (hot-filament activated methane
(CH4), ethylene (C2 H 4 ), acetylene (C2 H 2 ) and methyl iodide (CH3I)) upon Si(lOO)
surfaces have been made. In addition, the effect of atomic hydrogen (H-)
bombardment on the adsorbed phases spontaneously formed has also been
investigated, as H is believed to be a critical species for diamond growth. The
range of surface chemical reactions observed in this work are highly relevant to
diamond CVD processes and has provided a considerable insight into the
adsorption, decomposition and desorption kinetics of the growth intermediates.
Chapter 5 presents the results for the CH 4 /S i( 1 0 0 ) system; the nature of the
microscopic surface bound growth intermediates produced by hot filament
m ethods on this surface is characterised.
The surface reactivity of
polycrystalline CVD diamond surfaces with respect to interaction with H 2 and

___________________________________________________________________________ Chapter One

CH4 is presented in chapter 6 . In view of the results obtained in chapter 5, the
reactions of C2H 4 and C2H 2 on Si(lOO), along with their interaction with H are
investigated in chapter 7, whilst surface analytical data from the interaction of
CH 3I with Si is given in chapter 8 .
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DIAMOND THIN FILMS
HISTORICAL BACKGROUND: NATURAL AND SYNTHETIC DIAMOND
•
•

The Occurrence of Natural Diamond
High Pressure, High Temperature Synthesis of Diamond

METASTABLE GROWTH OF DIAMOND
•
•
•

Early Attempts
Chemical Vapour Deposition
Current Methods for the Formation of CVD Diamond

PROPERTIES AND APPLICATIONS OF CVD DIAMOND FILMS
•
•
•

2.1

Characterisation of CVD Diamond
Potential Applications of Diamond
The Drive for High Quality Thin Film Diamond

HISTORICAL BACKGROUND: NATURAL AND SYNTHETIC DIAMOND

2.1.1 The Occurrence of Natural Diamond
Diamonds have been valued as gemstones and noted for their hardness for at
least two millennia but have only been available in relatively large quantities
since 1870 when extensive deposits were discovered in South Africa.
The high temperatures and pressures required to crystallise carbonaceous
material into diamond occur at depths of greater than 150 km from the surface of
the earth. It is believed that this form of diamond formation took place of the
order of 1 0 ^ years ago as the earth began to cool shortly after its formation [2 .1 ].
Modern day natural diamond arises through volcanic transport of material from
this depth to near the surface of the planet over a relatively short times scale,
where it can be mined. Diamond is most abundant in one particular volcanic
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rock, Kimberlite.
Today nearly all major production of natural diamonds
involves the mining of Kimberlite pipes.
All natural diamonds display differing physical characteristics.

By measuring

the infra-red, visible and ultra-violet absorptions of diamond, two main groups
have been identified: type I which contains nitrogen (absorption edge at 330 nm)
and type II which does not (absorption edge at 220 nm i.e., 5.45 eV). Most
diamonds are type I and are sub-divided further into two categories: type la
(green) where the nitrogen is agglomerated and presents no electron spin
resonance (ESR) signal; type Ib (yellow) where the nitrogen is atomically
dispersed and exhibits a characteristic spin resonance.
Type II diamonds are also sub-divided into two categories: type Ila (colourless)
which is non-conducting. Most type II diamonds fall into this group. And type
Ilb (blue) which possesses semiconductor characteristics. However, there is no
rigid distinction between the actual diamond crystals. Some diamonds are
'mixed' in the sense that they contain regions of both type I and II. Table 2.1
summarises some of the main points of classification [2 .2 ].

Type

la

Abundance

ca. 98% of natural

U-V
Absorption edge

ca. 330 nm

Infra-red
Absorption

2.5 |im to 10 |Lim

Nitrogen

Nitrogen up to 0.3% (i.e. 10^^ to
5x10^® cm"^)
A and B aggregates; low levels of
single N atoms (<10^^ cm'^);
platelets.

Ib

N in single substitutional sites;
paramagnetic (10^^ to 10^® cm'^)

ca. 0.1% of natural;
main HPHT
synthetic type

Very low Nitrogen level

Ila
ca. 2%

220 nm(5.48 eV);
at fundamental

2.5 (im to 6|J,m;
transparent >6|im
Extremely low Nitrogen level;
semiconducting due to Boron
acceptors

lib

Table

2.1

Summary of diamond classification [2.2].
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2.1.3 High pressure, High Temperature Synthesis of Diamond
It was established at the turn of the 19th century that diamond and graphite are
allotropes of crystalline carbon. The structure of graphite and diamond is
shown in fig. 2.1 and fig. 2.2 respectively. Graphite comprise flat layers of
trigonally-bonded carbon. Each flat plane is staggered from the planes above
and below resulting in an AB AB AB ... sequence. In a plane, nearest neighbour
spacing is 1.42Â, but the bonds between the layers are 3.35 Â long. These long
bonds are weak and can easily be broken, resulting in the lubricating properties
of graphite.

Fig. 2.1 Graphite (Stacking Sequence is AB AB AB ...).

Diamond, on the other hand, is a cubic crystal.

Eight of the atoms shown in
black, in fig. 2 .2 , are located at the corners of a cube, and six other black atoms
are situated at the centres of the cube faces. Within the cube four more carbon
atoms (open circles) may be identified from adjacent inter-penetrating facecentred cubic lattice displaced at one quarter of a cube diagonal from the former.
Each carbon atom is coordinated tetrahedrally to four other carbon atoms via a
bonds emanating from sp^ hydrid atomic orbitals. This arrangement repeats
itself through the diamond. Alternatively, the lattice can be visualised as a
three-dimensional array of six-membered carbon rings stacked in an ABC ABC
ABC ... sequence along <111> directions.

13
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Fig. 2 .2 Model of diamond lattice.

Graphite has both a lower energy and higher entropy than diamond and hence is
the thermodynamically stable phase of carbon at atmospheric pressure and room
temperature. However, the development of chemical thermodynamics has
allowed the exploration of the pressure-temperature stability of diamond with
respect to graphite to be carried out. Figure 2.3 shows how the state of carbon
depends on pressure and temperature [2.3]. It is expected that transitions can be
induced between these allotropes by changing the conditions of such parameters.
However, an extremely high pressure (above the diamond-graphite equilibrium
curve in fig. 2.3) is required for such conversion. In addition, a very high
temperature is also needed in order to achieve a useful conversion rate.
Although many attempts have been made to synthesise diamond in this way, it
was not until 1954, that a reliable process was invented by Bundy and co-workers
at General Electric [2.4]. The process required the use of high static pressures
where diamond becomes the stable phase of carbon and forms the basis of
modern high pressure, high temperature (HPHT) techniques which convert
various forms of carbon (typically graphite) into diamond crystals. These
techniques, are all base on the principle of systhesis in the thermodynamically
stable region for diamond, and may be classified by the following types: (i) direct
conversion; (ii) indirect conversion using liquid transition metal solvent catalyst;
and (iii) shock wave direct conversion (labelled as A to C in fig. 2.3 respectively).
The use of a liquid metal catalyst in an indirect process enables one to use
relatively low pressures that are close to the diamond-graphite boundary. This
has made the economically less feasible direct process obsolete.

14
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Fig. 2.3

Phase diagram of carbon. Diamond can also exist metastably in the
graphite region and graphite in the diamond region. [2.3]

Diamond crystallites obtained from all these methods, however, are generally
defective (unless growth is carried out at uneconomically slow rates) and small
(typically less than 1 mm). Growth of gem quality crystals is possible if
diamond seed-crystals are used, but the necessity for slow, controlled growth
makes the process very expensive. In this way, a 5 mm, 1 carat, high quality
diamond crystal takes about one week to grow. Nevertheless, such is the
demand for diamond that the annual production by HPHT techniques has now
reached around 330 million carats (73 tons), three times that mined from the
earth. The consumption of natural and synthetic diamonds for industrial
purposes may be summarised as follows: abrasives (65%), micro powders (less
than 50 pm ) (20%), drilling diamonds (10%), and toolstones (5%).
An alternative diamond-growing process at pressures and temperature where
diamond is the metastable phase with respect to graphite (marked D in fig. 2.3)
was first introduced by Eversole in 1962 [2.5].
The combination of low
temperature and low pressure makes the diamond growing region accessible to
less costly deposition systems. More importantly, it can be used to coat large
area wafers or predetermined shapes which cannot be achieved by HPHT
techniques. This generates a great deal of research interest as a wide range of
applications can now be considered. Therefore, the primary aim of this chapter
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is to describe the common methods currently employed to grow diamond at low
pressures. In addition, the potential applications of the diamond thin films
along with their current limitations will also be discussed.

2.2 METASTABLE GROWTH OF DIAMOND THIN FILMS
Metastable phases can form from precursors with high free energy if the
activation barriers to more stable phases are sufficiently high. As the precursors
fall in energy they can be trapped in a metastable configuration. The process of
forming a metastable phase depends on selecting conditions where rates of
competing processes to undesired products are very low. Metastable growth of
diamond is based on the small free energy difference (0.5 kcal.moh^) between
diamond and graphite under ambient conditions. Under this condition, a finite
probability that both can nucleate and grow simultaneously should emerge. The
very large activation barrier (170 kcal moh^) for conversion of one to the other
plays the role of inhibiting the transformation of diamond to graphite.
2.2.1

Early Attempts and Development

There is a long and rich history of research into metastable diamond growth.
Details of the historical development have been reported elsewhere [2.6,7] and
will only be briefly mentioned here. In the late 1950s and early 1960s, the use of
simple thermal decomposition of carbon-containing gases to synthesise diamond
began to be seriously studied.
The first well-documented report was by
Eversole [2.5]. This was followed by the works of Angus [2.8] and Deryagin
[2.9]. Their methods were all similar; exposing hot diamond seeds (800-1000°C)
alternatively to a hydrocarbon gas (usually methane or acetylene) leading to the
deposition of a mixture of diamond and graphite followed by exposure to
hydrogen which preferentially etched away the graphite. This was an inefficient
process because a 59.5 wt% increase required 85 such cycles and no individual
crystals were produced. The growth rates were also extremely slow, <0. 1
jxm h-i, compared to about 10,000 |im h'^ for the HPHT process. Consequently it
did not arouse much interest at that time. However, they established the critical
role of atomic hydrogen in achieving metastable diamond growth as a selective
etchant for removing graphite but not diamond, which perhaps was the most
important achievement in all the early attempts on low-pressure diamond
synthesis.

16
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The next breakthrough in low-pressure synthesis of diamond was achieved by
Soviet scientists at the Physical Chemistry Institute in Moscow in the late 1970s
and early 1980s [2.10]. They established that gas-activated techniques can
greatly enhance the growth rate of diamond while suppressing the co-deposition
of graphitic carbon i.e., a continuous process is possible. This was followed by
intensive efforts at the National Institute for Research in Inorganic Materials in
Japan in the early 1980s which resulted in a variety of new techniques for gas
activation and diamond deposition [2.11,12].
By then, the nucléation of
diamond, not only on diamond but on non-diamond substrates and with much
higher growth rates were achieved. The crystals were many micrometers in size
though were often twinned and without preferred orientation relative to the
substrate. Their morphology could be related to the growth conditions. These
results mark the modern era of chemical vapour deposition of diamond and led
to a world-wide interest in these products and processes.
2.2.2 Chemical Vapour Deposition
Chemical vapour deposition (CVD) is a material sythesis method in which the

constituents of the vapour phase react chemically near or on a substrate surface
to form a solid film. It has become the major method for depositing thin films
and coatings of a very large variety of materials and is essential to advanced
technology, particularly solid-state m icroelectronics w hich dem ands
continuously improving materials and processes for the fabrication of advanced
semiconductor devices.
The main features of CVD are its versatility for
depositing both simple and complex compounds with relative ease and at
relatively low temperatures. The grown films can be amorphous, poly crystalline
and crystalline layers with controllable stoichiometric composition and purity.
Fundamental principles of CVD encompasses gas-phase reaction chemistry,
thermodynamics, kinetics, transport phenomena, film growth phenomena and
reactor engineering. The basic process steps shown schematically in fig. 2.4 are
summarized [2.13] as below:
• bulk transport of the reactant in the gas flow region into the process volume;
• gas-phase reactions resulting in the formation of film precursors and by
products;
• bulk transport of the film precursors to the growth surface;
• adsorption of the film precursors onto the growth surface;
• surface diffusion of the film precursors to the growth sites;
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surface reactions and incorporation of film constituents into the growing film;
desorption of by-products of the surface reactions;
bulk transport of the by-products out of process volume.

Main Gas Flow Region

o

Gas phase reactions
Desorption of volatile
surface reaction products

Transport to
surface

i

Redesorption
„ .
j-rr •
Surface diffusion

Adsorption of
film precursor

Fig. 2.4

Nucléation and
island growth

Step growth

Schematic of fundam ental transport and reaction processes underlying
CVD [2.13].

U nderstanding and controlling each of these steps is of critical im portance.
D epositon variables such as tem perature, pressure, input concentrations, gas
flow rates as well as reactor geometry and operating principle often have great
influence on the nucléation and structure of the growing film which ultim ately
determ ine the deposition rate and the properties of the film deposit.

Further

details how ever will not be covered here and interested readers can refer to
several excellent books on such topics [2.13-15].
The reactor is the basic p art of any CVD setup and should adequately and
effectively control several basic functions common to all types of systems. It
m ust allow transport of the reactant and the diluent gases to the deposition zone;
provide activation energy (heat, radiation, plasma) to the reactants; m aintain a
specific system pressure and tem perature; and rem ove the by-product gases.
Some of the classical CVD reactor configurations [2.13] are shown in fig. 2.5.

18
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RF heating coil
•••

•••

•••

•••

Fig. 2.5

•••

Classical CVD reactor configurations, (a) Horizontal CVD reactor; (c)
horizontal multiple-wafer-in-tube LPCVD reactor; (b) vertical
axisymmetric pedestal reactor [2.13].

Currently, the majority of industrially important thin films are produced by
thermally-activated CVD. For example, metal organic CVD (MOCVD) is an
established production technique of heterostructure and quantum-well III-V
sem iconductor devices [2.16].
Non-therm al CVD m ethods, such as
photochemical vapour deposition, are also being developed [2.17]. For example,
the direct writing of patterned thin films can now be accomplished by focused
laser-assisted CVD. Large-area radiation sources have also been used for
efficient decomposition of vapourized precursors in large-area deposition
(photo-enhanced CVD). Low-temperature processing is particularly attractive in
today's VLSI technology and plasma-enhanced CVD (PECVD) [2.18,19] is
attracting widespread application.
2.2.3 Current Methods for the Formation of CVD Diamond
Diamond CVD involves many component gas phase and surface processes as
shown by the generalised view in fig. 2.6 [2.20]. First, gas-phase reactions of the
reactants, methane and hydrogen in this example, are driven by thermal, plasma,
or combustion activation to produce reactive species. Once generated, these
species are transported to the substrate by a combination of laminar, convective.
19
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and diffusive flow, w ith reactions continuing to modify relative concentrations.
The species m ay then diffuse th rough a stagnant flow region, called the
boundary layer near the substrate surface.

Finally, on the substrate or grow th

surface, various processes may occur such as adsorption, desorption, chemical
surface reactions and bulk diffusion of species.

A lthough the underlying

reaction mechanism responsible for diam ond grow th under CVD conditions is
still unclear, it is generally believed that all these processes contribute to some
extent to the overall diam ond nucléation and growth process.

Reactants
CH^ + H2 (+ O2, Ar, ...)

Activation
e“. heat
CHx+H

^

2H
CHq + H.

Transport + Reaction

—

—————

————

—

Substrate

Fig. 2.6

A schematic of the diam ond CVD process [2.20]. Various reactive and
transport processes are shown in the gas-phase and surface. Diffusion
through a boundary layer (dashed line), into the bulk (B), and along
the surface (S) are also depicted.

Chemical vapour deposition of diam ond has been reviewed extensively [2.2125]; only a brief sum m ary of the various grow th techniques will be presented
below. They can be grouped into five major categories: (i) hot filament activated
CVD; (ii) low pressure plasm a enhanced CVD; (iii) therm al plasm a CVD; (iv)
combustion flame; and (v) hybrids of these and others.
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2.2.3.1 Hot Filament Activated CVD
The interaction of hydrogen-hydrocarbon gas m ixtures w ith a heated surface
does not lead to the formation of diam ond overlayers.

If, however, the gases

first pass over a heated filament thin film grow th can result.

The filam ent is

typically tungsten or tantalum and is heated to 1950-2300°C [2.26].
hydrocarbon (most often methane) in hydrogen
at a pressure of 50-100 Torr.

A dilute

mixture is required (0.1-2.0%)

A typical experim ental arrangem ent is show n in

fig. 2.7 [2.11]. A substrate independently heated to tem peratures betw een 8001000°C is usually m ounted close to the filament (~1 cm). In addition to thermal
cracking of molecular hydrogen into atomic hydrogen, the filament also serves to
activate and dissociate the hydrocarbon; processes on the surface of the substrate
such as, diffusion and chemical reactions, also be encouraged by electron
bom bardm ent from the filament.

The resultant gas-phase species im pinge on

the heated substrate dow nstream from the filament where they react w ith the
substrate surface and incorporate into the growing film. The typical deposition
rate achieved is around 1-5 |im /h . It is thought that the rate of diam ond growth
is not controlled by the production of atomic hydrogen or carbon radicals by the
filam ent surface but is lim ited by com peting reactions on the surface of the
substrate [2.27].
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Fig. 2.7

power
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Schematic drawing of hot filament assisted CVD apparatus [2.11]
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There are constraints on choice of material that can be used for the filament.
First, the melting point of the material must be considerably higher than the
required operating temperature of the filament. Secondly, the binary eutectic
temperature of carbon and the filament material must also exceed the filament
operating temperature to prevent rapid degradation of the filament.
The
refractory materials tungsten, tantalum and rhenium have been successfully
used. The most troublesome practical aspect of this simple technique is that the
filaments do not hold their shape very well. Carburization occurs which
involves the volume expansion and embrittlement of the filament and leads to its
subsequent warpage and breaking [2.28]. To reduce filament carburization,
Aikyo and Kondo [2.29] introduced the hydrocarbon (CH4 ) just beneath the
substrate. Diamond was successfully deposited though the rate was decreased.
The filament life and the quality of the diamond film was improved. More
importantly, this experiment also demonstrates that diamond films can be grown
through the decomposition of CH4 mainly by abstraction reactions with atomic
hydrogen near or on the surface of the substrate.
This technique has been modified by Sawabe and Inuzuka [2.30] to include a
positive or negative bias between the hot filament and the substrate. The
applied bias has been reported to cause changes in the nucléation rate, the
growth rate and the crystal quality of the deposited CVD diamond. Generally,
an increase in the nucléation and growth rate of the deposited diamond has been
reported if the substrate is held at a positive bias with respect to the filament
[2.31]. Hence this process is often called electron-assisted CVD (EACVD).
Alternatively, if the substrate is held at a negative bias with respect to the
filament, the diamond nucléation and growth rate decrease while the diamond
crystal quality increases. In both cases, the bias potential must be kept below the
breakdown point of the gases since the formation of a plasma seems to erase
these favourable effects [2.32]. This negative effect of plasma formation in hotfilament EACVD is somewhat surprising since plasmas have been widely used in
CVD diamond growth (see following section). Banholzer [2.33] has carried out a
very careful study investigation on EACVD; the results of this study suggest that
most of the effects can be attributed to an increased filament temperature and/or
an increased substrate temperature when the EACVD bias was turned on.
Banholzer, however, did see an increased nucléation density of diamond with a
negative bias applied to a DC heated filament. It is worth noting that all
filament processes have some EACVD character since the entire filament is
biased with respect to the substrate. If EACVD had a large effect on CVD
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diamond growth, one would see a change in diamond growth along the
substrate parallel to the filament. The lack of such reports in the literature implies
that the effects of electron-assistance are not striking.
2.2.3.2 Low Pressure Plasma Enhanced CVD
An alternative diamond growth method involves a plasma discharge activation
step. Unlike the hot filament method, the gas mixture is electrically energized
by high electric fields (d.c. or a.c.) to form a neutral mixture of molecules,
charged particles (electrons, negative and positive ions) and photons. At low
pressure in a gas excited by an electric field, the electrons and molecules are not
in thermal equilibrium. Although electrons and molecular ions have the same
charge, the mass of the molecular ion is typically 40,000 times that of an electron.
Hence, the electron can accelerate rapidly in an electric field and gain energy
while the ion is too massive to accelerate quickly and lags behind the electron in
energy gain.
If the mean-free path for collisions between electrons and
molecules is large (as in a low pressure gas), there will not be a redistribution of
energy between the high energy electrons and the slowly moving molecules, and
they will have different temperatures. As a result, a low-pressure plasma
typically has a relatively cool gas temperature which is in contrast to high
pressure plasma conditions (sometimes called thermal plasma's, see sec. 2 3 3 3 ) .
Plasmas can be formed by many methods. Microwave, radio-frequency and
direct-current ^ have been employed with differing levels of success.
■techrtic^ues

(a) Microwave Discharge

Microwave discharges, based on 2.45 GHz, have become the most widely used
PECVD source. Since microwave discharges are electrodeless, electrode erosion
problems are avoided. Microwave discharges can also be very stable. The
sim plest configuration in which a quartz tube penetrates a rectangular
waveguide is schematically shown in fig. 2.8(a) [2.12]. The gas pressure and
substrate temperature used are nearly the same as those of HFCVD i.e., a
pressure of 40-100 Torr, a substrate temperature of 800-1000°C, and methane
concentrations of 0.2-5.0% in hydrogen. The typical deposition rate is 1-5
pm /h. The substrate is usually immersed in the plasma and heated by both the
plasma and the microwave radiation up to the diamond growth temperature.
The major disadvantage of this method is the discharge area (< 6 cm) which is
limited by the short wavelength of the microwave radiation; this then limits the
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area over which diam ond synthesis can be carried out. One approach to reduce
the effect of this problem is to couple the rectangular w aveguide directly to a
cylindrically sym m etric resonant cavity as show n in fig. 2.8(b) [2.34].

This

arrangem ent w hich does not restrict its discharge in a standing w ave of TEio
m ode allows larger area deposition.

It also facilitiates independent substrate

heating, access to in situ plasm a and surface analysis, and sym m etric plasm a
form ation w ithout wall interactions (reducing contamination).

Optical window
‘2 — L - J Silica Tube

Flow control
system

C oils

^ Discharge
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~E

CH4 + H2
Rectangular
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Heater
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applicator
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To pumps
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holder and susceptor
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(b)

Fig. 2.8

Temperature controller/meter

Schematic diagram of (a) a tubular microwave plasm a CVD appartus
[2.12]; (b) a Bell jar microwave plasma CVD apparatus [2.34]; and (c) a
m agneto-microwave plasma CVD apparatus [2.35].
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Another approach has been reported by Kawarada et ah [2.35]. They used «n
electron-cyclotron-resonance (ECR) apparatus (fig. 2.8(c)) and were able to
achieve deposition of well faceted diamond at a pressure as low as 0.1 Torr.
Such low gas pressures are particulary useful as they allow the plasma to spread
and lead to more uniform deposition over a wider area. In this arrangement, an
axial magnetic field is placed around a cylindrical cavity with a microwave
window and substrate. A gradient in the axial field is adjusted so that ECR
conditions, where the frequency of the electron gyration is equal to that of the
microwaves (2.45 GHz), exists near the substrate. Thus, a large, uniform,
relatively high density plasma forms preferentially in the region of high energy
electrons adjacent to the substrate.
The addition of oxygen carrying species such as alcohols, water, etc. can increase
the diamond film growth rate or lower the pressure and temperature necessary
for diamond growth [2.34,36-39]. High quality films synthesized at 130°C using
a microwave plasma of a CO-O2-H2 system has been reported [2.39]. Martin and
Hill [2.40] have introduced the hydrocarbon downstream from a microwave
plasma hydrogen discharge and successfully grown diamond. This experiment
again demonstrates the importance of atomic hydrogen in CVD diamond
growth.
Recently, considerable progress has been made in controlling the structure and
morphology of the films prepared by MW-PECVD. Computer modelling of
evolutionary selection of specific crystallite orientations has been carried out by
Wild and co-workers [2.41]. This stimulation enables the optimum growth
conditions (substrate temperature and gas composition) to be determined and
led to the formation of texture diamond films with surfaces consisting of
rectangular, nearly coplanar {100} facets [2.42]. Meanwhile, Yugo et ah [2.43]
have developed a reliable pretreatment technique for MW-PECVD, generally
known as bias-enhanced nucléation in which high nucléation density (lO^o cm'^)
on unscratched Si substrate is made possible. This pre-treatment was further
refined by Stoner and co-workers to generate oriented nuclei on non-diamond
substrates such as SiC [2.44] and Si [2.45]. Recently, highly oriented, (100)textured diamond films on Si(lOO) have been obtained by e.g. Stoner et ah [2.46]
and Wild et ah [2.47] where bias-enhanced nucléation has been combined with
texture evolution. In these state of the art diamond films, approximately 100%
of the grains are oriented relative to the (100) Si substrate.
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(b) Radio Frequency Discharge

Low-pressure radio frequency (RF) discharges have also been used to grow CVD
diamond [2.48-50]. A schematic of a typical RF plasma CVD setup is shown in
fig. 2.9.
Both capacitively and inductively coupled systems have been
investigated using frequencies between 100 Hz and 13.5 MHz (13.5 MHz being
the most common). The experimental conditions are similar to those using a
microwave discharge, with growth rates in the range of 0.5 to 3.0 fxm/h.

Work coil Substrate
• • • • • • • / __________
CH. + B

To pump
# # # # #

Quartz tube

water

13.56 MHz
generator

Fig. 2.9

Schematic diagram of inductive RF plasma CVD apparatus [2.48].

RF plasmas are widely used in the microelectronic industry and are readily
scaled up to large volume and high power. However, in diamond CVD the
approach suffers from several drawbacks. RF discharges are less stable than
microwave discharges and Ar sometimes has to be added to the hydrogenhydrocarbon mixture to achieve stability. Similar to the microwave discharge,
deposits of carbon on the walls of the reactor can be a problem. In addition, the
RF can electromagnetically couple with any electrically conductive body in the
reactor chamber and heat it. Finally, RF power sources are more expensive than
microwave sources per watt of delivered power.
So far, diamond obtained by RF discharges has been of poorer quality than
diamond made by microwave discharges. Large well faceted diamond crystals
are usually not obtained [2.49,50]. Hence, there has been much less work done
with low-pressure RF discharges than with microwave discharges for CVD
diamond growth.
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(c) Direct Current Glow Discharge
The form ation of direct-current (DC) discharge plasmas at a higher gas pressure
(200 Torr) has also been successful in diam ond deposition [2.51,52]. Figure 2.10
shows the typical set-up of such a deposition system consisting of cathode, anode
and the substrate m ounted onto the anode. If the substrate is m ounted onto the
cathode, only graphitic m aterial is deposited.
betw een the cathode and the anode.

The glow discharge is form ed

To m aintain the plasm a u n d er such

conditions, a higher power (by increasing both the current density and discharge
voltage) has to be fed into the system.

This results in a m uch higher gas

tem perature w ith the plasma being closer to local thermal equilibrium. Hence, a
substrate tem perature (800°C) suitable for diam ond form ation can be achieved
w ithout external additional heating and can be varied by changing the flow rate
of cooling water. Using this set-up, Suzuki, et al [2.52] obatined high deposition
rate of diam ond (20-250 ^im/h) and a high initial nucléation density (10^ cm'2)
w hich gave a continuous film w ithout scratching pretreatm ent. However, a
m ajor d isad v an tag e of DC discharge plasm a CVD of diam ond at higher
pressures is the reduction of available deposition area. Other drawbacks include
the erosion of and contam ination from the electrodes in the resulting diam ond
films.

DC power supply

CH4 + H2

athode

Plasma
SubstrateAnode

To pump

Fig. 2.10 Schematic draw ing of diam ond synthesis by a DC glow discharge
process [2.52].
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2.2.3.S Thermal Plasma CVD
At higher pressures (300-760 Torr), much higher power has to be fed into the
system in order to maintain a plasma. This results in a much higher gas
temperature with the plasma being close to local temperature equilibrium (LTE).
Hence, in such LTE- or thermal-plasma, the temperatures of the heavy particles
(ions, atoms and molecules) are very high (usually above 4000 K [2.53]) and
almost all molecules are dissociated into atoms and radicals, i.e., into active
species. Microwave, RF and DC all have been used to generate thermal plasmas,
but DC plasma jet has been most widely used [2 .2 2 ].
(a) High Pressure Microwave Discharge Jet

A high pressure microwave discharge jet has been applied by Mitsuda et al. [2.54]
to grow CVD diamond at atmospheric pressure. A illustration of the apparatus
is shown in fig. 2 .1 1 .

wa er in
water out ^

Quartz
Microwave

gas in =

water in =

= gas in
V

= water out
Substrate

To pump

Fig.

2 .1 1

To pump
water out
wa er in

Schematic drawing of a microwave plasma jet apparatus [2.54].

While linear growth rates of 0.5-5 pm /hour are common for low pressure
microwave plasma method, rates of up to 30 pm/hour on unscratched substrates
were achieved using this approach. However, sustained operation is difficult
because of plasma instabilities (Ar-H2-CH4 gas mixture is used) and the need to
vigorously cool the substrate. In addition, by using high-pressure microwave
jets, the advantage of being electrodeless in low pressure microwave discharges
is lost since electrodes are immersed in the plasma and hence can erode.
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(b) High Pressure RF Plasma Torch

Matsumoto and his colleagues [2.53] have developed a RF plasma torch
operating at atmospheric pressure to grow CVD diamond. The apparatus is
shown in fig. 2 .1 2 .
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|p j c j
RF
work coil

Substrate

water

Fig. 2.12 Schematic drawing of an inductively coupled, atmospheric pressure
RF thermal plasma torch [2.53].

Such plasmas are typically created by inductively coupling RF power into a
tubular silica reactor. These discharges are very unstable and argon is routinely
added to the hydrogen-hydrocarbon mixture to increase the stability. However,
the discharge must still be monitored continuously and is typically only run for
short periods of time. High growth rates (up to 180 pm /hour) are possible
during these short runs. Again, the high power input requires that the substrate
be cooled directly with running water during deposition.
(c) High Pressure DC Plasma Jet

High pressure DC discharges between fixed electrodes at atmospheric pressure
have been sucessfully employed by several groups to grow good quality CVD
diamond from hydrogen-hydrocarbon mixtures [2.55-58]. The basic principles
and the typical deposition conditions are illustrated in fig. 2.13.

29

Chapter Two

DC power supply

^

Ar, Hg
Cooling water
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plasma jet

Substrate

Cooling water

Fig. 2.13 Utilisation of a DC plasma jet for diamond deposition.
In all cases, the plasma ignited inside the generator is very hot i.e., gas
temperatures of greater than 5000°C are easily obtained [2.22]. Hence, as with
other high pressure discharges, substantial substrate cooling is required to
prevent it from melting. Other drawbacks include high power consumption,
erosion of the electrodes, small deposition area and non-uniformity in terms of
the thickness as well as amorphous carbon contaminants at the periphery of the
resulting films.
Nevertheless, DC plasma jets have advantages over the
microwave and RF plasma torches in ease of handling, substrate cooling, and
plasma stability. In addition, this jet method can produce relatively high quality
films at rates as high as 80 pm/hr. The top value of 930 pm/hr has been
reported by Ohtake et al [2.58] using an atmospheric DC arc discharge plasma
jet.
2.2.S.4 Combustion Flame
With a suitable ratio of carbon, hydrogen and oxygen, Hirose and Kondo [2.59]
discovered that CVD diamonds can be grown with a simple welding torch and a
water cooled substrate holder in the "feather" of the flame just downstream of the
flame front at atmospheric pressures (fig. 2.14). Gas phase temperatures of
3100-3300°C have been reported [2.60], hence the flames can be regarded as
thermal plasmas, although the degree of ionization is lower [2.61]. The flames
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are operated under hydrocarbon rich conditions (eg. C2H 2 /O 2 ratio close to
unity), so atomic hydrogen and hydrocarbon radicals are abundant in the bright
inner flame. The substrate is placed in this inner flame and thereby allowing the
growth of diamond at a rate of 50-100 ^im/hr. As with thermal plasma CVD,
the substrate again must be vigorously cooled. Although the flame process has
the potential to be an inexpensive way to make diamond with good optical and
crystallographic quality [2.62], very low conversion rates of carbon to diamond
have hindered this approach.

MFC Valve
Torch

C 2H 2

Diamond
deposit
Substrate

1v v

Reducing
'acetylene feather'
^v

vu

Oxidising flame region

Cooling water

Fig. 2.14 Schematic geometry of the flame when it is intersected by a watercooled substrate on which diamond deposition is conducted. Diamond
deposition occurs over the entire region of the substrate that intersects
the acetylene feather.

2.2.3.S Hybrid Methods and Others
Some investigators have used combinations of the processes described above
with an aim of achieving a rapid large area growth of good quality diamond
films. For example, a DC spiral hollow cathode combines features of the hot
filament, electron beam and plasma process. However, the growth rate of 1-3
pm /hr from such a hollow cathode [2.63,64] has no advantage over a simple hot
filament process. Other novel approaches to the formation of diamond films
include chemical vapour transport (CVT) methods [2.10,65] in which carbon
(from a graphite source) is transported with hydrogen along a temperature
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gradient to silicon substrate resulting in a film growth; and a halogen assisted
CVD processes [2.66-68] in which diamond films are grown at lower
temperatures (380-700°C). Room temperature growth at extremely low rates by
graphite sputtering using either an ion beam of argon or hydrogen has also been
demonstrated [2.69]. Recently, Rebello et a l [2.70] has also developed a novel
laser based technique (laser-excited CVD) to grow diamond.
2.2.S.6 Similarities and Differences between Techniques
In summary, there is a strikingly large number of quite different methods to
grow diamond from the vapour phase under metastable conditions. The growth
rate has been steadily increased with the development of new techniques.
Common to all major techniques is the super-activation of the gas phase and a
substrate temperature in the range of 600-1000°C. Other similarities include
process parameters of gas pressure ( - 1 / 1 0 atmosphere), and the resulting film
morphology. Presently, depositing diamond thin films on non-diamond
substrates from mixtures of usually less than 5% methane in hydrogen is still a
common practice. There is, however, a large number of successful attempts
reported using other carbon carrier gases, either undiluted or mixed with
hydrogen, oxygen or noble gases. Bachmann et a l [2.71] have introduced a
C-H -O phase diagram providing a common scheme for all major diamond CVD
methods used to date. This concept provides a classification of gas-phase
compositions suitable for metastable growth of diamond, which is located in an
essentially wedge-shaped "diamond domain" within the ternary C -H -O phase
diagram as shown in fig. 2.15. According to this scheme, no growth is possible
from mixtures with O /C ratios in excess of 1.2. For medium H /( 0 + C) ratios,
O /C can be made significantly smaller than 1 without leaving the region of
diamond formation.
However, there are a number of other specific process parameters which
considerably different from technique to techni que. For instance, the conditions
for the modes of gas activation are different for cold plasma (low pressure glow
discharge) and thermal plasma, and, in turn, both are considerably different from
combustion flame method. These process parameters leads to differences in the
energy partitioning in the deposition process, the deposition efficiency,
deposition rate, and film uniformity to name just some of the more important
effects.
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Fig. 2.15 Atomic C-H-O diamond deposition phase diagram with the "diamond
domain" [2.71].
In plasmas exposed to high frequency AC fields, atomic hydrogen with a very
high kinetic energy is produced since the difference between the dissociation
energy and the electron impact energy must be taken up by the kinetic energy of
the atomic hydrogen. This situation contrasts with thermal methods of
generating atomic hydrogen where low kinetic energy atomic hydrogen is
formed since a direct transfer of thermal energy breaks the hydrogen molecule
apart without imparting additional excess energy that would appear as the
kinetic energy of the atomic hydrogen product.
Yet, both thermal and
nonthermal approaches have been employed successfully in diamond
deposition. Hence, there seems to be no evidence that the extra kinetic energy is
required for gas phase diamond synthesis.
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Diamond CVD is a very complex process. Although considerable progress has
been made, a complete understanding is still not evident. Nevertheless, a
summary of the present status of the various diamond CVD techniques has been
presented in a review by Bachmann [2.22] and is reproduced here in table 2.2.
The importance of high plasma denisties and temperatures are reflected in the
higher rates achieved in atmospheric DC or RF thermal plasmas and combustion
flames, typically - 2 0 0 pm /hr whereas the deposition rate in a low-pressure
plasmas are 1 pm /h. If the growth rate was the only parameter of interest in
diamond deposition, low-pressure plasmas would be ignored. However, highpressure plasmas have a very high energy content which necessitates elaborate
cooling schemes for the substrate to prevent substrate melting. Furthermore,
high-pressure plasmas tend to be unstable, difficult to control and with small
deposition area. For some applications such as in the fields of micraelectronics
and optoelectronics, these problems rule out the use of high-pressure plasmas.

area quality
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M e th o d ^ ^ ^ \

rate
[pm/hr]

flame

30-100

<1

4-4-+

0.3-2

100

+++

<0.1

70

+

20-250

<2

+++

930

<2

+++

Si, Mo

-/+

Si, Mo, silica scale-up
BN, Ni

hot
filament
DC discharge
(low P)
DC discharge
(medium P)
DC plasma jet

RF
<0.1
?
(low P)
RF
3
180
(thermal, 1 atm)
Microwave
1 (at low P)
40
(0.9-2.45 GHz) 30 (high P)
Microwave
0.1
>40
(ECR 2.45 GHz)

Table

2 .2

+++
+++
-/+

substrates

advantages
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Si, Mo,
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simple
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simple
large area

quality, rate

rate
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Si, Mo, silica quality,
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WC, etc.
rate & area)
^^a

Mo

rate

Si

area (?),
low P

quality, rate,
contaminations

Comparison of low pressure diamond formation methods and their
present status [2 .2 2 ].

There has not yet emerged a single method of producing diamond thin films
which is adequate for all of the proposed applications (to be discussed in
"the following section) of diamond thin films technology. Performance requirements
of a diamond film will include good adhesion, good toughness, high thermal
conductivity, high optical transparency, etc. The key task is to identify the
deposition m ethod which w ill produce a diamond-containing product
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possessing the greatest performance/cost ratio. In addition, a large-area single
crystalline film on a non-diamond substrate is essential for realising diamondbased electronic devices. Therefore, a primary goal of the diamond research
community is to achieve diamond heteroepitaxy.

2.3

PROPERTIES AND APPLICATIONS OF CVD DIAMOND FILMS

Diamond possesses a unique combination of extreme properties. Table 2.3
tabulated these properties compared to other materials [2.72-74]. The extreme
rigidity of the diamond lattice is the key to many of its unique mechanical and
elastic properties. Its hardness, molar density, thermal conductivity at 298 K,
and elastic modulus are higher than of any other known material. It is the most
incompressible substance known and has a thermal expansion coefficient lower
than Invar. Diamond also has a high refractive index and optical dispersion. If
nitrogen is absent, it is extremely transparent from 220 nm to at least 40 pm in the
infrared (apart from a few intrinsic absorption bands from 2.5 to 6 pm, see table
2.1). It is thus expected that diamond will have a vast array of applications.
The advent of CVD processes for coating purposes has made the further
commercial exploitation of diamond a very real possibility.
2.3.1 Characterisation CVD diamond
Single-crystal diamond films (up to 250 pm) with relatively high crystallographic
perfection have only been achieved on (001) natural and HPHT diamond
substrates using MW-PECVD [2.75]. When homoépitaxial growth starts on the
(1 1 1 ) or (1 1 0 ) surface, epitaxy is lost after a few micrometers and growth becomes
poly crystalline [2.75]. This phenomenon is also observed in hetero-growth of
diamond; only poly crystalline and/or oriented films have been grown on non
diamond substrates (Si, Mo, W, Ta, Cu, Ni, etc.) to date. So far, most growth is
carried out on silicon which is readily available in single crystal form at low cost.
Polycrystalline diamond films with random orientation of crystal grains are
achieved which are defective in nature and usually contain some graphitic
carbon.
Many techniques have been employed and proved useful in the
characterisation of the diamond films. The nature of current CVD diamond
films has been reviewed extensively by Zhu et al. [2.23]. Generally, it is essential
to determine the composition, structure, and chemical bonding of a film to verify
the presence of diamond as opposed to other materials.
Information on
morphology and defects are other critical areas of interest.
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Property

Natural type Ila
diamond

Vicker's hardness
(kg mm-2)

(12-15)X 103

hardest material known

Mass density (g cm’3)

B.515

densest amongst light elements

Molar density (g atom cm-3)

0.29B

higher than any other material

Thermal coductivity (W m ^ K'O
@ BOOK
@ 600 K

2000
1000

4 Xthe value of Cu or Ag

Thermal expansion (K'^)
@ BOOK
@ 600 K

0 .8
2.8

Young's modulus (N m’2)

1.1 X 1012

highest mechanical strength;
2 Xvalue of alumina

Sound propagation velocity
(km s'l)

18.2

1.6

Compressibility (cm^kgf'O

1.7 X 10-7

lower than any other material

Coefficient of frichoa (in air)

0.05

very low in air; (higher if kept
clean under vacuum)

Optical band gap (eV)

5.45

1.1 for Si; 1.4B for GaAs;
B.O for 6 -SiC

Refractive index @ 589.29 nm

2.41-2.44

1.6

Dielectric constant @BOOK

5.5

11.8 for Si; 12.5 for GaAs

Transparency (pm)

0.22-2.5 & >0.6

in the IR orders of magnitude
lower than other material

Resistivity (Q cm)

1012-1016

103 for Si;

Electron/hole mobility
(cm^ V’l s‘l)

1900/1600

1500/600 for Si;
8500/400 for GaAs

Saturation electron velocity
(pm/ns)

250

100 for Si; 200 for GaAs

Breakdown voltage (V cm‘^)

(1.1-21.5) X 106

Bxl03 for Si;
4x103 for GaAs

X 10-6
X 10-6

Comparison with
competitors

lower than Invar and close to
silica value of 0.57 x 10-6

Xthe value of alumina

Xthe value of fused silica

10 ^ for GaAs

Table 2.3 Properties of diamond compared with other materials [2.72-74].
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2.3.1.1 Composition
The surface composition of a typical CVD diamond film, as judged by Auger
electron spectroscopy (AES), is 8 8 % C, 5.4% Si and 6.5% O. AES suggests only C
remains upon removing the surface layer, however secondary ion mass
spectrometry reveals trace impurities of Si, O, H, Al, W, Cu and several other
metals. Rutherford backscattering and infrared spectroscopy suggest that H
concentrations (which are difficult to quantitatively detect with other techniques)
of 0.1-5% exist in a typical CVD diamond film.
2.3.1.2 Structure
X-ray diffraction (XRD) and transmission electron microscope (TEM) analyses
show excellent agreement between the structure of CVD and natural diamond.
However, these techniques are insensitive to microinclusions of graphitic or
amorphous components within the film.
2.3.1.3 Chemical Bonding
It is very likely that small quantities of sp^ bonded material exist, at least at the
grain boundaries in the polycrystalline material, within the sp^ matrix.
However, detection of such material is extremely difficult. AES, electron energy
loss spectroscopy (EELS), X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy have all been employed to study the bonding in CVD diamond.
The latter technique has become the most popular approach (fast and sensitive),
but due to the crystallite size effects and significant scattering cross section
differences between sp^ and sp^ type bonding low concentrations of sp^ material
can not be easily characterised. Nevertheless, a typical CVD film usually shows
a Raman signature very similar to natural diamond suggesting that the
overwhelming number of carbon species are indeed sp^ in nature.
2.3.1.4 Surface Morphology
Scanning electron microscopy (SEM) is the most widely utilised technique to
characterise the surface morphology of CVD diamond and has often been
correlated with Raman spectroscopy. The surface morphology of CVD films can
vary widely depending upon exact conditions used during film growth. Besides
octahedral (which comprise a majority of well shaped natural and HPHT
diamonds) crystallite shapes can also be cubic, rhombic or various complex
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shapes which evolve from rounded or flattened crystals. In addition. X-ray
diffraction has also been commonly employed to provide information regarding
the growth orientation or texture of the films.
2.3.1.5 Structure Defects
CVD diamond grown on non-diamond substrates is polycrystalline and highly
defective. Common defects include stacking faults, microtwins, dislocations,
point defects (impurities and vacancies) and second phase inclusions (graphitic
and amorphous carbon). Other structural imperfections like grain boundaries
and surface roughness are also undesirable. These defects degrade many useful
physical properties of CVD diamond, including electrical resistivity (highest
-10^1 Q.cm), carrier mobility (30-165 cm^.V'^.S'^), thermal conductivity (7-17
W.cm-i.K‘1) and optical transparency (large optical absorption in the long
wavelength infrared range). Low growth rates generally result in films with
lowest concentration of incorporated defects.

2.3.2

Potential Applications of Diamond

Whilst current CVD diamond on non-diamond substrates is of a relatively poor
quality, worldwide research is extensive and technological advances in film
growth methods are occurring rapidly.
A recent breakthrough towards
achieving single crystal diamond on silicon using bias on the substrate during
MW-PECVD has emerged; oriented epitaxially textured diamond film can be
grown on an untreated silicon wafer [2.45,46]. The orientation of crystals and
the reduction of grain boundaries densities can be expected to offer diamond of
adequate quality for realising many of the potential applications. This subject
has been reviewed by several workers [2.76-79]. Generally, these applications
will depend on a combination of properties and some of these are discussed
below.
2.3.2.1 Mechanical Applications
Diamond is widely used for its extreme mechanical properties (see table 2.3).
Table 2.4 lists the combinations of properties that make diamond desirable in this
context [2.76]. Diamond are finding applications as bearing and wear-resistant
coatings, barrier coatings, cutting tools (drills, bits, cutters, saw blades etc.),
surgical blades and abrasives. Although the control of hardness, surface
roughness, and adhesion to substrates for these applications requires further
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material improvement, CVD diamond should have a major impact in this market
place. It is worthy to note that the presence of this large sector of mechanical
applications is likely to assist the economic transfer of diamond technology to the
general marketplace.

Application

Property Utilised

Bearings, wear-resistant coatings

A B C
B C
A B
A
A B
A
A B

Barrier coatings
Cutting tools
Surgical blades
Knives, cutting blades
Abrasives
Wire drawing dies
A
B C
D
E
F

Hardness
Chemical stability
Permeability
Young's modulus
Friction coefficient
Thermal conductivity

3 1
2

Material

D E F
F
D E F
D
D E
F
D E F

1

2

3
3

2

3
3
3
3
3

1
1
2
1

2

Single-crystal diamond
Polycrystalline composite diamond
Polycrystalline film

Table 2.4 Mechanical applications of diamond [2.76].

2.S.2.2 Thermal Management Applications
Diamond's high thermal conductivity (~5 times higher than that of Cu at room
temperature) and low electrical conductivity makes it very attractive for heat
transport and thermal management applications. In fact, natural diamond (type
Ila) has been used as a heat sink material in critical device appications for many
years. Only recently, however, due to a major reductions in the price of CVD
polycrystalline diamond sheet, this material is now increasingly find application
in a range of thermal management devices, primarily related to the electronics
industry [2.80].
Traditionally, each active device or integrated circuit (IC) has been mounted on
its own individual packing which was then mounted on to the circuit board.
Recently, electronics packaging engineers have turned to muti-chip modules
(MCM) where many bare IC dies are mounted together on a single substrate in
the first level package. This adoption has led to high performance, high clock
rate digital systems, where signal latency due to excessive interchip interconnect
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line lengths would otherwise prove to be major limitations.

However, such

advanced high density packaging is much demanding in term of thermal
management. The thermal conductivity, electrical resistivity and thermal shock
resistance are the important parameters in choosing a packaging material. Table
2.5 shows a comparison of a range of possible materials [2.80].

Material

Natural Diamond
CVD diamond
Beryllia, BeO
AIN
Alumina, 99%
GaAs
Silicon
Kovar ® (FeNiCo)
Molybdenum
Aluminum
Copper
Silver
Diamond-epoxy
Silver-epoxy
Polyimide

Thermal conductivity
(Wm-i K-i)

2000

700-1700
223
70-230
29
45
149
17
146
237
396
428
8.7
5.8
0 .2

Electrical
insulator?
Yes
Yes
Yes
Yes
Yes
Semi
No
No
No
No
No
No
Yes
No
Yes

Thermal expansion
(ppm K-i)
0 .8 -1

1-1.5
6.4
3.3
6.3
5.9
2 .6

5.9
5.1
23.8
16.8
19.6
120
120

>50

Table 2.5 Electronic packaging material comparison [2.80].

Clearly, while conventional packing materials are having great difficulties to
cope with these severe thermal management problems, diamond substrates
appear to be a perfect solution, provided that they can be manufactured in
volume and sold at an acceptable price. In fact, 100mm diameter, 1mm thick
CVD diamond substances, suitable for such an application [2.80], are now
commercially available (Norton CVD, MA, USA and others). However, there is
still considerable practical and theoretical evidence that the thermal conductivity
[2.81] and electrical resistivity [2.82] of CVD diamond layers are severely
compromised by the presence of inhomogenities, for example grain boundaries,
in such layers.

40

Chapter Two

2.3 2.3 Optical and Optoelectronic Applications
The properties of high resistance to thermal shock, high strength and hardress all
mean that the excellent optical properties of diamond are already being used in a
wide range of applications either as stand alone windows or coatings. Table 2.6
lists some of the potential optical and optoelectronic applications of diamond
together with the combinations of properties utilised in each application [2.76].
The wide band gap of diamond enables ultra'/iolet (UV) optics to be considered,
whilst diamond's low atomic mass suggests that efficient soft X-ray windows
should be possible. Its unique physical properties also make it an important
candidate for optical components in high photon flux enviroments, such as free
electron lasers, where resilience to thermal fracture is important. Diamond
waveguides can also be envisaged. Within the field of optoelectronics, optical
emitters such as LED's, and ultra-fast optical switches have been investigated.
Diamond is a deep UV, indirect band gap semiconductor, but luminescence from
states within the gap has been reported at visible wavelengths. A review of the
current status of CVD diamond technology in some of these applications will be
given below.
(a) Optical applications

CVD diamond is an ideal candidate for lenses, windows and domes for the
infrared, visible and ultraviolet provided that high deposition rates processes can
be allied with the production of high-optical-quality material. Optical scatter
arising from polycrystalline morphology and surface roughness must be
considered. Another limitation factor would be absorption from contamination
(graphitic species and impurities) and lattice defects. Nevertheless, windows up
to 100 mm in diameter, 1 mm thick with high transmission (71% at 10 pm, 36% at
3 pm and 5% at 500 nm) are, in fact, now commercially available. In this context,
commercialisation of CVD diamond for X-ray windows, mirrors substrates and
high performance lenses applications are envisaged in the near future.
The potential for CVD diamond thin film coatings are also considerable;
provided the substrate material can be prepared for deposition and can tolerate
high deposition temperatures (>600°C) then a wide range of applications can be
envisaged. For example, high-power laser mirrors, anti-reflection coatings and
superhard protective optical coatings are expected to be important uses of CVD
diamond.
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Application

Property Utilised

Windows, lenses, mirror

A B CD

soft x-ray windows
Anti-reflection coatings

A B CD
A B CD

Mirror substrates
Heat conductors

ABC

Optical waveguide

Material

F G
F G
F G
F
F

C

I

M

F

H

Optoelectronic switches
Ultraviolet detectors

F

H
H

-

K

G

Optical lasers, LEDs

A
B
C
D
E
F
G
H
I
J
K
L
M

Hardness
1 Chemical stability
2 Permeability
Young's modulus
Friction coefficient
Thermal conductivity
Optical characteristics
Wide band-gap
Electrically insulating
Semiconductivity
Dielectric strength
Carrier mobility / saturation velocity
Refractive index

1
1 2
1
1
1 2

J K
J K L
L
J

1 2
1
1
1

Single-crystal diamond
Polycrystalline CVD film

Table 2.6 Optical and optoelectronic applications of diamond [2.76].

(b) Optoelectronic Applications
Light emitting diodes (LED's): Blue electroluminescence has been demonstrated by

Taniguchi et al. [2.83] although a high voltage (400 V) was required from a hot
filament grown polystalline CVD diamond (undoped, ~1 |im). Whilst the
intensity was too low for practical devices, the poor performance were attributed
to the surface roughness and the contaminated nature of the polycrystalline film.
More recently, Fujimori et a l [2.84] has fabricated an LED from MW-PECVD
grown homoépitaxial film (boron doped - 1 0 0 ppm, resistivity - 1 0 ^ D.cm),
however the emission spectrum was broad and centred at 530 nm (bluish-green).
Incidently, since the blue luminescence (440 nm) is near the region of minimum
sensitivity of human eye, a very bright diamond blue LED will be needed [2.85].
All these indicate that very high quality diamond layers and processing steps
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w ill be necessary before attempts to realise intense blue LED sources from
diamond can be made.
Optoelectronic switches: Desirable properties for an optoelectronic switching

material include high dark resistivity, high carrier mobility, and high breakdown
field strength. Diamond possesses all these properties and several studies [2.8688]

have shown natural type Ila diamond crystals perform as excellent switches.
Hence, diamond optoelectronic switches with response times in the picosecond
range could be used for switching high voltage (to several kV) and generating
ultrashort electric pulses or microwave bursts i.e., superior to electrical switches.
Under intense excimer laser irradiation, the absorption co-efficient of diamond is
very high and the light will be absorbed in4 thin surface layer. Under such
conditions a CVD thin film may be capable of similar switching action, provided
that the defect concentration in the material is low enough to avoid excessive
recombination of the photo-generated carriers. Thus, whilst no reports of such
switches are apparent to date, single crystal quality hétéroépitaxial CVD
diamond may enable such an application to be realised.
2.3.2.4 Electronic Applications
When considered as a semiconductor material, diamond possesses a unique
combination of desirable properties which make it attractive for a variety of
electronic application. It is expected to have an enormous technological impact
on electronics, especially in the area of high-power, high-temperature
microelectronics. Hence, quite a number of reviews on this subject can be found
[2.76-79].
Two recognised figures of merit exist (shown below) for evaluating the relative
usefulness of semiconductor materials [2.78].

71

Eg = Electrical breakdown strength
Ug = Saturation carrier velocity
where

Oj = Thermal conductivity

c = Velocity of light (in vacuum)
E. = Dielectric constant
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Johnson's figure of merit QFM) is usually invoked to evaluate materials for highfrequency, high-power applications such as microwave and millimetre wave
amplifiers. Thus, a high JFM comes from a high dielectric breakdown strength
and a high value for the saturated carrier velocity. The Keyes' figure of merit
(KFM) aims to reflect the suitability of a material for use in very densely packed
IC applications. It thus rewards a high thermal conductivity since more heat can
be dissipated from the device per unit area, and a low dielecric constant is valued
as this will minimise device impedance's. Assuming the diamond
used
in a device is ideal, the Johnson's and Keyes' figures of merit compared to some
important semiconductor materials (Si, GaAs, InP, GaN and p-SiC) are presented
below in table 2.7.
Material

(V cm-1)
Si
GaAs
InP
GaN
P-SiC
Diamond

CJj.

Eb

(cm s‘l)

Ratio to Silicon
Johnson
Keyes

(W cm'l)

3x105

1.0 X 107

1.5

11.8

1.0

1.0

4 X 105

2.0 X 107

0.5

12.5

6.9

0.5

6 x 105

2.0 X 107

0.7

14.0

16.0

0.6

20 X 105

2.5 X 107

1.5

9.5

281.6

1.8

40 X 105

2.5 X 107

5.0

9.7

1137.8

5.8

100 X 105

2.7 X 107

20.0

5.5

8206.0

32.2

Table 2.7 Relative figures of merit for electronic device materials.

The superior performance of diamond in both the above assessments is clear.
Other potential areas of major technological impact are transistors resistant to
ionising radiation, high-voltage switches, negative electron affinity cathodes,
advanced projection photolithography, electrical insulators, electronic heat sinks
and thermisters. These are listed below, together with the combination of
properties utilised, in table 2.8 [2.76].
High-temperature (in excess of 500°C) operation has been reported for diamondbased point contact transistors and Schottky diodes fabricated using synthetic
diamond crystals [2.89].
Meanwhile, the feasibility of high-temperature
applications of thin film diamond-based semiconductor devices have also been
demonstrated. For example, Gildenblat et al. [2.90] have also shown that
Schottky diodes fabricated on boron-doped homoépitaxial diamond films can
have similar performance. There
very few reports of successful device

44

fabrication on polycrystalline diamond films so far.

Nevertheless, Schottky
diode fabricated on a diamond film obtained by MW-PECVD can have a
breakdown voltage exceed/^200 V at room temperature and 120-150 V at 150°C
[2.91]. In addition, the potential of CVD diamond films for making radiation
hardened devices has also been established [2.92].

Application

Property Utilised

Material

Transistors
High-performance

F

J K L

1

High-power
High-temperature
Radiation-hard

F
F
F

J K
H
J K L
H
J K
I
K
H
J

1

High-voltage switches
Negative electron affinity
cathodes
X-ray lithography masks
Electrical insulator
Substrates, heat sinks
Thermistors
Packaging

B C

F

A B CD
B

A

G
F
F
F

C

1
1
1
1 2

1 2

H I
I
H
I

K
K

1 2
1 2
1 2

K

1 2

Legend
A
B
C
D
E
F
G
H
I
J
K
L

-

Hardness
Chemical stability
Permeability
Young's modulus
Friction coefficient
Thermal conductivity
Optical characteristics
Wide band-gap
Electrically insulating
Semiconductivity
Dielectric strength
Carrier mobility / velocity

1
2

Single-crystal diamond
Polycrystalline CVD film

Table 2.8 Electronic applications of diamond [2.76].

Doping is a necessary step in realising any practical electronic devices. The
absence of a reliable n-type dopant for diamond currently is a disadvantage for
device application. However, os in GaAs ICs which make no use of p-type
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material, diamond device engineers can design devices to minim ise the
inconvenience of poor n-type doping. Indeed, in diamond the mobility of holes
is only slightly lower than that of electrons. At present, the reliability of p-type
doping (usually boron) requires improvement but thi s should be achievable.
Likewise, patterning and metallisation, whilst in need of some further
refinement, do not appear to present a higher level of difficulty than other
semiconductors. Nevertheless, considerable research effort is still required
especially in the development of diamond heteroepitaxy which is likely to be the
prerequisite for wide-scale electronic applications of diamond.

2.3.3 The Drive for High Quality Thin Film Diamond
In summary, many applications of diamond require well-controlled properties.
For mechanical applications this necessiates control of hardness, surface
roughness, and adhesion to substrates. In thermal management, control of
thermal conductivity requires further improvement. Likewise, optoelectronic
and electronic applications require better control of absorption coefficient, carrier
concentration, and defect-state densities.
So far, the use of natural or HPHT synthetic diamond crystals has allowed
considerable advancement in the development of the fabrication routes necessary
for device fabrication. However, the use of these materials at present limits the
potential for extensive application because of high cost, small area and device
integration problems. Most of these problems, in theory, can be alleviated by the
use of diamond thin films now being grown using low pressure CVD described
in section 2.2.
While this progress is sufficient for some applications
(mechanical, heat sinks, optical windows) to begin to be realised, most still
require more improvement in the films. Most notably, the advent of single
crystal hétéroépitaxial material on inexpensive substrates (such as silicon) would
open up many other applications especially in the fields of electronics and
optoelectronics as described above. CVD diamond will always contain defects.
However, there is no evidence that the quality of single-crystal hétéroépitaxial
material, once available, will be substantially lower than bulk natural or synthetic
material. Particularly high quality material may be expected from UHV based
non-plasma growth techniques such as gas-source chemical beam epitaxial
(GS-CBE), although none have been demonstrated to date.
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3

THE MECHANISM OF CVD DIAMOND FORMATION
INTRODUCTION
NUCLEATION
Theory of Nucléation
CVD Diamond Nucléation Process
Nucléation on Scratched Substrate
Nucléation on Unscratched Substrate
The Current Status of Hétéroépitaxial Diamond Films

GROWTH OF THIN FILM DIAMOND
The Role of Atomic Hydrogen
Diamond CVD Gas-Phase Analysis
Methyl Radical versus Acetylene as the Primary Growth Species
Diamond Surface Studies
Theoretical Growth Models

SUMMARY

3.1

INTRODUCTION

The growth of diamond from the vapour phase begins with nucléation, the initial
formation of a crystal. This is followed by homoépitaxial growth, the deposition
of additional carbon on the surface to increase the bulk dimensions. In this
chapter, the current understanding of diamond chemical vapour deposition
(CVD) growth environments and the mechanisms of diamond deposition from
tnade
the vapour phase will be reviewed. Focus will be^on the chemical mechanisms
and surface phenomena relevant to CVD diamond growth. The review is
divided into two areas; Nucléation, including mechanisms on scratched and
unscratched non-diamond substrates (section 3.2); and growth, including the
gaseous environment and the surface mechanisms which add material to an
existing diamond lattice (section 3.3). A summary is provided in section 3.4.
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3.2 NUCLEATION
The control of nucléation is critical to obtaining the properties (e.g., orientation,
grain size, transparency, adhesion etc.) required for optimal use of CVD diamond
in most applications, as described in chapter 2. In this section, the current
understanding of CVD diamond nucléation, and how it can be controlled will be
discussed. Firstly, a classical theory of nucléation will be presented, followed by
the general experimental observations in the initial stage of the growth i.e.,
nucléation process. Then the possible nucléation mechanisms which lead to
diamond growth on scratched and unscratched substrates will be discussed.
Finally, the current status of diamond heteroepitaxy, which is greatly influenced
by the control of nucléation will be presented.
3.2.1 Theory of Nucléation
Thin film formation is achieved by the formation of small clusters through
combination of several adsorbed atoms. These clusters are called nuclei and the
process of cluster formation is called nucléation. However, only nuclei which
are larger than the so-called critical size will survive long enough for lattice
growth to occur while others decay [3.1]. The development of a critical nucleus
is "driven" by the change in the system free energy accompanying the growth,
and this in turn has to be negative for the process to occur. For thin film growth
there are two parts of the free energy that must be considered: a bulk part and an
interface part. The bulk contribution to the free energy change of a material
upon incorporation of addition atoms is negative because of bond formation.
The corresponding surface free energy change, however, is positive and
proportional to the surface area due to bond strains and unsatisfied valencies at
the lattice surface. Typical free energy behaviour is shown in fig. 3.1. The
nucleus free energy increases due to high surface to volume ratio until the critical
radius is attained, at which point the total free energy reaches a maximum and
then declines.
Therefore, the formation of critical size nuclei is therm odynamically
unfavourable, and occurs because of statistical fluctuations in the numbers of
atoms forming temporary clusters on the substrate surface. These random
fluctuations in the nucleus size are affected by two factors: Firstly, the arrival
rate of active species from the gas phase to the reactive sites. Secondly, the
surface coverage and mobility of the species are also important. The relative
contributions of these factors depend in turn on growth species supersaturation
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and transport across the boundary layer, desorption, substrate surface structure,
and diffusion of growth species (e.g., carbon) into the substrate bulk [3.2].
Nuclei which do not attain the critical size either dissociate or are adsorbed into
other nuclei or the substrate.

AG

Surface Free Energy
Critical Radius

Cluster Radius
Volume
Free Energy
Change

Fig. 3.1

Total Free
y Energy
\ Change

Change in free energy on incorporating new atoms in a growing
nucleus [3.1].

3.2.2 CVD Diamond Nucléation Process
Extensive theoretical and parametric analysis of the interplay between the carbon
and hydrogen supersaturation, substrate temperature, and other kinetic and
thermodynamic factors influencing graphite and diamond critical nucleus
formation were presented by Fedoseev and Deryagin [3.3,4] and subsequently by
Badzian and DeVries [3.5]. For a recent review of the current understanding of
CVD diamond nucléation and growth, see Pehrsson et al. [3.2] and the references
therein.
Many experimental parameters have a great influence on nucléation and
structure of the deposits. Gas mixtures with relatively low C /H ratios and high
substrate temperatures generally favour the growth of high quality, low defect
diamond, at the expense of lower nucléation densities and larger grain size
(probably due to the lower nucléation density). Other reactor parameters
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including the substrate material and temperature, filament temperature and
distance, plasma power, the carbon and atomic hydrogen supersaturations, and
flow rate have been shown to influence diamond nucléation, as well as the
growth rate and morphology. Details of these studies however will not be
covered here and interested readers can refer to Pehrsson et ah [3.2] and the
references therein.
Both natural diamond and many non-diamond materials have been used as CVD
diamond substrates. Nucléation on most non-diamond substrates is usually
enhanced by scratching with diamond powder (or less effectively, with SiC or
cubic-BN) [3.6]. Carbide-forming non-diamond substrates on which diamond
has been deposited exhibit the higher nucléation density and growth rate, and
the shortest incubation period [3.7,8]. These include Si(lOO), a - and p-SiC,
carbide-forming transition metals (W, Ta, Mo etc.) and carbides. Nucléation on
non-carbide forming substrates (Cu, Ag, Au, C u /N i alloys, Si0 2 and AI2O3 etc.)
is comparatively poor or non-existent unless carbide forming contaminants are
present [3.8]. Clearly, the nucléation process is complex, and any proposed
mechanism(s) must able to account for the above observations. CVD diamond
nucléation is thought to occur by a two-step nucléation process [3.2]. The first
step is the building up of a sufficiently high level of surface carbon concentration
(e.g., by forming a diffusion barrier such as a carbide layer). The second step
involves the formation of a diamond nucleus. The term induction period is
commonly used to describe the period between the first exposure of the substrate
to growth environment and the beginning of rapid diamond crystal growth.
An understanding of diamond nucléation has been sought through a postgrowth
investigation of the substrate/ diamond interface. Metal carbides at various
metal/diamond surfaces were identified by X-ray diffraction [3.9]. Non-carbide
formers such as Ni or Ft also evolve and develop surface layers between the
original substrate material and diamond deposits in the CVD diamond growth
environment. From LEED and XPS studies [3.10], it was determined that carbon
deposition on Ni proceeds through various stages: An ordered carbon overlayer
is covered by micro-crystalline graphite, then glassy carbon, before diamond
crystals start to form. On Pt foils, graphitic islands were converted to adsorbed
hydrocarbons [3.11].
In the case of diamond growth on silicon (Si) substrates there is good agreement
on the existence of a thin silicon carbide (SiC) interfacial layer, which was
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detected by using infrared (IR) absorption [3.12], transmission electron
microscopy [3.13], and X-ray diffraction (XRD) [3.14]. However, its precise
nature (crystalline p-SiC [3.13] or amorphous SiC layer [3.15]) appears to be
dependent on growth environments. Various in-situ analytical techniques have
also been used: X-ray photoelectron spectroscopy (XPS) [3.16], in-situ optical
m easurements [3.17], in-situ Raman spectroscopy [3.18], and real-time
spectroscopic ellipsometry [3.19]. The XPS spectra [3.16] of diamond grown on
Si for varying periods of time are shown in fig. 3.2.
Within the first fifteen
minutes the native oxide and adventitious carbon contaminants were removed;
subsequently a layer of SiC formed on the Si surface; finally the carbide layer was
covered with diamond. Hence, the formation of diamond nuclei clearly does
depend on evolution of the substrate.

C(1s)/Si(100)
hv = 1253.6 eV

P = 50 Torr
Flow = 97 seem
0.2% CHa/H o

Diamond
800 - other Carbon
Growth Time (Hrsi
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I

(f)10

I
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200
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(e) 4.5
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(x4)

(e) 0.75

(x4)

(b) 0.25
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(a)0

290

286
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Fig.

3 .2

XPS spectra of C(ls) region for different growth times on a Si substrate
[3.16].

It is important to note that the formation of a SiC layer is not found to be the rate
determining step for nucléation on unscratched Si [3.19]. The final thickness is
achieved in only -2 min, long before diamond nucléation occurs. This strongly
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suggests that carbide formation appears to be a necessary, but not a sufficient
precondition for rapid diamond nucléation on unscratched substrates. During
the earliest stages of growth, the diamond nucléation density is influenced by the
balance between the carbon flux to the substrate, etching of deposited carbon,
carbon diffusion into the substrate bulk and on the substrate surface [3.6].
These factors control the concentration of surface carbon species and their arrival
rate at the existing diamond nuclei. Therefore, the carbon saturation step might
form a stable platform for subsequent nucléation steps by preventing the
diffusion of potentially nucleating carbon species into the substrate bulk, and
perhaps also stabilising any existing nuclei. By contrast, when the substrate is
scratched or otherwise preseeded with diamond nuclei, the carbon-saturated
substrate apparently often functions as little more than a chemically inert
platform on which carbon species physically concentrate and contribute to
diamond growth by addition to the existing nuclei. This effect has been
convincingly demonstrated by the substantial reduction in the induction time
achieved by applying hydrocarbon-based oil to both carbide and non-carbide
forming diamond-scratched substrates prior to growth [3.20], which is consistent
with the accelerated formation of a carbon-saturated surface in the early stages of
growth. On the other hand, no enhancement was obtained on unscratched
substrates pretreated identically, confirming the need for both carbon saturation
and a subsequent, specific nucléation step. Therefore, it is evident that the
substrate and its pretreatment prior to growth have a large influence on
nucléation and the initial stages of growth. These different pathways are
discussed below.

3.2.3 Nucléation on Scratched Substrates
Nucléation in many non-diamond deposition systems occurs at steps, ledges,
screw dislocations and other defects due to enhanced bonding at high energy
intersecting surfaces with high densities of unsaturated bonds and low
coordination numbers [3.1]. Consequently, most substrates used for diamond
growth are pretreated by scratching with diamond powder to enhance nucléation
[3.6,7]. This can be done simply by hand or using grit suspensions in an
ultrasonic bath. Nucléation densities of several orders of magnitude higher
compared with unscratched Si ( 10 ^ to 1 0 ^ cm'2) have been achieved in this way
[3.21].
Nucléation enhancement by scratching with some other abrading
materials tends to be less effective. For example, lower nucléation densities were
obtained by scratching with SiC [3.22], Cu or stainless steel [3.23].
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There is substantial evidence that the transfer of diamond fragments or other sp^
bonded carbon (resulting from substrate-diamond grit reaction or local heating)
can lead to enhanced nucléation, independently of mechanical damage. The
large nucléation enhancement obtained by scratching with diamond, compared
with other abrading materials is a strong indication of this. The existence of the
correlation between nucléation enhancement and lattice match of the abrading
materials with diamond (diamond>c-BN>SiC) [3.2], is also consistent with the
transfer of fragments of the abrading material. This explanation is bolstered by
the effectiveness of diamond seeding (sprinkling with dry powder, dipping,
spraying, and spin-coating etc.) in achieving enhanced nucléation [3.24,25].
More direct evidences are from high-resolution TEM and STM investigations.
Sub-micron diamond fragments [3.26] and some form of sp^ bonded carbon
residue [3.27] left on the substrate after scratching pretreatment have been
observed.
Alternatively, scratching may create chemically reactive substrate damage sites
such as ledges, pits, strains and mosaic structures which have been observed
using electron microscopy [3.28].
However, several attempts to enhance
diamond nucléation on unscratched substrates by generating a large number of
nucléation defect sites using various methods have failed [3.23,29].
This
suggests that diamond nucléation on unscratched substrates requires the
existence of certain types of substrate features or defect sites, and that the
topography of the features is important. Since virtually every substrate from Cu
(soft and plastic) to Si (hard and brittle) shows enhanced nucléation after
diamond abrasion, it seems unlikely that a specific damage site is being
generated by the scratching material. Therefore, in most cases, transfer of
diamond fragments or other sp^ bonded carbon appears principally responsible
for scratching-induced nucléation.

3.2.4 Nucléation on Unscratched Substrates
The hétéroépitaxial growth of diamond thin films on a cheap single-crystalline
substrate has been one of the major challenges in the field of diamond CVD
technology. Multiply-twinned crystals appeared to nucleate at or near the
diamond / substrate interface [3.30,31] i.e., suggests that the nature of the crystals
is determined at or shortly after nucléation. Hence, to realise hétéroépitaxial
growth or oriented growth of diamond, the development of a clean and
controllable nucléation process is desired. However, a fundamental problem
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encountered in most, if not all, deposition methods is the limited understanding
and controllability of diamond nucléation on non-diamond substrates. At
present, the mechanism of diamond nucléation under metastable conditions is
not yet clearly understood.
3.2.4.1 Possible Diamond Precursors
Although diamond nuclei have formed on many diverse substrates, the atomic
arrangement of the nucléation sites or precursor remains unclear. Two classes of
hydrocarbon m olecules have been proposed as diam ond precursors.
Matsumoto and Matsui [3.32] proposed a series of sp^ bonded hydrocarbon cage
compounds (fig. 3.3). This proposal was based on the observation that cage
compounds have similar twinning and symmetry to small diamond seed crystals
produced by CVD. These molecules possess 6 -membered carbon rings in either
the chair form, the boat form or a combination of the two. The frequent
occurrence of regularly-shaped, twinned diamond crystals is cited as evidence
that the twin nucleus forms from a high concentration of carbon-containing
compounds adsorbed on the sample surface [3.7]. However, the stability of such
complex compounds at typical diamond growth conditions has been questioned
[3.33]. This is because the highly hydrogen-rich reducing environment during
diamond growth would favour the formation of saturated structures over
unsaturated molecules.

(a) cubo-octahedron

(a') adamantane

Fig. 3.3

(c) decahedral-Wulff- (d) i cosahedron
(b) twinned
cubo-octahedron
polyhedron

(b') bicyclo-octane
(c') hexacyclo(b") tetracyclo-dodecane
pentadecane

(d') dodecahedrane

Examples of twinned diamond particles (a-d) and corresponding
hydrocarbon cage compound molecular analogies and proposed
nuclei for single and twinned diamond crystals, (a'-d') [3.32].
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Hence, Angus and his co-workers [3.33,34] have proposed that a more likely
precursor for diamond nucléation would be graphitic intermediates, which are
subsequently hydrogenated by atomic hydrogen to saturated structures that can
act as sites for diamond growth. Saturated rings compounds with multiple,
parallel twin planes, such as those shown in fig 3.4, are suggested. These
molecules can provide self-regenerating, energetically favoured sites for the
nucléation of new layers [3.34]. XPS experimental studies on the nature of the
carbon bonding at different stages of nucléation and growth on Pt substrates
[3.35] support this view. An oriented graphite deposit was observed to form on
Pt substrate during the initial induction period; following the subsequent
disappearance of this deposit poly crystalline diamond was obtained. However,
it should be noted that this proposal seems only appropriate for growth on
substrates which graphitic carbon phases have been detected in the early stages
of the growth, such as on non-carbide forming substrates. In addition, there is
also evidence that, at least in some cases, diamond crystals actually nucleate in
the vapour phase [3.36,37], although this contribution to the overall nucléation
rate was not established.

0
^
cis boat-boat
bicyclodecane

Fig. 3.4

V
trans boat-boat
bicyclodecane

Ring compounds with two parallel twin planes proposed as diamond
nuclei by Angus ei a l [3.34].

S.2.4.2 Nucléation Enhancement on Unscratched Substrates
Nucléation of diamond films on unscratched non-diamond substrates is
extremely slow. Diamond films also display poor adhesion on many substrates
because of high mechanical stress due to different thermal expansion coefficients.
In addition, it is very difficult to deposit diamond onto some metallic substrates,
especially iron-, cobalt- and nickel-based materials, owing to the catalytic effects
of these elements on gas precursors such as methane to form soot. The use of
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carbonaceous intermediate layer has been a promising approach for overcoming
these difficulties. A laser-ablated carbon film has^ shown to increase the
nucléation density by a factor of 400 [3.38].
A high nucléation density
(comparable to that obtained by on diamond grit polished surfaces) has also been
reported on an implanted (3-SiC layer on Si [3.39]. Recently, a high degree of
nucléation enhancement has also been reported for non-diamond substrates
coated with a layer of C70 cluster [3.40] or "turbostratic carbon” [3.41].
Clearly, there exist quite a number of potential nucléation layers for
poly crystalline diamond films. The observed nucléation enhancement may
reflect stress minimisation by improved lattice or thermal expansion coefficient
matches, which may in turn be reflected in improved adhesion. Unfortunately,
the procedures of intermediate layer formation are complicated and normally
need a multistep process. More importantly, nucléation and growth of diamond
in epitaxial registry with such intermediate layers have not been observed i.e.,
hétéroépitaxial growth of diamond has not been possible.
A much more promising pretreatment of the unscratched substrates is the socalled in situ bias-enhanced nucléation (BEN), first introduced by Yugo et al.
[3.42]. In BEN, an enormous enhancement in nucléation (as high as
cm'^) is
achievable by applying a negative substrate bias (>-70V) and exposed to a brief
period of deposition with microwave plasma operated in a higher CH 4 /H 2
mixture (>5%) prior to normal diamond deposition. The main advantage of this
process is that there ùpf>ear ^ no significant damage of the substrate surface which
could destroy crystallinity. Thus, as will be described in the next section, this
treatment has emerged as a powerful tool for preparing state-of-the-art diamond
films.
Despite the enormous potential of this negative bias process, the
mechanism yielding the nucléation enhancement is not well understood [3.43,44].
Recently, Katoh et al. [3.45] have also showed that diamond nucléation density
can be increased not only by negatively but also positive substrate bias during
the pretreatment process. However, the prospect of this positive bias treatment
needs further investigations.

56

Chapter Three

3.2.5 The Current Status of Hétéroépitaxial Diamond Films
At present, the high cost, limited availability and small size of natural or
synthetic single-crystal diamond hinders the development of commercially
useful homoépitaxial single-crystal diamond devices. Hence, the epitaxial
diamond growth on a non-diamond substrate is critical to the eventual use of
diamond for electronic devices. A true heteroepitaxy requires nucléation over a
large area, or subsequent coalescence of separately nucleated crystals into a
single domain. Nucléation and growth of diamond in epitaxial registry imposes
constraints on both the experimental parameters and the substrate. Obviously an
understanding of the underlying physics both at the substrate/film interface, as
well as the appropriate gas phase/solid interface <s also of critical importance.
In conventional crystal growth, atoms deposit on a substrate by either 2dimensional layer formation (Frank-Van der Merwe), 3-dimensional island
growth (Volmer-Weber) or an intermediate mode (Stranski-Weber) [3.2]. For the
2-dimensional growth mode to dominate two conditions are required [3.2]:
Firstly, the chemical potential of the deposit (jr = kTIn[P/Pinf]) must be negative.
(T is the temperature and k is the Boltzmann's constant. P and Pinf are the partial
pressures of the lattice component at the crystal surface and at a saturated
vapour phase reservoir, respectively.)
Secondly, the adhesion energy (p)
between the deposit and the substrate exceeds twice the deposit surface free
energy (aa), i.e., p ^ 2oa.
In many hétéroépitaxial systems, however, 3dimensional islands similar to those in Volmer-Weber mode begin to grow after
one or several complete monolayers are formed i.e., Stranski-Weber growth.
This is a result of the total strain in the layer increasing due to the lattice
mismatch which is not relieved sufficiently by the formation of dislocations at the
interface (such as misfit) or inside the film.
Diamond has a very high surface free energy (3387-9207 erg cm’^ [3.46]) which
limits the number of substrates that could potentially stabilise its 2 -dimensional
growth. Hence, the selection of potential substrates has emphasised the lattice
and thermal expansion coefficient matches between the substrate and the
diamond, such as those shown in table 3.1. Pehrsson et al. [3.2] have given a
good account on the early attempts to prepare epitaxial diamond films on
various non-diamond substrates. Only Volmer-Weber type island growth has
been reported for CVD of diamond on non-diamond substrates.
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Diamond lattice constant = 3.567 A
Substrate
Lattice constant ( A )
Mismatch (%)

Ni

Cu

c-BN

TiN

MgO

p-SiC

Si

3.524

3.61

3.615

4.21

4.23

4.36

5.43

1.2

1.2

1.3

18.0

18.6

2 2 .2

52.2

Table 3.1 Comparison of lattice mismatch of some common substrates to
diamond.

Recently, considerable progress in the line of oriented nucléation and growth has
been made. Hétéroépitaxial or textured growth of diamond has been reported
on several kinds of substrates such as c-BN, Ni, SiC and Si. Among these. Ni has
the smallest lattice mismatch (1 .2 %) but it also possesses the property to enhance
the formation of graphitic carbon during diamond nucléation and growth.
Nevertheless a process, avoiding this commonly observed formation of graphite
interlayers, for hétéroépitaxial nucléation on Ni has been reported [3.47].
On c-BN surfaces, flat epitaxial thin films of diamond have been synthesised
[3.48,49]. Notably, the diamond epitaxy on c-BN was achieved on the surface of
c-BN with no pre-treatment. This suggests that c-BN is the most feasible
material for diamond heteroepitaxy. Unfortunately, c-BN is itself a difficult
material to produce at present i.e., the size and availability of this substrate is
limited. Nevertheless, information on the hétéroépitaxial diamond grown on cBN can lead to a better understanding of diamond heteroepitaxy.
The
dislocations correspond to the mismatching of the lattice constants of diamond
and c-BN (1.3%) were observed (one dislocation appeared per 82 to 84 diamond
lattice planes) using transmission electron microscopy (TEM) and selected-area
transmission electron diffraction (SATED) [3.50]. Such crystal defects are
thought to be introduced during the coalescence of the islands, which developed
in the early growth stage with density up to 10^^ cm'2. A recent study [3.51] on
the initial growth process on single-crystal c-BN also concluded that the
carbonaceous layer plays an important role in the epitaxial nucléation of
diamond, which is in agreement with the discussion in section 3.2.2.
Despite its lattice mismatch, as large as 52%, the recent progress on preparing
epitaxial diamond films on Si is also very encouraging. A three-step process for
growing highly oriented, textured diamond films was developed by Stoner and
co-workers [3.52]. Textured film was first nucleated by a two-step process that
involved an in situ carburization which believed to convert the Si surface to an
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epitaxial SiC layer, followed by bias-enhanced nucléation. The nucléation stage,
which produced partially oriented diamond films, was immediately followed a
growth process [3.53] which maximised the texture and crystal quality. The
grains of the resulting film surface were approximately 1 0 0 % epitaxially oriented
relative to the Si (100) substrate [3.52]. Jiang et al. [3.54] have also synthesised an
epitaxial diamond film on a mirror-polished Si (100) wafer by biasing the
substrate to the plasma in the range of -100 to -300 V. These successful attempts
suggest that controlled nucléation is the key technique for diam ond
heteroepitaxy.

3.3 GROWTH OF THIN FILM DIAMOND
Incorporation of carbon into the diamond lattice is inherently a surface
phenomenon. Thus, a complete growth mechanism must describe not only how
the important gas-phase species are generated and carbon is added to the
growing crystal, but also how the surface is activated and how the added carbon
becomes incorporated into the diamond lattice. Unfortunately, little is known
about the chemistry and physics of the growth surface, and very little is known
•the
about the elementary reactions at that surface.
Hence, most of^current
understanding
of the diamond growth mechanism is derived from
measurements of the gaseous phase and computational models. In this section,
the CVD diamond growth environment and the chemical processes leading to
homoépitaxial growth will be discussed. First, the role of atomic hydrogen in
diamond CVD will be reviewed. The characterisation of the growth gaseous
environment and processes will then be discussed. This will be followed by the
current understanding of diamond surface chemistry. Finally, the computational
and theoretical models for diamond growth will be presented.
3.3.1 The Role of Atomic Hydrogen
As described in chapter 2, the major breakthrough in developing both the science
and the technology of low-pressure diamond growth began with the addition of
hydrogen to the reactive mixture and activating the mixture prior to deposition.
This has led to increased growth rates from A / h to p m /h and reduced or
eliminated the co-deposition of graphitic carbon. The best quality diamond
films have been obtained in growth environments which contained large
amounts of molecular hydrogen, with only a small amounts of hydrocarbon
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(typically methane, 1 % or less) and a supersaturation of atomic hydrogen
resulting from some form of gas-phase activation.
Several important roles of atomic hydrogen have been suggested. First is the
preferentially etching of sp^ and sp bonded carbon (more generally, graphitic
carbon) from the deposit [3.7,55-57]. This theory assumes that graphitic carbon
and diamond are formed simultaneously but graphitic carbon is destroyed by
reactions with atomic hydrogen whereas diamond is not, or at least not to the
same extent.
The second most frequently discussed [3.56,58] effect is hydrogen-termination of
the diamond (or in the initial growth, substrate and diamond nucleus) surface,
thereby reducing the number of high-energy unsatisfied surface valencies. This
stabilises the diamond surface (or small diamond clusters) i.e., keeping the
surface carbon atoms in the sp^ configuration, thus prevent it from reconstruction
into graphitic sp^ (or carbynic sp) structures.
Another role of atomic hydrogen suggested [3.59,60] is to activate and control the
concentration of reactive radical sites (Cd ) on the growing diamond surface
according to abstraction and recombination reactions:
Cd-H (ad) + H- (g) ^ Cd- (ad) + Hz (g).
This exchange of adsorbed hydrogen and hydrogen in the gas phase (LangmuirRideal reaction) can facilitate both the adsorption of and the surface diffusion of
hydrocarbons and hence promote growth. The high activation energy of the
abstraction reaction will, however, limit the concentration of the reactive radical
sites and represents the low-temperature "bottleneck" of diamond deposition
[3.59,61].
Other possible roles of atomic hydrogen suggested are to promote the gas-phase
production of important reactive species (e.g., acetylene and methyl radicals)
[3.59], the promotion of the sp^ configuration of gaseous radical precursors and
surface clusters [3.61], to remove oxygen chemisorbed on the substrate, and to
satisfy dangling bonds at the defective interface between a diamond film and its
surface (e.g., silicon and silicon carbide) [3.61]. Oda et al. [3.62] have examined
the role of atomic hydrogen by a remote microwave plasma in the deposition
amorphous silicon and related alloy phases. Both the growth rates and quality
of the films were enhanced. Impurities such as C and O were efficiently remove

60

________________________________________

Chapt

by active atomic hydrogen reactions, and dangling bonds on the surface of
epitaxial films were effectively passivated by hydrogen atoms.
These
observations help to support hypotheses on the role of atomic hydrogen in
diamond deposition. However until now, the effect of atomic hydrogen on the
diamond surface during diamond growth is still uncertain.
Frenklach [3.63] has also discussed the possible role of molecular hydrogen (H2 )
in inhibiting the growth of graphitic precursors.
He hypothesises that
polyaromatic hydrocarbons (PAH's), which also grow from acetylenic
precursors, will promote the growth of sp^ and sp type carbons. His kinetic
studies show that molecular hydrogen inhibits the growth of PAH's, so he
postulates that this will also inhibit the growth of graphitic and soot-like carbons
in diamond growth systems.
However, since a report by Hirose and Terasawa [3.64], a large number of papers
ha been published in which diamond growth from various oxygen-containing
gas mixtures (O2, H 2 O, CO, CO2, alcohol's, ethers, and others) is reported.
Unlike with methane-hydrogen mixtures, in which the hydrogen concentrations
must generally exceed 97-99 vol.% in order to achieve good quality diamond
films, higher growth rates, better film qualities and lower growth temperatures
are possible at larger carbon concentrations, if oxygen is present simultaneously.
In fact, diamond formation has been reported from gas mixtures containing no
molecular hydrogen at all [3.65,66]. Therefore, one can conclude that oxygencontaining species in the activated gas phase are able to perform a similar role to
that of atomic hydrogen (or molecular hydrogen). Indeed, as far as surface
reactions are concerned, the etching of graphite or other graphitic carbon-phases
by OH radicals and oxygen atoms has
frequently been suggested to be the
most important effect of oxygen-containing gas-mixture constituents [3.67-69].
The removal of acetylene and other C2 species from the gas phase is another
important consequence of oxygen additions [3.66,69,70]. C2 and C are suggested
to be responsible for amorphous carbon deposition [3.70,71]. Whereas within
the detailed gas-phase/surface-kinetics model of^and Wang [3.72] the main role
of oxygen is a suppression of benzene, PAH's and their precursors in the gas
phase and, especially important at relatively low substrate temperatures, the
gasification of sp2 carbon by OH radicals, which is much faster than H atoms.
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3.3.2 Diamond CVD: Gas-Phase Analysis
There has been a considerable effort in the last few years to identify the gasphase species from which diamond films grow
This is because it can provide
significant insight into the fundamental mechanism of diamond formation under
metastable conditions, which is essential for the long-range advancement of this
new technology. A variety of analysis techniques, both in-situ and ex-situ, have
been em ployed for gas-phase diagnostic studies of the diamond growth
environments, notably in HFCVD and MW-PECVD. Since the hot filament
technique is employed throughout the rest of this work, the focus in this section
w ill be on the characterisation of the gas-phase environment in HFCVD.
Analysis of the complex diamond CVD environment requires, however, a
comprehensive understanding of the kinetics controlling the generation of
reactive species, their reaction rate, and their transport within the reactor.
Hence, various chemical kinetics calculations have also been performed in an
attempt to determine steady-state concentration and reaction paths of chemical
species involved in diamond forming processes. Still, despite all experimental
and modelling studies to date, there remains much speculation on the nature of
the actual growth species. The state of understanding of this controversial subject
has been reviewed by Pehrsson et al. [3.2] and more recently by Klages [3.73].
3.3.2.1 Gas-Phase Diagnostic Studies
Infrared diode laser absorption spectroscopy was the first method employed for
in-situ detection of the ground state species in a hot-filament diamond CVD
process [3.74]. High concentrations of CH4 and C2H 2, together with lower
densities of CH3 and C2H 4 were detected during growth from CH4 /H 2 mixtures.
They are all present in sufficient quantities to account for the diamond deposition
individually. Harris and co-workers [3.75] in turn used gas sampling and
subsequent mass spectrometric analysis to detect stable species near the diamond
deposition surface. The major species detected from CH 4 /H 2 mixtures were
again CH4 and C2 H2 , with smaller amounts of C2H 4 and C2H 6 . Information of
CH3 and H reactive species was extracted from a kinetic analysis in combination
with the above determined concentrations [3.76]. The concentrations of CH4 ,
C2 H 2 , CH 3 , and C2H 4 were again concluded to be sufficient to account for the
observed diamond deposition rates. Another sampling study, which employed
a gas chromatography detector [3.77], likewise identified CH 4, C2H 2 , C2 H 4 , and
C2 H 6 as the major species products in a hot-filament diamond CVD. Using
molecular beam mass spectrometry, the most direct experimental approach to the
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species involved in diamond growth reported so far, Hsu et a l [3.78] have also
shown the presence of H 2, H, CH 4, CH 3, C2H 2 near the growth surface when
either CH4 /H 2 or C2H 2 /H 2 mixtures were used as reactants.
The two important radical species, H and CH3, in a hot filament system have also
been measured, among others, by resonance-enhanced multiphoton ionisation
(REMPI) [3.79,80]. The REMPI results [3.79] suggest a significant role is played
by atomic hydrogen in diamond CVD. An increased CH4 /H 2 ratio produces the
expected increase in both CH3 radical and C2H 2 concentrations (the two growth
species favoured by most workers to date), but a decrease in the H atom
concentration. Filament poisoning decreasing the H 2 surface-dissociation [3.81]
and gas-phase reactions with hydrocarbon species [3.82] have been put forward
to explain this reduction of H atom concentration. Meanwhile, the quality of the
deposited diamond, as judged by the Raman spectra, decreases as the CH4 /H 2
ratio is increased. This strongly suggests that the dominant role for the atomic
hydrogen in the deposition of diamond is surface related.
Many of these diagnostic techniques have also been used to detect molecules and
radicals in a typical diamond MW-PECVD process [3.83-85]. Irrespective of the
feed-gas composition actually used, the spectrum of the most abundant species
H, H 2, CH3, CH4, and C2 H 2 in MWCVD is quite similar to that found in HFCVD
environment. Similarly in both HFCVD [3.67,86] and MWCVD [3.83,84], when
oxygen is added to CH4 /H 2 mixtures, along with major reaction products of CO
and H 2 O, a small quantity of OH has also been detected, which has been
postulated as an effective graphite etchant [3.67-69]. However, several of the
unstable species involved in the plasma-chemical process have also been
identified by optical emission spectroscopy (OES). Emission from excited states
of C, C2, CH, CH2, H, H 2 has been detected [3.71,87,88]. However, to draw
direct conclusions about ground-state concentrations from the observed excitedstate emissions is virtually impossible since the genesis of these states in complex
gas mixtures is usually unknown.
S.3.2.2 Gas-Phase Modelling
Numerical m odelling of the gaseous environment can serve as a useful
complement to experimental studies, providing spatially resolved velocity,
temperature, and concentration fields that may be compared to experiment.
Various computational models have been implemented. Early equilibrium
thermodynamic calculations [3.74,89,90] have proven useful in estimating the
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gas-phase species by considering the filament as purely a thermal source, though
the gaseous environment in diamond CVD is not expected to reach
thermodynamic equilibrium. With inclusion of a non-thermodynamic etching
term, Sommer et al. [3.91] have also presented a quasi-equilibrium theory model
which is able to identify the conditions for which diamond deposition occurs
over a range of pressures.
However, analysis of the complex diamond CVD environment requires kinetic
calculations, which are more capable of predicting the gas-phase concentrations
near the growth surface accurately. Kinetic models using zero-dimensional
approximations in which a fixed temperature profile was assumed have been
reported by several workers [3.63,75,92]. Harris et al. [3.75] concluded that only
CH3, C2H 2, CH 4, and C2 H 4 should be considered viable growth species, with
CH3 and C2H 2 favoured on the grounds of chemical reactivity. The conversion
of graphitic carbon and amorphous carbon by atomic hydrogen was illustrated
by Chen [3.92]; and the role of H 2 in suppressing the formation of aromatics
which promote non-diamond carbon deposition was postulated by Frenklach
[3.63].
However, the important role of diffusion, which dominates over
convection as mass transport mechanism, on growth kinetics was established by
DebRoy et al. [3.93]. Subsequently, more refined chemical kinetic calculations
are now based on the assumption of one-dimensional gas flow, including
concentration and thermal diffusion, within a prescribed temperature profile
[3.72,76,94]. Many trends generally observed in HFCVD systems, such as the
dependence of deposition rate and diamond film quality on substrate
temperature, were reproduced by these models. In addition, as shown in table
3.3, the chemical kinetic models developed are generally able to predict correctly
the measured concentrations (mole fraction > lO'^) of the major gaseous species
(CH4, C2 H 2, CH 3 , and C2H 4 ) and suggest that such species could have been
formed and transported to the surface at a rate high enough to contribute
importantly to diamond growth.
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Ref.

Tfii

d

CH 4

3.

(K)

(mm)

%

M ole Fraction
[H]

[CH 4 ]

[CH 3 ]

[C 2H 2 ]

[C 2 H 4 ]

[CH 2 ]

Experimental Measurements
76

2600

3-5

1 .0

1 .0 x 10-2

1.0x10-3

2.2x10-4

1.7x10-3

78

2600

13

0.3

2.2x10-3

3.4x10-4

4.5x10-3

1.5x10-3

74

2700

1 0 -2 0

1 .0

6.3x10-3

1.6x10-3

1.6x10-3

77

2173

5

1.1

5.5x10-3

5.0x10-4

4.8x10-4

77

2573

5

1.1

7.5x10-4

2.4x10-3

1.9x10-3

Theoretical Calculations
75

2600

5

0.3

1 .0 x 10-2

4.5x10-4

6.5x10-4

1.1x10-3

4.3x10-7

89

2250

5

1 .0

4.0x10-3

3.5x10-4

3.0x10-3

1.5x10-3

1.3x10-3

89

2250

10

1 .0

2.8x10-3

2.2x10-4

1.6x10-3

2.0x10-3

5.9x10-3

3.2x10-3

72

2600

10

0.3

8.2x10-3

1.1x10-3

2.2x10-4

3.1x10-4

2.3x10-3

1.7x10-3

94

2600

10

0.3

7.0x10-3

1.2x10-3

1.8x10-4

8.3x10-4

1.0x10-3

1.4x10-3

94

2500

10

1 .0

7.3x10-3

8.5x10-4

1.3x10-3

5.9x10-3

9.2x10-3

1.1x10-3

7.8x10-7

Table 3.3 Summary of the calculated and measured gaseous mole fractions
resulting from the passage of dilute methane in hydrogen mixtures
over a heated refractory metal filament. The distance from the
filament at which the mole fraction is also given (d, mm).

In summary, both experimental and theoretical studies have considerably
enhanced our understanding of the diamond CVD process. The principal
species in diam ond growth environm ents em ploying hydrogen and
hydrocarbons reactants have been identified as H, H 2, CH 4 , CH3, C2 H 2, and
C2H 4 . When oxygen-containing organic compounds are used as reactants, CO,
H 2 O, and OH are also observed. The importance of atomic hydrogen on both
gaseous and surface reactions during diamond CVD has been ascertained.
However, the reaction mechanism at molecular level still needs to be addressed.
In addition, an important conclusion with regard to the relative importance of
methyl radical or acetylene as a dominant growth species still cannot be drawn
from all the studies to date. In fact, due to the lack of experimental information
about the role of^surface during diamond growth, heterogeneous chemistry is
usually neglected completely or treated in a very general, phenomenological
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manner in all the modelling work carried out to date, except the surface and gasphase kinetics model published by Frenklach and Wang [3.72].

3.3.3 Methyl Radical versus Acetylene as the Primary Growth Species
The role of methyl versus acetylenic species as diamond growth species has been
extensively discussed [3.63,75]. However, attempts to unambiguously identify
the gas-phase species from which diamond films grow has not been successful to
date.
Until very recently, numerous experimental and theoretical studies have been
reported claiming that acetylene cannot possibly be an efficient growth species.
Isotopic competition experiments using 13CH4 / 12C2H 2 feed gases in the hotfilament process were performed by Chu et al. [3.95,96]. The isotopic content
mole fraction) in the deposited diamond films were derived from the shift of
first-order diamond Raman band, while the major gas-phase constituents (CH4
and C2 H 2 ) were sampled directly above the growth surface and analysed for
isotopic composition by matrix-isolation Fourier-transform infrared spectroscopy
(FTIR). The measured isotopic fraction of the films were similar to, within
experimental error, that inferred for^ gas-phase CH^radical isotopic ratio and
were substantially différé from that determined for^C2H 2 ratio. These studies
provide evidence that the CH3 radical is the primary growth species. Similar
experiments were performed in microwave-plasma CVD [3.97], also showing the
CH3 radical to be about an order of magnitude more efficient in diamond
formation than C2H 2 . Further support for identification of CH3 as the primary
growth species has come from the low-pressure flow-tube studies of Martin and
Hill [3.98], who showed that diamond grows more readily when CH4 is injected
into the plasma-generated stream of hydrogen atoms than when C2H 2 is injected.
Only methane and methyl are found to be in significant quantities, if methane is
added, while acetylene remains practically intact, due to its slow addition
reaction with hydrogen atoms. Additional measurements and modelling (gasphase chemistry and convective-diffusive mass transport) of the flow-tube
system has supported this conclusion [3.99]. Furthermore, Harris [3.100] has
also shown that a fairly simple CH3 radical mechanism can account for the
growth rates typically obtained in a hot-filament CVD without any adjustable
parameters. Using the same mechanism, Goodwin [3.101] was able to account
successfully for the growth rates obtained in high-rate diamond growth
environments (oxy-acetylene torch and dc arcjet).
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The proposal that acetylene is the major growth species during the CVD of
diamond has always been surrounded with controversy. It has been speculated
that excess C2H 2 can take the role of an inhibitor to diamond growth [3.63,72,102].
However, from Martin and Hill's [3.98] flow-tube experiments, C2 H 2 can be seen
to be quite capable of forming diamond on silicon substrates though the rate for
diamond formation is lower than that with CH3 . In addition, the new evidence
presented by Loh and Cappelli [3.103] recently demonstrates unambiguously
that high-quality diamond can be grown from C2H 2 as a sole hydrocarbon source
comparable to that from CH4 . A study of in -situ mass spectrometry during
diamond CVD in a low density hydrogen arc jet flow is described. With the
arcjet operating entirely on H 2 , hydrocarbon reactant (CH4 or C2 H 2 ) is
introduced down stream of the plume near the end of the expansion nozzle. Insitu through-the-substrate mass sampling analysis suggested that with injected
CH 4 and C2H 2 , the dominant precursor transported to the substrate (Mo) is CH3
and C2 H 2 respectively. In contrast with what has been observed in other
diamond CVD systems, the growth efficiencies for these two precursors are
comparable in magnitude and diamond of high quality is obtained with either
hydrocarbon source

(1

vol.% flow).

Therefore, strong experimental evidence exists for both methyl radical and
acetylene as the primary growth species. It is uncertain whether only one
species alone is responsible for low pressure diamond growth. In fact, it has
been suggested by Kondoh et al. [3.104] that more complex intermediates might
participates in the growth reactions since the activation energy from diamond
growth (~23 kcal moh^) is sufficiently larger than for simple radical reactions.
The authors postulated that this intermediate state on the growing surface can be
generated from any active hydrocarbon radical. Hence, further studies on the
elemental surface reactions are required to elucidate the underlying reaction
mechanism or mechanisms leading to diamond growth under such CVD
conditions.

3.3.4 Diamond Surface Studies
Obviously, the structure, composition, and chemical reactivity of the diamond
surface in the growth environment are key components of a detailed
understanding of the CVD process. Much of the current understanding of
diamond growth surface is inferred from ultra-high vacuum (UHV) surface
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science and theoretical studies. In addition, recent atomic-scale images have
managed to provide some useful information.
3.3.4.1 The (111) Diamond Surface
The most studied surface of diamond is the (111) cleavage surface of natural
diamond crystal. An excellent summary of the atomic and electronic structure of
this surface has given by Pate [3.105] and the references therein. Truncation of
the diamond bulk to expose the C (lll) face leaves a surface with one dangling
bond per surface carbon atom. Polished C (lll) surfaces heated in vacuum to
500°C exhibit sharp (1 x 1 ) LEED patterns. The surface structure is known to be
a truncation of the bulk geometry, where the dangling bonds are terminated by
hydrogen adatoms as shown in fig. 3.6(a). Heating the surface to 950°C (in
UHV) induces the desorption of hydrogen and reconstruction of the surface by
which the surface can eliminate dangling bonds fo reduce its energy occurs.
Half-order LEED diffraction spots have been observed, indicative of a (2 x 2), or
three rotated domains of (2 x 1 ), surface reconstruction. Several models have
been proposed for the structure of this (2 x 2 ) / ( 2 x l)-reconstructed (1 1 1 ) surface
of diamond. However, theoretical calculations [3.106-108] have been performed
and favoured Pandey's 7i-bonded chain model [3.106] where the dangling bonds
form zig-zag 7t-chains as shown in fig. 3.6(b). Likewise, experimental data^LEED
[3.109], X-ray absorption [3.110], and ion scattering [3.111]^all support Pandey's
model for the reconstruction.
e^et\tntnH
3.3.4.2 The (100) Diamond Surface
Truncation of the bulk diamond to expose the C(IOO) surface leaves the surface
with two dangling bonds per surface carbon atom. Lurie and Wilson [3.112]
have observed (1 x 1 ) LEED patterns from as-polished C(IOO) surfaces. Other
researchers established that this surface is hydrogen terminated [3.105,113].
Thus, the dihydride structure, shown in fig. 3.7(a), is the best candidate for the
C(100)-(l X 1) surface. As with the diamond (111) surface, heating in UHV to
1000°C induces surface reconstruction, and two rotated domains of (2 x 1) LEED
symmetry are observed [3.112].
Theoretical calculations [3.114-116] and
experimental evidence [3.117] postulate
symmetric dimers, shown in fig.
3.7(b), with either monohydride (one hydrogen adatom per surface carbon atom
in the dimer pair) or bonding as the possible structures for the (2 x 1 )
reconstruction. Alternately, Yang and D'Evelyn [3.118] have also proposed a
(3 x 1 ) reconstruction consisting of alternating carbon dimers and carbon
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dihydride atoms, as shown in fig 3.7(c).
Both the (2 x 1 ) and (3 x 1 )
reconstruction can relax the severe steric constraints of the fully hydrogenated
surface and hence are thermodynamically more stable.

(a) Diamond C(111 )-(1 x 1)

O

H
C

(b) Diamond C(111)-(2 x 1) Pandey

Fig.

3 .6

Schematic drawing of (a) the bulk truncated diamond C (lll)-(1 x 1 )
surface and (b) the diamond C (lll)-(2 x 1) Pandey Jt-bonded chain
model surface.
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O

H

Diamond C(100)-(1 x 1):2H

Diamond C(100)-(2 x 1):H

Diamond C(100)-(2 x 1)

Diamond C(100)-(3 x 1)

Fig. 3.7

Schematic drawing of (a) the bulk truncated diamond C(100)-(l x

1)

surface with hydrogen termination; (b) the two possible configurations
for the ( 2 x 1 ) LEED symmetry surface based on the dimer model for
the reconstruction; (c) the (3 x 1 ) reconstruction.

3.S.4.3 The (110) Diamond Surface
The (110) surface of diamond is the least-studied of the low index planes. The
as-polished (110) surface also exhibits a (1 x 1 ) LEED pattern consisted with the
structure of the truncated bulk as shown in fig. 3.8. However, unlike the (111)
and (1 0 0 ) surfaces, the picture of^high temperature, hydrogen-free (1 1 0 ) surface is
far more speculative as no reconstruction is observed after annealing to over
1000°C [3.112].
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Fig. 3.8 Schematic drawing of the bulk truncated diamond C(110)-(l x
surface.

1)

3.3.4.4 The Diamond Growth Surface
Under conditions of diamond CVD, the growing surface is thought to be largely
hydrogen terminated because of the abundance of hydrogen atoms. However,
the precise nature (structure and composition) of the growth surface is still a
subject of much research.
Recently, atomic-scale imaging has emerged as a powerful tool for probing such
information. A (2 x 1) reconstruction with dimer rows and steps on the {100}
face of vapour-deposited diamond surfaces has been observed by several
research groups using scanning tunnelling microscopy (STM) [3.119-121].
Similar structures are commonly observed on (100) surfaces of Si and Ge films,
where they are attributed to growth processes. Hence, the likelihood tkf
diamond (1 0 0 ) faces also grow with the (2 x 1 ) reconstruction has been
Meanwhile, STM images of (111) facets on polycrystalline films also
reveal (1 x 1 ), (V3 x V3)R30° and possibly Pandey's (2 x 1 ) chain model structures
[3.122]. This variety of structures perhaps indicates that multifarious molecular
mechanisms exist for the growth on diamond (111) surface. Further support for
the presence of such surface structures in CVD environments is given by a recent
molecular dynamic annealing simulations [3.123], where the stability of all these
experimentally observed stable structures on diamond (1 0 0 ) and (1 1 1 ) surfaces
has been verified.
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Several researchers have also observed diamond surfaces can be rather rough,
with many steps [3.124,125]. Therefore much of the growth surface can be
comprised of steps as well as crystalline planes. In fact multiple twin planes
parallel to the (111) plane are common imperfections observed in CVD diamonds
[3.126].

The intersections of these twin planes with the surfaces can cause re

entrant sites similar to the (1 1 0 ) trough structure and have been proposed as
likely growth sites [3.34].

It is apparent that the surface of diamond in the growth environment is very
active. Therefore, a realistic growth model must begin with an accurate picture
of the surface on which growth actually occurs. Hence, the surface structures
and steps that have been observed experimentally should have certain impact on
the molecular growth mechanisms of diamond. Recent detailed growth models
have started to address reconstructed surface dimers and troughs (see below).
Unfortunately, though a number of possible diamond surface structures have
been identified, the precise nature of the growing surface under^ diamond CVD
process is still far from complete. It is clear that considerably more experimental
and theoretical work is
needed.

3.3.5 Theoretical Growth Models
It is generally accepted that the growth of diamond is sustained by the addition
of gaseous hydrocarbon species, primarily methyl radicals and acetylene
molecules, to surface radicals which are formed by the abstraction of hydrogen
atoms from an otherwise hydrogenated surface. However, there is no uniform
agreement on the underlying reaction mechanism or mechanisms responsible for
the growth. Following the success of employing detailed chemical kinetics
models to study and simulate the gaseous processes during diamond CVD, a
similar level of kinetic modelling is now sought for surface processes. There is
an inherent difficulty associated with^application of this approach to surface
reactions kinetics. This is because there is uncertainty not only in gas-phase rate
of arrival and thermodynamic parameters but also in how these parameters
should be converted for use with surface kinetics. Nevertheless, a number of
reaction mechanisms that describe the gas-surface processes in elementary terms
have been proposed. The rate coefficients for the gas-surface and surface
reactions are estimated by analogy to similar gaseous reactions, or evaluated on
theoretical grounds.

72

Chapter Three

The first detailed surface chemical model of diamond was proposed by Tsuda
et al. [3.127]. The mechanism involves a binding reaction of a methyl cation,
CH3+, with three neutral CH 3 groups chemisorbed adjacent to each other on a
(111) plane, giving rises to a new H-terminated diamond layer. Since ionic
species are not prevalent in all diamond CVD environments, this CH3+ model
was subsequently expanded to include the reaction of neutral methyl radicals
with a positively charged site on the (111) surface [3.128]. However, it is often
discounted on the grounds of the strong repulsion between the methyl hydrogen
atoms.
Harris [3.100] has also suggested a specific reaction mechanism by which CH3
incorporates into a unreconstructed (lOO)-(l x 1):2H diamond surface. The
model compound bicyco-noane (BCN), which consists of nine carbon atoms, is
considered to represent the diamond lattice. Therefore, it is usually described as
BCN mechanism. In this reaction path, a gaseous methyl radical recombines
with a dihydride surface radical created by H abstraction, and the recombination
product undergoes another H abstraction forming a dangling methylene radical
on the dihydride site. Within the lifetime of the methylene radical, another H
abstraction occurs on the neighbouring carbon atom, thus forming a diradical
surface intermediate. This is followed by the recombination of the two radical
sites into a C-C bond and thereby complete a (100) surface carbon ring
formation. However, investigation of the energetics by Huang and Frenklach
[3.129] indicates that such insertion of methyl into a (lOO)-(l x 1):2H radical site
would encounter a large potential-energy barrier (80 kcal/mol) due to high steric
repulsion. Instead, the addition of CH3 to a triplet surface diradical or to a
monohydride dimer radical of the reconstructed ( 1 0 0 )- (2 x 1 ) surface was
suggested, since both of these are less sterically crowded i.e., exhibits a lower
barrier. Nevertheless, BCN mechanism has been rather successful in predicting
diamond growth rates under a wide range of experimental conditions [3.100,101].
The growth mode on a dimer-reconstructed surface is plausible as the ( 2 x 1 )
reconstructed structures have been observed by the STM experiments on (100)
faces of as-grown diamond crystals. Garrison et al. [3.130] have proposed a
"dimer" mechanism in which the growth is initiated by addition of methylene,
CH2, onto the (1 0 0 )-(2 x 1 );H surface radical, as shown in fig. 3.8. The origin of
the CH 2 can either be from direct adsorption or H abstraction from a CH 3
adspecies. If the latter path is taken, then the mechanism is identical to the BCN
mechanism [3 .1 0 0 ] except that on such dimer-reconstructed surface, the steric
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hindrance problems are significantly reduced. The authors also postulated that
a perfect (100)-(2 x 1):H surface is not required for this basic concept of atomic
motions to operate as the state (f) in fig. 3.8 might be readily formed if the dimer
on the right are replaced by a single C atom or a step edge i.e., the mechanism is
applicable to a partial dimer reconstruction surface.

(a) Three surface dimers with an
H atom on each dangling bond

(b) Surface dimer with a CH3 replacing
an H atom on each dangling bond

(c) Surface dimer with a CH2 replacing
an H atom on each dangling bond

Fig. 3.8

(d) Same as (c) except that the surface
dimer is open

(e) Insertion of CH2 into the dimer bond

(f) Insertion of CH2 into the trough
position

Schematic illustration of the "dimer" mechanism of Garrison et al.
[3.130].

Harris and Goodwin [3.131] have further evaluated the growth kinetics on (100)(2 X 1):H surface by combining the above "dimer" mechanism with the BCN
mechanism. The pair of mechanisms operate sequentially in this proposed
reaction path. Half the growth on such a surface is accounted for by CH3
insertion into the dimer bonds, while the other half is accounted for by addition
of CH3 across troughs between the dimer bonds (identical to the BCN
mechanism).
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Very recently, Skokov et al. [3.132] has suggested another reaction pathway for
the (100)-(2 X 1):H surface, involving the addition of C2H 2 to a biradical with at
least one of its sites being either a (1 0 0 )-(2 x 1 ) dimer carbon or a secondary
carbon. The molecule then undergoes «series of H-additions, H-abstractions, and
p-scissions leading to incorporation of its carbon atoms into a diamond lattice.
The possible reaction pathways, "in-between dimers" and "on-top dimer", are
shown in fig. 3.9. Among these, the "between-dimer" reaction pathway which is
initiated by the addition of an C2 H 2 molecule that forms a bridge between
adjacent dimer rows is found to be most favourable. However, the dimer bond
cleavage of the "on-top-dimer" pathway can also lead to an interesting and
kinetically feasible possibility if the >Cd=CH and >Cd=CH2 groups formed have
appropriate neighbouring sites for the addition (analogous to the "dimer" or
"trough" mechanism described earlier). However, due to uncertainties in the
calculations of energy differences for these reaction steps i.e., the direction of
these reactions, the fate of the on-top C2H 2 adsorption must await more accurate
evaluation of the thermodynamic properties.
There are other acetylene-addition routes suggested in the literature. Frenklach
and Spear [3.59] proposed a growth model on the diamond (111) steps
(equivalent to (1 1 0 ) surface) in which the main monomer growth species is C2H 2 .
The first step of the mechanism is the formation of an ethyl radical-like species.
Another gas-phase C2H 2 molecule then adds to this radical site. The resulting
radical then abstracts an H atom from the surface and this two-carbon species
then adds to the radical site on the surface. Finally the Cd~H bond is assumed to
break and the final C-Cd bond is completed. In this study, the competing
pathway of graphitic carbon deposition was also described by using C 2H 2
reactions.
It was, however, criticised for its large entropy reduction and
estimated to proceed in the reverse direction (C2H 2 desorption) under the
conditions of diamond CVD [3.133].
Instead, Belton and Harris [3.134]
suggested that C2H 2 adds to the same site as proposed by Frenklach and Spear
but with both its surface C atoms, not just one as in the original proposal,
dehydrogenated by H-abstractions. In this way, the C2 H 2 desorption rate is
negligible. The reaction pathway, as shown in fig. 3.10, continues with a similar
addition that places another acetylene molecule
near the first one. The two
chemisorbed molecules are then converted into a diamond lattice by a reaction
with atomic hydrogen. However, this mechanism has
in turn^criticised for
the kinetic instability of acetylene bonded to two isolated lattice carbons under
the bombardment of H atoms [3.135].
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Reaction pathways for acetylene addition to a (100)-(2 x 1) dimer:
(a) "in-between dimer" and (b) "on-top dimer" [3.132].
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Fig. 3.10 Stick model for the mechanism proposed for addition of acetylene to a
(110) diamond surface [3.134].

It has not been conclusively shown that either CHg or C2 H 2 alone is responsible
for film growth. Both CH3 and C2H2 may be involved in the growth mechanism
of a particular surface. Frenklach [3.135] has indeed performed a kinetic Monte
Carlo simulation to demonstrate that the growth rate of diamond can be
accounted for by considering combined CH3 and C2 H 2 additions. However,
other reactive species have also been speculated as possible growth species.
Amongst these, Chang et al, [3.136] have proposed a mechanism in which C2H is
added to the diamond (110) surface at two radical sites formed by successive Habstractions. This mechanism is similar in concept to the growth model
suggested by Belton and Harris [3.134] except that C2H has replaced the role of
C2 H 2 . Obviously, there is still no general agreement on the underlying reaction
mechanism responsible for diamond growth.
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3.4 SUMMARY
The diamond CVD process shows great promise for impacting a variety of
technological areas. Unfortunately, our understanding of the diamond CVD
mechanism or mechanisms is far from complete. The CVD diamond interface
with many substrates has been explored, but the nucléation process remains a
mystery. Considerable advances have been made in the understanding of the
thermodynamics, chemical kinetics and transport phenomena concepts aided by
the developments of in situ process monitoring and computer-aided modelling of
CVD reactors and reactions. Information on surface growth processes is mostly
indirect, even though the structure and reactivity of diamond single crystal faces
have been studied. Quite a number of hypothetical mechanisms have been
suggested on the basis of assumed reaction rates under the physical conditions
present during diamond-film growth.
However, there is still no general
agreement on the underlying reaction mechanism(s) responsible for diamond
nucléation and growth from the gas phase at present. This thesis presents data
on surface chemical reactions which are of highly relevant to this topic and
assists in giving the deeper insight
required.

78

Chapter

4

EXPERIMENTAL AND THEORETICAL METHODS
INTRODUCTION
EXPERIMENTAL SYSTEM
SAMPLE MOUNTING AND PREPARATION
Silicon
Polycrystalline CVD Diamond

REACTANT PREPARATION AND DOSING
Hydrocarbons
Hydrogen and Deuterium
Methyl Iodide

SURFACE SPECTROSCOPIC METHODS
Auger Electron Spectroscopy (AES)
Low Energy Electron Diffraction (LEED)
Thermal Desorption Spectroscopy (TDS)

4.1 INTRODUCTION
The least understood aspect of the chemical vapour deposition (CVD) of
diamond thin films is the array of surface reactions and physical phenomena
occuring at the growth interface between the solid and vapour phases. Two
reasons for this are the complexity of the system and the lack of tools for directly
measuring the state of the surface, i.e., the structure and chemical composition,
during the actual growth processes.
One approach is the use of surface
analytical probes to study the chemical reactions occuring at the surface under
"static" conditions, i.e., when exposed to a specific atmosphere at a fixed
temperature but with no growth. Such an experiment may typically require the
preparation of a atomically clean surface, with a well defined structure, followed
by controlled exposure to a reactive gas or vapour. Gas kinetic theory [4.1]
readily reveals that even at a pressure of lO"^ Torr a surface becomes covered
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with a monolayer of adsorbed gas in about 3 s. Therefore an ambient gas
pressure below 10‘^ Torr i.e., an ultra-high vacuum (UHV) is required to maintain
a consistent surface over the time-scales required for such a procedure to be
carried out.
Many different surface spectroscopic methods, which are capable of providing
complentary information about a given reaction, are avaliable. Of these. Auger
electron spectroscopy (AES), low energy electron diffraction (LEED) and thermal
desorption spectroscopy (TDS) are employed for this study. The basis of these
techniques will be described later in this chapter. Much of this study has
concentrated upon the adsorption and subsequent reaction of various gases or
vapour upon clean, well characterised Si(lOO) surfaces.

4.2 EXPERIMENTAL SYSTEM
The UHV apparatus constructed for this study consisted of an all stainless steel
muti-chamber system with gas handling facilities. A schematic of this system is
shown in fig. 4.1 with a photograph of the system being shown in fig. 4.2. The
main UHV pumps were a 170 m^.s'^ turbomolecular pump, backed by a twostage rotary vane vacuum pump and a 300 m^.s'i diode ion pump. In order to
attain ultra-high vacuum pressures necessary for experimentation, the entire
equipment base above the main UHV pumps could be baked to -160°C. The
utimate vacuum achievable after such a bake-out (~16 hours) was typically
2 X lO'io Torr.
The system was able to be partitioned into reaction' and 'analytical' sub
chambers by a UHV gate valve. This allowed, if necessary, relatively high
pressure argon ion (Ar+) sputter cleaning or large gas exposure to be carried out
w hilst retaining the Auger/LEED 'analytical' chamber under UHV.
An
additional UHV gate valve was also placed between the reaction' chamber and
the turbomolecular pump.
Together, these two gate valves avoided the
atmospheric exposure of both the 'analytical' chamber and the main UHV pumps
during the sample mounting process. This significantly reduced the initial
pumping down time and enhanced the UHV condition attainable. An extra twostage rotary vane vacuum pump was used for pumping the mutiple gas handling
lines

(1 / 4 " stainless

steel tubes) and roughing the chamber.
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Fig. 4.1

A schematic representation of the UHV system used in the surface
science experiments described below.
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QMS: Quadrupole mass spectrometer
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SM: Sample manipulator
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TSP: Titanium sublimation pump
RFA: Retarding field analyser
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Fig. 4.2

Photograph of UHV system for studies of deposition surface reactions.
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The arrangement of 'reaction' sub-chamber is depicted in fig. 4.3(a&b). Samples
were mounted upon a rotatable manipulator with extending bellows (Vacuum
Generators 'HPLT 500') and could be adjusted to face all the chamber facilities.
Experimental probes in this sub-chamber consisted of:
(i)

a high resolution 0-200 a.m.u. quadrupole mass spectrometer (QMS) for
TDS, residual gas analysis (RCA) and leak detection. Partial pressure
measurement ranges from IxlO'^^ rnbar (with secondary electron
multiplier) to 5x10-4 mbar;

(ii)

an ion-gun for in-situ sample sputter cleaning;

(iii) a array of reactant gas dosing facilities.
With the extending bellows, a sample mounted on the manipulator could be
transfered into the 'analytical' chamber, as shown in fig. 4.3(c). Once inside, it
could reposition to face a 3-grid retarding field analyser (RFA) fitted with a
fluorescent screen and normal incidence electron gun for AES and LEED
investigations.

QMS
Gas Dosing
Assembly

View Port

Sample

View Port

z«

View Port

Gas Dosing
Assembly
UHV Pumping

Fig. 4.3(a) Side profile of the 'reaction' chamber.
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To Manipulator
Bellow
Gas Dosing
Assembly

View Port

□

Sample

View Port

View Port

Gas Dosing
Assembly

UHV Gate Valve
To 'Analytical' Chamber

Fig. 4.3(b) Plan view of the 'reaction' chamber.

To 'Reaction' Chamber

Manipulator rod

Retarding Field
Analyser for
AES & LEED

O
Sample

View
Port

Electron Gun
View Port

Fig. 4.3(c) Plan view of the 'analytical' chamber.
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4.3

SAMPLE MOUNTING AND PREPARATION

With the exception of the work in chapter 6 where polycrystalline CVD diamond
thin films were used, all experiments in this study were performed using - 0 .6
mm thick high purity single crystal silicon (Si) wafers [Wacker-Chemitronic]:
(1 0 0 ) orientation was employed along with phosphorous doping to give n-type
character with resistivity of 0.67 to 1.33 D.cm. All samples were cleaned prior to
insertion to remove greasy contaminants. A thorough post-bakeout in-situ
cleaning process was then carried out to remove the native oxide and residual
contamination from the surface. This was followed by suitable processing to
leave a stable and reproducible reconstructed surface.
4.3.1 Silicon
For the purposes of this study, the mounting of a Si sample required that the
sample may be firmly held in place with adequate provision for 3-dimensional
movement. This enabled its access to all experimental probes and gas sources
within the chamber. In addition, the sample must be able to heat to high
temperatures (1500 K) in order to provide sufficient surface preparation prior to
experimentation and to allow a reproducible linear heating ramp for TDS
experiments.
Each sample was cut from the Si(lOO) wafer to a surface area of -1.0 cm^
(typically 0.7 x 1.5 cm) and mounted to two tantalum (Ta) support clips, which
were previously spot-welded to two braided strands of 0.5 mm Ta wires. Ta
was chosen as it has a very high melting point (3269 K) and retains much of it's
Young's Modulus at high temperatures. In completing the sample heating
circuit, the Ta wire spirals were themselves spot-welded to stainless steel support
rods which were electrically isolated from the chamber. Throughout the
experiments, the Si sample was kept in position by correct tensioning of the clips
around the sample. This also enabled good thermal contact which is essential to
achieve uniform heating across the sample. Temperature measurement was
performed using a chromel-alumel thermocouple spot-welded to another small
Ta clip which was pressed against the rear face of the Si. The amount of Ta on
the front of the Si was kept to minimum to reduce errors in the TDS spectra.
This mounting arrangement, as shown in fig. 4.4, allowed resistive heating to be
applied to the Si sample for in-situ cleaning and surface preparation, as well as
generating an adequately linear heating rate (20-40 K.s"^) for TDS experiments.
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thermocouple wires

thermocouple wires
Ta wires

Sample
stainless steel
support rod
Ta foil clips

(a) Top View

Fig. 4.4

Ta wires spot-welded
to Ta foil clips

(b) Bottom View

Sample mounting for Si. This mounting was also adopted for the work
on diamond thin film coated Si sample.

It is essential to degrease prior to baking to prevent organic species from cracking
and causing undesirable carbon contamination. In this study, degreasing was
performed ex-situ by sequential rinsing with acetone (CH3COCH3), iso-propanol
(CH3CHOHCH3) and deionised water.
The degreased sample was then
mounted in the manner described above and placed in the vacuum system which
was subsequently baked at ~160°C for 16 hours.
Ex-situ deoxidation prior to bakeout was not performed as this can result in

contamination of the clean Si surface with desorption products from the chamber
walls during the bakeout procedure. This occurrence was observed by Chang et
ai [4.2] who reported strong carbon and oxygen Auger signals after a 6 -hr
bakeout at 200°C, whilst similar analysis prior to bakeout showed no such
contamination within the limit of the Auggr sensitivity. Kirby and Lichtman
[4.3] have also showed that insertion of^Ægreased Si sample without etch
treatment (H 2O2 /H 2SO4, HF) was preferable, as such pretreatment resulted in
surface carbon contamination which could not be readily removed even by
sputtering with Ar+ ions. Therefore, the native oxide (Si0 2 ) can protect the Si
surface prior to cleaning in-vacuo. Kirby and Lichtman [4.3] have also reported
two in-situ methods effective in providing clean Si surfaces to within the
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sensitivity limits afforded by AES (C 272 eV to Si 92 eV peak ratio < 10-3). They
are:
(i)

Three heating cycles of 3-5 minutes of 1550 K, followed by slowly cooling
to room temperature (~ 1 K.s'i);

(ii)

Ar^on ion bombardment for around 20 minutes, followed by annealing at
1000-1100 K.

Many modern studies describe the use of one of these methods.

In this study,

the former method was adopted.
However, this method involves rapid
desorption of oxygen from the Si surface and Dylla et al. [4.4] have observed the
tendency for Si to form etch sites when exposed to oxygen partial pressures of
>10"7 mbar whilst hot (1000 K). Therefore, an extended thermal removal of the
native oxide layer on Si sample was employed. In addition, the familiar LEED
pattern of Si(100)-(2 x 1) reconstruction surface was readily observed following
such heat cycling cleaning procedure [4.5]. Hence, this cleaning procedure was
routinely performed to prepare atomically clean Si(lOO) surface with (2 x 1 )
reconstruction for experimentation (see section 4.5.2).
4.3.2 Polycrystalline CVD Diamond
The polycrystalline CVD diamond samples used in this work were grown by
AEA Technology, using microwave plasma assisted CVD from methane-inhydrogen mixtures. The films comprised around 2 [xm thick layers of diamond
on doped silicon (lll)-oriented wafers, and were poly crystalline with grain sizes
of around 2 |xm, as can be seen in a typical scanning electron micrograph
reproduced in fig. 4.5.
Samples of approximately Icm^ were cut and inserted in-vacuo following a
simple degrease wash. These were then mounted on a manipulator in the same
manner as described for the Si samples above. Studies of natural diamond
crystals (see chapter 3) revealed that diamond surfaces are predominantly
hydrogen-terminated. It is possible to desorb 50% and 100% of the surfaceterminating hydrogen from the single crystal (100) [4.6] and (111) [4.7] diamond
faces, respectively, by heating in UHV to over 1200 K. After desorption of the
terminating species, surface reconstruction is observed for (111) surface (>1240 K)
and (100) surface (>1300 K). Heat treatment in UHV to 1500 K is the common
method employed to generate clean diamond surfaces [4.6,4.7] as argon-ion
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bombardment has been shown to result in a partially graphitised or amorphous
surface [4.7]. Several studies [4.8,9] have shown that CVD diamond surfaces are
also predominately terminated by hydrogen. The samples used in this work
were hence clean in-vacuo by resistively heating to 1500 K and verified using
AES. However, since the samples were polycrystalline in nature, surface
preparation of well defined structures was not attempted throughout this work.

Fig. 4.5 A scanning electron micrograph showing the typical surface
morphology of CVD diamond samples.
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4.4 REACTANT PREPARATION AND DOSING
The adsorbate molecules employed throughout this study were dosed onto the
sample surfaces in the form of low pressure gas or vapour phase species. The
various gases used include hydrocarbons (both saturated and unsaturated),
hydrogen, deuterium, and methyl-iodide.
4.4.1 Hydrocarbons
Hydrocarbon gases used in this study included methane (CH4 ), ethylene (C2H 4 )
and acetylene (C2 H 2 ). All these gases were obtained in lecture bottles from two
gas specialist companies (Air Products Ltd., CH 4, 99.95%, C2H 4, 99.99%; Distillers
MG, C2H 2, 99.5%). They were separately admitted to the chamber via a
differentially pumped, leak valve controlled, stainless steel tube to minimise
contamination. A schematic illustration of this dosing assembly is shown in
fig. 4.6. This arrangement allowed the formation of local pressures in the region
of the sample some 1 0 ^ to 10 ^ times higher than the ambient chamber pressure
which was measured by an adjacent ionisation gauge. Use of this dosing
technique thus avoided degradation of the UHV and pumping system from high
exposure to hydrocarbon gases. Calibration of the source was carried out by
comparison of exposure times necessary to saturate a well characterised surface.

Leak valve
Pumping

Stainless steel
gas line

dosing tube

Linear^
Translator
Sample

Gas source
bottle

r ^^Support
\
rods

UHV pumping
Fig. 4.6

Cross sectional schematic illustration of the dosing assembly.
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4.4.2 Hydrogen and Deuterium
Hydrogen (H 2, Air Products Ltd., 99.9995%) and deuterium gas (D2, Distillers
MG, 99.7%) were admitted to the chamber using a similar arrangement but again
via a separate dosing tube, to minimise hydrocarbon contamination. This is
clearly illustrated in the photograph of fig. 4.2 where four separated gas sources
assemblies were mounted onto the 'reaction' sub-chamber. In order to generate
atomic hydrogen/deuterium, a 0.25-mm tantalum wire coil (total length 8 cm)
was placed adjacent to the exit of this dosing tube. Upon current (-3.5 A, d.c.)
flow ing this filament readily heated up, and maintained throughout all
experiments, a temperature of 2200 ± 50 K. Thermal dissociation of gas
molecules occurred and produced a source for atomic hydrogen or deuterium.
The temperature of the Ta filament was judged by resistivity measurements
and confirmed by a disappearing filament pyrometer. During
experiments the sample was held 15 mm away from the filament; this minimised
the heating effect and enabled adsorption to be carried out at a temperature of
-350 K.
4.4.3 Methyl Iodide.
In this study, methyl iodide (Aldrich, 99.5%) was introduced onto the sample
surfaces in the form of a low pressure vapour from a stainless-steel reservoir
attached to the leak valve.
A series of freeze-pump-thaw cycles were
undertaken to remove volatile impurities prior to final vacuum distribution in
the UHV chamber.
In an attempt to produce methyl radicals from methyl iodide precursor, the
dosing tube located inside the UHV chamber was modified. The design of the
methyl radical source (as shown in fig. 4.7) was based on a high-temperature
ceramic nozzle source developed by Danon and Amirav [4.10]. The source
consisted of a alumina capillary tube (0.8-mm i.d., 1.6-mm o.d., GoodFellow)
attached to the UHV leak valve. A -3 cm section near the end of the tube was
heated by a 0.25-mm tantalum wire wound around the tube (as closely packed as
possible) and encased by a high-temperature alumina-based potting ceramic
(Aremco, Type 516). Besides enhancing mechanical strength, the ceramic also
provided intimate thermal contact, uniform heating, and prevented the
formation of atomic hydrogen on naked hot wires. The tip of a chromel-alumel
thermocouple was also embedded in the ceramic 'cement' to enable temperature
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measurements of the heated zone. This region could be readily heated to high
temperatures (e.g., 1200 K) at which methyl iodide pyrolysis was observed.

Power
feedthrough

Linear
Translator

Leak valve

Stainless steel .
gas line
Pumping

%

CH 3 I stainlesssteel container

Fig. 4.7

AI2O3

Thermocouple ;
feedthrough
|

LI
Ta wire

Ceramic
cement

Schematic illustration of the tubular heating arrangement

4.5 SURFACE SPECTROSCOPIC METHODS
A wide range of surface diagnostic spectroscopies exist which may be employed
to study the chemical reactions that occur during the interaction of the solid and
vapour phases [4.1]. In this section, the principal surface analytical methods
employed during this study will be outlined. These represent a small cross
section of the numerous surface scientific techniques currently available.
Nevertheless, these methods do offer a complementary range of information
pertaining to the details of the surface chemical reactions of interest in this work.
4.5.1 Auger Electron Spectroscopy (AES)
AES is capable of characterising the chemical composition of the top few atom
layers of a surface to a resolution of ~1%. As its name implied, this technique
replies upon monitoring the kinetic energy of secondary or Auger emitted
electrons from the surface atoms following the ionisation of a core electron, and
gives information on stable surface species. The technique has been reviewed by
Chang [4.11].
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A vacancy in a core subshell can be produced by X-ray photoionisation or
electron-impact ionisation. The possible decay routes of a such a hole are
depicted in fig. 4.8. The first process involves an electronic transition from an
outer level to the core vacancy and the excess kinetic energy is emitted as a
quantum of characteristic X-radiation (X-ray fluorescence). In the alternative
mode of relaxation, the excess energy from the electron which fills the core
vacancy causes a second electron to be emitted with a characteristic kinetic
energy in a radiationless manner, leaving the system doubly positive charged.
The secondary electron emitted via the latter process has been termed as "Auger"
electron after its discoverer, P. Auger [4.12].
Radiative decay and the Auger transition are, in fact, competing processes. The
relaxation by Auger emission is favoured over that by X-ray fluorescence for
relatively shallow core levels, and always dominates in the energy region of
interest for Auger processes. In the typical energy range of Auger transitions
(20-1000 eV), the electron escape depth of the Auger electrons is of the order of 3
atomic layers [4.13]. This give rise to surface sensitivity of this technique and the
presence of any elements on a surface can be deduced from their characteristic
Auger electron emission.
Auger transitions are classified on the basis of the energy levels involved in the
process, depending on the spin-orbit coupling scheme used [4.14]. The position
of the core hole is quoted first, followed by the level of the relaxing electron and
finally the level from which the Auger electron is excited. For example, the
Auger transition depicted in fig. 4.8 is a core-core-core (CCC) transition and is
named KLiL2,3 (s ls 2 s2 p i/ 2) . When electrons taking part in the Auger process
originate in the valence band of the solid, they are indicated by "V" (KVV
transitions). The kinetic energy of the Auger electron will be related to the final
energy state of the atom or molecule, which is governed by the positioning of the
double-hole formation and the interaction between remaining electrons. This
may be calculated from a knowledge of the binding energies of the levels
involved in the process. However, there are libraries of Auger spectra of the
elements which describe the characteristic energies, relative intensities and the
sensitivity of signal to the ionising energy.
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Possibilities for decay of a core vacancy.
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The most common source of excitation used in AES is an electron gun producing
an electron beam, which can be focused onto the sample surface. High-intensity
electron beams for primary excitation are easily attainable and lead to high
sensitivity. Multiple excitation by the primary beam and ionisation caused by
backscattered electrons can further increase AES sensitivity. A prominent
limitation of electron-excitation AES may arise through electron stimulated
desorption/dissocation of the adsorbed phase under study. High-intensity
electron beam may also degrade the substrate surface. Nevertheless, electronexcitation AES has become a major technique for surface elemental analysis. In
this work, it has been employed as a standard method of qualitative surface
analysis. The information gained was primarily chemical composition although
the occurrence of the Auger-chemical-shift effect offers the possibilities of
examining the chemical environment of surface species.
Implementation

Figure 4.9 shows the experimental setup. A 3-grid retarding field analyser
(RFA) acts as the Auger electron detector. This series of concentric grids and
screen can also be used for LEED studies, as discussed below. For use in AES,
the inner grid, G4, is grounded in order to provide a uniform field in the sample
region. The sample is usually grounded to avoid charging problems. A
retarding potential (a ramped d.c. voltage) is applied to the intermediate grid, G3
which acts as a high-pass energy filter. Superimposed on the retarding potential
was a small modulating voltage (3 kHz oscillating signal) from a signal
generator. In a AES spectrum scan, only electrons with sufficient energy can
overcome the retarding voltage, passing through another grid, G2, and finally
collected at the positively biased (-200 V d.c.) screen. The grid G2 is also
grounded in order to shield the collector from capacitative coupling with the
modulation on G3.
In all the AES experiments, the electrons were generated from a normally
incident electron gun. The typical primary beam energy employed was 2.5 keV
to ensure that all levels of interest are excited with a cross-section close to their
maximum values. The electron beam was focused to a spot size of -1m m on the
sample surface and the beam current as measured through the sample to earth
was ranged from 2-6 |iA. The modulated Auger current collected was typically
10"^ times the intensity of the primary beam i.e., only a few pA. This current was
therefore preamplified and compared in a phase-sensitive detector (otherwise
known as lock-in amplifier) where amplification of the componment at twice the
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modulating frequency was carried out. A plot of the lock-in amplifier output vs
the ramped voltage then gave the differentiated spectrum N'(E) vs E, revealing
the Auger peaks from the slowly varying background. The resolution of REA
was limited by instrumental factors to around 1 eV at 100 eV electron energy.
Control of the modulation voltage allows compromise between resolution and
sensitivity. Typical value used in this study was 5 V.

Pre-amplifier
Screen
(200 V)

0 - 1 . 5 keV
voltage ramp
Signal
generator
Sample

0-2.5 keV e"

Lock-in
amplifier

X-Y
Plotter

electron
gun

Fig. 4.9

Experimental arrangement for AES using a 3-grid RFA.

Figure 4.10 depicts a typical Auger spectum from a clean Si(lOO) surface
following the heat cycling cleaning treatment described in section 4.3.1. Carbon
contamination can be judged by the ratio of the Si(92 eV) : C(272 eV) features and
by reference to tabulated Auger sensitivity data [4.15]. This suggests the
presence of less than 1% of a monolayer. The intense peak at 92 eV has been
widely assigned as an L2,3W Auger transition. Other peaks apparent in fig. 4.10
occur at energies of 36, 44, 57, 74, 83 and 107 eV and agree well with published
spectra [4.2,16]. The possible origin of these peaks has been reviewed previously
[4.17] and reproduced in table 4.1.
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Fig. 4.10 Typical Auger spectrum for a clean Si(lOO) surface produced during
this study.

Energy (eV)

Assigment

36

Li L2,3V

44

LiL2,3V (Coster-Kronig)

57

2 nd

74

1 st

83

Lz^sW / surface plasmon loss peak

92

L2,3W

107

1^2,3VV

Table 4.1

order bulk plasmon loss peak

order bulk plasmon loss peak

from an ionized Si atom

Likely peak assigments for the AES of clean Si(lOO).
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4.5.2 Low Energy Electron Diffraction (LEED)
Low energy electron diffraction (LEED) allows a study of surface structure to be
made and has been discussed in detail by a number of authors [4.18,19]. LEED
patterns can be displayed by collecting the elastically backscattered electrons
from a normally incident beam on a fluorescent screen. These patterns arise
from the wave nature of the^electrons which can be diffracted by a grating of
equivalent wavelength. From^de Broglie equation the corresponding wavelength
of the electrons with energy 1 0 0 eV is - 1 . 2 A , and are therefore suitable for
interacting with the crystalline solids on an atomic level and yields microscopic
structures.
The atomic scattering cross-sections for electrons with energies less than 1000 eV
are high (> 1 0 ^ times higher than that of X-rays [4.20]) and is manifested in LEED
with typical primary electrons energies of 10-500 eV. Moreover, the region of a
solid probed by LEED is generally only a few atomic layers since the escape
depth of the elastic components is limited by inelastic events. LEED is
therefore extremely sensitive to surface atomic arrangements and a knowlege of
spot position can give information on the symmetry of the structure on the
surface. However, the large scattering cross-sections of atoms for low-energy
electrons, which makes LEED so useful for surface information, also results in ihe
occurrence of mutiple scattering. Hence, a theoretical interpretation of LEED
intensity which can yield further structral information (e.g., absolute size of the
unit cell) becomes very difficult, involves extremely complex analysis of of the
variation of spot intensity with beam voltage [4.21]. Nevertheless, a qualitative
appreciation of LEED spots can yield information pertaining to clean and
adsorbate covered surfaces.
This technique is particularly useful for surface science studies on semiconductor
surfaces which have the tendency of displaying many forms of surface
reconstruction. In this study, LEED was mainly used to ascertain the ( 2 x 1 )
surface reconstruction on Si(lOO) samples for experimentation.
Implementation

The RFA described above can also be used as the basis for the LEED technique.
The schematic of the experimental arrangement is shown in fig. 4.11. A electron
beam is generated from the electron gun and focused to - 1 mm spot size which
impinges normally on the sample surface. A proportion of the electrons are
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backscattered, either elastically or inelastically, towards the RFA. For use in
LEED, the two inner grids (G4 and G3) are grounded to eliminate charging
problems and provide a uniform field for the sample region. The other grid, G2,
is negatively baised at -10 V below the primary beam energy and serves as a
supressor for the inelastically scattered i.e., lower energy electrons. Thus only
the elastically backscattered or diffracted electrons pass through the suppressor
grid whereupon they are accelerated towards the fluorescent screen by a
potential of -5 kV. These energetic electrons then hit the screen and results in
visible spots that are a direct representation of the reciprocal space lattice of the
surface under study.

Supressor voltage
-Vp + (10 V)

Diffracted e"
Sample
0-200 eV eElectron gun,
View
port

02

G4
Fluorescent
screen '
+5kV
UHV

Fig. 4.11 Schematic illustration of the experimental arrangement used in LEED.
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A number of LEED studies of the Si(lOO) surface [4.22-24] have shown the
presence of a of a stable (2 x 1 ) reconstruction, a LEED pattern indicative of
(1 x 1 ) arrangement would arise from a truncation of the bulk structure. Figure
4.12 shows a LEED pattern obtained for clean Si(lOO) following the heat cycling
cleaning procedure; spots in the 1/4-order positions are evident which shows
good agreement to published data. Various models have been proposed to
account for the (2 x 1 ) nature of the surface and a number of these are shown in
fig. 4.13. Several studies involving LEED intensity analysis, ion beam scattering,
photoemission, detailed calculation and more recently scanning tunnelling
microscopy [4.25-29] have strongly favoured the dimer model (fig. 4.13(c)).
Here, Si(lOO) surface atoms, having two dangling bonds, are assumed to form a
dimer to lower their energy. It has been suggested that the surface dimers may
also take up a "buckled" or tilted orientation [4.30]. Indeed, both symmetric
(non-buckled) and buckled dimers have been directly probed by STM [4.29],
showing that clean Si(lOO) surface is composed of predominantly symmetric
dimers, with buckled dimers observed near surface defects.

Fig. 4.12 LEED pattern (E = 60 V) observed for a clean Si(lOO) surface, indicating
a (2 X 1 ) surface reconstruction .
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Fig. 4.13 Various structure models for the Si(lOO) [4.26]

4.5.3 Thermal Desorption Spectroscopy (TDS)
Thermal desorption spectroscopy (TDS) has been used extensively to yield a
valuable 'fingerprint' of adsorption states in much the same way that qualitative
LEED is widely used for characterising the general structural state of a surface.
A number of articles giving detailed accounts of the technique can be found
elsewhere [4.31-34]. Unlike AES and LEED, no incident probe is required and
the technique is conceptually rather simple. Here, a sample is exposed to an
adsorbate species and is then subjected to a controlled temperature ramp. The
desorbing species are monitored using a quadrupole mass spectrometer (QMS).
This technique is particular interest when heating returns the surface to a 'clean'
state i.e., at the end of a heating cycle one has usually desorbed all those surface
bound species which can be desorbed in this way.
The heating cycle should be linear with respect to time, and temperature rise of
the sample must be uniform across its surface. In addition, it is important to
ensure that the species desorbed rapidly at a particular temperature is removed
by pumping as the temperature continues to rise. Under these conditions, the
partial pressure increase of a particular species above the background is
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proportional to its rate of desorption from the heated surface. Therefore, a plot
of the partial pressure against temperature will produce a desorption trace of
that species. An example of such TDS spectrum is depicted below in fig. 4.14.
A variety of information about the adsorbed species can then be derived from the
size, shape and the temperatures (Tp) of the desorption peaks recorded. The
integrated area under a desorption peak is usually proportioned to the surface
coverage of an adsorbed species at the beginning of the temperature sweep; thus
allows the study of sticking probabilities and adsorption kinetics. Information
on different binding states of a given species may also be inferred from the
presence of multiple peaks in the desorption spectrum, if dissimilar binding
energies are involved.

I

Increasing
Exposure

.1

Î
500

600

700

800

900

Temperature/ K

Fig. 4.14 An example of a TDS spectra recorded at constant mass. The uptake of
3 different binding states with increasing gas exposure is shown.
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In general the rate of desorption from an adsorbate covered surface can be
described by the Arrhenius equation in the form:
dN
= vN^ exp
dt
RT

(4.1)

where v is the frequency factor, N is the surface concentration (in particles cm'2),
n is the kinetic order and Ed is the desorption energy. With a linear heating rate,
dT /dt = the general rate (eqn. 4.1) can be converted into an equation with just
T as the variable as described below:

— = -N " ex p
RT
dT P

.(4.2)

The temperature at which the peak is maximum corresponds to the maximum
rate of desorption i.e., when d^N/dX^ = 0 and T = Tp. Assuming thatv, n and E
are independent of N, it can be derived that for a first-order desorption (n = 1):
Ed

V

— — = —exp
RT,e j
R T ^
P

(4.3)

and for a second-order desorption (n=2 ):
Ed _ vNo exp
RT^

.(4.4)

P

where No is the initial surface coverage. Therefore, a series of desorption peaks
at increasing coverage whose position does not change is indicative of first-order
desorption kinetics since it is Tp independence (eqn. 4.3). Meanwhile, a secondorder desorption (eqn. 4.4) is indicated by a series of desorption peaks at
increasing coverage whose maxima shift to lower temperatures. Moreover,
Redhead [4.31] has proposed that first-order desorptions will display an
asymmetric desorption profile whilst second-order desorption w ill have a
symmetry (bell-shaped) profile. Hence the order of desorption reaction may
also be inferred from the shape of the desorption peak.

Examples of these

idealised cases are illustrated in fig. 4.15.
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Fig. 4.15 Illustration of ideal first- and second-order TDS curves.

Estimation of Ed, the desorption energy can be made from equations 4.3 and 4.4.
However, for a first-order process, a good approximation of the eqn. 4.3 has been
made by Redhead [4.31]:

E^ = RT„J In

('vTp'l
P - 3.64

PJ

.(4.6)

It should be noted that this equation is only applicable for
> v/|3 > 10® K"^
where the relationship between Ed and Tp is nearly linear. Nevertheless, this
Redhead's equation, coupled with an assumed constant value for v = 10^® s'^ has
formed the basis of many analyses of TDS spectra by relating the desorption
activation energy (Ed) directly to the temperature (Tp) of the desorption peak in
the spectrum. For second order desorption kinetics. Redhead's equation may
still be employed if the peak temperature is taken from a low coverage case.
In practice, deviation in the desorption rate equation and/or the assumption that
n and Ed are coverage independent is not uncommon. Hence, experimentally
determined desorption spectra often show large deviations from the behaviour
predicted by this simple model. One such occasion is when lateral interactions,
attractive or repulsive, are present in the adlayer [4.35]. It should also be noted
that the binding energy states investigated in this way is related to those
occupied at the temperature at which the desorption rate is substantial; these
need not be the same as the states occupied at lower temperatures. Hence,
considerable care is required when interpreting TDS results.
V,
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A schematic layout of the TDS experiment is shown in fig. 4.16. Following
chemical dosing, the sample was heated resistively with approximately linear
temperature ramp. Due to the semiconducting nature of the samples, current
limiting was necessary during the heating cycle. The sample was placed within
2 cm and in direct line of sight of the QMS ionising head when the temperature
was raised linearly. This arrangement allowed a significant proportion of
desorbing species to flux directly into the ion source region. The QMS was
tuned to a mass fragment of interest and the amplified signal was fed to the Yterminal of a X-Y recorder, whilst the output of the thermocouple attached to the
sample was fed directly to the X-terminal. After recording of the desorption
spectrum, the sample was restored to its initial 'clean' state using the cleaning
procedure as described in section. The composition and structure of the surface
were verified by AES and LEED routinely or as when necessary throughout this
work.

Amplifier
Quadrupole mass spectrometer output
QMS

X-Y
Plotter
Thermocouple output
X

0-20 A
Power Supply

Fig. 4.16 Schematic illustration of TDS experimental arrangement.
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5

AN ADSORPTION STUDY OF HOT FILAMENT
ACTIVATED METHANE AND HYDROGEN
ON Si(IOO)
INTRODUCTION
RESULTS
Methane Adsorption on 81(100)
Co-Adsorption of Methane and Hydrogen

ANALYSIS AND DISCUSSION
IMPLICATIONS FOR THE ONSET OF DIAMOND GROWTH
ON SILICON
SUMMARY

5.1 INTRODUCTION
The successful formation of thin diamond overlayers on silicon and other
substrates from various plasma and hot filament activated hydrocarbonhydrogen mixtures has given rise to great interest in the general field of
diamond thin films prepared by low pressure chemical vapour deposition
techniques, as discussed in chapter 2. Particular attention has now begun to
focus on understanding the underlying growth mechanisms, since it is
important to identify the factors which are at present limiting the quality of
the films produced [5.1]. However, although there has been considerable
speculation concerning the reaction mechanisms (see chapter 3), no direct
experimental observations on the surface chemistry involved at a molecular
level have yet been reported.
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Typical low pressure diamond CVD processes utilise mechanically abraded
surfaces, in order to provide a high concentration of sites to promote
nucléation [5.2], and can be carried out with a w ide range of simple
hydrocarbon gases diluted heavily in hydrogen [5.3,4]. Substrates such as Si
are normally heated to high temperatures (650-1200 K) throughout the
growth period [5.5] and further activation of the feed gases using, for example,
plasmas or incandescent metal filaments, is required to sustain diamond
formation.
The diamond films fabricated using this approach are
polycrystalline in nature, can contain a high concentration of defects and
impurities (such as graphite) and display rough film morphologies. The low
quality of the films produced very much limits the potential widespread
applications of diamond thin films [5.6].
The "hot filament" diamond growth process on Si, involving the flow of a
methane-hydrogen mixture at a pressure of several mbar over a refractory
metal filament, which is held at some 2000-2700 K and positioned directly
above the heated Si substrate [5.7], is probably the most tractable system for
mechanistic studies. Under these conditions the formation of diamond type
carbon kinetically competes with graphite formation [5.8]. A wide range of
hydrocarbon molecules and radicals can be produced in significant quantities
by the hot filament although which of these actually play the dominant role
in growth is unclear [5.9]. The role of methyl radicals and acetylene as growth
precursors has attracted considerable attention [5.10].
A model has been
proposed where the atomic hydrogen evolved from the hot filament plays an
important role in removing the graphitic (sp^) phase allowing diamond
growth to occur [5.11]. The four distinct stages of this model encompass: (1)
activation of the hydrocarbon-hydrogen mixture, (2 ) transport of the
activated species to the substrate surface, (3) simultaneous deposition of sp^
and sp3 C hybridisation's at the growth surface, (4) etching of the co-deposited
sp2 hybridised carbon. Some workers [5.12-14] have proposed that only CH3
and atomic hydrogen are necessary for hot filament CVD growth onto a
diamond surface. Martin and Hill [5.15] have proposed that both methyl and
acetylene species can be responsible for the formation of surface diamond
species, but that methyl species do so at a higher reaction rate. Frenklach and
co-workers [5.8,16], however, have predicted a mechanism which relies upon
hydrogen abstraction from an acetylenic species on the surface for propagation
of the diamond layer.
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It is very clear from the existing literature that numerous detailed reaction
models can be suggested, which are chemically feasible and consistent with
the extensive macroscopic data available on diam ond film growth.
Identification of the actual reaction mechanism does not appear to be
possible how ever without further experimental study of the surface
chemistry giving rise to thin film formation at a molecular level.
This
chapter presents the results of such a study. Diamond growth is expected to
proceed via several distinct stages and the very first stage, namely the
interaction of "hot filament" activated methane-hydrogen mixtures with a
clean Si (100) surface is investigated here.
The measurements performed
during this study provide experimental evidence that at the onset of diamond
growth on Si(lOO), the surface is host to both ethylene and acetylene species;
atomic hydrogen abstraction then converts the former to the latter. Further
atomic hydrogen abstraction enables catenation to occur, most probably from
an acetylenic intermediate plus adsorbed methyl species.

This information
provides the first direct experimental insight into the surface reactions which
occur in this system; these are discussed in terms of their implication for
diamond growth on silicon.
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5 .2 RESULTS
The experimental procedures employed have been described in chapter 4.
Prior to gas exposure, all Si surfaces were clean as judged by AES (sec. 4.5.1).
5.2.1

Methane Adsorption on Si(IOO)

Clean, ordered, Si(lOO) surfaces were prepared and then exposed, at room
temperature, to carefully controlled quantities of methane gas. Changes to
the surface produced by this experiment were monitored with AES and TDS.
Despite the use of gas exposures in excess of 20 000 L, no chemisorbed states
could be detected and repeated adsorption/desorption cycles did not lead to
any loss of surface cleanliness or order.
In order to stimulate adsorption, and to simulate the conditions which
pertain during hot filament CVD diamond growth, the methane gas was
'activated' by an immediately adjacent hot (2200 K) tantalum filament, as
described above (sec. 4.4.2). Adsorption experiments were then carried out
with the Si(lOO) substrate maintained at a temperature of 350 K. TDS analysis
now revealed significant adsorption was occurring. Figures 5.1 to 5.3 show
TD spectra relating to various detected hydrocarbon fragments, obtained for
increasing activated methane exposure to the Si(lOO) in the range 0-18000 L.
Figure 5.1 reveals typical spectra for 27 amu; a single peak is apparent centred
at a temperature of 575 K which grows in intensity with increasing activated
methane exposure. TD spectra recorded at 28 amu were qualitatively similar
to these, but were difficult to record for low activated methane gas exposures
due to a residual gas signal in the mass spectrometer at this mass value.
Figure 5.2 displays analogous spectra for 26 amu; the peak centred at 575 K is
still present and displays similar behaviour as the coverage varies. However,
a second peak is now apparent at 690 K; this also shows increasing intensity as
the activated methane exposure is increased. TD spectra recorded at 25 amu
were qualitatively similar to those in fig. 5.2. Figure 5.3 reveals TD spectra
recorded for 13 and 15 amu. Whilst the 13 amu spectra show two weak peaks
at the same temperatures as those apparent at 26 amu, no desorbing species
were detected at 15 or 16 amu.
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Fig. 5.1 Thermal desorption spectra for 27 amu follow ing the adsorption of
hot filament activated methane onto Si(lOO): (i) 1000 L, (ii) 4000 L, (iii)
8000 L, and (iv) 18000 L exposure.
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Fig. 5.2 Thermal desorption spectra for 26 amu follow ing the adsorption of
hot filament activated methane onto Si(lOO); (i) 1000 L, (ii) 4000 L, (iii)
8000 L (iv) 12000 L and (v) 18000 L exposure.
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Fig. 5.3 Thermal desorption spectra following the adsorption of hot filament
activated methane onto Si(lOO): 13 amu signal after (i) 4000 L, (ii)
13000 L and 15 amu signal after (iii) 8000 L.
The intensity at a given mass recorded in a TDS experiment may be due to
detection of a desorbing species with that mass or due to ion source
fragmentation of a heavier desorbing species within the mass spectrometer.
Identification of the actual species being desorbed therefore requires that the
fragmentation patterns of the hydrocarbons concerned are compared to the
experimental data recorded. Figure 5.4 reveals uptake curves, derived on the
basis of the area under each of the two peaks seen in figs. 5.1 and 5.2,
normalised against the expected fragmentation pattern for C2H 4 (575 K peak,
fig. 5.4(a)) and C2H 2 (690 K peak, fig. 5.4(b)) [5.17]. It is immediately apparent
that the experimental data fit the cracking patterns closely and the desorbing
species can be identified as acetylene and ethylene respectively. The uptake
curves for both species are similar and do not reveal saturation of the
adsorbed state(s) present over the exposures investigated.
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Fig. 5.4 Thermal desorption yield for 25, 26 and 27 amu signals following the
adsorption of hot filament activated methane onto Si(lOO): (a) low
temperature peak area normalised to the expected mass spectrometer
fragmentation pattern for ethylene; (b) high temperature peak area
normalised to the expected mass spectrometer fragmentation pattern
for acetylene.
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Hydrogen desorption (2 amu) was also observed following the exposure of the
Si(lOO) surface to activated methane; fig. 5.5 shows typical TD spectra
revealing a single peak at a temperature of around 810 K, increasing in
intensity as the activated methane exposure is increased between 0 and 1000 L.
In order to assess the origin of this species, experiments were carried out
where atomic hydrogen, produced by the same hot filament used to activate
the methane gas, was adsorbed on the Si(lOO) in the absence of activated
methane.
TD spectra for the detected 2 amu yield follow ing such
experiments are plotted in fig. 5.6.
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Fig. 5.5 Thermal desorption spectra of 2 amu follow ing the adsorption of hot
filament activated methane onto Si(lOO): (i) lOL, (ii) lOOL, (iii) 500L
and (iv) lOOOL exposure.
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Fig. 5.6 Thermal desorption spectra of 2 amu following the adsorption of hot
filament activated hydrogen onto Si(lOO): (i) 1 L, (ii) 6 L, (iii) 15 L, (iv)
30 L, (v) 60 L, (vi) 300 L and (vii) 1000 L exposure.
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In fig. 5.6, whilst at low atomic hydrogen exposures a single peak is observed,
a second state is seen to populate at higher exposures (> 500 L). The peak
temperatures for these states are 790 K and 690 K respectively, significantly
lower than the hydrogen peak (810 K) formed from activated methane
adsorption on Si(lOO) revealed in fig 5.5. Exposure of the Si(lOO) crystal to
activated hydrogen exposures greater than 1000 L was found to give rise to TD
spectra at mass units in the range 29-33. A single broad peak was apparent at
all masses in the range 500-700 K with a significant shoulder to the low
temperature side.
Comparison of the intensity of these peaks with
fragmentation pattern data for SiH^ [5.17] showed a good fit and hence this
feature was attributed to the desorption of silane from the silicon surface.
The LEED pattern observed for the surface degraded notably if the Si crystal
was etched by exposure to several large atomic hydrogen doses, necessitating
sample replacement.

5.2.2

Co-Adsorption of Methane and Hydrogen

The reactions occurring when atomic hydrogen was dosed onto a silicon
surface which had previously been exposed to hot filament activated
methane were investigated. Figure 5.7 shows TD spectra recorded at 26 amu
for a fixed 2000 L exposure of hot filament activated CH4 plotted as a function
of increasing atomic hydrogen dose (0-14000 L) onto the methane-dosed
surface. The two peaks that are present initially remain apparent at low
atomic hydrogen exposures (< 200 L). However, the intensity of the lower
temperature peak can be seen to strongly decrease w hilst the higher
temperature peak increases in strength. This effect is clearly demonstrated in
fig. 5.10(a) where the area under each of these two peaks is plotted against
atomic hydrogen exposure up to 100 L. It is interesting to note that the rate of
change of each curve is similar.
At higher atomic hydrogen exposures
(> 1000 L) only a single broad peak is apparent centred around an intermediate
peak temperature of 670 K.
Figure 5.8 shows TD spectra monitoring 27 amu for a similar series of atomic
hydrogen dosing experiments. Only the lower temperature peak (attributed
to ethylene) can be seen at this mass unit in the absence of subsequent atomic
hydrogen exposure. As atomic hydrogen is introduced this peak is clearly
seen to decrease in intensity; after it has almost completely disappeared, a new
peak, at 670 K, becomes apparent.
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Fig. 5.7 Thermal desorption spectra of 26 amu for the exposure of Si(lOO) to
2000 L of hot filament activated methane followed by 0-14000 L of hot
filament activated hydrogen exposure.
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Fig. 5.8 Thermal desorption spectra of 27 amu for the exposure of Si(lOO) to
2000 L of hot filament activated methane followed by 0-15000 L of hot
filament activated hydrogen exposure.
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At these higher exposures of atomic hydrogen, species at other atomic mass
units become visible in the thermal desorption spectra; peaks at 37, 38, 39, 40,
41 and 42 amu were detected. The characteristics of the spectra obtained for
these masses were all similar to those shown in fig. 5.9.

Here, 41 amu TD

spectra are plotted as a function of increasing atomic hydrogen exposure to
the Si(lOO) surface which had previously been exposed to 2000 L of hot
filament activated methane. A single peak is observed, centred at 670 K,
whose uptake characteristics are plotted in fig. 5.10(b). Significant uptake into
the associated adsorption state only occurs after the changes in ethylene and
acetylene peak intensities noted in fig. 5.10(a) have taken place. At even
higher atomic hydrogen exposures, this desorbing phase is seen to decrease in
intensity. Comparison of the relative intensities of the mass units detected
for this phase with mass spectrometer cracking pattern data is necessary to
identify the chemical origin; this comparison is shown graphically in fig. 5.11.
Only hydrocarbon compounds containing C3 units show a reasonable fit to
the experimental data. Whilst the 37 amu peak appears rather strong, other
mass units show close correlation to cyclopropane (CgH^).
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Fig. 5.9 Thermal desorption spectra of 41 amu for the exposure of Si(lOO) to
2000 L of hot filament activated methane follow ed 0-10000 L of hot
filament activated hydrogen exposure.
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Fig. 5.10 Thermal desorption yield following the exposure of Si(lOO) to 2000 L
of hot filament activated methane plotted as a function of
increasing activated hydrogen dose for: (a) 26 amu signal for the low
temperature peak (ethylene) compared to the high temperature
peak (acetylene); (b) 41 amu signal.
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Fig. 5.11 Com parison of the thermal desorption yield at 670 K (as seen in Fig.
5.9) for masses 26, 27, 37-42 following exposure of Si(lOO) to 1000 L
of hot filament activated m ethane and 1000 L of activated hydrogen.

At high atomic hydrogen exposures (> 1000 L) another feature appeared in the
TD spectra at mass units 29, 30, 31, 32 and 33. A single peak, centred around
580 K is show n in fig. 5.12, plotted for each of these mass units for an atomic
hydrogen exposure of 1000 L, again following 1000 L hot filam ent activated
m ethane doses.

Com parison of the peak areas in fig. 5.12 to fragm entation

pattern data for SiH 4 shows a very close correlation; this feature is therefore
attributed to silane desorption from the surface.
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Fig. 5.12 Thermal desorption spectra for mass units 29-33 amu follow ing the
exposure of Si(lOO) to 1000 L of hot filam ent activated m ethane
followed by 1000 L of hot filament activated hydrogen.
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5.3

ANALYSIS AND DISCUSSION

These results provide information on the surface species and reactions
involved during the exposure of clean Si (100) surfaces to methane and
m ethane/hydrogen mixtures chemically activated using hot filam ent
techniques.
No adsorption is observed when hydrogen or methane is
exposed to Si (100) at 300 K in the absence of the hot filament, indicating very
low reactive sticking probabilities for these species, as has been reported
previously in the case of hydrogen [5.18], under such conditions. This
situation changes markedly however in the presence of a tantalum filament
heated to 2200 K.
The data in figs. 5.1-3 show that both ethylene and
acetylene are seen to desorb from the surface following exposure to activated
methane alone. The adsorption of both ethylene and acetylene on Si(lOO) at
300 K has been studied previously in great detail [5.19-22].
Acetylene
chemisorbs predominantly in a molecular form at 300 K to form a re
hybridised species, a minority of which give rise to an acetylene TDS peak at
temperatures around 690-720 K, with the major reaction pathway occurring
during sample heating involving total decomposition to produce surface C
and hydrogen, which desorbs at 800 K. Ethylene also exhibits molecular
chemisorption, but the adlayer virtually all desorbs in a molecular TDS peak
centred at 570 K. These desorption temperatures correspond very well with
the desorption temperatures seen in figs. 5.1-3. This strongly suggests that
the ethylene and acetylene desorption peaks illustrated in figs. 5.1-3 actually
arise from the molecular forms of these species on the surface, as opposed to
resulting from the surface reactions of alternative organic fragments.
The surface lifetime of these species at various temperatures can be calculated
from this data. As discussed in previous chapter (sec. 4.5.3), the "Redhead"
equation [5.23],

KT

P. -3 .6 4 .................................................................................(5.1)
y

may be used to calculate the desorption activation energy (Ed), given the peak
temperatures of the two species (Tp), the heating rate (p = 40 K.s'^) and the
assumption that the pre-exponential factor (v) is 10^^ S'^. Such a calculation
yields desorption activation energies of 138 and 167 kj.moh^ for ethylene and
acetylene species, respectively.
These energies are related to the surface
lifetime of each species (t) by the equation.
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t = (q exp

Ed j ............................................................................................. (5.2)

where Iq is the surface vibration frequency which can be assumed to be

g

This implies a surface lifetime to around 0.4 s for each of the species at the
peak of the desorption temperature detected here and that the lifetimes will
be around 2 and 53 ps, respectively at 1000 K.
Numerous theoretical and experimental studies of the species produced by
passage of methane over hot filaments have been reported [5.9,16,24-29]. The
situation is still rather confused, however, as to the precise identity and mole
fraction of the organic species present, with C\ and C2 forms being implicated.
The experimental and theoretical data available for the species produced by a
dilute methane in hydrogen mixture in contact with a 2200-2700 K filament
are summarised in table 5.1. Under such conditions molecular hydrogen will
constitute the overwhelm ing majority of species in the locality of the
substrate.
However, atomic hydrogen, methyl radicals, acetylene and
ethylene are all thought to be present with mole fractions of between 1 0 '^ and
10’^.
There is no evidence that methyl radicals react on Si(lOO) at the
temperatures investigated to produce either acetylene or ethylene [5.30]. It
may therefore be concluded that the origin of the TDS peaks seen in figs. 5.15.3 arises from the actual adsorption of acetylene and ethylene, created
previously by passage of methane over the hot filament.
Whilst molecular hydrogen is known not to adsorb on silicon, the reactions
of atomic hydrogen with Si surfaces have been studied extensively [5.18,31,32].
Some controversy over the exact nature of the surface phases formed is
apparent with silicon monohydride, dihydride and trihydride species all being
implicated as the surface coverage rises. The hydrogen desorption results
presented here, arising from the adsorption of atomic hydrogen alone (fig. 5.6)
are in agreement with the previously published literature.
The silane
desorption observed here follow ing atomic hydrogen exposure, in the
presence or absence of adsorbed hydrocarbons (fig. 5.12), is also consistent with
previous work. The hydrogen desorption detected in this study following
adsorption of hot filament activated methane only occurs at a higher peak
temperature (fig. 5 .5 ) than is observed for the recombinative desorption of
adsorbed hydrogen.
This suggests that the origin of this phase arises
exclusively from the decomposition of acetylene and other organic fragments
on the surface, which are known to give rise to hydrogen desorption at this
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temperature [5.19-22]. Since atomic hydrogen sticks with high probability on
Si(lOO) this absence of adsorbed hydrogen in turn shows that atomic hydrogen
is not a major reaction product arising from the flow of methane over the hot
filament.

Ref.

Tfii

d

CH 4

5.

(K)

(mm)

%

M ole Fraction
[H]

Experimental

[CH 4 I

[CH 3]

[C2H 2]

[C2H 4I

[CH 2I

Measurements

24

2600

3-5

1 .0

1 .0 x 10 -2

1.0x10-3 2.2x10-4

1.7x10-3

25

2600

13

0.3

2.2x10-3 3.4x10-4 4.5x10-3

1.5x10-3

26

2700

1 0 -2 0

1 .0

6.3x10-3

1.6x10-3

27

2173

5

1.1

5.5x10-3

5.0x10-4 4.8x10-4

27

2573

5

1.1

7.5x10-4

2.4x10-3

1.6x10-3

1.9x10-3

Theoretical Calculations
9

2600

5

0.3

1 .0 x 1 0-2

28

2250

5

1 .0

4.0x10-3 3.5x10-4 3.0x10-3

1.5x10-3

28

2250

10

1 .0

2.8x10-3 2.2x10-4

2.0x10-3 5.9x10-6 3.2x10-3

16

2600

10

0.3

8.2x10-3

1.1x10-3 2.2x10-4 3.1x10-4

2.3x10-6

1.7x10-3

29

2600

10

0.3

7.0x10-3

1.2x10-3

1.8x10-4 8.3x10-4

1 .0 x 1 0-6

1.4x10-6

29

2500

10

1 .0

7.3x10-3

8.5x10-4 1.3x10-3 5.9x10-3 9.2x10-6

1 . 1 x 1 0 -6

4.5x10-4 6.5x10-4

1.6x10-3

1.1x10-3 4.3x10-7

7.8x10-7

1.3x10-6

Table 5.1 Summary of the measured and calculated gaseous mole fractions
resulting from the passage of dilute methane in hydrogen mixtures
over a heated refractory metal filament. The distance from the
filament at which the mole fraction is also given (d,mm).

AES indicated that only trace quantities of C were deposited during
adsorption-desorption cycles using the highest gas doses investigated. Since
the major reaction pathway for adsorbed acetylene during subsequent heating
involves the deposition of C [5.19,20], it can also be concluded that the surface
coverages of the adsorbed species formed only constituted a few per cent of a
monolayer, even for the very high gas doses employed here. Consideration
of the experimental geometry involved, coupled with a knowledge of the
ethylene and acetylene sticking probabilities [5.19-22], then suggests a reaction
probability of the order of 1 0 ‘^-1 0 ‘^ for the conversion of methane to acetylene
and ethylene by the hot filament. Methyl radicals adsorbed on Si (100) also
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decompose to produce C and hydrogen at 800 K via CHx intermediates [30,33]
and the presence of such species therefore cannot be ruled out in the present
studies, which have used desorption methods as the main diagnostic tool.
These studies do, however, positively verify that acetylene and ethylene are
the only species adsorbed using hot filament dosing which can reversibly
desorb as opposed to undergoing complete cracking.
Rather dramatic changes to the chemistry discussed above are observed when
atomic hydrogen from the hot filament source is dosed onto the Si surface
after exposure to the activated methane mixture. The results presented in
figs. 5.7 and 5.10 recording TDS spectra at 27 amu indicate that the initial effect
of exposure to hydrogen is to bring about a reduction in the 27 amu 500-600 K
desorption peak intensity by approximately 30% for a 100 L hydrogen
exposure.
Since this peak arises from the desorption of chemisorbed
ethylene, the immediate deduction is therefore that a surface reaction is
occurring resulting in a reduction in the extent of desorption of this species
from the surface. Simultaneously the 26 amu desorption peak at 650-750 K
grows in intensity in this hydrogen exposure regime (figs. 5.7 and 5.10)
showing that the extent of acetylene desorption is increasing. One possible
explanation of these phenomena is that these variations in desorption yield
are disconnected. For example an increase in the acetylene desorption yield
could arise if the branching ratio for desorption versus cracking increased in
the presence of adsorbed hydrogen; the ethylene desorption yield could fall if
atomic hydrogen converted ethylene to ethane which one might expect to
desorb spontaneously at room temperature. The data in fig. 5.10 shows the
two processes occur at the same rates which would be unlikely if the two
reactions were disconnected. A more likely explanation therefore is that the
change in desorption yields seen in fig. 5.7 arises directly from the conversion
of adsorbed ethylene to adsorbed acetylene.
Such a process is viable on thermodynamic grounds.
The enthalpy of
dissociation of ethylene to acetylene and hydrogen in the gas phase makes the
process very unfavourable (AH = +42 kcal, AG = +34 kcal) according to
standard thermodynamic data [5.34]. The analogous surface process whereby
adsorbed ethylene converts to adsorbed acetylene and hydrogen atoms is
favourable (neglecting entropy effects for species localised on the surface)
since the difference in enthalpies of adsorption of reactants and products
differs by approximately -56 kcal.moT^, making the overall reaction

125

_______________________________________________________________________ Chapter Five

exotherm ic.

The abstraction of H from ethylene by the im p in g in g atom ic

b eam re su ltin g in the fo rm atio n of gas p h ase m olecular h y d ro g en is also
energetically favourable.

Both possible processes for th e surface conversion

observed:
C 2 H 4 (ads)

C 2 H 2 (ads) + 2H (ad s)..............................................................(5.3)

C 2 H 4 (ads) + 2 H (g)

C 2 H 2 (ads) + 2 H 2 (g)................................................ (5.4)

are therefore energetically favourable alth o u g h w e cannot d istin g u ish w hich
is actually operative since w e have no evidence as to the fate of the h y d ro g en
w h ich is lost from the adsorbed ethylene entity.

The form er process im plies

th a t reactio n w ith the im p in g in g H atom b eam overcom es the activ atio n
b a rrie r to th e exotherm ic dissociation, p resu m ab ly via fo rm atio n of som e
in te rm e d ia te com plex; the latter reaction is a s tra ig h tfo rw a rd ab stractio n
process by a reactive radical.
A t h ig h h y d ro g en exposures rath er different chem istry is observed.

G row th

of a TDS peak at 41 am u is seen at tem peratures interm ediate to the acetylene
an d ethylene peaks rep o rted above, in dicating th a t fu rth e r tran sfo rm atio n s
are tak in g place in the surface phase.

The result of such transform ations is

th u s to p ro d u ce a C 3 d eso rb in g species re su ltin g in th e 41 am u d eso rp tio n
profile.

D esorption signals at a variety of m asses are seen corresponding to

th is n ew peak; relativ e sig n al in ten sities are sh o w n in fig. 5.11 w h e re
co m p ariso n is m ad e w ith th e m ass sp ectrom eter ion source frag m en tatio n
p a tte rn s of likely C 3 species.

The fit is im perfect, b u t does su g g est the

d eso rb in g species is either p ro p y len e or cyclopropane.

The d eso rp tio n of

p ro p y le n e from ad so rb ed p ro p y len e or p ro p y l occurs at significantly low er
tem p eratu res th an detected here ru lin g out the possibility th at these adsorbed
species give rise to the TDS products observed [5.35,36].

Sim ilarly the binding

en erg y is likely to be too h ig h for th e surface in term ed iate to re p resen t a
sa tu ra te d h y d ro c arb o n su ch as cyclopropane.
species m u st th erefo re be responsible.

Som e altern ativ e surface

A t h ig h h y d ro g e n ex p o su res it is

anticip ated th at all of the ethylene on the surface w ill have been converted to
acety len e via th e reactio n d iscu ssed above, th a t all v a can t sites w ill be
occup ied by atom ic h y d ro g e n an d th a t Ci species (such as C H 3 an d C H 2
[5.30,33]) w h ich cannot be detected u sin g d eso rp tio n m eth o d s w ill also be
p re se n t.

Since C 3 H

6

an d C 3 H

7

species are ru le d o u t as th e su rface
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interm ed iate involved, the m ost likely species is C 3 H 5 , w ith a recom bination
process w ith atom ic h y d ro g en giving rise to the final C 3 H 6 reaction pro d u ct.
N o reaction to p roduce a C 3 p ro d u ct is seen in the absence of atom ic h y d ro g en
so the reactions involved m u st be initiated by these species; reaction betw een
acetylene m olecules w o u ld be likely to p ro d u ce C 4 species n o t observed in
th ese stu d ies.

The m o st likely reactions acco u n tin g for th e v o latile C 3

d esorp tio n p ro d u ct therefore are of the form:
H (ads) + C2 H 2 (ads) + CHx (ads)
C 3 H 5 (ads) + H (ads) -

C 3 H 5 (ads) + Hx (ads)..................... (5.5)

C 3 H 6 (g).................................................................... (5.6)

It is interestin g to note th at the 41 am u d esorption yield begins to fall off at
the hig h est H exposures (fig. 5.10) suggesting a reduction in concentration of
at least one of the species referred to in the eq u atio n s above.

V arious

possibilities exist, b u t it is notable th at the decay in the C 3 d eso rp tio n p ro d u ct
occurs sim ultaneously to the g row th of the silane deso rp tio n p eak (fig. 5.12).
A sim ple ex planation therefore is th a t the h y d ro g en atio n steps are inhibited
by the loss of h y d ro g en from the surface in the com peting reaction associated
w ith silane desorption.
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5.4 IMPLICATIONS FOR THE ONSET OF DIAMOND GROWTH ON SI
The data presented above provides some of the first direct insights into the
surface chemical processes which are likely to be involved at the onset of
diamond film formation on atomically clean Si surfaces:
(i) The most immediate observation is that the silicon surface plays host to a
complex mixture of hydrocarbon fragments at the onset of growth; from the
results presented above adsorbed hydrogen, ethylene and acetylene species
have all been observed directly and adsorbed CHx species have also been
implicated. This confirms that the species observed in gas phase studies
[5.24-29] are present on the surface at the onset of growth. Recent in situ
analytical gas phase studies [5.37] indicate that a typical partial pressure of
acetylene above a surface during diamond growth is around lO'^ mbar.

Gas

kinetic theory [5.38] relates the flux which bombards a surface (f ) of a given
species (of mass m) at a temperature (T) to the pressure of that species (P) by,
F =

I ^ ,
■flrnnkT

(5.7)

If gas to surface mass transport limitations caused by the presence of other
species are ignored, around 3 x 10^2 acetylene molecules m‘2.s‘i will bombard
the silicon surface. Using the acetylene surface lifetime of 53 ps derived in
section 5.3 for a typical growth temperature of 1000 K, a surface coverage of
around 0 .6 monolayers can be found, assuming an available adsorption site
density of 2.5 x 10^8 m‘2 [5.19]. This clearly implies that the species could be a
major component of the adsorbed layer during the onset of diamond growth.
(ii) A rather efficient conversion from adsorbed ethylene to acetylene is
driven by the presence of atomic hydrogen. Thus, the data also suggests that
adsorbed ethylene plays an insignificant role in C deposition, apart from
providing an additional source of adsorbed acetylene, since diamond film
formation from hydrocarbon-hydrogen mixtures is always carried out in the
presence of a large excess of atomic hydrogen.
(iii) Although the hot filament apparently does not produce significant
concentrations of high molecular weight organics, a surface reaction driven
by atomic hydrogen has been observed to take place between hydrogenated
surface species resulting in the formation of higher molecular weight (C3 )
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products. This is of significance with regard to the first reactions occurring
when Si is placed in the growth reactor. Initiation of film deposition can
follow two distinct pathways:
(a)

the first reactions taking place as the organics impinge on the Si surface
may be the complete thermal dehydrogenation of isolated species to
produce adsorbed C, with C-C bond formation occurring only after the
C concentration builds up to monolayer levels.

(b)

alternatively the initial C-C bond forming reactions might be between
hydrogenated carbon species on the surface.

It is well documented that acetylenic and CHx species dehydrogenate
efficiently on heated Si surfaces [5.19-22] suggesting (a) as the likely process.
However it is not clear that these dehydrogenation processes will take place in
the presence of the large excess of surface hydrogen which is used in diamond
growth, and for example it has been reported recently that adsorbed methyl
species actually desorh rather than decompose in the presence of atomic
hydrogen [5.39]. The present work now shows that (b) can be significant, at
least up to the production of C3 species.
The mechanism by which this formation of C3 species takes place according to
reaction 5.5 (see reactions 5.5 and 5.6 in discussion section) is illustrated
schematically in figs. 5.13(a & b). C3 species are the highest molecular weight
species observed here, with reaction 5.6 giving rise to the thermal desorption
product observed. However the thermal loss of H 2 from the organic species
formed in reaction 5.5 can result in the reforming of an acetylenic species and
the whole cycle could then repeat resulting in polymerisation (fig. 5.13(c)). In
such a scenario a self propagating carbon chain can be formed across the
surface. This mechanism implies that whilst silicon carbide interface phases
may occur under certain diamond growth conditions [5.40,41], the presence of
SiC may not be a prerequisite for the formation of sp^ nuclei. It also would
imply that the slow film nucléation seen on smooth Si surfaces arises from
the slow reaction between adsorbed hydrocarbon species, due, for example, to
their low surface concentrations at the growth temperatures used (which lie
above the thermal desorption temperature observed here).
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Fig. 5.13 Schematic representation of the likely surface processes which occur
upon the exposure of the adsorbate covered Si(lOO) to atomic
hydrogen. Bound ethylene species are converted, through atomic
hydrogen driven abstraction, to acetylene forms. Further impinging
atomic hydrogen then promotes the addition of a surface methyl or
methylene group and the bound acetylene (step (a)). This may occur
directly or via a silicon mono or dihydride intermediate. The
addition of more hydrogen results in the thermal desorption of
C3H 6 products (step (b)). Alternatively, further hydrogen abstraction
may regenerate the acetylenic surface group and lead to propagation
of the carbon chain (step (c)).
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Clearly more evidence is required to distinguish the relative contributions of
m echanism (a) and (b) above, but the present data at least provides
experimental evidence that (a) may not predominate.
Finally it is worth
noting that the reaction sequence shown in fig. 5.13 shows close agreement to
a detailed theoretical model developed recently by Frenklach and Wang for
the propagation of diamond growth itself [5.16] which was predicted to occur
predominantly by the addition of acetylene to sp^ hybridised surface radicals.

5.6

SUMMARY

An insight into the reactions which occur between hot filament activated
methane and hydrogen with Si(lOO) has been gained through the use of
Auger electron and thermal desorption spectroscopies. In the absence of hot
filament activation no adsorbed species are created by either gas. However,
exposure to activated methane gives rise to both ethylenic and acetylenic
surface bound C2 forms; subsequent exposure to atomic hydrogen converts
the former into the latter, leaving acetylene, Ci forms and hydrogen as the
species which populate the surface. Continued exposure to atomic hydrogen
results in the generation of C3 forms through an hydrogen driven addition
reaction between adsorbed acetylene and methyl species.
These results provide the first experimental insight into the microscopic
reactions which occur during the initial stages of CVD diamond growth on
Si(lOO). The implications of the results for the mechanism of such growth
have been discussed. The conditions which exist during hot filament CVD
will result in the adsorbed phases identified here being present only in very
low concentrations. If the onset of growth relies upon the addition reactions
observed here, this may explain why diamond nucléation on smooth Si(lOO)
is a very slow process.
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AN ADSORPTION STUDY OF HOT FILAMENT
ACTIVATED HYDROGEN AND METHANE
ON CVD DIAMOND
INTRODUCTION
SAMPLE CHARACTERISATION
RESULTS
D IS C U SSIO N
SUMMARY

6.1 INTRODUCTION
The exact m echanism by w hich the atom ic hydrogen and h ydrocarbon species
react w ith the surface to create the d iam o n d phase rem ain s u n clear [6 .1 ].
W hilst p lasm a activation of the h y d ro g en -h y d ro carb o n m ixture has distinct
p ractical ad v an tag es for d iam o n d g ro w th (see ch ap ter

2

), the h o t filam ent

appro ach offers a m ore tractable ro u te to gaining m echanistic inform ation on
the gro w th process since it can be readily integrated w ith u ltra-h ig h v acu u m
apparatu s; this th en allow s surface analytical investigations to be u ndertaken.
F u rth erm o re, the p ro d u cts from activating a C H 4 - H

2

gas m ixture by either

appro ach are believed to be sim ilar, being m ainly H%, H, C H 4 , C H 3 , C 2 H 2 and
C 2 H 4 [6.2].
used to stu d y

In the p rev io u s chapter, therm al d eso rp tio n m eth o d

h as been

the reactions of atom ic h y d ro g en and h o t filam ent activated

m eth an e on Si(lOO), w h ich is of p artic u la r interest in term s of the onset of
d iam o n d g ro w th on silicon.

Sim ilar m ethods have been u sed by others to

consider the reactions of atom ic h y d ro g en on d iam o n d (1 1 1 ) an d d iam o n d
(100) surfaces [6.3-6] as w ell as polycrystalline (3-SiC [6.7].
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This chapter presents the thermal desorption data following the interaction of
atomic hydrogen and hot filament activated methane with a polycrystalline
CVD diamond film. This is of particular interest since this represents the
surface that will be present once the onset of CVD diamond growth has been
fully established. It is anticipated that most mechanistic studies relating to
CVD diamond deposition will eventually be carried out on single crystal
diamond since the use of single crystal surfaces is often required by the many
surface science techniques which exist to probe reactions at surfaces. Before
that work is carried out it is clearly crucially important to establish whether
such surfaces exhibit reactivity patterns similar to the actual polycrystalline
diamond surfaces via which growth in a CVD reactor takes place. This is one
of the central questions to be investigated in this chapter.
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6.2

SAMPLE CHARACTERISATION

The CVD diamond films comprised around 2 pm thick layers of diamond on
doped silicon (lll)-oriented wafers, and were poly crystalline with grain sizes
of around 1 pm, as can be seen in a typical scanning electron micrograph
reproduced in fig. 6.1. X-ray diffraction (XRD) analysis (fig. 6.2) indicated
preferred grain crystal orientations with the main diamond peaks visible
corresponding to the (111), (220), and (311) reflections.

Fig. 6.1

Scanning electron micrograph (SEM) of diamond film grown by
microwave plasma assisted CVD method (AEA Technology).
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X-ray diffraction analysis of the diamond film.

Raman analysis shown in fig. 6.3(a) reveals an sharp feature at 1332 cm'^,
indicative of diamond, but broad features at higher wavenumbers suggests
that non-diamond carbon may also be present [6 .8 ].
This is typical of
polycrystalline films grown by microwave plasma asisted CVD method.
Secondary ion mass spectroscopy (SIMS) analysis data illustrated in fig. 6.3(b)
indicated the presence of low concentrations of H and Si in the diamond CVD
film which is again quite typical of diamond-on-silicon films grown by the
method used [6.9]. Observations from differing CVD films were very similar,
indicating that the results have general applicability to material produced
from the reactor employed.
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Fig. 6.3

(a) Raman analysis (taken with a defocused spot) and (b) SIMS depth
profile analysis during sputter-erosion of the diamond film.
136

________________________________________________________________________

6.3

Chapter Six

RESULTS

The heat cleaning used throughout this study, as described in chapter 4, is
expected to lead to the desorption of all adsorbed hydrogen which tends to be
present on diamond surfaces [6.3-6,10,11]. Following UHV cleaning, TDS
analysis from the film (without purposeful gas dosing) did not reveal any
desorbing products. It can thus be assumed that the film is stable under the
reaction conditions employed. Repeated doses of molecular hydrogen
without hot filament activation, followed by TDS analysis, also failed to
reveal any desorbing species. It is therefore the case that the surface studied is
unreactive towards these reactants and that the adsorbed phases examined in
this work result from the adsorption of reactive species which have emerged
from hot filament activation of hydrogen and methane.
Exposing the surface to activated hydrogen mixtures resulted in the rapid
adsorption of hydrogen on the sample. Figure 6.4 shows thermal desorption
spectra with the mass spectrometer tuned to 2 amu (H2 ) following exposure to
between 0-3000 L of activated hydrogen. A broad feature, centred around
1225 K (at low coverage), is apparent in the spectra; the peak shifts to slightly
lower temperatures as it increases in intensity. A higher temperature peak is
also clearly visible which is particularly narrow and remains at -1275 K for all
exposures investigated. Figure 6.5(a) shows the desorption yield of the broad
feature (labelled as peak 1 ) and the narrow peak (peak 2 ) as determined by the
area of each TD peak plotted against hydrogen exposure. It can be seen that
both features appear to
saturate at the highest exposures investigated here.
No other masses were found to desorb with a broad TD peak at 1225 K and
this peak can therefore be assigned as the desorption of pure H 2 .
Desorption of other species at other temperatures was, however, apparent.
Figure 6 .6 illustrates TD spectra measured at 15 amu following exposure to
between 0-6000 L of activated hydrogen. A peak centred at -700 K is clearly
visible which grows in intensity with increasing exposure but remains at this
temperature. A smaller feature at -1275 K can also be seen. Figure 6.5(b)
reveals the desorption yields from both of these peaks derived, as above, from
the area of the TD peaks in fig. 6 .6 . The peak at -1275 K (peak 2) can be seen
to saturate whilst the lower temperature peak I appears to populate without
saturation over the exposure range investigated here.
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Fig. 6.4

Thermal desorption spectra of 2 amu (H 2 ) for increasing hotfilament activated hydrogen gas exposures in the range 0-3000 L.
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(a) Hydrogen uptake curves for the low (peak 1) and high (peak 2)
temperature desorption peaks taken from the data in fig. 6.4;
(b) 15 amu desorption yields taken from the data in fig. 6 .6 . Peak 1
represents the low temperature peak, and peak 2 the high
temperature desorption peak.
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Thermal desorption spectra of 15 amu follow in g increasing hotfilament activated hydrogen gas exposures in the range 0-6000 L.
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Qualitatively similar results were achieved at masses 14, 15, 16, 26, 27 and 28.
However, at masses 29 and 30, the feature at 1275 K was significantly more
intense in the desorption spectra. At masses 31-33 and 56-62 this intense
1275 K sharp feature is present, but the lower temperature broad peak is
absent. Figure 6.7 illustrates this by presenting the TD spectra for masses 2933 for a fixed hydrogen exposure of 2000 L. To identify which chemical
species are responsible for these observations, data at a fixed exposure must be
fitted to mass spectrometry cracking patterns. The mass spectra of methane,
ethyne, ethene, ethane, silane and disilane were therefore recorded in the
quadrupole mass spectrometer used for the TDS observations.
From the
cracking patterns thereby derived, the species desorbing can be deduced as we
discuss below.
The broad desorption features at 700 K are considered first.

Figure

6 .8 (a)

shows the cracking pattern of ethane plotted against normalised intensities of
the 700 K peak for atomic masses 14-16 and 26-30; an estimated 20%
experimental error is included in the figure. A close fit is apparent for 26-30,
whilst the experimentally determined intensities for the atomic masses 14-16
are rather high. However, if a similar analysis is carried out for methane,
this additional intensity can be accounted for. This is shown in fig. 6 8 (b)
w here the cracking pattern of m ethane is plotted alongside the
experimentally derived data for 14, 15 and 16 amu, after subtracting the
intensity that will arise at these masses due to the presence of ethane. A good
fit is apparent, although the 15 amu signal is slightly too intense (exceeding
the estimated experimental error).
Thus, the desorbing species can be
assigned as ethane and methane with the possibility that some CH 3 is also
present.
Desorption from the high temperature peak (1275 K) can be treated in this
manner and fig. 6.9 gives the cracking patterns of silane and disilane
compared to the experimentally derived data at all mass units for which this
peak was observed. A good fit is apparent indicating that SiH4 and Si2H 6 are
the major species desorbing at this temperature.

Some H 2 (2 amu) and CHx

(14,15 amu) may also be present.
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TDS spectra at 29-33 amu at a fixed hydrogen exposure of 2000 L.
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In a similar manner to molecular hydrogen, repeated doses of molecular
methane at room temperature, followed by TDS analysis, also failed to reveal
any desorbing forms. To investigate the adsorption of the hydrocarbons that
are likely to be present during CVD diamond growth, methane was passed
over a hot filament and the resultant gas mixture was allowed to impinge
directly onto the cleaned CVD diamond surface.
Figure 6.10 shows TD
spectra recorded at 2 amu plotted as a function of increasing exposure to hot
filament activated methane. Two relatively weak peaks are apparent. The
highest temperature peak, at 1275 K (labelled as peak 2), appears co-incident in
temperature to the highest temperature noted above from hydrogen
experiments. However, the lower temperature peak, at 925 K (peak 1), is not
similar to any from these two peaks.
The inset shows the desorption yield
from these two features; both peaks can be seen to approach saturation in
intensity over at the highest exposures investigated here. No peaks at other
masses were detected.
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6.4

DISCUSSION

The interaction of hydrogen with single crystal diamond (100) surfaces has
been studied previously [6.3-6]. Such a surface can be (1 x 1 ) reconstructed
[6 .1 0 ] when a dihydride adlayer is present, (2 x 1 ) reconstructed [6 .1 1 ] with
probably a monohydride form on the surface, or hydrogen-free.
Ex-situ
cleaning treatment of diamond (1 0 0 ) surfaces often gives rise to the (1 x 1 )
structure, as judged by low energy electron diffraction (LEED) [6.5], with the
monohydride phase being formed after heating to around 1300 K, and the
hydrogen-free surface being formed at 1500 K, the surface cleaning
temperature used here. Hamza et al. [6.3,4] found that no desorbing species
below 1300 K could be detected following the exposure of a (2 x 1 ) surface to
over 4 X 10^ L of molecular hydrogen, suggesting that the surface was not
reactive towards H 2 . However, H% desorption, centred at 1200 K and shifted
to lower temperature with increasing coverage, was detected when atomic
hydrogen was used. No desorbing hydrocarbons were found implying that
surface decomposition was not occurring during heating. The behaviour of
the diamond (111) surface has also been investigated [6.6,12-14]. It is believed
that a clean diamond (1 1 1 ) surface displays a (2 x 1 ) reconstruction which is
readily lifted by atomic hydrogen adsorption to give a (1 x 1 ) reconstruction,
constituting terminal H species bonded to sp^-hybridised C. Broad TD peaks
for D 2 centred around 1300 K correspond to the interconversion of the two
surfaces [6 .6 ].
The observation that molecular hydrogen does not chemisorb on the CVD
diamond studied here is in good agreement with observations on single
crystal diamond [6.3-6] and shows that such surfaces do not possess a
significantly enhanced reactivity over their single crystal counterparts, with
regard to their interaction with the molecular species. The adsorption of
atomic hydrogen giving rise to a broad TDS peak at -1225 K (FWHM -250 K)
com posed of purely H 2 species which saturates at moderate hydrogen
exposure is also qualitatively similar to the observations made upon single
crystal diamond discussed above. The similarity in TD spectra monitored
here at 1225 K to those previously observed on pure (111) and (100) single
crystals [6.3-6,12-14] suggests that a common origin can be assigned. Thus,
this peak is due to the recombinative desorption of adsorbed atomic hydrogen
species from crystalline regions of the CVD film.
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The sharp high temperature hydrogen desorption peak (1275 K) (fig. 6.4) is not
observed in single crystal adsorption studies on diamond.
Furthermore
desorption of silane and disilane occurs at the same temperature. This is
particularly interesting since the CVD diamond surface is not intentionally
doped with silicon. The SIMS data presented earlier (fig. 6.3) do however
confirm that trace quantities of Si from the underlying substrate do migrate
into the CVD film during growth. Si incorporation into the CVD diamond
from the growth environment, e.g. by plasma etching of the substrate or of
the walls of the reactor have indeed been reported [6.15,16]. The conclusion
must therefore be that these species are very accessible for reaction with
atomic hydrogen. In previous studies of the adsorption of atomic hydrogen
on silicon (chapter 5), the silanes were observed to desorb below 700 K with
being desorbed around 800 K. This is clearly very different to the present
observations. The origin of the high temperature desorption peaks therefore
cannot be associated with the presence of Si in a form resembling elemental
surface Si itself. Allendorf and Outka [6.7] did not observe any desorbing
silane species during their TDS studies of the interaction of atomic hydrogen
with SiC surfaces, ruling out such a phase as the source of the desorbing
silanes.
AES analysis of the cleaned surface also showed the Si surface
concentration to be below the 1% monolayer level set by AES detection
sensitivites. It is apparent however that the poly crystalline surface contains
many grain boundaries (fig. 6.1). A likely explanation of the results observed
here therefore is that these regions contain Si in a chemical form quite
distinct to bulk elemental Si or SiC; one or both of atomic hydrogen
migration down the grain boundaries and Si migration up the grain
boundaries in the presence of hydrogen then takes place, reaction occurs to
form hydrogenated Si species, and these then subsequently decompose (to
release hydrogen) or desorb in the form of silanes at 1275 K. TD spectra
revealing H 2 desorption from a freshly prepared polycrystalline p-SiC surface
without atomic hydrogen adsorption show peaks at 1050 and 1275 K, where
the high temperature peak is particularly sharp [6.7]. The 1050 K peak was
attributed to the recombinative desorption of adsorbed H species (as discussed
above). However, the sharp 1275 K feature was believed to arise due to the
desorption of hydrogen trapped in the bulk of the SiC. This is quite similar
to the present observations.
TD spectra monitoring hydrocarbon fragments reveal that other reactions also
occur when atomic hydrogen interacts with the CVD diamond surface.

It is
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clear from figs. 6 .6 and 6 .8 that at a moderate temperature, 700 K, a broad TD
feature, arising predominantly from ethane and methane, is observed. The
fact that this is at a lower desorption temperature to either of the peaks
discussed above implies the desorption of a different phase is occurring. The
broad, low temperature nature of the peak also suggests that it is a surface
phase which is being observed rather than grain boundary desorption.
Whilst CVD diamond typically contains hydrogen absorbed at levels of
~1 at.% [6.17,18], there is no evidence that this can be desorbed in the form of
hydrocarbons.

Furthermore, previous studies of atomic hydrogen adsorption

on single crystal diamond [6.3-6,12-14] do not suggest that any erosive
reactions occur leading to the desorption of C containing forms. In addition,
graphitisation of the surface is not likely as such phenomenon occurs at
temperature > 1600 K under UHV [6.19]. The only explanation of the data
measured here is therefore that CVD diamond surface is host to a non
diamond (graphitic) carbon. This is in agreement with the Raman spectra
presented in fig. 6.3(a), where the broad 1520 cm‘^ feature implies that the film
is not fully diamond carbon.
The 2 amu TD spectra shown in fig. 6.10 reveal the presence of a desorbing H 2
phase follow ing hot filament activated methane adsorption on CVD
diamond surface studied here. If this phase was due to the recombinative
loss of adsorbed hydrogen from the crystalline diamond in CVD film it would
be expected to occur at -1225 K (fig. 6.4). If the origin was desorption from
non-diamond surface carbon, accompanying hydrocarbon desorption would
be expected (fig. 6 .6 ). Since neither of these scenarios can account for the 2
amu peak seen here, it must arise as a consequence of adsorbed hydrocarbon
species which undergo thermal decomposition during the TDS experiment,
giving rise to surface carbon and H 2 desorption.
Since CH3 is know to
undergo complete decomposition during thermal desorption from Si(lOO)
surface [6 .2 0 ], it can be postulated that a similar adsorbed state is present here;
the 2 amu peak observed at 925 K being loss of surface hydrogen following
this decom position.
Thermal desorption of activated methane from
crystalline diamond has been found to reveal similar characteristics [6 .2 1 , 2 2 ].
Yamada et al. [6.22] have reported that the most likely adsorbed species which
arises following exposure of a diamond (1 1 1 ) surface to activated methane is
C H 3.
It then undergoes decomposition during the thermal desorption
process as indicated by AES that there is a increase of graphitic carbon on the
surface upon repeated cycles of dosing and heating to 1475 K. During the
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course of this study, elimination of the surface graphite so produced by
repetitive exposure to atomic hydrogen and heating to 1500 K was found
necessary to generate reproducible results after several TDS experiments with
activated methane, emphasising the similarity between the reactivity of
single crystal diamond and the CVD diamond studied here.

6 .5 SUMMARY
The surface reactivity of polycrystalline CVD diamond surfaces with respect to
the interaction with atomic hydrogen and activated methane has been
studied. Molecular hydrogen and methane do not adsorb on such surfaces
but adsorption is observed if the gases are atomised using a hot filament.
The atomic hydrogen formed on the surface in this way desorbs around 1225
K with kinetics similar to those exhibited on C(IOO) and C ( lll) surfaces. It is
postulated that the CVD diamond play host to methyl species upon exposure
to activated methane.
Total decomposition of this phase during a TDS
experiment leads to the thermal desorption of H 2 and the retention of carbon
species on the surface.
The reaction pathways observed are therefore rather similar to those observed
on C(IOO) and C ( lll) suggesting such surfaces could provide useful model
substrates for the investigation of diamond growth processes.
A feature
clearly unique to CVD diamond films is observed in the present work
however in that volatile products such as silane, disilane, methane and
ethane are desorbed from the film at elevated temperatures when treated
with atomic hydrogen.
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THE INTERACTION OF ATOMIC HYDROGEN /
DEUTERIUM WITH ADSORBED ETHYLENE
AND ACETYLENE ON 81(100)
INTRODUCTION
RESULTS
Interaction of Ethylene with Hydrogen / Deuterium
Co-Adsorption of Acetylene and Hydrogen / Deuterium

DISCUSSION
SUMMARY AND IMPLICATIONS FOR DIAMOND CVD
PROCESSES

7.1

INTRODUCTION

In the previous chapters thermal desorption methods have been used to study
the reactions of atomic hydrogen and hot-filament activated methane on Si(lOO)( 2 x 1 ) (chapter 5) and CVD diamond (chapter 6 ), i.e., the nucléation and growth
surfaces respectively. The results reveal that the Si(100)-(2 x 1) surface can play
host to CHx, C2H 4 and C2H 2 species at the onset of diamond growth. In this
chapter we move on to examine how two of these adsorbed species (C2 H 2 and
C2H 4 ) react with the large H atom flux to the Si(lOO) surface which is present and
which is believed to play a critical role in the nucléation and growth of CVD
diamond films.
The adsorption and thermal behaviour of both ethylene and acetylene alone on
Si(lOO) have been studied previously in great detail by a number of workers
[7.1-7]. Both ethylene and acetylene, unsaturated molecules, chemisorb nondissociatively with high probability and with a high binding energy on Si(lOO).
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High resolution electron energy loss spectroscopy (HREELS) reveals the presence
of C-C and Si-C stretching modes where a pair of carbon atoms are bonded to
two silicon atoms [7.1,4]. Low energy electron diffraction (LEED) analysis
indicates that the (2x1) phase of the original clean Si(lOO) surface is maintained
on adsorption of these two species [7.1,3,4]. Hence, a di-a bonding model in
which the carbon pair is attached to two adjacent silicon atoms of the dimer has
been proposed [7.1,7]. The thermal behaviour of these two species on Si(lOO)
are, however, rather different.
Upon heating, approximately 95% of the
chemisorbed acetylene thermally dissociates on the silicon surface. This is
accompanied by the desorption of hydrogen and the retention of carbon adatoms
which diffuse into the bulk silicon above 800 K [7.4,6]; the remaining 5% of the
acetylene desorbs intact at a temperature around 690-750 K. In contrast, Clemen
et al. [7.3] have observed chemisorbed ethylene desorbing unimolecularly from
Si(lOO) at ~ 550 K with only approximately 2% of the monolayer undergoing
dissociation. However, earlier work by Yoshinobu et. al. [7.1] has claimed that
only 40% of the chemisorbed ethylene is desorbed intact (at ~650 K) while the
remainder undergoes decomposition and silicon carbide is formed on the Si(lOO)
surface by heating to 1000 K.
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7.2 RESULTS
7.2.1 Interaction of Ethylene with Hydrogen / Deuterium
Clean, ordered, Si(lOO) surfaces were prepared and then exposed, at room
temperature, to carefully controlled quantities of ethylene gas. Changes to the
surface produced by such experiments were monitored with AES and TDS.
Figure 7.1 shows TD spectra relating to various detected hydrocarbon fragments
(12-14, 24-29 amu) obtained following exposure of the Si(lOO) surface to 0.03 L of
ethylene. In all cases a single sharp peak is seen centred at a temperature of
550 K; this suggests that a common origin exists for the species being detected by
the mass spectrometer at these masses. Figure 7.2(a) compares the mass
spectrometer fragmentation pattern of C2H 4 [7.8] with the relative intensities of
the experimental data shown in fig. 7.1. The close fit immediately reveals that
molecular ethylene is being desorbed from the silicon sample. Figure 7.3
displays typical desorption spectra for 26 amu plotted as a function of ethylene
exposure (0.04-5L). The peak centred at a temperature of 550 K is seen to grow
in intensity with increasing C2H 4 exposure. This peak shifts slightly to higher
temperatures with increasing coverage. The uptake characteristics of this state
can be seen in fig. 7.2(b), where the area under each of the TDS peaks shown in
fig. 7.3 is plotted against the ethylene exposure; the initially rapid population of
the adsorbed phase can be seen to saturate at around 4-5 L. A small high
temperature shoulder which populates with increasing exposure can also be seen
in the desorption spectra shown in fig. 7.3. This has been noted previously, but
not assigned, by other workers [7.3]; this feature could be associated with the
desorption of ethylene from surface defect sites.
The silicon surface was exposed to atomic hydrogen f o ll o w in g ethylene
adsorption to determine the influence of this species on the surface phases
present. Figure 7.4 shows TD spectra recorded at 25 amu after a constant dose of
0.03 L of C2 H 4 to the clean Si(100)-(2 x 1), followed by atomic hydrogen of
varying exposures (0-2000 L). The trace labelled (i) in fig. 7.4 corresponds to an
ethylene-covered surface to which no atomic hydrogen was added. As the
atomic hydrogen exposure is increased, the peak at 550 K decreases in intensity
and is accompanied by a shift to a slightly higher temperature. This behaviour is
opposite to that observed for pure C2H 4 desorption, where the temperature for
C 2H 4 desorption decreases with a decrease in the amount of C2H 4 desorbing (fig.
7.3). At relatively low atomic hydrogen exposures (< 20 L ), a new peak, at 760
K, is apparent. However, the intensity of this new peak decreases with higher
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atomic hydrogen exposures (> 100 L) when another desorption state becomes
apparent at around 700 K. TD spectra recorded at masses 13, 24 and 26 amu
were qualitatively similar.

X
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Fig. 7.1
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TD spectra following the exposure of Si(lOO) to 0.03L of ethylene
recorded at various atomic mass units.
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(a) Comparison of the thermal desorption yield for each component
shown in fig. 7.1 with the expected mass spectrometer fragmentation
pattern for ethylene; (b) Thermal desorption yield for the TD spectra
shown in fig. 7.3 plotted as a function of exposure of the Si(lOO) to
ethylene.
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TD spectra recorded at 26 amu for the exposure of Si(lOO) to 0.04-5 L of
ethylene.
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Fig. 7.4

TD spectra recorded at 25 amu for the exposure of Si(lOO) to 0.03L of
ethylene followed by 0-2000 L of hot filament activated hydrogen.
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Figure 7.5 displays analogous TD spectra for 27 amu. Again, increasing atomic
hydrogen exposure is seen to diminish the peak at 550 K. However, whilst the
new peak at 700 K is apparent at the highest atomic hydrogen exposures
investigated
100 L), the peak at 760 K, which was observed at intermediate
exposures in the case of the 25 amu feature, is absent; similar observations were
also recorded for the TD spectra of 28 and 14 amu.
A comparison of the relative intensity of the mass units detected for the two new
peaks (700 K and 760 K) with mass spectrometer cracking pattern data for
ethylene and acetylene is shown graphically in fig. 7.6. Figures 7.6(a) and 7.6(b)
display the comparisons with expected fragmentation patterns [7.8] for C2 H 4 (700
K peak) and C2H 2 (760 K peak) respectively. It is immediately clear that the
experimental data fit the cracking patterns closely and the desorbing species can
be identified as ethylene (700 K) and acetylene (760 K).
Preadsorbed hydrogen on Si(100)-(2xl) is thought to prevent ethylene adsorption
by active-site capping [7.3]. It is therefore of interest to reverse the sequence of
atomic hydrogen exposures discussed above (fig. 7.5). Figure 7.7 displays the
TD spectra for 27 amu obtained by varying pre-exposures of atomic hydrogen
followed by addition of a constant dose (0.03 L) of C2H4 . The C2H 4 desorption
yield (at 550 K) is seen to decrease with increasing pre-exposures of atomic
hydrogen. However, it appears that the weaker C2H4 binding state at 550 K is
decreased more by pre-exposing to atomic hydrogen than is the stronger C2H 4
binding state at ~620 K; this is especially apparent at lower hydrogen coverages
(< 10 L). The peak at 700 K is observed at high hydrogen coverages. These
results indicate that although the order in which the gases are introduced to the
surface has some effect, it is the presence of a high surface coverage of hydrogen
which seems to be the most important driving force for the interactions observed.
To interpret the results presented above it was necessary to study the adsorptiondesorption behaviour of deuterium and ethylene/deuterium mixtures on Si(lOO).
Figure 7.8 displays the TD spectra for 4 amu at various atomic deuterium
exposures (2-1000 L) on Si(100)-(2 x 1). At low exposures, the spectrum can be
seen to be dominated by a large peak centred at 800 K; this agrees well with the
observations of other workers and arises from the desorption of D 2 from a
surface monodeuteride phase [7.5,10]. However, at higher exposures (^ 100 L) a
smaller and broader peak at 660 K becomes apparent, which has been previously
assigned as D 2 desorption from a dideuteride phase [7.9,10]. A further broad
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peak, centred at - 540 K, is also apparent at these exposure levels. Whilst the
800 and 660 K peaks were not observed at other mass units, this feature could be
seen at 28, 30, 32, 34 and 36 amu's.

Increasing Activated
Hydrogen Exposure
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TD spectra recorded at 27 amu for the exposure of Si(lOO) to 0.03L of
ethylene followed by O-IOOOL of hot filament activated hydrogen.
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(a) Comparison of the thermal desorption yield detected at 700 K for
0.03 L ethylene exposure to Si(lOO) followed by 100 L of hot filament
activated hydrogen w ith the expected m ass spectrom eter
fragmentation pattern for ethylene; (b) Comparison of the thermal
desorption yield detected at 760 K for 0.03 L ethylene exposure to
Si(lOO) followed by 20 L of hot filament activated hydrogen with the
expected mass spectrometer fragmentation pattern for acetylene.
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TD spectra recorded at 27 amu for 0-200L exposure of hot filament
activated hydrogen followed by 0.03L of ethylene compared to (i) 0.005
L and (ii) O.OIL of ethylene exposure on Si(lOO) which have not been
previously exposed to hot filament activated hydrogen.
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Fig. 7.8 TD spectra for 4 amu signal following
activated deuterium onto Si(lOO).

2-1000 L of hot filament
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TD spectra revealing this are plotted in fig. 7.9 along with traces measured for 29,
31 and 33 amu, which indicate the absence of desorption at these masses.
Comparison of the intensity of all of these peaks with the fragmentation pattern
expected for SiD^ [7.8] shows a good fit and hence this 540 K feature is attributed
to the desorption of SiD^ from the Si(lOO) surface.
Figure 7.10 reveals TD spectra recorded at 27 amu following the exposure of an
ethylene covered silicon surface (0.03 L) to increasing quantities of atomic
deuterium. Similar desorption characteristics are apparent when compared with
those shown in fig. 7.5 except for the presence of a small peak at 760 K at
intermediate atomic deuterium exposures, rather as was observed in fig. 7.4;
qualitatively similar characteristics were also observed for TD spectra recorded at
24, 25 and 26 amu. However, analogous spectra for 28 amu, shown in figure in
fig. 7.11, differ in that there is no desorption peak at 760 K at any deuterium
exposure studied. Since this peak has been assigned above as desorbing
acetylene, this clearly indicates the absence in these deuterated experiments of
fully deuterated acetylene, which would have a mass of 28.
The growth of the new peak at 700 K is most obvious when the TD spectra
recorded for 30 amu are plotted as a function of increasing atomic deuterium
exposure as shown in fig. 7.12. The lower temperature shoulder at 540 K is the
mass spectrometer cracking product (SiD+) of SiD^ as observed from the heavily
deuterated silicon surface shown in fig. 7.9. The 700 K peak is seen to grow at
high atomic deuterium exposures (> 100 L). Figure 7.13 displays the TD spectra
for atomic mass unit of 26-36 after subsequent atomic deuterium exposure of 200
L onto the ethylene-dosed (0.03 L) silicon surface. With such a deuterium
exposure, the residue of the original C2H 4 peak at 550 K (shifted to 580 K) is still
prominent in the mass range 26-28 amu; the peak at 700 K has significant
intensity in the range 26-31 amu, is weak at 32 amu and not present in the range
33-36 amu. The relative intensity of this 700 K peak at various mass units is
shown in fig. 7.14. Attempts to fit this data to the mass spectrometer cracking
patterns expected for C2H4 or C2D 4 reveal that the simple desorption of neither of
these species is occurring; the desorbing species is likely to be a mixture of
C2 HXD4-X (x = 1-4). Taking into account the expected mass spectrometer
cracking pattern for ethylene, the distribution can be estimated to be 16% C2HD 3,
27% C2 H 2D 2, 27% C2H 3 D, 29% C2H4 and 1% C2D 4 (see Appendix ).
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TD spectra recorded at 28-34 and 36 amu following exposure of Si(lOO)
to 200 L of hot filament activated deuterium.
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Fig. 7.10 TD spectra of 27 amu for the exposure of Si(lOO) to 0.03 L of ethylene
followed by 0-1000 L of hot filament activated deuterium.
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Fig. 7.11 TD spectra of 28 amu signal for the exposure of Si(lOO) to 0.03 L of
ethylene followed by 0-200 L of hot filament activated deuterium.
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Fig. 7.12 TD spectra recorded at 30 amu for the exposure of Si(lOO) to 0.03 L of
ethylene followed by (i) OL, (ii) 20L, (iii) lOOL and (iv) 200L of hot
filament activated deuterium.
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Fig. 7.13 TD spectra for the exposure of Si(lOO) to 0.03 L of ethylene followed by
200 L of hot filament activated deuterium recorded at various amu's.
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Fig. 7.14 Thermal desorption yield for the 700 K peak revealed in fig. 7.13 at the
differing mass units.

7.2.2 Co-Adsorption of Acetylene and Hydrogen / Deuterium
The adsorption-desorption characteristics of C2H 2 on Si(100)-(2 x 1 ) were studied
using TDS in a similar manner to that described above. Figure 7.15 displays TD
spectra recorded at 2 and 25-27 amu following C2H 2 exposure (0.05 L). A single
peak centred at 750 K is clearly visible for masses 25-27; a comparison of the
relative intensities of these features with the expected mass spectrometer
fragmentation pattern of C2H 2 [7.8] enables this phase to be assigned as
desorbing acetylene. The 2 amu feature (fig. 7.15) appears at a different
temperature (-820 K), which also differs to that seen for the desorption of H from
Si and other workers [7.9,10]. As has been discussed above, two distinct thermal
reaction pathways for have been previously identified for adsorbed acetylene
[7.4-6]. The first leads to molecular desorption of C2 H 2 at -750 K while the
second gives rise to the decomposition of C2 H 2 with subsequent hydrogen
desorption at -820 K from the organic fragments thereby created; the data
presented in fig. 7.15 shows close agreement with these observations.
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Figure 7.16 shows the TD spectra recorded at 25-28 amu following an exposure
of atomic hydrogen of 200 L onto acetylene-dosed (0.05 L) Si(100)-(2 x 1). The
TD spectrum recorded at 25 amu from the acetylene-covered surface to which no
atomic hydrogen was added is included for comparison. Interestingly, a clear
shift in the desorption temperature to 700 K from 750 K is seen when atomic
hydrogen exposure is carried out. A comparison of the intensities of these
shifted features with the mass spectrometer fragmentation pattern of C2H 4
(fig. 7.17) identifies the desorbing species is now C2 H4 . The desorption peak
which can be seen in fig. 7.16 at 540 K in the 28 amu spectrum is due to the mass
spectrometer cracking of SiH^, which has been shown to desorb from the silicon
surface after such high hydrogen exposure (sec. 7.2).
A similar series of experiments were carried out on the acetylene-dosed Si(lOO)
surface using atomic deuterium; TD spectra for masses 25-34 are shown in fig.
7.18 for a deuterium exposure of 200 L. The residue of the original C2H 2 peak at
750 K is still apparent in 25-26 amu. The appearance of a peak at 750 K in 27 and
28 amu also reveals the presence of some C2HXD2-X (x = 0,1) species. Meanwhile,
the peak at 700 K is evident in 25-32 amu but not 33-34 amu i.e., saturated C2
species are not present. The relative intensities of the 700 K peaks are shown
graphically in fig.
A good fit to the mass spectrometer cracking pattern of
C2H 4 or C2D4 [7.8] is not found; the desorbing species is a mixture of C2 HXD4-X
(x = 0-4). Taking into account the expected mass spectrometer cracking pattern
for ethylene, the distribution can be estimated to be 15% C2D 4, 37% C2HD 3 , 40%
C2H 2D 2 and 8 % C2H 3D with little C2H4 desorption being evident.
Interestingly at the highest atomic hydrogen exposures carried out (> 200 L), a
further feature became apparent in the TD spectra. As shown in fig. 7.19 , this
consisted of a broad peak, centred around 690 K, which could be detected at
masses up to 42 amu. Figure 7.20 shows the intensity of this peak at high mass
units (26-42 amu) compared to the mass spectrometer cracking pattern expected
for C3H 6 . Since this peak overlaps the feature found at 700 K (ethylene) for
masses 26 and 27amu, the intensity for these masses has been obtained by the
subtraction of the expected intensity due to ethylene. A reasonable fit to the
data is apparent, implying that C3 species are desorbed from the surface.
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Fig. 7.15 TD spectra following the exposure of Si(lOO) to 0.05 L of acetylene
recorded at various amu's, compared to TD spectrum recorded at 2
amu following 20 L of hot filament activated hydrogen exposure onto
Si(lOO).
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Fig. 7.16 TD spectra following the exposure of Si(lOO) to 0.05 L of acetylene
recorded at 25 amu compared to a similar exposure followed by 200 L
of hot filament activated hydrogen recorded at 25-28 amu.
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Fig. 7.17 (a) Comparison of thermal desorption yield for the 700 K peak
apparent in the spectra shown in fig. 7.16 with the expected mass
spectrometer fragmenation pattern of ethylene; (b) Thermal desorption

yield for the 700 K peak revealed in fig. 7.18 at the differing mass units.
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Fig. 7.18 TD spectra follow ing exposure of Si(lOO) to 0.05 L of acetylene
followed by 200 L of hot filament activated deuterium recorded at 2534 amu.
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Fig. 7.19 TD spectra follow ing exposure of Si(lOO) to 0.05 L of acetylene
followed by 200 L of hot filament activated hydrogen recorded at 3841 amu.
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compared to the expected mass spectrometer fragm entation pattern for
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7.3 DISCUSSION
The adsorption-desorption characteristics of ethylene and acetylene observed
here are in good agreement with the detailed studies performed previously on
these systems [7.1-7]. Both species adsorb molecularly at room temperature,
with the ethylene layer mainly desorbing in the temperature range 500-600 K,
although some decomposition also takes place; acetylene desorbs at higher
temperatures with most of the adsorbed phase decomposing to produce organic
fragments on the Si surface. It is apparent that exposure of these adsorbed
species to atomic hydrogen leads to a considerable modification of these reaction
pathways. The main effect of pre-adsorbed hydrogen at relatively low exposures
seems to be to block surface sites for the adsorption of these hydrocarbons; at
higher exposures the desorbing species from the layers that are formed are
changed. However, the most interesting perturbations seem to arise when the
hydrogen atom flux is allowed to interact with the pre-adsorbed hydrocarbons
and it is this aspect which will be considered in detail.
The results presented above regarding the adsorption of ethylene in the presence
of atomic hydrogen indicate that:
(i)

the 550 K ethylene desorption peak seen for the hydrogen-free surface
attenuates rapidly with H atom exposure, with a slight upwards shift in the
desorption temperature;

(ii)

following H atom exposure acetylene is found to desorb from the ethylene
dosed surface at around 760 K which is the same temperature at which
molecularly adsorbed acetylene desorbs from Si (100);

(iii) at high H atom exposures, the acetylene desorption peak also attenuates,
and ethylene is seen to desorb from the surface at 700 K, higher than the
desorption temperature seen for molecularly adsorbed ethylene in the
absence of atomic hydrogen exposure;
(iv) extensive isotopic mixing is seen in the ethylene desorption products
evolving at 700 K, and a limited amount of mixing in the acetylene
desorption products, when hydrogenated hydrocarbons and D atoms are
adsorbed on the surface.
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Similarly the salient points to emerge concerning the influence of an H atom flux
on the chemistry of adsorbed acetylene are;
(v)

the acetylene desorption peak rapidly attenuates when H atoms are
exposed to the acetylene dosed surface;

(vi)

as the H atom flux increases, the onset of ethylene desorption at 700 K takes
place, similar to that observed in the experiments involving ethylene
outlined above;

(vii) extensive incorporation of D into the desorbing hydrocarbon products are
again observed in the isotope labelling experiments;
(viii) the desorption of C3 products are also observed at high H atom exposures.
All of these observations indicate that massive perturbations to the adsorptiondesorption chemistry of acetylene and ethylene occur when these adsorbed
layers interact with atomic hydrogen. The influence of H atom beams on the
chemistry of bound hydrocarbons on Si has not been studied in detail previously,
except for the work of Widdra et al. [7.11] who have studied the reactions of
ethylene with adsorbed H. They also report an attenuation in the ethylene
desorption peak associated with clean Si and the appearance of a new ethylene
desorption peak at 700 K. This supports some of the experimental observations
presented above. Interestingly, Widdra et a l [7.11] report that HREELS data
from adsorbed ethylene on an H-dosed surface show considerable differences to
those expected from adsorbed ethylene in the absence of atomic hydrogen,
although they suggest a C-C stretching mode as well as a CH2 / CH3 bending
mode is maintained even after large H atom exposures. This data supports the
observations made here that the adsorbed phases present following H atom
exposure differ from those otherwise present and that the role of atomic hydrogen
is not simply to displace adsorbed species into the gas phase.
The disappearance of the ethylene desorption peak when H atoms are exposed to
the surface ((i) above), could have two origins. Firstly, hydrogen addition to
bound ethylene, giving rise to ethane (which w ould be expected to
spontaneously desorb from the surface at room temperature and hence remain
unseen in TDS experiments) could account for this effect. Alternatively, new
organic species which decompose rather than desorb (including adsorbed
ethylene perturbed by the presence of H) could account for this effect. Although

178

Chapter Seven

be

it cannot^ruWout that some organics are lost from the surface in the form of
ethane during H dosing, the fact that significant quantities of organics are
observed to desorb, along with the HREELS data of Widdra et al. [7.11] indicates
the second possibility plays at least a very significant role in the chemistry
observed.
The emergence of a desorbing acetylene phase at higher levels of atomic hydrogen
exposure to adsorbed ethylene could arise due to scission of adsorbed ethylene
followed by the reaction of the resultant surface bound intermediates during the
TDS experiment to yield C2H 2 . However, the fact that the acetylene is seen to
desorb at temperatures associated with molecular acetylene indicates that the
origin is more likely to be atomic hydrogen abstraction from ethylene to form
adsorbed acetylene. Intriguingly, at higher levels of atomic hydrogen exposure,
this acetylene phase is also seen to disappear concurrent with the appearance of a
desorbing ethylene phase ((iii) above). The fact that the desorption temperature
of this state is higher than that measured for molecular ethylene desorption, plus
the observation of C2HxDy species when atomic deuterium replaces the atomic
hydrogen implies that this state must arise from the associative desorption of
other types of surface bound species. Surfaces which have been exposed to
acetylene gas directly also reveal ethylene desorption at this (higher) temperature
following atomic hydrogen exposure ((vi) above). Thus, the reactions which
occur when atomic hydrogen interacts with a pre-adsorbed ethylene phase are:
(a) Atomic hydrogen driven surface conversion
C2 H 4 (ads) ->

A (ads) -*

B (ads)..................................................................... (7.1)

(b) Thermal desorption of intermediates
A (ads)
B (ads)

^

C2H 2 (g)

760 K.................................................................. (7.2)

C2H 4 (g)

700 K.................................................................. (7.3)

It is of interest to consider the nature of the intermediates. With regard to
intermediate A, abstraction by atomic hydrogen giving rise to moleculary bound
acetylene has been established as the most likely origin of the desorbing phase,
but it is not possible from the data presented here to distinguish between gas
phase atomic hydrogen abstraction (during dosing) or surface phase abstraction
(during the TDS temperature ramp). With regard to intermediate B, the main
characteristics are that the species desorbs at significantly higher temperatures
than ethylene alone on Si(lOO), and that extensive isotope scrambling of
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deuterium into the hydrocarbon entity is observed. This latter observation is
consistent with the scheme above where a strongly dehydrogenated species is
first produced (intermediate A: acetylene or acetylene precursor) before further
hydrogenation produces the precursor to desorbing ethylene at 700 K.
Widdra et al. [7.11] have postulated that adsorbed ethyl species are formed
during H atom exposure to adsorbed ethylene since the HREELS spectrum
measured suggested that the C-C bond is preserved intact. The ethylene
observed desorbing at 700 K in our study would then arise through atomic
hydrogen provoked (3-hydride elimination. Recently, Coon et al. [7.12] proposed
that such p-hydride elimination occurs from adsorbed ethyl groups formed by
the dissociative adsorption of diethylsilane on silicon. Ethylene was believed to
be the product of this elimination reaction, which was found to desorb at around
700 K, similar to the temperature observed here. However, the assignment of
intermediate B as an ethyl group seems unlikely. Firstly, the HREELS spectrum
presented by Widdra et al. [7.11] differs considerably from the characteristic
HREELS spectra of adsorbed ethyl species on Si and on GaAs [7.13-15].
Secondly, the formation of acetylene from the adsorbed ethylene prior to the
emergence of the high temperature ethylene phase, along with the similarity
between the behaviour of adsorbed acetylene and ethylene implies that the role of
C2H 5 is unlikely to be significant.
HREELS studies [7.1] on ethylene adsorption on Si(lOO) in the absence of
hydrogen have suggested that thermal decomposition of the molecular form
occurs via C-C bond scission giving rise to CH% intermediates which then
decom pose completely at higher temperatures (giving rise to hydrogen
evolution). Rueter and Vohs [7.14], have studied the reactions of diethylzinc on
Si(lOO) surfaces using TDS and HREELS. Adsorbed diethylzinc dissociates on
the silicon surface at temperatures below 400 K to form Zn metal and ethyl
groups. The zinc was found to desorb at 400-550 K leaving only adsorbed ethyl
groups. They observed p-hydride elimination at around 550 K which produced
both adsorbed and gaseous ethylene as well as hydrogen. Interestingly, at high
coverages a number of these CH 2 species were found to recombine and desorb as
ethylene at ~750 K; at low coverages all CH2 groups decomposed to leave surface
carbon. This implies that the presence of surface hydrogen (formed during phydride elimination and only present in significant concentrations at high
coverage's) prevents the dehydrogenation of the CH 2 forms. Thus, it can be
postulated that similarly, it is the surface hydrogen in our experiments that leads
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to the thermal stabilisation of such CH 2 groups, which associate giving rise to
ethylene desorption at the observed (higher) temperature. In this case, the
intermediate B is CH2 and equations (7.1)-(7.3) above become:
(a) Atomic hydrogen driven surface conversion
C2H 4 (ads)
C2H 4 (ads)

C2H 2 (ads)
^

CH2 (ads).........................................................(7.4)

CH2 (ads)..................................................................................... (7.5)

(b) Thermal desorption of intermediates
C2H 2 (ads) 2 CH2 (ads) -

C2H 2 (g)
C2H 4 (g)

(760
(700

K )...............................................(7.6)
K ).............................................. (7.7)

The 700 K ethylene peak also formed directly when silicon surfaces with
adsorbed acetylene were directly exposed to atomic hydrogen ((vi) above). In
addition, deuterium scrambling experiments indicated that the 700 K ethylene
peak is more heavily deuterated when formed from adsorbed acetylene than
from adsorbed ethylene. This implies that whilst reaction (7.4) is occurring, the
direct formation of CH2 species from C2H 4 (reaction (7.5)) can not be ruled out.
It is of further importance to note that C3 species are also evolved when the
acetylene surface is irradiated with H. This clearly indicates that C-C bond
scission is induced by the presence of an H atom flux. These products are not
observed unless acetylene is present on the surface, so the most likely origin are
the reactions:
(a) Atomic hydrogen driven surface conversion
CH2 (ads) + C2H 2 (ads)

C (ads)......................................................................(7.8)

(b) Thermal desorption of intermediates
C (ads)

-

C3H 6 (g)

(690K).......................................................................(7.9)

The nature of intermediate C can not be unambiguously identified from the
experiments performed during this study. However, it can be noted that the
desorption of propylene from adsorbed propylene or propyl occurs at
significantly lower temperatures than detected here, ruling out the possibility
that these adsorbed species give rise to the TDS products observed [7.17,16].
Similarly the binding energy is likely to be too high for the surface intermediate
to represent a saturated hydrocarbon such as cyclopropane.
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7.4 SUMMARY AND IMPLICATIONS FOR DIAMOND CVD PROCESSES
In chapter 5, thermal desorption methods have been employed to study the
interaction of hot filament "activated" hydrogen and methane gases with Si(lOO).
Following exposure to methane which had flowed over a Ta filament held at
2200 K, the silicon surface was found to play host to a number of hydrocarbon
species, such as acetylene and ethylene, in addition to hydrogen. Interestingly,
when such a surface was exposed to atomic hydrogen, the surface conversion of
ethylene into acetylene was observed, accompanied by the appearance of
desorbing C3 species at the highest atomic hydrogen exposures investigated.
The similarities with the work presented in this chapter are considerable; here,
adsorbed phases of acetylene and ethylene have been directly formed and similar
atomic hydrogen driven surface conversions were detected. This would appear
to provide support for the assignment of the molecularly adsorbed ethylene and
acetylene in the previous study. Furthermore, this indicates that similar atomic
hydrogen stimulated surface reaction pathways can be promoted from well
selected gaseous beams to those generated by such species formed by flowing
methane gas over a hot filament.
The exposure of adsorbed layers formed from hot filament activated methane to
atomic hydrogen was found to promote the formation of C3 species (chapter 5).
These were believed to have been formed from reactions between adsorbed Ci
and C2 moieties. However, in the present study no Ci forms were purposefully
dosed onto the silicon surface, but C3 species were still apparent at the same
desorption temperature (670-690 K). Here it has been argued that CH 2 groups
form from adsorbed C2 at high atomic hydrogen exposures and the addition of
these to adsorbed acetylene gives rise to the desorbing C3 forms (sec. 7.3.2
above); a similar situation may have arisen in the experiments involving hot
filament activated methane. However, ethylene desorption at the (higher)
temperature of 700 K seen in the present study was not previously apparent.
Thus, it is likely that desorbing C3 forms can be produced by the presence of Ci
groups on the surface whether they arise directly from the gas flow which
emerges from a hot filament or from atomic hydrogen driven surface conversion
of C2 forms. The formation of C3 forms indicates that C-C bonds may be formed
on the surface by reactions between hydrogenated species. This indicates that
this may be an important means of initiating thin film diamond growth on silicon
as opposed to the build of C-C bonds through the (thermal) dehydrogenation of
adsorbed species.
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There has been considerable speculation in the scientific literature over the
relative roles of methyl or acetylenic species during CVD diamond nucléation
and growth [7.18-20]. It must be remembered that the results presented above
were achieved following the exposure of clean silicon surfaces under controlled
UHV conditions, as opposed to the several mbar pressures and rather poorly
characterised surfaces typical of diamond CVD. However, common to all
diamond formation conditions is a high concentration of atomic hydrogen near
the substrate surface [7.21]. Under this condition, the observation made here
that adsorbed C% species are readily converted to Ci forms in the presence of
atomic hydrogen may indicate that adsorbed Ci forms are likely to be significantly
more important than adsorbed C2 moieties during diamond nucléation. In this
case, whilst both gas phase C% and Ci hydrocarbons can enable diamond
formation to take place, it is the relative contribution of each of these forms to the
surface concentration of Ci species that will control the effectiveness of the
available hydrocarbons.
At the highest atomic hydrogen exposures measured during the present study, it
can be assumed that the majority of the adsorbed C2 species will have become
adsorbed Ci forms before associating to desorb as ethylene. The activation
energy for this associative desorption of ethylene can be estimated from the
Redhead equation [7.22] to be ~ 174 kj.mol’i, with a heating rate of -20 K.s'i and
assuming a pre-exponential factor of 1Q13. This energy can be related to the
surface lifetime of the CH2 species (t) by the equation,
t = to exp { Ea / RT} .............................................................................................. (7.10)
where to is the reciprocal surface vibrational frequency (assumed in this case to
be 10‘13 s). This implies the surface lifetime of CH 2 groups on a silicon surface
held at 1000 K, a typical CVD diamond formation temperature, is around 120 |xs.
It is believed that the concentration of C2 forms immediately above a substrate
under typical diamond CVD conditions is of the order lO"^ mbar [7.23]. Gas
kinetic theory suggests that this will lead to around 3 x 1 0 ^^
molecules m'^s'i
bombarding the silicon surface, if gas to surface mass transport limitations
caused by the presence of other species are ignored. If these were all converted
to adsorbed CH 2 by bombarding atomic hydrogen and CH 2 was only lost
through ethylene desorption, then the surface lifetime of 1 2 0 [is implies that the
surface would host around a monolayer of such species, assuming an available
adsorption site density of 2.5 x IQi^
[7.5]. Whilst this provides the very
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upper limit of possible CH% surface concentrations from adsorbing C2 forms it
does indicate that C2 molecules could be a major source of adsorbed CH2 during
the onset of diamond growth at typical growth temperatures.
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THE INTERACTION OF ATOMIC HYDROGEN WITH
ADSORBED METHYL-IODIDE ON 81(100)
INTRODUCTION
RESULTS
Interaction of Atomic Hydrogen with CH3 I Adiayer
Thermal Cracking of CH 3 I

DISCUSSION
IMPLICATIONS FOR DIAMOND CVD PROCESSES
SUMMARY

8.1 INTRODUCTION
The reactions between atomic hydrogen and hot-filament activated methane on
Si(100)-(2 X 1) has been discussed in chapter 5. The results reveal that the surface
can play host to, in addition to hydrogen, C2H 4, C2H 2 and CHx (x = 1, 2, or 3)
species at the onset of diamond growth. The importance of atomic hydrogen in
diamond film deposition has also been addressed (see review in chapter 3).
Therefore, adsorbed phases of C2H 4 and C2 H 2 have been directly formed on
Si(100)-(2 X 1) and the interactions of these adsorbed species with atomic
hydrogen were considered in chapter 7. The results indicate that similar atomic
hydrogen stimulated surface chemical reaction pathways can be promoted from
w ell selected gaseous beams to those generated by such species formed by
flowing CH4 gas over a hot filament. The indication that C2 hydrocarbon forms
(C2H 4 and C2 H 2 ) are likely to contribute primarily to the formation of adsorbed
Cl forms (CH2 ) in the presence of a large excess of atomic hydrogen is also
interesting. In this present chapter, the interaction of atomic hydrogen with
surface methyl groups derived from methyl iodide adsorption on Si(100)-(2 x 1)
is examined. A preliminary investigation of thermal cracking of methyl iodide
to generate free methyl radicals is also presented.
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8 .2

RESULTS

8.2.1 Interaction of Atomic Hydrogen with CH3 I Adiayer
Clean, ordered, Si(lOO) surfaces were prepared and then exposed, at room
temperature, to carefully controlled quantities of methyl iodide (CH3I) vapour.
Figure 8.1 shows TDS spectra relating to various detected mass signals obtained
following the exposure of the Si(lOO) surface to 0.01 L of CH3 I. The main mass
signals observed are 2 amu (H 2 ), 127 amu (I) and 128 amu (HI). A search for
further desorption products like methane, ethene, ethane, higher hydrocarbons,
silicon monoiodide, molecular iodine and methyl iodide gave negative results.
Figure 8.2 displays typical desorption spectra for 2 amu plotted as a function of
CH3I exposure (0.015-0.08 L). The peak centred at a temperature of ~800 K is
seen to grow in intensity with increasing CH3 I exposure. The inset shows the
uptake characteristics of this state, where the area under each of the TDS peaks
shown in fig. 8.2 is plotted against the CH3I exposure; the initial rapid population
of the adsorbed phase can be seen to approach saturation at the highest exposure
investigated in this study. In fig. 8.1, H 2 desorption (centred at 800 K) is seen at
a significantly lower temperature than that observed for other desorption peaks
(centred at 825 K). In order to assess the origin of this species, an experiment
was carried out where atomic hydrogen was adsorbed on the Si(lOO) in the
absence of CH3I. TD spectrum recorded at 2 amu following such experiment (10
L of hot-filament activated H 2 ) is included in fig. 8.2 for comparison, only one H 2
desorption state, monohydride, is observed at 780 K. Clearly, the H 2 desorption
temperature from the CH 3 I adiayer is occurring at significantly higher
temperature than the monohydride phase (~20 K).
The silicon surface was also exposed to atomic hydrogen following CH3 I
adsorption to determine the influence of atomic hydrogen on the surface phases
present. Figure 8.3 displays TD spectra recorded at 127 amu after a constant
dose of 0.03 L of CH 3 I to the clean Si(100)-(2 x 1), followed by atomic hydrogen of
varying exposures (0-100 L). As the atomic hydrogen exposure is increased, the
peak at 825 K decreases in intensity. The inset shows the thermal desorption
yield for 127 amu plotted as a function of atomic hydrogen exposure; a rapid
depletion of this state is reflected.

186

Chapter Eight

128 amu

P

I

127 amu

s
3

2

500

Fig. 8.1
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TD spectra recorded at various masses following exposure of 0.01 L of
CH 3 I onto Si(lOO) surface.
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8 .2

TD spectra recorded at 2 amu following the exposure of Si(lOO) to
0.015-0.08 L of CH 3 I, compared to TD spectrum recorded at same mass
following 10 L of hot filament activated H 2 exposure onto Si(lOO). The
corresponding TD yield as a function of CH3I exposure is shown in the
inset.
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TD spectra recorded at 127 amu for the exposure of Si(lOO) to 0.01 L of
CH 3 I follow ed by 0-200 L of hot filament activated hydrogen. The
corresponding TD yield is shown in the inset.
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Figure 8.4 shows TD spectra recorded at other masses following the interaction of
atomic hydrogen (200 L) with the CHgl-dosed (0.03 L) Si(lOO) surface; revealing
the presence of additional desorbing species. As observed in chapters 5 and 7,
whilst different H 2 (2 amu) desorption states (Pi, 780 K an d Pz/ 650 K) are
observed, silane (SiH^, 28-32 amu) desorption is also detected (centred at
~575 K); its major mass fragment (31 amu) is showed in fig. 8.4.
These
desorption species are known to be the main products from the heavily
hydrogenated Si(lOO) surface [8.1]; confirming that a corrosive action which
removes some surface Si atoms (with SiHi evolution) takes place. However, TD
spectra recorded at 41-45 amu also reveal some small peaks centred at ~575 K.
Comparison of the intensity of all these peaks with the fragmentation pattern
expected for methyl silane (CHgSiHg) [8.2] shows a good fit. Therefore, in
addition to the desorption of H 2 and SiH4, the desorption CHsSiHs occurs. No
peaks at other masses were detected.

(x 1)

(x

10 )

2

amu

31 amu

(x 100) 44 amu
500

Fig. 8.4

600

800
700
Temperature / K

900

TD spectra for different desorbing species after exposing 100 L of
atomic hydrogen to the Si surface following CH3I (0.03 L) adsorption.
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8.2.2 Thermal Cracking of C H 3I
The construction of a high temperature zone at the end of a dosing tube has been
described in chapter 4 (sec. 4.4.3). The products of CH3 I pyrolysis have been
investigated by line-of-sight mass spectrometry. Figures 8 .6 and 8.7 show the
mass spectra obtained using the dosing tube with the heated zone at room
temperature and - 1200 K, as measured by the thermocouple embedded in the
ceramic adhesive. Also shown in table 8.1 are the electron impact (70 eV)
fragmentation patterns for methyl radicals, methane, ethane and methyl iodide
published in the literature.
The mass spectrum at room temperature is
characteristic of intact CH3I with a fragmentation pattern similar to that previous
measured by others (table 8.1). The pyrolysis of CH3I at elevated temperatures
can be monitored by the parent ion peak at mass 142. As shown in fig. 8 .6 , the
intensity of this peak (142 amu) is greatly attenuated after passing through the
high temperature zone, indicating that thermal cracking of CH 3 I has occurred.
From the change of intensity of this major peak, approximately 85% thermal
decomposition is achieved in the conditions employed in this study.

(Electron ionization energy = 70 eV)

CHJ at 300 K
CH^I pyrolised at 1200 K
100

Fig.

8 .6

110

130
120
Atomic Mass Unit

140

Mass spectra of CH3I at room temperature and following pyrolysis at
1200 K (the parent and the first fragment ion peaks at 142 and 127
amu respectively are shown).
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(Electron ionization energy = 70 eV)

CH3I pyrolized at 1200 K

CHJ at 300 K

No CHal, 1200 K

0

10

20
30
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40

Fig. 8.7 Mass spectra of CH 3 I at (a) room temperature and (b) following
pyrolysis at 1200 K. Residual gas analysis carried out when the
cracking source is held at 1200 K in the absence of CH3I is shown in (c).
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Examination of the remaining mass spectra (fig. 8.7) reveals the presence of CH4,
C2H 6,
along with substantial intensity at 15 amu. In addition, peaks at other
masses i.e., 23, 32 and 39-43 amu, are also apparent during the high-temperature
operation of the cracking source. The fact that these peaks were also observed
when the source was switched on but with no flow of CH3I (fig. 8.7(c)), they are
attributed to the decomposition or impurities of the ceramic adhesive. This sets
a limit to the temperature which the source can operate, though near complete
cracking of CH3I (as judged by the intensity of the parent ion peak) was observed
with temperatures > 1200 K.

Electron Impact Fragmentation Pattern
amu

CH3 I"

CHgb

CH4^

H 2^

1

2

2

100

12

13
14
15
16
17
25
26
27
28
29
30
63
127
128
139
140
141
142

13

3
9
48

3
9
17

10 0

86

6

100

3
5

1

4
24
34
100
21

24
2

38
3
5
4
14
100

Table 8.1 Electron impact (70 eV) fragmentation pattern of the methyl iodide,
methyl radical, methane, ethane and hydrogen (^ ref. 8.2; ^ ref. 8.3).
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8.3 DISCUSSION
The adsorption of CH3 I on Si(100)-(2 x 1 ) surfaces has been studied previously
[8.4,5].

The CH 3 I molecule dissociates upon adsorption at 300 K into a

covalently-bonded methyl group and a chemisorbed iodine atom. As described
in chapter 4, the Si(100)-(2 x 1 ) surface consists of Si surface atoms which form
dimers with a dangling bond on each of the Si atoms in the dimer pair [8 .6 ]. A
full-coverage adsorption of one CH3I molecule per Si dimer site was measured
[8.4] which suggests that the suface species resulting from the dissociative
adsorption of CH3 I are the methyl group and the iodine atom, each bound to one
dangling bond on the surface. The adsorbed methyl group was shown by
HREELS [8.5] to be thermally stable to 600 K; above 600 K it begins to decompose
to yield CH(ad) and H(ad), possibly via the production of intermediate =CH 2 (ad)
species. At higher temperatures, H% and I were observed to desorb from the
surface between 650-850 K and 725-875 K respectively, the carbon remaining on
the Si (100) surface started to diffuse into the bulk at 750 K [8.4]. In addition,
thermal desorption revealed a small amount of HI at 800 K. This has been
attributed to the combination of hydrogen atoms, produced on the surface by
decomposition of the methyl group, with the adsorbed iodine atoms to form
hydrogen iodide.
No desorption of methane or methyl iodide is found.
Another study utilized TPD and HREELS to examine the behaviour of Zn(CH 3)2
on Si(100)-(2 X 1) [8.7]. A molecular adsorbed Zn(CH3)2 was observed at 90 K.
Heating the surface to 450 K results in complete dissociation of the adsorbed
Zn(CH3)2, producing zinc metal and surface methyl groups. The desorption of
zinc metal from the Si(lOO) surface occurs near 500 K and after heating to 600 K,
the HREELS results indicate that methyl groups are the only species present on
the Si(lOO) surface. The methyl groups undergo complete dehydrogenation
between 600 and 800 K producing adsorbed hydrogen and carbon. As with
CH3I adsorption on Si(lOO), further heating then results in H 2 desorbs at 820 K,
leaving carbon atoms remain on the surface.
The adsorption-desorption characteristics of CH3I observed in this study are in
good agreement with the studies performed previously [8.4,5]. That methyl
iodide undergoes dissociation upon adsorption on Si(100)-(2 x 1) is inferred from
the fact that the desorbing species detected are H 2, I and HI (fig. 8.1) and no
molecular CH 3I desorption is found. The desorption of H 2 at a temperature
~20 K higher than the monohydride phase (fig. 8.2) is also in consistent with the
thermal stability and the decomposition pathway of the methyl groups adsorbed
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on Si(lOO) reported in the literature. The presence of adsorbed methyl groups
following CH3I adsorption on Si(100)-(2 x 1) is therefore confirmed.
Since it is difficult to assess the influence of the iodine atoms on the surface
reactivity of methyl groups, a preferential depletion of such surface species is
desirable.
Cheng et al. [8 .8 ] have investigated the interaction of atomic
hydrogen with halogen-terminated Si(lOO) surfaces; efficient removal of surface
halogen at room temperature has been observed. From the extremely low
activation energy for the reaction the authors [8 .8 ] postulated that the Hextraction process follows an Eley-Rideal reaction mechanism where the surface
reaction,
H(g) + X(a)

HX(g).................................................................................... (8.1)

where X = I, Br, and Cl, is driven mainly by the high internal energy of incident
atomic hydrogen instead of thermal excitation from the Si(lOO) solid surface.
Similarly, an efficient removal of surface I by atomic H follow ing CH3I
adsorption on Si(lOO) has been observed using AES [8.9]. The initial reaction
rate constant for the removal of surface I is found to be 170 ± 20 times higher than
that for surface carbon at 300 K. As shown in fig. 8.3, the intensities TD spectra
recorded at 127 amu from a CH3l-dosed Si surface declined rapidly following
atomic H exposure, indicates that a rapid depletion of surface I by atomic H has
occurred. A near complete removal of surface I by H-extraction has been
achieved with a hydrogen exposure of 200 L (fig 8.3). Therefore the thermal
desorption product of CH3 SiH3 (see fig. 8.4) observed in this study following the
atomic hydrogen exposure of ^ 200 L with CH3 I adiayer is indicative of surface
reactions of the methyl groups with the incident atomic hydrogen.
Etching of the Si(lOO) surface by atomic H is known to be more efficient at low
temperatures (T ^ 400 K) and high hydrogen coverages [8.1,11-13]. The high
surface coverage of chemisorbed hydrogen (as indicated by the P2 state) and the
SiH4 desorption (fig. 8.4) indicate that etching occurs on the CH3Ï-dosed Si(lOO)
surface at the exposures of atomic hydrogen used in this study. Therefore, in
contrast to the almost non-activated behaviour oberved for the extraction of
surface I, the depletion of adsorbed methyl group on Si(lOO) by atomic hydrogen
occurs via the etching of the CH3-incorporated Si(lOO) surface by the formation of
voltatile methyl silane (CH3 S1H 3 ) as indicated in fig. 8.4. This is consistent with
the AES study by Cheng and coworkers [8.9] which reported that the removal of
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surface methyl group by atomic hydrogen occurs slowly at temperature < 450 K
through an etching process giving rise to evolution of CHgSiHg. In addition,
these authors have also observed an efficient isotope exchange reaction between
the CDaCad) and H(g) and suggested the likely process as;
H(g) + CD3 (ad) -

HD(g) + CD2 (ad)..............................................................(8.2)

and
H(g) + CD2 (ad) -> CD2 H(ad).......................................................................... (8.3)
Therefore, the results of this study couple with the findings of Cheng et a l [8.9] to
suggest that the interaction adsorbed methyl groups on Si(lOO) with atomic
hydrogen at 300 K involves two reaction channels: (i) a slow etching process in
which CHaSiHs is evolved, and (ii) the rapid exchange reactions of (8.2) and (8.3).
Certainly, it is also of great interest to directly study the chemistry between gas
phase methyl radicals and solid surfaces. A study of the interaction of this
species with other hydrocarbon species adsorbed on a solid surface would be
invaluable as well. Hence developing a methyl radical source is appeal ing.
Methyl radicals can be formed by chemical reaction of some stable precursor. A
methyl free radical source has been developed by Peng et al. [8.13] from the
pyrolysis of azomethane (CH3NNCH 3). Here pyrolysis of methyl iodide has
been investigated as CH3I is commercially available. The C-X bond of methyl
iodine is also less stable than those of the lower molecular weight methyl halides
as indicated by the low CH3-I bond energy (234 kj.mok^) compared to CH 3-Br
(293 kj.mol'i) and CH3-CI (349 kJ.moH) [8 .8 ]. Thermal cracking of CH3I at 1200
K is clearly indicated in fig. 8 .6 by the attenuation of the parent peak at 142 amu.
The pyrolysis products predicted will include methyl radicals and iodine atom
from the primary reaction:
CH3I * C H

3

+ I* ................................................................................................(8.4)

By examining the fragmentation patterns in table 8.1, the substantial intenisty at
15 and 14 amu (fig. 8.7) cannot be acounted for by the contribution from CH4
(parent ion peak at mass 16) and the small amount of residual CH 3I (parent ion
peak at mass 142). The production of methyl radicals as one of the pyrolysis
products is therefore inferred.
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Under the pressure (lO'^ Torr) employed in this study, side products such as
CH4, C2H 6 and H 2 are also evident in fig. 8.7. They could arise from the chain
reactions induced by the methyl radical, however probably to only a very small
extent as gas-phase collision is not very likely under such conditions. C2 H 6 was
possibly produced primarily through the coupling of methyl radicals on the
walls of the dosing tube [8.13]. In addition, H 2 can be released when methyl
radicals decompose on the walls of the dosing tube as described above and CH4
can be formed through the reaction of methyl radicals with surface hydrogen
[8.13]. Therefore, the presence of these undesired side products can also serve
as
evidence of the generation of methyl radicals through thermal cracking of
CH3I.

8.4 IMPLICATIONS FOR DIAMOND CVD PROCESSES
In chapter 5, the exposure of a silicon surface to methane which had flowed over
a Ta filament held at 2200 K, was found to lead to adsorption of hydrogen and a
number of hydrocarbon species, such as acetylene and ethylene. In addition,
adsorbed CHx species have also been implicated. Interestingly, when such a
surface was exposed to high exposure of atomic hydrogen, the surface
conversion of ethylene into acetylene was observed, accompanied by the
appearance of desorbing C3 species (C3 H 6 ). A mechanism proposed for the
surface addition reactions observed has been illustrated schematically in fig. 5.13;
it involves interaction of both acetylenic and methyl species driven by atomic
hydrogen.
Also as described in chapter 7, the surface reactions of both adsorbed ethylene
and acetylene are strongly modified by exposure to atomic hydrogen. In the
absence of atomic hydrogen moleculary adsorbed ethylene is formed at room
temperature with competition between dehydrogenation (giving rise to surface
carbon) and molecular desorption being apparent at elevated temperatures. In
the presence of atomic hydrogen there is no evidence that total dehydrogenation
occurs, the surface conversion of ethylene to acetylene and then to adsorbed CH2
forms being observed, with associative desorption of CH2 groups giving rise to
ethylene occurring at elevated temperatures. Similarly, adsorbed acetylene is
converted to adsorbed CH2 in the presence of atomic hydrogen rather than the
moleculary adsorbed acetylene either desorbing intact or dehydrogenating to
give rise to surface carbon in the absence of such hydrogen. Again these CH2
groups associate giving rise to ethylene desorption at elevated temperatures.
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O nce form ed, these CH 2 groups m ay u n d erg o surface ad d itio n reactions w ith
adsorbed acetylene, w ith C 3 groups being therm ally desorbed.
In this chapter, w here interaction of atomic hydrogen w ith surface m ethyl groups
is considered, the surface ad d itio n reaction resu ltin g in th e form ation of C3
produ cts is, how ever, not observed.

Clearly, this is consistent w ith an d thus

provid es su p p o rt for the surface ad d itio n m echanism p ro p o sed previously for
the form ation of C 3 species. This indicates th at C -C b on d form ation on a silicon
surface can occur th ro u g h the atom ic hydrogen driven addition of hydrogenated
surface species.

H ow ever, com bining the results in this stu d y w ith those in

chapters 5 and 7 clearly suggest th at this m eans of carbon layer form ation, as
o p p o sed to the b u ild u p of surface carbon from th erm a l d eh y d ro g en atio n
reactions, takes place only w h en acetylenic species is p resen t on silicon surface.
M ore recently, Lee et al. [8.14] have investigated the grow th of diam ond u n d e r
conditions w here the hydrocarbon radicals and atom ic h y d ro g en are pro d u ced
separately and come to interact only at the surface of the grow th substrate (Si or
Mo).

W hilst diam o n d gro w th (on 0.1-0.25 m icrom eter d iam ond seeds) w as

observ ed w ith m eth y l rad ical an d atom ic h y d ro g en , in teractio n of atom ic
h y d ro g en w ith C 2 H 2 only gave poorly defined particles w hose R am an spectra
indicated p rim arily g rap h ite u n d e r sim ilar conditions.

A lth o u g h no actual

g ro w th w as carried th ro u g h o u t th is w ork, it sh o u ld be n o te d th a t the
exp erim en tal conditions em ployed are how ev er very sim ilar to the g ro w th
conditions reported by Lee et al [8.14].
C h ap ter 7 indicates th at C 2 h y d ro carb o n form s w hich interact w ith a silicon
surface in the presence of a large excess of atom ic hydrogen can also lead to the
fo rm a tio n of ad so rb e d Ci form s.

A t ty p ical CVD d ia m o n d fo rm a tio n

tem p eratu res, the surface p o p u latio n of these species m ay be a considerable
fraction of a m onolayer and hence it can be speculated th at diam ond form ation
from C 2 m olecules (such as C 2 H 2 ) occurs via a Ci (CH 2 ) surface interm ediate. In
this case th en the relative m erits of gaseous acetylene versus m ethyl species for
diam ond form ation w ill depend up o n the efficiency that each of these contribute
to the ad so rb ed p o p u latio n of C% m oieties.

A dditionally, adsorbed Ci form s

m ay u n d e rg o a d d itio n reactio n s w ith ad so rb e d C 2 g ro u p s to fo rm C 3
hydrocarbons.

The form ation of graphitic carbon clusters by this route w ould

lead to a supp ressio n of the diam ond nucléation.

Since acetylene can therefore

be im p licated in b o th d iam o n d an d n o n -d ia m o n d carbon form ation, it is
ap p a re n t h o w the often confusing inform ation in the literatu re has occurred.
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Under conditions which favour diamond formation from C2H2 with low residual
concentration of surface bond C2H2, acetylene may instead lead to diamond
formation. Under conditions where significant quantities of C2H2 remain on the
surface at all times, the competition between sp^ formation and graphitisation
through the formation of C3 carbon chains by addition reactions (which may
contribute to surface sp^ or sp^ forms) w ill at least reduce the likelihood of
diamond formation and at worst suppress it totally.
As mentioned in section 8.3, the most rapid process for the interaction of atomic
hydrogen with surface methyl group on Si(lOO) at 300 K is the exchange reactions
of equations (8 .2 ) and (8 .3 ). Interestingly, unlike the observations in chapter 7,
although CH2 as surface interm ediate is im plicated in reaction (8.2), the
association desorption of CH2 groups giving rise to evolution of ethylene is not
observed in this chapter. Therefore, the difference in stability between the CH2
surface intermediate originating from the methyl groups and the C2 hydrocarbon
forms is perhaps another factor leading to the common claim that CH3 is more
efficient in diamond formation than C2H2.

8.5 SUMMARY
The adsorption of CH3I on Si(100)-(2 x 1) and the effect of atomic hydrogen on
the adsorbed phase have been studied. The dissociative adsorption of CH3I leads
to adsorbed CH3 and I on the clean Si surface.

U pon heating, CH3(ad)

decom poses which gives rise to the desorption of hydrogen and the retention of
carbon adatoms on the surface, whereas I(ad) desorbs m ainly in the form of
iodine atoms.

Whilst an efficient removal of surface iodine by reaction w ith

atomic hydrogen has been observed, the evolution of CH3SiH3 follow ing large
atomic hydrogen exposures indicates that the depletion of CH3(ad) partially
occurs through an etching process. N o desorption of C2 or C3 forms is found.
The results presented during chapters 5 and 7 have been discussed in terms of
the importance of the various gas phase species and reaction pathways that are of
importance during diam ond CVD.

These results indicated that the relative

merits of gaseous acetylene versus m ethyl species for diamond formation w ill
depend upon the efficiency that each of these contributes to the adsorbed
population of Ci surface intermediate (CH2). It has also been postulated that
acetylene can simultaneously be involved in diamond CVD via formation of a Ci
surface intermediate and (if the concentration exceeds certain limits) also act as a
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precursor to graphitic carbon compounds through the formation of C3 carbon
chains by addition reactions (which may contribute to surface sp2 or sp^ forms).
The results reported in this chapter indicate that addition reactions (either to
form C2 or C3 forms) do not occur w hen on ly CH3 is adsorbed to the Si(lOO)
surface.

This observation supports the assertion that w hilst CH3 and C2H2 can

be involved in diamond growth only CH3 does efficiently since it does not suffer
from competing reaction pathways.
In addition, a preliminary investigation of a methyl radical source from thermal
cracking of CH3I has been carried out.
m ethyl radicals has been observed.

Pyrolysis of CH3I at 1200 K leading to

However, the feasibility of this source for

the production of a clean CH3 radical beam w ill require further investigation to
establish the extent to which the by-products of the thermal dissociation reaction
interfere with any nucléation/growth steps.
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CONCLUDING REMARKS

The formation of thin film diamond by CVD methods is clearly of significant
scientific and commercial interest. Since mid 1980's, this field has moved from
relative obscurity to become a main stream research topic involving many
hundreds of researchers world-wide. Advance in the quality of thin film
diamond grown by CVD methods has been rapid. Scattered particulates were
grown in the mid 1980's, however the best films achieved currently are highly
oriented, large grain size polycrystalline films which show an epitaxial
relationship of some forms with silicon growth substrates. Despite this, and
many hundreds of scientific publications relating to the mechanisms of diamond
nucléation and growth, the means by which activated gas mixtures are
transformed into diamond is still far from well understood. In particular, there
is a lack of knowledge to the surface chemistry and physics of nucléation and
growth processes which lie at the heart of thin film formation, including the
nature of the substrate before growth, the form of the surface during the
onset, and propagation, of growth and the exact nature of the critical growth
species. This alone is significant enough to hinder any planned approach
towards the optimal goal of most researchers in the field, which is the formation
of low defect hétéroépitaxial diamond layers on inexpensive substrates, such as
silicon. When allied to the uncertainties which persist in deciding the ideal
approach for gas phase activation, such as plasma ignition by microwave or
radio frequency, and the lack of scientific reports on the actual optimised growth
conditions researchers employ, it is apparent this target is not realisable without
an amount of good fortune resulting from considerable empirical research effort.
This thesis has attempted to address some of the fundamental surface chemical
reactions which are central to diamond nucléation on silicon by CVD methods,
with the aim that key questions for hétéroépitaxial diamond growth can begin to
be resolved. A range of surface sensitive probes including thermal desorption
spectroscopy (TDS), Auger electron spectroscopy (AES) and low energy electron
diffraction (LEED) has been employed. The systems studied encompass the
adsorption of CH4 (hot-filament activated), C2H 4 , C2H 2 and CH3I on Si(lOO) and
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the effect of atomic hydrogen on the adsorbed phases formed. The results have
provided experimental insight into the nature of the microscopic surface bound
growth intermediates and a range of surface chemical reactions by which these
bound intermediates contribute to diamond nucléation or growth have been
observed. Summaries of the results for the specific systems characterised are
presented at the ends of the relevant chapters and will not be repeated here. In
addition, reactions on CVD diamond have also been studied in order that the
growth mechanism may be more clearly understood, but success in this area is
hindered by the difficulty of differentiating the decomposing hydrocarbon
species with the host carbon lattice by standard surface spectroscopy techniques
employed in this work.
Nevertheless, it is the author's opinion that surface spectroscopy has a great deal to
offer in the study of diamond nucléation on non-diamond substrates and the use
of these techniques beyond the work reported in this thesis should be
encouraged. In order to establish a clearer picture of the surface chemical
mechanisms which give rise to the thickening of a diamond film once
established, a more sophisticated approach is required. Whilst the difficulties of
em ploying these techniques should not be underestimated.
X-ray
photoelectron spectroscopy (XPS) and high resolution electron energy loss
spectroscopy (HREELS) appear to be promising candidates. XPS can provide
information on the chemical state of the bound carbon (graphitic versus SiC etc.),
whereas HREELS can identify the chemical nature of the bound species. When
allied with information on the volatile reaction products produced obtained by
other techniques, such as TDS employed in this work, a clearer insight into the
adsorption, decomposition and kinetics of the growth intermediates can be
gained. In addition, it is also of great interest to extend these studies to consider
surface reactions on carbon covered Si, SiC, graphitic and diamond substrates
since reactions on sp^ and sp^ carbon species at the onset of interfacial growth
will inevitably contribute to the overall reactivity patterns observed. This will be
especially relevant if the origin of the slow nucléation arise from effects following
the initial rapid deposition of a carbon layer. Furthermore, study of surface
chemical processes involved under dynamic growth conditions should also be
encouraged. In-situ experimental information on the fluxes of adsorbing species,
desorbing species and surface lifetime are also critical in gaining a full insight
into the nucléation/grow process. In this context, modulated molecular beam
mass spectrometry which has been used as an effective in-situ probe in other
growth systems can be a promising candidate.
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Of particular interest are the observations made during the work reported in this
thesis that molecular beams of gases appear capable of giving rise to the same
chemical surface transformation that are apparent when activated gas mixtures
interact with silicon surfaces. This would appear to indicate that by providing
the right chemical species, little else is required to realise diamond nucléation
and growth. This being the case, the activation step, such as hot-filament and
microwave plasma excitation, is merely required to initialise gas phase reaction
between otherwise stable gaseous species to encourage the formation of the
correct chemical mixture. Development of the growth of high quality III-V
semiconductors has to some extent relied upon the evolution of UHV based
techniques, such as molecular beam epitaxy (MBE), gas source (GS)-MBE and
GS-chemical beam epitaxy (CBE). In an analogous way, it may be that the
evolution of GS-MBE and -CBE for diamond growth is required for the formation
of a truly electronic quality material.
As a direct consequence of the
observations made here, a research program aiming to achieve this has been
initiated through the collaboration between UCL and University of Oxford.
Provided the interest in the field is sustained at the current level, diamond thin
films of a quality to rival other materials would appear to be a commercial
prospect in around 10 years time. The realisation of advanced structures based
on these films, such as high performance electronic components and sensors
would appear a very exciting challenge for those researchers continuing to work
in this area.
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APPENDIX
The following describes the approach used to estimate the distribution of a
mixture of C2 HxD4_x (x = 1-4) in the isotope labelling experiments in chapter 7.
First the fragmentation patterns of these species need to be determined as they
are not available. This can be obtained by simple probablity theory with the
assumption that the cracking patterns of these species are similar to that of C 2H 4 .
As an example, the calculation for C2H 2D2 is shown below.
Cracking patterns of C2H4 is:
Fragment

AMU

C2H4
C2H3

28
27

C2H 2
C2H

26
25

Relative Intensity (%)
100

64.8
62.3
11.7

The probablity of each possible fragments of C2H 2 D 2 is:
Fragment
C2 H 2 D 2
C2HD 2
C2H 2D
C2D 2
C2HD
C 2H 2
C2D
C2H

AMU

Probablity

30
29
28
28
27
26
26
25

1
1 /2
1 /2
1 /6

4 /6
1 /6
1 /2
1 /2

Therefore the cracking patterns of C2D 4 :
Intensity (%)

AMU
30
29
28
27
26
25

1

x

100

(1/2)
(1/2)

X

(4/6)
(1/6)
(1/2)

X

X

X
X

64.8
64.8 + (1 /6 )
62.3
62.3 + (1 /2 )
11.7

X

62.3

X

11.7

= 100
= 32.4
= 42.8
= 41.5
= 16.2
= 5.9
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Using the similar procedure, the cracking patterns of the C2HxD4_x (x = 1-4) are
tabulated as follow:
AMU

Fragmentation Patterns
C2 H 4

C2H 3D

C2H 2D 2

C2 D 4

C2 HD 3

32

1 0 0 .0

31
30
29
28
27
26
25

1 0 0 .0
100.0

16.2

48.6
47.4
34.1

32.4
42.8
41.4
16.2

48.6
31.1
31.1
2.9

8.8

5.9

8 .8

1 00.0
1 0 0 .0

64.8
62.3
11.7

64.8
62.3
11.7

With the intensity of the parent fragment of each species, the theoretical
intensities of the other fragments can be calculated using the above cracking
patterns. Therefore, the distribution can now be determined from the intensities
of the TDS peaks recorded at the relevant masses using elimination method,
starting with the highest atomic mass unit detected as shown below.
AMU

32

31

30

29

28

27

26

Expt. Intensity

107
407

1654

3094

4528

6053.3

4773.3

3480

1654

267.9
2826.1

803.8
3724.2

514.4
5538.9

514.4
4258.9

48
3432

2826.1

915.6
2808.6

1209.6
4329.1

1170.0
3088.9

457.8
2974.2

2808.6

1365
2964.1

1331.3
1757.6

957.7
2016.5

2964.1

1757.6
59.3
64.8

2016.5

C2 HD 3
Remainder
C2 H 2 D 2

-

Remainder
C2 H 3 D
Remainder
C2 H 4
Calculated (%)
Literature (%)

0

0

0

1 00
100

6 8 .0

62.3
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The final comparison of the resulting cracking patterns of C2 H 4 with that
reported in the literature shows a good agreement and thus the validity of using
this approach to calculate the distribution of the deuterated ethylene has been
established.
Therefore, the distribution of the mixture of C2HXD4-X (x = 1 ^ ) are calcu/oted as:

C2 D 4

107

C2 HD 3

1654

C2 H2 D 2
C2 H3 D
C2 H 4

2826.1
2808.6
2964.1

1

%

16%
27%
27%
29%
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