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Abstract

This thesis reports studies of fundamental gas-phase chemistry within Hot Filament
(HF) and microwave plasma enhanced chemical vapour deposition (CVD) reactors
used for depositing diamond as well as computational investigations into the incor-
poration of gas-phase species, present within the CVD environment, into a growing
{100} diamond surface.

Resonance enhanced multiphoton ionisation studies of atomic boron and atomic
hydrogen in HF activated Bi; / CH, / H, gas mixtures are described. These results
suggest that boron does not form a stable gas-phase reservoir species with borane
B,H,) species and only combines with carbon species (when present) in cooler re-
gions of the reactor. The physical properties of the tantalum filament, particularly
its surface are considered to have a major influence on the gas-phaseBtén-
trations.

A high pressure CVD microwave reactor has been installated and its operation
optimised. Under base operating conditions, Cavity Ringdown Spectroscopy mea-
surements of Crotational temperature show the plasma temperature to be-8520
260 K and G(a, v=0) column densities are found to 8.6x 10" cm=2. C,(a)
column and number densities have been calculated as a function of process condi-
tions.

CH, and GH, molecules, and their interconversion, have been monitored by
line-of-sight single pass absorption methods, as a function of process conditions
(e.g. choice of input hydrocarbon (Glar C,H,), hydrocarbon mole fraction, total
gas pressure, and applied microwave power) using a quantum cascade laser.

Computational studies have focussed upon the addition and loss processes of
gaseous methyl and boron hydride (BHadical species to a DFT model of the
{100} diamond surface. Mechanisms for direct insertion of surface bound BH (and
B) species into a growing100} face of diamond have been identified, as has an
alternative ring opening / closing sequence for incorporating BH.

Studies of the incorporation of methyl radical upon {A€0} surface have been
expanded by the use of a QM / MM approach.
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Chapter 1
Introduction

Diamond is an ancient gem material whose plethora of extreme physical properties
are only just being industrially realised. This chapter explores the known properties,
synthesis methods and growth mechanisms of chemical vapour deposited diamond.

1.1 Diamond structure and properties

Atomic carbon has three major elemental forms, graphite, cages (e.g. fullerenes)
and diamond. Each allotrope has vastly different properties, due to the ability of
carbon to adopt various electronic hybridisation forms by mixing of the valence s
and p orbitals.

sp? carbon atoms typically adopt hexagonal patterns with the non-hybridised
carbon p orbital perpendicular to the pattern. Carbon hexagons can be arranged to
form a graphitic sheet structure, Figurel (a) The planar arrangement of the?sp
carbon atoms leads to a distributecelectronic system which enables electronic
conduction. 3D isolated cage structures formed from hexagonal and pentagonal car-
bon rings are found to be stable for structures with more than 60 carbon athms [
Figurel.1(b)

Diamond is a 3D cubic crystal of covalently bound sprbon, Figure..2, with
each carbon bound to the four neighbouring atoms.

The carbon atoms are interlocked into a perfect tetrahedral arrangement, with
bond lengths of 1.5448 and bond angles of 109with a point group of ] that
forms a face centre cubic crystal with loca| §ymmetry in the F8im space group.



(a) (b)

Figure 1.1: Elemental forms of spcarbon: (a) graphite, showing the layer
structure; (b) G molecule

Figure 1.2: The unit cell of diamond with the corner atom removed for
clarity

The combination of the strong carbon—carbon colavent bonds, rigid geometry and
high level of symmetry leads to the physical properties listed in Takile

In combination with these extreme physical properties, diamond also affords a
wide window of optical transparency, from the far IR to UV light (255 nm), mak-
ing it an ideal material for windows in extreme chemical environments. (There are
weak IR absorptions within the small region of 2.5 tpi® due to the two phonon
absorption). The symmetric nature of diamond means that there are various mor-
phologies which a sample can adopt with the most common planes, identified by



their respective Miller indices, shown in Fig.3

Mechanical hardness ~ 90 GPa
Bulk modulus 1.2¢< 102 N/ m?
Compressibility 8.3« 100¥ m?/N
Thermal conductivity (Type lla, 293K) 2-2210°W/m/K
Thermal expansion coefficient (293K) 08106 /K

Table 1.1: Physical properties of diamond from ref| [
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(c) {111}- top view with “chair” cyclo- (d) {111} - side view
hexane structure highlighted.

Figure 1.3: Major morphologies of diamond with carbon-hydrogen bonds
terminating the growth direction indicated.



1.2 Diamond Synthesis

Under standard conditions (298 K, 1 atm), graphite is the stable form of carbon and
diamond is metastable. There is a small difference in free energies between the two
phases (2.9 kJ mot [3]) but interconversion is hindered by the presence of a large
energy barrier, resulting in the phase diagram for carbon, Figjdreln order to
circumvent the large kinetic barrier, diamond growth must occur under conditions
where diamond is the preferred product, using non-graphitic reagents.
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Figure 1.4: The phase diagram for elemental carbon from #gf [

The first successful attempts at synthetic diamond growth were developed as a
mimic of geological diamond growth conditions][ using high pressure and high
temperatures (HPHT) to convert graphite to diamaosld Small diamond crystal-
lites form under these extreme conditions and this is the major industrial process
for producing diamond grits (60 tons; 90% of industrial diamond in 1890 Cat-
alytic solvents are used to lower the activation energy of dissolving graphite and
hence reduce the extreme growth conditions to more feasible and viable levels.
These solvents can be molten metal (Group VIII metalsdr a molten metal car-
bide isoelectronic with group VIl elements][ There are numerous factors which
affect the growth quality of HPHT diamondSs][and the mechanism for conver-
sion from the liquid carbon to diamond phase is not well kno2jn Choundary
et al. have produced an excellent review of the development of HPHT synthesis
techniques for the purpose of growing larger single crystals of diamuid |



1.3 Chemical Vapour Deposition of Diamond

The fundamental principle of Chemical Vapour Deposition (CVD) growth of di-
amond is to use gas-phase carbon species to combine in a stepwise manner on a
substrate to form a diamond lattice, thus avoiding the large interconversion barrier
between graphite and diamond. The process has been widely tried throughout the
history of chemistry, with major progress occurring in the 1950s, and the technique
being realised with the use of carbon-containing gas precursors in the 11980s [

CVD growth can occur upon a single diamond seed (homoepitaxial growth)
and polycrystalline films can be formed from growth from multiple nucleation sites
upon non-diamond substrates, Figaré. The polycrystalline diamond films have
many similarities to single crystal samples but the formation of grain boundaries
can introduce subtle bulk mechanical and electronic defects.
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Figure 1.5: The growth of polycrystalline diamond films from isolated
nucleation sites from refi[]

Successful CVD growth processes have three fundamental stages for incorpo-
rating gaseous material into the growing solid phase. These can be loosely classified
as activation of the gaseous reagents, gas-phase reactions and diffusion of reagents
onto the surface, where further chemistry may occur, and growth of the solid. De-
spite the wide variations in methods of activation of the gaseous precursors, which
strongly relate to the design of the particular reactor, all diamond CVD gas-phase
chemistry is similar.



1.3.1 Gas-phase Chemistry

Diamond CVD growth from hydrocarbon / hydrogen gas mixtures occurs within
a harsh reductive environment dominated by reactions involving atomic hydrogen.
Atomic hydrogen can be produced from dissociation gekher as a surface medi-
ated thermal process (Hot Filament reactois))( or as the result of energy transfer
from gas-phase collisions with excited free electrons (Microwave and Arc-Jet reac-
tors) (L.2).

H, —2H (1.1)

H,+e — 2H+e" (1.2)

Dynamic atomic hydrogen abstraction / hydrogen addition reactions with hydrocar-
bons are the dominant process within a CVD reactor, leading to the production of a
variety of carbon radical specieq,.d).

CH,+H=CH, , +H, y=4-1 (1.3)

Third-body mediated reactions can also occur between carbon radicals leading to
the formation of GH, species. Production of these species occurs at a slower rate
than the hydrogen abstraction reactiohs. Hydrogen addition / abstraction re-
actions involving GH, species can also occut,.f), as with the Ck} species.

CH, + CH, + M = C,H, + M (1.4)

CH, +H=C,H, , +H,  y=6-1 (1.5)

Modelling by Mankeleviclet al. [17], [14], using a 3D model of a HF reactor (see
sectionl.3.2for more experimental details) showed that the conversion of acetylene
to methane by hydrogen addition was only favourable at low gas temperature (
1000 K) while the reverse reaction was dominant at high temperatures comparable
with CVD conditions. The interconversion between these two species is discussed
further in Chapteb.

There is the possibility of the formation of carbon containing species larger
than GH, by further carbon radical addition reactions similar to reactibw)(



however mass spectrometry studies suggest that these species are present in very
low mole fractions in comparison to GHand GH, species [5]. Experimental
measurements on these larger species would be difficult as the large number of
degrees of freedom available to the molecules combined with high temperatures
would lead to broadening of any spectroscopic features.

Studies show that the methane / hydrogen gas-phase mixing ratio is critical in
determining the level of nucleation on the growing diamond surface. Low percent-
ages of methane<( 2%) encourage smooth film formation whilst higher percent-
ages ¢ 4%) cause an increase in the secondary nucleation on the growing diamond
surface which results in a faster growth rate, but smaller grain size (poorer quality)
diamond films 6], [17].

1.3.2 Hot Filament Reactors

The thermal activation of gas-phase chemistry underpins the oldest and simplest
design for a CVD diamond reactoi{]. In a typical hot filament reactor, a coll

of metal is resistively heated, to the order of 20@) in a reduced pressure atmo-
sphere £ 20 Torr) of hydrogen with a small amount of methane (typically 1%). A
substrate, usually silicon or diamond, is maintained at a temperature between 600 —
900° C, and placed within 20 mm of the filament, (Figur€) and diamond growth
occurs on the hot substrate at typical rates pfriihrt.

The critical design features in the HF reactor are the choice of the metal wire,
and the gas flow design as diffusion is the dominant transportation process of ac-
tive reagents to the substrate. Under CVD conditions, a metal carbide layer forms
around the filament upon which molecular hydrogen adsorbs. The thermal energy
of the carbide layer is transferred to the molecular hydrogen which promptly dis-
sociates and diffuses into the gas-phase. The production rate of atomic hydrogen
is limited by the surface area of the filament and the availability of suitable disso-
ciation sites upon the filament. The thermal and mechanical stability of the metal
carbide layer is critical for extended growth of diamond. Tantalum is one of the
preferred metals for filaments as it readily forms a carbide whilst maintaining rigid-
ity at high temperature. Experimental parameters have been investigated for the HF
reactor looking at optimisation of the growth rate of CVD diamond filfg.[

HF assisted CVD technology is the cheapest way of growing CVD diamond,
with the ability to grow large areas of diamon#z] and to coat novel structures
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Figure 1.6: The systematic diagram of the HF reactor

and surfaces. However, the applications of this technology are limited by the low
quality of the the final product and the possible inclusion of the filament source
material in the growing diamond film&{].

1.3.3 Microwave Plasma Reactors

Microwave plasma activation of hydrocarbon / hydrogen gas mixtures has become
the industrial standard for production of high quality diamond, Figuie Mi-
crowaves (usually at 2.45 GHz) from a generator are coupled into the microwave
reactor through a quartz window via a waveguide and an antenna. A stub tuner
is used to fine tune the microwave matching. Within the reactor, a few free elec-
trons are heated by coupling with the electric component of the microwave field.
The oscillating electrons rapidly gain energy and transfer it to the system through
gas-phase collisions with molecular hydrogen, causing vibrational excitation, ioni-
sation and molecular dissociation. This generates a non-equilibrated plasma where
the excited atomic hydrogen initiates the radical gas-phase chemis}yy43]. At

high microwave power densities, atomic hydrogen is also generated by thermal dis-
sociation processe&4] and collisional induced dissociation can also occur at high



pressuresl(.6).
Hy,+M —2H+M (1.6)

Microwave plasma CVD reactors are designed so that there is a local maximum
in the microwave field intensity above the water cooled substrate thus ensuring the
stability and location of the plasma within the reactoi][

Waveguide Stub tuner
Antenna ‘ — Microwave
generator
Quartz I
window
CH4/ HZ/Ar - - CH4/ Hz/Ar
é Substrate

L—

Vacuum system <

Figure 1.7: The schematic diagram of a microwave reactor

Initial designs for microwave plasma reactors used a quartz hemisphere (bell jar)
for the reactor (e.g.]) but most modern research is performed in metal-walled
reactors to minimise silicon contamination into the growing diamond film. There
have been studies of the morphology and growth rate of the deposited diamond
films [27], [2€] and species present in the plasma ball during diamond growth using
optical [29], [ 2(] and mass spectrometry techniques$| - [34] . These results have
been used for comparison with theoretical modelling of the dynamics of microwave
plasma B5] - [37].

Addition of noble gases to gas mixtures used in CVD deposition of semicon-
ductors is a well-known practice, and the inclusion of such gases (especially argon)
in diamond growth has been widely studied. Polycrystalline films of diamond can
grow with addition of argon to Cj¥ H, gas mixtures with the grain size and orien-
tation of the resulting crystals being highly dependent upon the argon concentration

[29], [34].



Methane containing microwave plasma with high levels of Arq40%) with
reduced hydrogen levels(1%; only present to stabilise the plasma) leads to the
formation of a crystalline film of diamond with exceptionally small sized grains.
This fine-patterned “diamond-esque” material is known as Ultra Nano Crystalline
Diamond (UNCD) as shown in Figutie8(b).

8¢ x 10,000 1 pm i

(@) (b)

Figure 1.8: The change in morphology from polycrystalline diamond (a) to
UNCD (b) by increasing the percentage of Ar in a QHH, / Ar gas-phase
plasma, from ref{9

Argon has two suggested roles in MWCVD plasma processes for UNCD pro-
duction; the first is to act as a dilution factor, by reducing the number of hydrocar-
bon / hydrogen interactions and the second role is to activate molecular species via
Penning effects/0]. This second use is a questionable mechanism as UNCD can
also be formed in the less activated HF reactor where these processes do not occur
[41] suggesting that argon affects the level of nucleation of growing diamond films.
UNCD growth can also be attributed to the shift in hydrogen abstraction gas-phase
equilibria due to an increased plasma temperature with the unique patterning due
to high levels of etching due to atomic hydrogen generated in the vicinity of the
substrate4”].

The main advantage of using microwave activation is that the process creates an
electrode-free discharge, eliminating the possibility of electrode degradation and
sample contamination. This enables a large window of process conditions to be
investigated including high gas temperatures / pressures without the degradation
of equipment and experimental stability. The inherent problems with microwave
technology is the high cost of design and manufacture of the systems as well as the
effective integration of analytical techniques without changing the CVD environ-
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ment.

1.3.4 DC Arc-jet Reactors

Arc-jet reactors are the extreme diamond growing machine using high electrostatic
potentials to induce species breakdown. Argon (and Hydrogen depending on the
design) flow through a plasma torch head which consists of two electrodes biased
at high voltages. Free electrons are electrostatically accelerated towards the anode,
causing excitation and ionisation by collision with Ar species. The generated ions
are attracted to the cathode and the process cascades, forming a plasma jet, which
expands into a chamber maintained at reduced pressure. The torch head reactions
are summarised within Figurie.

@ “gas breakdown"

secondary
electron
emission

*‘\** @ — @O+ @+ v

excitation
o , *2 ionization anode

(o]

€

I

‘.g + excntatcon ionization

7]

@ @ diffusion =
(and deposition)

cathode

Figure 1.9: Reactions occurring with the DC Arc-Jet torch head from ref
[43]. Cathode degradation is shown by the emission of metal atoms, M,
from the surface.

A secondary torch may be added to increase the stability of the plasma and
methane is usually added to the system downstream via an injection ring to avoid
amorphous carbon clogging the nozzle head. The methane diffuses into the plasma
whilst undergoing chemical breakdown reactions and the resulting plasma flows
towards a water cooled substrate upon which grows diamond, Figlie This
technique was first demonstrated for growing diamond in 1998 with a growth rate
of 80 1 hr=! [44] though the growth rate is highly dependent on reactor design and
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experimental conditions.
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Figure 1.10: A two head CVD DC arc-jet set up for Cavity Ring down
Spectroscopy from refif].

Optical emission spectroscopy (OES) revealed that the plasma jet forms an an-
nular structure using optical emission spectroscopy of thepg@cies 46]. The
chemistry within the arc-jet reactor is controlled by the high levels of excited Ar
ions which causes the decomposition of molecular hydrogén [

Art +H, — ArH* + H (1.7)

AtH" + e «— Ar" + H(n = 2,3) (1.8)

The formation of the highly excited states of atomic hydrogen arises from the de-
composition of the ArH species in the plasma. These species are very prone to
relaxation via the n=3— n=2, Balmera emission. However, any spontaneous
optical emission from the H(n=3) state is subsequently re-absorbed by neighbour-
ing H(n=2) atoms such that the level of H(n=3) atoms is maintained with minimal
optical emissions and H(n=3) atoms are detectable downstream from the methane
injection ring.

The arc-jet process is not used as a major method for diamond synthesis as there
is a vast radial variation in the quality of diamond produced, electrode sputtering
causes a short lifetime of the torch heads and the extreme gas temperatures gen-
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erated within the system can be produced within high power microwave reactors.
However, DC arc-jet reactors do offer a system with highly energetic plasma based
species which can be easily probed without degradation to the experimental condi-
tions.

1.4 CVD Growth Mechanisms

CVD diamond growth follows a classical crystal growth process of nucleation,

propagation, followed by a termination step. Most CVD diamond studies either
focus on the expansion of a small diamond seed (usually from HPHT synthesis)
or on heteroepitaxial growth from a suitable substrate, where growth occurs from
seeding the surface with diamond particulates. The origins of the nucleation of di-
amond are important as this can lead to the introduction of many common growth
faults.

Gas-phase nucleation has been suggested as playing a role in diamond growth
but most studies have been performed in relatively low power and low pressure
systems 48]. Studies also show that large hydrocarbon species are not stable at
CVD temperatures/{].

Any diamond particulates formed in the gas-phase have been found to be of
such low concentrations that they would have minimal effects on nucleétign [
This leads to the suggestion that simple molecular species which can survive the
harsh CVD environment are required for diamond growth.

1.4.1 Growth species

A growth species is a molecular reagent, derived from the source gas material,
which diffuses to the surface where it is incorporated into the growing diamond
phase. The exact chemistry of these growth species is a complex issue to resolve as
it is hard to probe the active surface region of a CVD system (which is located in
the millimetre or so just above the substrate) experimentally.

In the simplest case, the HF-CVD reactor, the relatively low CVD gas tempera-
tures lead to minimal species activation in the region of the substrate, yet diamond
growth is still possible. The dominant activated species within the substrate re-
gion are H atoms and CHadicals (which can typically approaetiL0' cm—2 and
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~10' cm3, respectively). Numerous studies have independently shown that CH
is responsible for low-temperature, low power growth of diamorid, [51], [57].

In more energetic plasmas where gas temperatures can reachC3506thyl radi-
cals can still be found but there is a wider variety of Githd GH, species present.

C, has been suggested as a growth species in the literatijregpecially as it is
easily recognisable by a distinctive green optical emission at 526 nm. Propgsed C
insertion mechanisms into the growing diamond surface do not require a hydrogen
abstraction activation step. This mechanism is especially relevant to the growth
process of UNCD films which grow in a hydrogen-deficient plasma environment.

However, in pulsed microwave systems (which grow diamond of comparable
quality to continuous wave systems), optimum conditions are found whepeCies
(taken to be a measure otlg, distributions) are minimised during the power off
stage of the duty cycle. CH and H concentrations remained constant during this
period resulting in diamond growtlb{]. Studies on the effects of acetylene and
methane addition also show that minimising the optical emission frgrepEcies
increases the quality of the sampid].

1.4.2 Growing surfaces

Diamond growth under CVD conditions requires that diamond is deposited at a
faster rate than graphitic material. Atomic hydrogen is an essential part of the CVD
diamond growth process as it stabilises the growing diamond surface by maintain-
ing the sp hybridisation by saturating the surface radical sites, forming Carbon-
Hydrogen bonds. Hydrogen atoms also preferentially etércapoon faster then

sp® carbon, ensuring that the diamond is the predominant phase of carbon grown

[55].

The generic picture for CVD diamond growth is site-activation by a surface
hydrogen abstraction reactiod, §), followed by addition of a hydrocarbon radical,
(assumed to be CHn this case),1.10 [56] — [59].

CH+H = C; +H, (1.9)

C; + CH; = C,—CH, (1.10)
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The lifetime of the surface radical, Cis effectively independent of the rate of
methyl addition due to the relatively low concentration of carbon radicals in com-
parison with atomic hydrogen. The competition between surface activation and
H-atom re-combination with the surface radical sit€l() determines the number

of active sites availablesf).

C,+H = C,—H (1.11)

The morphology of a growing diamond surface depends on the different rates at
which diamond planes grow. The morphology assessment of the diamond sample
grown is made by the growth parameter(1.12).

1 1.5 2

@@@@@@@é

Figure 1.11: Idiomorphic crystal shapes for different values of the growth
parametery. The arrows indicate the the direction of fastest growth (from

ref [59])

a = /320 (1.12)
V111
whereuv;oy andv;;; are the normal growth velocity of the respective diamond planes
[59, [60]. This results in the change in shape from #1®0} cubic structure to
octahedraf111} diamond crystals, Figure.11

1.4.3 Growth on the{100} surface

CVD growth of {100} diamond produces a cubic morphology € 1.5) which is
extremely flat and smooth, Figutel2 Diamond samples which are mairf$00}
aligned generally have less defects (secfidi) than the other planes making it the
focus of intensive experimental and theoretical studies.

The level of different terracing depends upon the orientation of the growing dia-
mond surface. Well-oriented substrates show evidence for a hillock growth process,
Figurel.13(a) [61]. Microwave CVD epitaxial diamond growth upon off-angle 1b
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Figure 1.12: SEMs of{100} cubic diamond planes from ret(]

diamond substrates suggests that step-growth is occurring upéta@bg surface,
resulting in the formation of large terraces o#(2) reconstructed diamond, Figure
1.13(b) [16]. Increased methane concentrations within the reactor resulted in an in-
crease of nucleation sites culminating in the generation of double-domain surfaces,
[16]. Both these suggested mechanisms are based upon adsorption of a growth
species upon the surface and its subsequent diffusion across the growing surface to
step edges and / or other adsorbed atoms.

() (b)

Figure 1.13: Schematic of epitaxial growth: (a) Hillock growth upon a
well-aligned sample from ref[] (b) Formation of a single domain surface
for a mis-aligned sample from rei {).

The {100} surface of diamond has a well known visiblex(2) reconstruction
where two surface carbon atoms relax from the bulk geometry positions and move
together to form a carbon—carbon bond in the plane of the growing surféte [
[67], [63]. The diamond surface can be covered with multiple dimers which are
neatly arranged into rows, Figurdsl4(a)& 1.15(a) This behaviour is unlike
any other group XIV semiconductors which also underge iR reconstructions
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but form patterns of alternate dimers in both directions along the surface, Figure
1.14(b)

Periodic Density Functional Theory calculations (LDA, see chapfer more
information) confirm experimental evidence that carbon forms a symmetric config-
uration of dimer rows. The arrangement of the individual dimers into rows is due
to the strong interaction between theslectrons on the reconstructed carbons due
to the localised nature of the carbon’s p orbitai€][ This effect is weakened de-
scending down the group XIV period and hence all other semiconductors from the
same group have the staggered configuration.

@) (b)

Figure 1.14: Surface dimer reconstructions arrangement for Group XIV
semiconductors showing the (a) Row arrangement (b) Staggered dimer ar-
rangement. Adapted from red

The extent to which growing surfaces are covered with reconstructed dimers is
not clear as there are numerous scanning tunnelling (STM) and atomic force (AFM)
microscopy studies which confirm the formation of thex {3 reconstructions, the
mirror counterpart the (22) reconstructions and other derivatives like the 13
reconstruction which incorporates one reconstructed dimer with an isolated surface
dihydride [(7] — [68]. However, there are also suggestions that the surface recon-
structions and the formation of the large domains of smooth (100) diamond surface
is a post-growth feature either caused by annealing in hydrogen in sample prepa-
ration for surface studie${] or surface etching / annealing that occurs during the

X
3
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shutdown process of a CVD reactar].

Diamond surfaces growing under CVD conditions will be hydrogen terminated
and the steric interaction between H atoms on neighboyrl@®} surface carbon
atoms may drive the creation of hydrogen terminated surface reconstructions. The
formation of the reconstructed dimer is an overall energetically favoured process
(Figurel.15(b). The close proximity of the two neighbouring hydrogen atoms en-
ables them to associate (at a slight energy cost) and then to dissociate as molecular
hydrogen, resulting in formation of a C-C bond in tfE00} plane [/1]. It is also
energetically feasible that the reconstruction process can be initiated by hydrogen
abstraction of a pendant surface hydrogen and the resultant lowest energy structure
results in the expulsion of atomic hydrogen and the formation of the reconstructed
bond. The study by Huang and Frenklach does not address the issue of the origin
of the reconstructions, whether they are formed as part of the growth mechanism or
as a post-process surface relaxation of carbon.

-

@Y

(@) (b)

Figure 1.15: (a) Scanning tunnelling Microscopy (STM) image of the to-
pography of the hydrogen terminat¢@lO0} diamond reconstruction sur-
face from ref p3] : (b) a proposed mechanism for formation of isolated
reconstructed surface dimers for the hydrogen terminfu€®} surface
from ref [71] (energy in kcal mot?).

Most theoretical studies have focused on the incorporation of ther&dtical
into the growing surface and in the remainder of this thesis, @#H be assumed
as the carbon growth species unless stated otherwise.

The diamond CVD growth process is initiated by hydrogen abstraction of one
of the hydrogens pendant on the dimer reconstruction. Methyl radicals can diffuse
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from the gas-phase towards the diamond surface and form strong bonds to the sur-
face radical sites. The resulting bound methyl group can be incorporated in two
different places, either by formation of a carbon—carbon bond at the neighbouring
end of a reconstructed dimer bond to which the methyl group is bound or by addi-
tion to the neighbouring reconstructed carbon dimer by bridging the trough between
the two dimer rows (Sites A and B respectively in Figlir&o).

Figure 1.16: Cross section through thgl00} plane showing the dimer
reconstruction (A) and the trough (B) insertion points.

Figurel.17shows the mechanism for carbon insertion into the dimer bond, (A),
initially proposed by Garrisoet al. from molecular dynamics studies of diamond
surfaces [7]. The process is initiated by hydrogen abstraction from a pendant sur-
face bound CHl(i.e. C— D in Figurel.17). The newly formed CHradical then
incorporates into the diamond structure via a ring opening mechanismiD- F)
rather than by direct insertion of GHnto the carbon — carbon bond which has a
very large barrier (ca 200 kJ mdl) [77], [73]. The mechanism has been stud-
ied with numerous different environments including isolated clusteil [arger
QM / MM clusters [/4], [75] and under periodic boundary condition&], [77].

The ring opening and closing mechanism for incorporation can also model lateral
{100} diamond growth from a step on t§&11} surface [ g].

Alternatively, a surface bound GHspecies could be incorporated across the
trough which separates dimers (site B in Figar&6. Incorporation across the
dimer trough was first suggested by Harris and was based upon results obtained
from studies upon bicyclo-[3, 3, 1] nonane (BCN}]. The process, known as the

19



Figure 1.17: Mechanism for i) Hydrogen abstraction and surface activation
(A — B)ii) Carbon incorporation into the diamoRd00} surface (C— G).

HH mechanism, is initiated by surface hydrogen abstraction followed by methyl
adsorption. The neighbouring hydrogen atom is abstracted and then followed by
ring closure, Figuré..18

In order for growth of a complete new monolayer of diamond to occur, car-
bon species must be incorporated into the reconstructed dimer as well as across
the trough linking the dimer rows, Figufiel6 Neither mechanism adequately de-
scribes the effective growth rates and process for a whole new layer of diamond.
This has led to suggestions that the overall growth mechanism must involve a com-
bination of the two processes(]], or that one should introduce the possibility of
surface migration of reactive species. These ideas are discussed in more detail in
Chapterd.

C,H, / H, gas mixtures have has been used to gf{@@0} diamond, and ¢H,
has been considered as a growth speciék [81]. C, has also been investigated
for possible incorporation into a non-hydrogenated 12reconstructed100} sur-
face. This incorporation process is energetically feasibl§ With the stable non-
hydrogenated dimer bond’4], but is unlikely to be a major contributer to the
growth process as the lifetime of a surface radical site is not long enough to en-
dure for a second hydrogen abstraction reaction.
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Figure 1.18: The HH mechanism, showing the conversion of BCN (A) to
adamantane (F) modelling the incorporation of an absorbed methyl radical
across a dimer trough from ref ).

1.4.4 Growth on other diamond surfaces
{111} diamond surfaces

In stark contrast to growth on thgl00} surface, diamond growth on tHe 11}

plane is considered to be a quicker yet more complicated process. The open cyclo-
hexane nature (Figurke3(c) of the growing surface has led to suggestions that this
face is more accommodating for inclusion of defects as well as larger hetero atom
species. Normal growth of111} diamond produces octahedral crystallites>

2).

The {111} surface can also undergo a reconstruction process, and there have
been numerous experimentals], [84] and theoretical studies:f] — [89] on the
shape and electronic properties of the reconstruction. The reconstruction consists
of a distortion of the cyclohexane pattern of the surface layer which enables the
formation ofr bonds between two carbon atoms. This results in the formation of a
chain structure across the surface. FigurE9shows the surface reconstruction for
the {111} diamond surface which, unlike other group XIV semiconductors, does
not show any tilting ofr bonds. Unlike thg 100} surface, the hydrogenatgd11}
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surface is stable (Figurés3(c)& 1.3(d) and the reconstruction only occurs when
surface hydrogen is removed, usually by annealing in UHV conditiots [

Methyl radical addition to a radical site on t&11} surface is an exother-
mic reaction which is less energetic than Cadidition on the{100} reconstructed
surface P7]. The initial suggestion for the mechanism of Chiddition into the
growing{111} diamond surface was for the surface to be covered in a monolayer
of absorbed methyl groups to which ¢k finally added to form a new laye® ).
However, the large steric interaction between the adsorbed methyl groups makes
this pathway very unfavourablg¢111} diamond growth modelled using GHadi-
cals as the sole growth species has been found to be a slow process because of the
relatively poor rate of new layer nucleation. The slow layer nucleation has been
proposed as the rate limiting step {df11} CVD growth [94], [95]. However, ad-
dition of CH, species into the lateral growth on this surface has been successfully
modelled from isolated nucleation points, step edges and kirifs-[[2€] leading
to a step-flow process for monolayer growf¥]. Studies of the new layer nucle-
ation mechanisms include,B, species as a way of avoiding the complications of
multiple CH, additions, Figurel.20

The inclusion of these growth species in calculations increases the rate of di-
amond deposition to levels comparable with that observed experimentally [
[100. There are suggestions thasfCmay be a more favourable growth species
than acetylene on th€l11} surface because of a slower surface desorption rate

Figure 1.19: The (2< 1) reconstruction for th¢111} surface, from ref§1]
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‘—b

Figure 1.20: Suggested pathway of GHnd GH, incorporation into the
{111} diamond surface (modified from red{]
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[9€6], [10]]. There have also been suggestions of possible ionic species mechanism
involving a surface charged sité([7]. C, has also been suggested as a growth
species on the hydrogen freex(2) reconstructed surface by forming a bridge be-
tween rows of ther-bond chains03.

{110} diamond surfaces.

The {110} diamond face is the fastest growing diamond surface and hence has been
subjected to few experimental and theoretical studies. The main mechanism sug-
gested for growth on this surface involves the bridging of the large ridges present on
the growing{110} surface. This can occur by two sequential methyl radical addi-
tions with the necessary hydrogen abstraction reactions, Figuzéga)& 1.21(b)

[56], or by the direction insertion of Owhich, theoretically at least, can insert into

a carbon-hydrogen bond via an exothermic process with only a small activation
barrier [LO4].

C, insertion is also possible upon non-hydrogengt&tiO} surfaces in a simi-
lar manner {05. These mechanisms appear to be energetically plausible reaction
pathways but both require many stepwise reactions in conjunction with neighbour-
ing addition / abstraction reactions in order for incorporation.

1.4.5 Etching

So far, mechanisms have only been discussed which focus upon the incorporation of
carbon species into the diamond. Etching and the removal of non-diamond material
is also a critical process in ensuring the prevalence of diamond growth. In most
gas-surface bond forming steps, like the initial addition of the methyl radical to the
active surface site, there is the unlikely possibility of bond fission and disassociation
of the reagent back into the gas-phase. This is due to the highly exothermic nature
of the addition reaction and these direct desorption processes are highly unlikely
unless the resulting carbon—carbon bond is very weak. Etching processes occur
by the active removal of carbon material by a gas-phase reagent bonding with a
pendant surface species, then dissociating.

Most studies have focused on the removal of pendant methyl groups. The sim-
plest way for removal of the surface methyl group is for a direct radical displace-
ment reaction involving atomic hydrogen, resulting in methane dissociating into
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Figure 1.21: (a) Addition of two methyl radicals to t{&10} diamond
surface from ref$6]; (b) Proposed fate of the adsorbed ethyl chain from
ref [56]; (c) Proposed ¢incorporation into the{110} diamond surface
from ref [104]

the gas-phase. This reaction is unlikely despite the high flux of atomic hydrogen
under CVD conditions as there is a very high barrier of activaticf). [ Another

form of radical displacement reaction involves the formation of a surface radical
(by gas-phase hydrogen abstraction) from a carbon dimer to which a methyl radical
is attached at the other end. The liberation of the, Citlical into the gas-phase

is driven by the formation of a non-hydrogenatedeconstructed dimer carbon—
carbon surface bon@®]].

The 3-Scission reaction

Growth of diamond so far has assumed that methyl radical — surface reactions are
isolated incidents based upon the concentrations of atomic hydrogen and methyl
radical in the gas-phase. However, during the growth process, there is the possibil-
ity of formation of surface bound alkyl chains by Ckhdical addition to a pendant

CH, species. Such processes are suppressed under typical diamond CVD condi-
tions, however, by so-called-scission reactions. Hydrogen abstraction from the

(£ carbon leads to formation of an unsaturated radical species, which dissociates

25



to form a gas-phase species (e.g. ethene) and a surface radical site — thereby pre-
venting incorporation of longer alkyl chains into the growing diamond surfade [

This is the most common etching scheme included in Monte Carlo modelling of
diamond growth.

1.5 Defects in Diamond

Despite the robust nature of diamond, faults can be found in crystals due to the
growth process or post-growth damage. Some of these processes can account for the
wide variety in colour of natural diamond. These defects can manifest themselves
as vacancies; dislocations and twinning. All of these defects can appear throughout
the crystal, affecting the bulk diamond physical properties and introducing new un-
desirable features into the diamond electronic structure. The introduction of defects
into a diamond causes new characteristics by distorting the crystal and reducing the
high level of symmetry of the diamond unit cell, all which can be monitored by
absorption spectroscopy.

Twinning

Twinning is a common stacking fault found in synthetic and natural diamond re-
sulting from a disruption in the growth process. Diamond usually adopi$aihc
stacking pattern, Figure.23(a) however twinning is introduced into the system by
the formation of a carbon—carbon bond in the mirror position of the normal bond,
Figurel.22 thereby resulting in a boat rather then chair form of cyclohexane. This
inclusion changes the stacking patternat@ba wherec has become the mirror
plane. Figurel.23(b)shows this effect with the twin plane introduced between the
aB Ba layer, leading to the formation of two symmetric crystals with shared points.
The twinning can occur in the form of a reflection of a mirror plane, a symmetric
inversion or around a rotational axis.

Interstitials

Interstitials defects are formed by the displacement of a species from the normal
lattices position into a stable but higher energy confirmation. FigLitéshows a
diamond model highlighting the common locations for interstitial defects. In dia-
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(@) (b)

Figure 1.22: Figure showing the twinning effect at the atomic level with
(a) regular and (b) eclipsed position. Figure reproduced fromi&i] |

>

[111]

(@) (b)

Figure 1.23: Figure showing the twinning effect upon the crystal struc-
tures are (a) the regular and (b) the twinned stacking pattern. The chair
and boat conformations of cyclohexane structure are highlighted within the
appropriate stacking pattern. Figure reproduced fromlref][

mond, it transpires that the most favourable arrangement is a split self-interstitial
along the{100} axis, Figurel.24(c) The split interstitial is formed when a nor-
mal diamond lattice site is replaced by two carbon atoms, symmetrically arranged

around the now vacant site7/].
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@) (b) ()

Figure 1.24: Common interstitial geometries (a) Hexagonal and tetrahe-
dral holes; (b) The bond centred form; (c) Th&00} split interstitial,
showing the change in geometry, all from redf].

Vacancies

A vacancy is a discontinuity in the diamond lattice caused by the complete displace-
ment of a carbon atom from its normal site and the resultant interaction between
the former bonding electrons located on neighbouring carbon atoms. These sym-
metry bound electronic states can be identified by optical absorption spectroscopy
and Electron Paramagnetic Resonance (EPR) spectrostbily Absorptions due

to singular vacancies have been assigned to nelitid],[[ 117], negatively [L1]

and positively chargedl[.]] vacancies. There is the possibility of forming multi-
component systems, especially with nitrogen impurities.

1.5.1 Doping of Diamond

Diamond is a semiconductor with a large gap between the conduction and valence
bands (5.5 eV), Figuré.25 The energy required for a promotion of an electron
from the valence band into the conduction band is great enough to make diamond
an electronic resistor (typically 102 cm) under normal conditions.

However, incorporation of hetero-atoms into the diamond lattice with slightly
different electronic configurations from the host material leads to new energy levels
in the band structure that enable conduction. The hetero-atoms can be incorporated
during the growth cycle of diamond or as a post growth process, typically ion im-
plantation or diffusion. The experimental problem with doping is ensuring that the
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dopant remains active when inserted into the diamond structure. Hydrogen, a com-
mon impurity within CVD diamond, complicates issues as it can complex with the
active dopant within the crystal. The complex species can either pacify (boron) or
activate (sulphur) the dopant, 15 [114.

-0.23B-D
-0.4 As™"  complexes!'®?
46

-0.6 P14

-1.9 N34

+0.37 BI"™

Figure 1.25: The band structures of diamond showing the energy levels of
dopants. All values are in eV and quoted relative to the nearest band.

1.5.2 p-type doping

The introduction of a p-type dopant causes the formation of discrete acceptor levels
above the valence band of diamond. The energy levels are accessible by electrons
from the valence band. When promotion occurs into these levels, delocalised posi-
tive holes form in the valence band which enables conductance.

Boron naturally incorporates into diamond to create a (shallow) p-type semi-
conductor with a donor level of 3686 2.5 meV [L17]. Addition of trace amounts
of a suitable boron-containing precursor to the process gas mixture enables deposi-
tion of doped material, in which B atoms have incorporated into both the diamond
{100} and{111} surfaces. Sources used for boron inclusion during diamond CVD
include diborane, trimethylboron and triethylbordri{] — [121].
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Low level additions of boron in the gas-phase 00 ppm B / C) increase the
quality of CVD diamond samples with larger crystals, faster growth rates and bet-
ter crystal morphology. Intermediate B / C values (1 000 — 5 000 ppm) produce
diamond with similar characteristics to pure carbon CVD growth but p-type while
high boron concentrations-(4 000 ppm) lead to a breakdown in crystallinity and
a general loss in quality'P7], [123. A graphitic phase is co-deposited with B/ C
gas-phase ratios above 8 000 ppm yet diamond can still grow up to B / C gas-phase
ratios of 10 000 ppm. The increase in graphitic material at high boron levels is
attributed to depleted atomic hydrogen number densities in the gas phase, due to re-
actions with BH,, which effectively reduces the rate at whicl sprbon is etched
[124]. The relative efficiencies of boron and carbon incorporation into a growing
film from a given B / C / H gas mixture can be highly dependent upon the system
design and conditionsLP5. There are indications that boron species may assist
with the migration of carbon species across a growing diamond surfacg [

Several studies have highlighted the preferential incorporation of bodriil}
growth sectors12(], [127], [12d] and the effects of the incorporation of boron on
the CVD diamond crystallinity varies greatly with surface morphologyd, [ 13(].
The elementary steps leading to B incorporation into diamond were not well char-
acterised, new insights into the diborane / methane / hydrogen gas-phase chemistry
are presented in Chaptarwhile ChapteB presents modelling studies of the incor-
poration of BH species into a growing diamond surface.

Other species have been considered to act as p-type donors (e.g. Al) but the
incorporation levels are poor when compared to boron.

1.5.3 n-type doping

A hetero-atom inclusion causes n-type doping by forming a donor level whose elec-
trons can be easily excited into the conduction band. There are no natural diamond
samples which show n-type conductivity and finding the best donor is the “Holy
Grail” of synthetic diamond research.

Nitrogen, with one more electron than carbon, would be the natural suggestion
for a n-type dopant for diamond, as nitrogen is a common inclusion which histor-
ically has been used as a measure of quality by infrared absorption spectroscopy.
Samples which only show higher order diamond absorption patterns are classified
as lla while semiconducting diamonds of comparable quality are labelled3if.[
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Class | diamonds have a measurable level of nitrogen with type la diamond hav-
ing aggregates of nitrogen whilst type Ib only has the isolated substitutional form
of nitrogen. Numerous studies have shown that trace nitrogen addition into the
gas-phase mixtures improves the quality of diamond sampi&d,[[135, while
theoretically, it has been suggestion that Nitrogen inclusion modifies the growth
mechanism of diamond by activation of surface dimer reconstructiofs How-

ever, nitrogen provides a deep donor level (1.9 eV) below the conduction band
which prevents conductivity, from thermal excitation of electrons, at room temper-
ature [L34].

Sulphur has been suggested theoretically as a prime candidate for shallow n-
type donor [ 35, with growth mechanismsi[2¢] and CVD gas-phase chemistry
[137] well studied. However, reported n-type doping of diamond with an activation
of 0.38 eV [L3{] has been questioned on the basis that the samples also contained a
high level of boron and exhibited p-type semiconductibnd.

Phosphorus has been incorporated into{thiel} surface of diamond as a substi-
tutional donor [4(] with mixed results {41] — [143. The as-grown films showed
n-type properties, but also showed poor carrier characteristics with an activation
barrier of~ 0.6 eV [1L44] — [14€], which is deeper than theory predicted. Theoret-
ical studies predict that phosphorus is insoluble in bulk diamand][ yet studies
on the {111} surface reconstruction indicate that local near surface solubility is
greatly enhanced.[! 7].

In the search for better n-type dopants, more exotic species have been consid-
ered. Group | elements, lithium and sodium, looked theoretically promising as
interstitial donors [4¢ but experimental results failed to yield any n-type prop-
erties, with lithium remaining at the near surface regioad, [15(]. Arsenic has
been suggested as a possible dopanf]| but there are no reports of any successful
synthesis.

Much further interest has been stimulated by recent reports of n-type electrical
conductivity from deuterated (100) B-doped diamond layers which exhibits the low-
est activation barrier yet reported, of 0.23 eN5#]. Theory, thus far, has failed to
validate initial suggestions that such conductivity might be associated with boron—
deuterium complex defects within the diamond latticed], [153.
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1.5.4 Application of dopant technology

The advent of B doped CVD diamond has led to the development of unipolar de-
vices [L54], [159, electrochemical detectors?d], [ 156 and, when combined with

P (n-type) doped diamond, UV light sourceé$|]. Also, introduction of conduc-

tivity into diamond enables the material to be cut and shaped by traditional metal
spark cutting tools. More recent, has been the discovery that B-doped diamond is a
superconductori5&, however the critical temperature Tfor superconductivity

is ~ 4K.

1.6 Aims

This thesis has investigated the fundamental processes which major gas-phase spec-
ies undergo within the framework of diamond growth under CVD conditions. This
includes probing the complex gas-phase reaction dynamics as well as modelling
the gas-surface reactions with subsequent incorporation steps required for CVD
diamond growth.

Chapter2 shows the spatially resolved measurements of atomic boron (derived
from the degradation of the gas-phase dopanitiBwithin a thermally activated
CH, / H, gas mixture within a HF-CVD reactor as a function of process condi-
tions. This experimental work led to the development of a DFT based computational
model for the incorporation of boron hydride species into a small regior{ 08}
diamond surface. This work within Chapters expanded to investigate the incor-
poration of methyl (and Blj radicals to numerous different surface environments
by using a QM / MM system within Chaptér Experimentally, a new high pres-
sure CVD microwave system has been installed. The optimum growth condition
has been identified using the Taguchi protocol and initial profiling of the radiative
species within the plasma has been performed using Optical Emission spectroscopy
and Cavity Ring-Down Spectroscopy; these are reported in Chapiehnis thesis
concludes with the first reported simultaneous line of sight absorption spectroscopy
measurement of £, and CH, within a CVD diamond growing environment using
a quantum cascade laser, Chagter

32



Bibliography
[1] H.W.Kroto, J. R. Heath, S. C. O’'Brien, R. F. Curl, and R. E. Smalley, Nature
318 162 (1985).

[2] J. E. Field, Properties of Natural and Synthetic Diamof&icademic Press
Limited, 1992).

[3] F. P. Bundy, J. Geophys. Re35, 6930 (1980).
[4] S. E. Haggerty, Naturg20 34 (1986).

[5] H. P. Bovenkerk, F. P. Bundy, H. T. Hall, H. M. Strong, and R. H. Wentorf,
Nature184 1094 (1959).

[6] J. Martin, Ind. Diamond Re%b9, 291 (1990).
[7] M. Wakatsuki, Jpn. J. Appl. Phys, 337 (1966).

[8] H. Kanda and T. Sekine, iRroperties, Growth and Applications of Dia-
mond (ed. M. H. Nazag and A. J. Neves), Institution of Electrical Engi-
neers, Michael Faraday House, Six Hills Way, Stevenage, Herts, SG1 2AY,
UK (2001).

[9] P. K. Bachmann, Adv. Mateg, 137 (1993).
[10] D. Choudhary and J. Bellare, Ceramics Internati@al73 (2000).
[11] R. C. DeVries, Ann. Rev. Mater. Sdi7, 161 (1987).

[12] S. K. Han, M. T. McClure, C. A. Wolden, B. Vlahovic, A. Soldi, and S. Sitar,
Diamond Relat. Mate®, 1008 (2000).

[13] Yu. A. Mankelevich, A. T. Rakhimov, and N. V. Suetin, Diamond Relat.
Mater.7, 1133 (1998).

[14] Yu. A. Mankelevich, N. V. Suetin, M. N. R. Ashfold, J. A. Smith, and
E. Cameron, Diamond Relat. Maté&f, 364 (2001).

[15] S.J. Harris, A. M. Weiner, and T. A. Perry, J. Appl. Phg8, 1605 (1988).

[16] T. Tsuno, T. Tomikawa, S. Shikata, T. Imai, and N. Fujimori, Appl. Phys.
Lett. 64, 572 (1994).

[17] H. Kawarada, H. Sasaki, and A. Sato, Phys. Reb2B11331 (1995).

[18] S. Matsumoto, Y. Sato, M. Kamo, and N. Setaka, Jpn. J. Appl. P2ys.
L183 (1982).

[19] S. Zhou, Z. Zhihao, X. Ning, and Z. Xiaofeng, Mat. Sci. Eng.45, 47
(1994).

33



[20] D. M. Li, T. Mantyla, R. Hernberg, and J. Levoska, Diamond Relat. Mater.
5, 350 (1995).

[21] M. Griesser, G. Stingeder, M. Grasserbauer, H. Baumann, F. Link,
P. Wurzinger, H. Lux, R. Haubner, and B. Lux, Diamond Relat. M&egr.
638 (1994).

[22] K. Hassouni, O. Leroy, S. Farhat, and A. Gicquel, Plasma Chem. Plasma P.
18, 325 (1998).

[23] W. L. Hsu, J. Appl. Phyg2, 3102 (1992).

[24] K. Hassouni, A. Gicquel, M. Capitelli, and J. Loureiro, Plasma Sources Sci.
Technol.8, 494 (1999).

[25] M. Funer, C. Wild, and P. Koidl, Appl. Phys. letf®, 1149 (1998).

[26] A. Gicquel, E. Anger, M. F. Ravet, D. Fabre, G. Scatena, and Z. Z. Wang,
Diamond Relat. Mate®, 417 (1993).

[27] K. Kobashi, K. Nishimura, Y. Kawate, and T. Horiuchi, Phys. Re\3®
4607 (1988).

[28] J. Achard, A. Tallaire, R. Sussmann, F. Silva, and A. Gicquel, J. Cryst.
Growth.284, 396 (2005).

[29] V. Mortet, Z. Hubicka, V. Vorlicek, K. Jurek, and M. V. J. Rosa, Phys. Stat.
Sol. (a)201, 2425 (2004).

[30] T. Lang, J. Stiegler, Y. V. Kaenel, and E. Blank, Diamond Relat. M&ter
1171 (1996).

[31] M. C. McMaster, W. L. Hsu, M. E. Coltrin, D. S. Dandy, and C. Fox, Dia-
mond Relat. Mate#, 1000 (1995).

[32] S. M. Leeds, P. W. May, E. Bartlett, M. N. R. Ashfold, and K. N. Rosser,
Diamond Relat. MateB, 1377 (1999).

[33] S. M. Leeds, P. W. May, M. N. R. Ashfold, and K. N. Rosser, Diamond
Relat. Mater8, 226 (1999).

[34] J. R. Petherbridge, P. W. May, S. R. J. Pearce, K. N. Rosser, and M. N. R.
Ashfold, J. Appl. Phy$9, 1484 (2001).

[35] E. Hyman, K. Tsang, A. Drobot, B. Lane, J. Casey, and R. Post, J. Vac. Sci.
Tech. A.12, 1474 (1994).

[36] K. Hassouni, T. A. Grotjohn, and A. Gicquel, J. Appl. PI8& 134 (1999).

[37] G. Lombardi, K. Hassouni, G.-D. Stancu, L. Mechold, HpRke, and
A. Gicquel, J. Appl. Phys98, 053303 (2005).

34



[38] H. C. Shih, C. P. Sung, W. L. Fan, and W. T. Hsu, Thin Solid Fik82 41
(2993).

[39] D. Zhou, D. M. Gruen, L. C. Qin, T. G. McCauley, and A. R. Krauss, J.
Appl. Phys.84, 1981 (1998).

[40] W. Zhu, A. Inspektor, A. R. Badzian, T. McKenna, and R. Messier, J. Applied
Phys.68, 1489 (1990).

[41] Y. F. Zhang, F. Zhang, Q. J. Gao, X. F. Peng, and Z. D. Lin, Diamond Relat.
Mater.10, 1523 (2001).

[42] G.Lombardi, K. Hassouni, F.&8¢dic, F. Mohasseb, J.dpcke, and A. Gic-
quel, J. Appl. Phys96, 6739 (2004).

[43] A. Bogaertsa, E. Neytsa, R. Gijbelsa, and J. van der Mullen, Spectro. Acta.
B 57, 609 (2002).

[44] K. Kurihara, K. Sasaki, M. Kawarada, and N. Koshino, Appl. Phys. I53t.
437 (1988).

[45] J. B. Wills, J. A. Smith, W. E. Boxford, J. M. F. Elks, M. N. R. Ashfold, and
A. J. Orr-Ewing, J. Appl. Phy€92, 4213 (2002).

[46] J. A. Smith, Laser Diagnostics of a Diamond depositing Chemical Vapour
Deposition gas-phase environment, Ph.D thesis, Universty of Bristol, 2001.

[47] C. J. Rennick, R. Engeln, J. A. Smith, A. J. Orr-Ewing, M. N. R. Ashfold,
and Yu. A. Mankelevich, J. Appl. Phyg, 113306 (2005).

[48] M. Frenklach, R. Kematick, D. Huang, W. Howard, and K. E. Spear, J. Appl.
Phys.66, 395 (1989).

[49] S. E. Stein, Natur846, 517 (1990).
[50] H. Liuand D. S. Dandy, Diamond Relat. Matéy.1173 (1995).

[51] M. P. D’Evelyn, J. D. Graham, and L. R. Matrtin, J. Cryst. Gro@81, 506
(2001).

[52] F. G. Celii, P. E. Pehrsson, H. t. Wang, and J. E. Butler, Appl. Phys. Letts.
52, 2043 (1988).

[53] D. M. Gruen, C. D. Zuiker, A. R. Krauss, and X. Pan, J. Vac. Sci. Tech. A.
13,1628 (1995).

[54] L. de Poucques, J. Bougdira, R. Hugon, G. Henrion, and P. Alnot, J. Phys.
D: Appl. Phys.34, 896 (2001).

[55] C. M. Donnelly, R. W. McCullough, and J. Geddes, Diamond Relat. Mater.
6, 787 (1997).

35



[56] J. E. Butler and R. L. Woodin, Phil. Trans. R. Soc. Lond342, 209 (1993).

[57] D. G. Goodwin and J. E. Butler, iHandbook of Industrial Diamonds and
Diamond Films (ed. M. A. Prelas, G. Popovici, and L. G. Bigelow), Marcel
Dekker Inc. (1998).

[58] J. E. Butler and D. G. Goodwin, iRroperties, Growth and Applications
of Diamond (ed. M. H. Nazag and A. J. Neves), Institution of Electrical
Engineers, Michael Faraday House, Six Hills Way, Stevenage, Herts, SG1
2AY UK (2001).

[59] C. Wild, P. Koidl, W. Muller-Sebert, H. Walcher, R. Kohl, N. Herres,
R. Locher, R. Samlenski, and R. Brenn, Diamond Relat. M&ed58
(1993).

[60] C.Wild, R. Kohl, N. Herres, W. Nlller-Sebert, and P. Koidl, Diamond Relat.
Mater. (1994).

[61] N. Lee and A. Badzian, Diamond. Relat. Mat&rl130 (1997).

[62] C. Nutzenadel, O. M. Kittel, L. Diederich, E. Maillard-Schaller, O. Gming,
and L. Schlapbach, Surf. SE96, L111 (1996).

[63] K. Bobrov, A. Mayne, G. Comtet, G. Dujardin, L. Hellner, and A. Hoffman,
Phys. Rev. B58, 195416 (2003).

[64] P. Kruger and J. Polimann, Phys. Rev. L&#, 1155 (1995).

[65] S. Skokov, C. S. Carmer, B. Weiner, and M. Frenklach, Phys. Re\9,B
5662 (1993).

[66] T. Tsuno, T. Imai, Y. Nishibayashi, K. Hamadal, and N. Fujimori, Jpn. J.
Appl. Phys.30, 1063 (1991).

[67] Y. L. Yang and M. P. D’Evelyn, J. Am. Chem. Sdtl4, 2796 (1992).

[68] Y. Kuang, N. Lee, A. Badzian, T. T. Tsong, T. Badzian, and C. Chen, Dia-
mond Relat. Mate#, 1371 (1995).

[69] R. E. Stallcup II, L. M. Villarreal, S. C. Lim, I. Akwani, A. F. Aviles, and
J. M. Perez, J. Vac. Sci. Tech.18}, 929 (1996).

[70] S. Skokov, B. Weiner, M. Frenklach, Th. Frauenheim, and M. Sternberg,
Phys. Rev. B52, 5426 (1995).

[71] D. Huang and M. Frenklach, J. Phys. Ch&8,. 1868 (1992).

[72] B. J. Garrison, E. J. Dawnkaski, D. Srivastava, and D. W. Brenner, Science
255 835 (1992).

[73] J. K. Kang and C. B. Musgrave, J. Chem. PHyE3 7582 (2000).

36



[74] H. Tamura and M. S. Gordon, Chem. Phys. L4@6, 197 (2005).

[75] C. C. Battaile, D. J. Srolovitz, I. I. Oleinik, D. G. Pettifor, A. P. Sutton, S. J.
Harris, and J. E. Butler, J. Chem. Ph$41, 4291 (1999).

[76] H. Tamura, H. Zhou, Y. Hirano, S. Takami, M. Kubo, R. V. Belosludov,
A. Miyamoto, A. Imamura, M. N. Gamo, and T. Ando, Phys. Rev6B.
16995 (2000).

[77] M. Kaukonen, P. K. Sitch, G. Jungnickel, R. M. Nieminen, SaniiyKko,
D. Porezag, and T. Frauenheim, Phys. Re\6 B9665 (1998).

[78] M. Frenklach, S. Skokov, and B. Weiner, Nat&#&2, 535 (1994).

[79] S. J. Harris, Appl. Phys. Leth6, 2298 (1990).

[80] S. J. Harris and D. G. Goodwin, J. Phys. Ché&T.23 (1993).

[81] S. Skokov, B. Weiner, and M. Frenklach, J. Phys. Chen5616 (1995).
[82] M. Sternberg, P. Zapol, and L. A. Curtiss, Phys. Re68205330 (2003).

[83] S. Walter, J. Bernhardt, U. Starke, K. Heinz, F. Maier, J. Ristein, and L. Ley,
J. Phys.: Condens. Mattéd, 3085 (2002).

[84] L. F. Sutcu, C. J. Chu, M. S. Thompson, R. H. Hauge, J. L. Margrave, and
M. P. D’Evelyn, J. Appl. Physr1, 5930 (1992).

[85] K. C. Pandey, Phys. Rev. B, 4338 (1982).

[86] S. larlori, G. Galli, F. Gygi, M. Parrinello, and E. Tosatti, Phys. Rev. Lett.
69, 2947 (1992).

[87] Th. Frauenheima, U. Stephan, P. Blaudeck, D. Porezag, H. -G. Busmann,
and W. Zimmermann-Edling, Phys. Rev4B, 18189 (1993).

[88] K. Kobayashi, Phys. Rev. B8, 075308 (2003).

[89] M. Marsili, O. Pulci, F. Bechstedt, and R. D. Sole, Phys. Re¥2B115415
(2005).

[90] A. V. Hamza, G. D. Kubiak, and R. H. Stulen, Surf. S06 L833 (1988).

[91] S. Han, J. Inm, S. G. Louie, and M. L. Cohen, Phys. Rev. L8@s995
(1998).

[92] R. C. Brown, C. J. Cramer, and J. T. Roberts, Diamond Relat. ME2e89
(2001).

[93] M. Tsuda, M. Nakajima, and S. Oikawa, J. Am. Chem. S8 5780
(1986).

37



[94] M. Grujicic and S. G. Lai, J. Mater. S@5, 5359 (2000).

[95] M. Grujicic and S. G. Lai, J. Mater. S@&5, 5371 (2000).

[96] K. Larsson, Phys. Rev. B6, 15452 (1997).

[97] D. Huang and M. Frenklach, J. Phys. Ch8/ 3692 (1991).

[98] K. Larsson and J. O. Carlsson, Physica. Stat. SdI88 319 (2001).

[99] C. C. Battaile, D. J. Srolovitz, and J. E. Butler, Diamond Relat. M&er.
1198 (1997).

[100] C. C. Battaile, D. J. Srolovitz, and J. E. Butler, J. Cryst. Grow®y, 353
(1998).

[101] J. Peploski, D. L. Thompson, and L. M. Raff, J. Phys. Ch&@).8538
(1992).

[102] S. Komatsu, K. Okada, Y. Shimizu, and Y. Moriyoshi, J. Appl. PI8S.
8291 (2001).

[103] S. W. Yang, X. Xie, P. Wu, and K. P. Loh, J. Phys. Chem.1By, 985
(2003.).

[104] D. A. Horner, L. A. Curtiss, and D. M. Gruen, Chem. Phys. LE2&3 243
(1995).

[105] M. Sternberg, M. Kaukonen, R. M. Nieminen, and T. Frauenheim, Phys.
Rev. B63, 165414 (2001).

[106] E. Blank, Semiconductors and Semimef&s49 (2003).

[107] C. Weigel, D. Peak, J. W. Corbett, G. D. Watkins, and R. P. Messmer, Phys.
Rev. B8, 2906 (1973).

[108] A. Mainwood, F. P. Larkins, and A. M. Stoneham, Solid-State Elec2hn
1431 (1978).

[109] G. D. Watkins and R. P. Messmer, Phys. Rev. L&#s1244 (1974).

[110] M. E. Newton, J. M. Baker, and D. J. Twitchen, Pnoperties, Growth and
Applications of Diamond(ed. M. H. Nazag and A. J. Neves), Institution
of Electrical Engineers, Michael Faraday House, Six Hills Way, Stevenage,
Herts, SG1 2AY UK (2001).

[111] C. D. Clark and J. Walker, Proc. R. Soc. Lond.284, 241 (1973).
[112] G. Davies and C. M. Penchina, Proc. R. Soc. Lond328, 359 (1974).
[113] G. Davies, Natur@69, 498 (1977).

38



[114] A. Mainwood and A. M. Stoneham, J. Phys. Condense. Ma®#te2453
(1997).

[115] E. B. Lombardi, A. Mainwood, and K. Osuch, Phys. Rev.7, 205201
(2004).

[116] L. G. Wang and A. Zunger, Phys. Rev@8, 161202(R) (2002).

[117] A. T. Collins and A. W. S. Williams, J. Phys. C: Solid State Piy4789
(1971).

[118] Z. Y. Xie, J. H. Edgar, T. L. McCormick, and M. V. Sidorov, Diamond Relat.
Mater.7, 1357 (1998).

[119] S. Yamanaka, H. Watanabe, S. Masai, D. Takeuchi, H. Okushi, and K. Ka-
jimura, Jpn. J. Appl. Phyf7, L1129 (1998).

[120] P. Wurzinger, P. Pongratz, P. Hartmann, R. Haubner, and B. Lux, Diamond
Relat. Mater6, 763 (1997).

[121] A. Deneuville, Semiconductors and Semime#&s183 (2003).

[122] P. Hartmann, S. Bohr, R. Haubner, B. Lux, P. Wurzinger, M. Griesser,
A. Bergmaier, G. Dollinger, H. Sternschulte, and R. Sauer, Int. J. Refract.
Met. Hard Materl16, 223 (1997).

[123] X. H. Wang, G. H. M. Ma, W. Zhu, J. T. Glass, L. Bergman, K. F. Turner,
and R. J. Nemanich, Diamond Relat. Mater828 (1992).

[124] E. Gheeraert, A. Deneuville, and J. Mambou, CarBdnl07 (1999).

[125] P. Gonon, A. Deneuville, F. Fontaine, E. Gheeraert, A. Campargue, M. Ch-
enevier, and S. Rodolphe, J. Appl. Phy8, 7404 (1995).

[126] M. Hata, M. Tsuda, N. Fujii, and S. Oikawa, Appl. Surf. S£8/8Q 255
(1994).

[127] R. Samlenski, C. Haug, R. Brenn, C. Wild, R. Locher, and P. Koidl, Diamond
Relat. Mater5, 947 (1996).

[128] J. C. Angus, Y. V. Pleskov, and S. C. Eaton, Semiconductors and Semimetals
77,97 (2004).

[129] R. Locher, J. Wagner, F. Fuchs, M. Maier, P. Gonon, and P. Koidl, Diamond
Relat. Mater4, 678 (1995).

[130] J. H. Edgar, Z. Y. Xie, and D. N. Braski, Diamond Relat. Ma7eB5 (1998).
[131] J. F. H. Custers, Physids, 489 (1952).
[132] S. Bohr, R. Haubner, and B. Lux, Applied Physic Lett®8s1075 (1996).

39



[133] R. Locher, C. Wild, N. Herres, D. Behr, and P. Koidl, Applied Physics Letters
65, 34 (1994).

[134] R. G. Farrer, Solid State Commun.685 (1969).
[135] D. Saada, J. Adler, and R. Kalish, Applied Physics Let&t878 (2000).

[136] H. Zhou, Y. Yokoi, H. Tamura, S. Takami, M. Kubo, A. Miyamoto, N. M.
Gamo, and T. Ando, Jpn. J. Appl. Phy€), 2830 (2001).

[137] J. R. Petherbridge, P. W. May, G. M. Fuge, G. F. Robertson, K. N. Rosser,
and M. N. R. Ashfold, J. Appl. Phy91, 3605 (2002).

[138] I. Sakaguchi, M. N.-Gamo, Y. Kikuchi, E. Yasu, H. Haneda, T. Suzuki, and
T. Ando, Phys. Rev. B0, R2139 (1999).

[139] R. Kalish, A. Reznik, C. Uzan-Saguy, and C. Cytermann, Appl. Phys. Lett.
76, 757 (2000).

[140] M. Hasegawa, T. Teraji, and S. Koizumi, Appl. Phys. L&f,. 3068.

[141] S. Koizumi, M. Kamo, Y. Sato, H. Ozaki, and T. Inuzuka, Appl. Phys. Lett
71, 1065 (1997).

[142] S. Koizumi, T. Teraji, and H. Kanda, Diamond Relat. Ma8:1935 (2000).

[143] M. Katagiri, J. Isoya, S. Koizumi, and H. Kanda, Appl. Phys. L8%.6365
(2004).

[144] E. Gheeraert, S. Koizumi, T. Teraji, H. Kanda, and M. Nesladek, Physica
Status Solidi A174, 39 (1999).

[145] Y. Koide, S. Koizumi, H. Kanda, M. Suzuki, H. Yoshida, N. Sakuma, T. Ono,
and T. Sakai, Appl. Phys. Le@6, 232105 (2005).

[146] O. Gaudin, D. K. Troupis, R. B. Jackman, C. E. Nebel, S. Koizumi, and
E. Gheeraert, J. Appl. Phy34, 5832 (2003).

[147] Y. Yan, S. B. Zhang, and M. M. Al-Jassim, Phys. Re\6@ 201401.

[148] S. A. Kajihara, A. Antonelli, and J. Bernholc, Phys. Rev. Lét, 2010
(1991).

[149] C. Uzan-Saguy, C. Cytermann, B. Fizgeer, V. Richter, R. Brener, and
R. Kalish, Physica Status Solidi (293 508 (2002).

[150] R. Kalish, Diamond Relat. Matet0O, 1749 (2001).

[151] J. P. Goss, P. R. Briddon, R. Jones, and S. Sque, Diamond Relat. Maater.
684 (2004).

40



[152] Z. Teukam, J. Chevallier, C. Saguy, R. Kalish, D. Ballutaud, M. BaFb Jo-
mard, A. Tromson-Carli, C. Cytermann, J. E. Butler, M. Bernard, C. Baron,
and A. Deneuville, Nature Materials 482 (2003).

[153] J. P. Goss, P. R. Briddon, S. J. Sque, and R. Jones, Phys. Béy1B5215
(2004).

[154] J. Isberg, J. Hammersberg, E. Johansson, T. WikstD. J. Twitchen, A. J.
Whitehead, S. E. Coe, and G. A. Scarsbrook, Sci@®31670 (2002).

[155] A. Gicquel, K. Hassouni, F. Silva, and J. Achard, Curr. Appl. Piy<l79
(2001).

[156] M. N. Latto, D. J. Riley, and P. W. May, Diamond Relat. Mafr1181
(1999).

[157] S. Koizumi, K. Watanabe, F. Hasegawa, and H. Kanda, Sci2é2e1899
(2001).

[158] E. A. Ekimov, V. A. Sidorov, E. D. Bauer, N. N. Mel'nik, N. J. Curro, J. D.
Thompson, and S. M. Stishov, Natut28 542 (2004).

41



Chapter 2

Resonance Enhanced Multiphoton
lonisation studies of atomic Boron In
B,Hs/H,and B,H;/CH,/ H, gas
mixtures relevant to Boron doped

CVD diamond growth

This study looks at the roles of atomic hydrogen, boron atoms and methane in HF
activated BHy / CH, / H, gas mixtures such as are used for the growth of boron
doped diamond. Variables investigated include filament temperaturgH4 e
presence (or not) of CHand the distance of the laser focus from the filament, all
of which are studied by measuring relative concentrations of boron and hydrogen

atoms using a multiphoton ionisation technique.

42



2.1 Introduction

2.1.1 History of Borane research

Investigations in borane chemistry started at the turn of the 20th century with the
development of air free synthesis techniques by Alfred Stock who, over 20 years,
identified and categorised a wide range of species from diborgé B B, H ..

The main bulk of research in borane chemistry was performed around the space
race era with the development of boron based rocket fuels, as oxidation reactions of
B,H, species are highly exothermic due to the formation of strong Boron-Oxygen

bonds, 2.1) [1].

B,H; + 30, — B,0, + 3H,0 AH=-2137.7 kJ mot* (2.1)

Research into borane combustion is progressing with the development of high
power combustion systems fuelled by boron containing slurtigaid accurate
theoretical combustion models][ An excellent review of borane oxidation chem-
istry is by Bauer {]. Important areas of contemporary borane research are metal
hardening, usually steel, by boron diffusion from a borane plasma; production of
hard boron nitride / boron carbide coatings and fils{[9], and studies of MgB

superconductors.[]].

2.1.2 The properties of Boranes

Atomic boron, with an electronic configuration of?12s’ 2p', is considered to be
the classic example of an electron deficient specieshgbpridisation is energeti-
cally affordable and thus boron typically forms tri-valent species with an empty p

orbital localised on the boron atom.
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Diborane is one of the more common forms of borane, Figuie The main
feature of this molecule is the bridging H atoms which undergo a three centre —
two electron bond. These ‘non traditional’ covalent bonds are formed to satisfy the
electron deficient nature of the boron atom and X-ray crystallography that proved
their existence resulted in the award of the 1976 Nobel prize to W. M. Lipscomb

[11].

Figure 2.1: Structure of BHg; showing the three centre — two electron
bridging hydrogen bonds

Diborane readily dissociates into two unstable;Bidmponents by breaking the
weaker bonds holding the bridging hydrogen atoms in place, equatidn {[This
can be instigated by photolysis (e.g. with UV laser light) or by pyrolysis. Thermal
decomposition of diborane has been reported over a wide range of temperatures,

ranging from 273 K to 1073 KI[Z] —[15].

B,H, = 2BH, (2.2)

Historically, borane compounds have been the focus of intense spectroscopic
and theoretical studies including work on the boron atof £ [19], and BH [2(]
- [27], BH, [27], BH; [24] and BH, [25] species.

There have been intensive investigations of boron cluster production using di-

borane precursors. These reactions occur at low temperatures and high diborane
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concentrations and can lead to clusters of various sz&g[( 6], [27]. The mecha-
nism and kinetics of these gas phase inter conversions is highly debated and a good
recent review is by Greenwood .

Ban+4 + BHS : Bn+1Hn+7 (n22) (23)

Bn+1Hn+7 S Bn+1Hn+5 + H, (2.4)

Studies into dissociation of diborane within a IR activated silicon epitaxial film
reactor show that the diborane dissociation can be mediated on the internal surfaces
of the reactor. This causes the formation of boron clusters of various sizes, which
can desorb from the reactor walls, Figute [29). The equilibria between the
gas-phase and surface bound borane clusters can regulate the levelsspieBlés

within the reactor.

Theoretical studies of thermal decomposition of BCH, gas mixtures show,
indirectly, the BH degradation reactions with hydrogen speci&d,[[31]. Harris
et al. have calculated reaction mechanisms and rates for hydrogen abstraction from,
and insertions into, Bl x = 0 — 3 species using standard transition state theory at
the G2 level of theory. (The G2 level of computational theory is based upon the pa-
rameterised results @ib-initio calculations of 125 speciesi] — [34]). Transition

state theory is discussed in more detail in Chapter

For hydrogen addition and abstraction reactions with BHere are two com-
peting processes; a direct mechanism (the equivalent reactiohspfrobm Chap-
ter 1) and a pathway occurring through a low energy,BHntermediate formed
from coordination of the atomic hydrogen with the valence p orbital on the boron

atom, Eq. 2.5. Molecular hydrogen incorporation / abstraction reactions occur
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Figure 2.2: Schematic showing how borane clusters can be generated in
the gas phase and upon surfaces and the subsequent interactions between
the two phases, from ref§].

in a similar manner, via a distorted transition state, via coordination to an empty
orbital, Eq. €.6). These reactions have been studied for BH fand related car-
byne reactionsi], [36]. Reactions involving atomic hydrogen are feasible up to x

= 3, where the empty orbital on the boron atom and trigonal geometry enables the

formation of BH,.

BH,+H—BH,_,, — BH, ,+H, x=1-3 (2.5)

BH, + H, =— BH_,, x=0-2 (2.6)

Harris et al. showed that for BE, hydrogen abstraction reactions only occur
via the co-ordination of the abstracting atofh5) at low temperatures but, above

1900 K, the direct abstraction reaction is more prevalent. BH species have been
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detected by optical emission spectroscopy in microwave plasmas growing doped

diamond from BH, / CH, / H, gas mixtures{/], [3€].

2.2 Resonance Enhanced Multiphoton lonisation (REMPI)

2.2.1 Theory

lonisation of species requires an electron to absorb enough energy to raise it above
the ionisation potential (1. P.). In most situations, the I.P. of a system is too large
to be directly accessible by absorption of a single photon of visible / UV light
but absorption of multiple photons can make ionisation viable. Direct multiple
photon ionisation is a relatively unlikely process unless using extremely intense

short pulsed lasers, as it requires a very high photon density.

However, the probability of a multiphoton ionisation process is greatly enhanced
if there is an intermediate ‘stepping stone’ electronic state of the system resonant at
the energy of one (or two) absorbed photons. The resulting ion or electron can be
detected in multiple ways including time of flight mass spectrometry or electrostatic

interactions with a biased wire.

The multiphoton absorption is usually described as an (m + n) REMPI process
where m is the number of photons needed to excite the species to the ‘stepping
stone’ electronic state and n is the number of photons required for the final ion-
isation step. Figure.3 shows the most commonly used multiphoton ionisation

processes for atomic boron.

The REMPI process is highly species selective as ionisation depends upon the
internal electronic structures and the I.P. of the probed sample. In the case of molec-

ular species, rotation—vibration excitation spectra can be recorded by REMPI by
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selective population of a vibrational state by tuning the probing laser light to the
appropriate frequency. The REMPI process is also a localised technique because
tight focusing to a small volume is required to generate the high photon density

required for the multiphoton absorption process.

%/

/ ’/¢ lonisation

/ Vé . .
66928.10cm™ ) | ///% limit

57787.01 cm’ 252 4p' 2p
57786.37 cm’! Al A’QP w
A A 12

40039.65 cm' 252 3¢ 2g
AA 12

LM

15.254 cm'1 232 2,01 2P

0.000 cm’” 2p

Figure 2.3: Grotrian diagram for atomic boron, showing the possible (1+1)
and (2+1) REMPI process

2.2.2 Previous HF CVD REMPI Studies

The current Bristol REMPI reactor was designéd][to investigate the local dis-
tribution of H atoms in the vicinity of a hot filament (] using a (2+1) REMPI
detection process. The method showed that the surface of the filament was critical
in the production of H atoms with hydrogen molecules adsorbing onto the hot fila-
ment surface and undergoing bond dissociation, catalysed by the metal, and atomic
hydrogen atoms dissociating from the filament surface with high thermal energy,
contributing to the localised gas heating. This confirmed the observed trends from

the earlier (3+1) REMPI studies by Celii and Butlér].
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CH, distributions have been measured using 2+1 REMPI via th8 8p— X2A,
transition from HF activated CH H, [47], [45] and CGH, / H, [44] gas mixtures
which shows that there is a gas phase chemical interconversion between the two
species. A more detailed discussion of methane-acetylene interconversion chem-
istry can be found in Chapteés. The work reported here is, to the best of our

knowledge, the first study of B atoms in such an HF CVD environment.

2.2.3 Boron REMPI

Boron hydride compounds have strong boron—hydrogen bonds{BH— BH,:

AH =312.1 kJ mot!) which are approximately 100 kJ mdlweaker then the cor-
responding carbon hydride bond (¢HH — CH,:AH =438.6 kJ mot?). (Bond
strengths are derived from the experimental values for the enthalpy of formation of
the CH,, CH,, BH,, BH; & H species from ref45]). This suggests that boron hy-
drides should behave similarly to methane in a diamond CVD environment but that

boron—hydrogen bond breaking reactions should be more facile.

Simple thermodynamical analysis ol / H, gas mixtures in the presence
of H atoms indicates that, at low temperature$Q0 °C), diborane is the most
thermodynamically stable species. At HF—CVD gas temperatuv&8q0°C, in
the immediate vicinity of the filament), reaction3.q) and @.5 will favour the
products and the equilibrium overall should shift in favour of boron atoms. Figure
2.4 shows the variation in equilibrium constant as function of temperature, relevant
to CVD diamond growth, for the hydrogen abstraction reactidn)( using data
from AppendixD. A more detailed discussion of the statistical mechanics and

methods will be presented in Chapter

Atomic boron (18 2¢’ 2p') has two possible ground state configuraticii ,
2Pg/2) separated by 15.254 crh[46] from which the REMPI process can occur.
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Figure 2.4: Predicted variation in equilibrium constant as a function of
temperature for diborane dissociation equatid)(and hydrogen abstrac-
tion reactions from BH, x = 1 — 3 species, equatio.f).

This can be achieved by a 3 colour double resonance schefer[more simply,
by 1 colour REMPI via the 28s' state ((1+1) REMPES; », 40040 cn!) or the

284p' state ((2+1) REMPIQ,PQ/Q, 57787.0 cmt; ZP?/Q, 57786.3 cm'), Figure2.3
[14].

2.3 Experimental

The experimental set up has been described previo&sghahd is shown in Figure

2.5. The CVD chamber consists of a 6-way cross (baseline pressufeTbr)

fitted with quartz windows to enable transmission of the probing laser. The filament
(Ta, 250um dia. 7 coils,~ 3 mm coil dia.) is attached to the top flange, via a mount
which moves normal to the incident laser beam. The temperature of the filament
is measured by a 2 colour pyrometer (Landmark X) mounted perpendicular to the
filament laser plane. Hydrogen (98-99 sccm), Methane (0-5 sccm) and Diborane

(4.75% in H,; 0-1 sccm) are mixed before introduction to the chamber and the
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pressure is regulated at 20 Torr.

Fluorescing dye

Filament

Photo-diode

Oscilloscope

Figure 2.5: Experimental setup for REMPI studies of boron atoms in CVD
reactor. Two side arms of the reactor have been omitted for clarity.

1+1 REMPI detection occurs at a wavelength of 249 nm generated by a Nd:YAG
pumped dye laser (Surelight 11-10, third harmonic (355 nm), pumping a PDL3) at
10 Hz using LD490 dye mixture and a BBO doubling crystal. B atoms are detected
using (2+1) REMPI with a wavelengta346 nm [L&] using the same laser system
but with an LDS 698 dye mixture (end pumped) and a KD*P doubling crystal (in
conjunction with the 2 harmonic output from the Nd:YAG laser). H atom detec-
tion occurred atv 243.1 nm using a Coumarin 480 dye mixture and a BBO double

crystal, together with 355 nm pumping.

The fundamental and frequency doubled dye laser light are separated using a
Pellin Broca prism and the doubled light (pulse energy 1-3 mJ), is steered via a

right angle prism and focused with a 25 cm Quartz lens to a spot about 1 mm
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above a probe wire (Pt, 0.5 mm dia) in the centre of the chamber. The wire is
biased to -50 V so as to detect positive ions generated in the laser focal volume.
Any transient pulse so detected is passed onto an oscilloscope (LeCroy 9450) and
recorded on a PC via a GPIB interface. UV light passing through the chamber
is reflected into a cuvette of fluorescent dye (Rhodamine 6G). The fluorescence
is measured using a photodiode and the values are used for power normalisation.
Undoubled light, (exiting along a different axis) from the Pellin-Broca prism, was
passed through a beam splitter which reflected a fraction of the light into a wave
meter (Coherent Wavemaster). The signal from this photodiode was monitored as
the laser wavelength was scanned using a boxcar averager (SRS) and recorded on

the PC. Data were recorded using the in house “Drive” program.

For investigations involving B, / H, gas mixtures, filaments were first baked
in H, background, then for a further hour after the introduction of diborane to the
system at 2100C prior to making any measurements. For experiments using CH
| B,Hg / H, gas mixtures, the filament was preconditioned in,CHl, at 2100°C

for 6 hours. Diborane was then introduced before experimenting 1 hour later.

2.4 Results

2.4.1 (1+1) REMPI of Boron Atoms

Initial studies focused on the (1+1) REMPI of boron atoms using the-3s 2p

transition at 40040 cmt. Figure2.6shows a typical broad spectrum.

Recalling the Grotrian diagram (Figuge3), we can see that this should be a
strongly allowed one-photon transition satisfying all elements of the Laporte selec-
tion rules. This is confirmed by the short radiative lifetime of the .1.3S,2)

excited stater ~ 4 ns [£8]. Population excited to the ...3state by one photon

52



Signal / Arb units

40036 40037 40038 40039 40040 40041 40042 40043 40044
-1
One photon wavenumber / cm

Figure 2.6: (1+1) REMPI spectra of B atoms in HF reactor at 0.0475 %
B,Hg / H,, with a Ty of 2273 C at 20 Torr.

absorption can thus be lost by spontaneous fluorescence with rate congjant (k

or by interacting with a further photon;{k). The large width of the observed transi-
tion can be understood by assuming that the rate of stimulated emisgjQigk])

back to the ground state is much greater then the ionisation rate, FigurBoth
processes have linear dependencies with the laser intensity whilst only the latter

process generates thé Bns we depend on for detection.

2.4.2 (2+1) REMPI of Boron Atoms

Figure 2.8 shows a composite power-normalised (2+1) REMPI spectrum of the
28'4p! «— 2s'2p! transition of the boron atom, using 0.0475 %R in H, gas

probed at a distance of 0.5 mm below the filament maintained at 2273 K.

The lineshapes consist of two closely-spaced and incompletely resolved transi-

tions to the J :% and% spin—orbit components of the excited'4gtate. There is

53



252 3s'B*

kspom
A

Y 2s22p'B

Figure 2.7: Grotrian diagram showing the competitive processes for
atomic boron (1+1) REMPI process.
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Figure 2.8: 284p' « 2g’2p' B atom (2+1) REMPI signal of 0.0475%
B,Hg, filament temperature gI) = 2273 K at 20 Torr and a laser focus at d

= 0.5 mm from the filament. Red line is a Lorentzian least square fit to the
expriemental data.

a corresponding feature from tRB; , level of the ground (2} state 15.25 cm'

to lower wavenumber. The different populations of the two spin—orbit components
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(2.7) of the ground state, in combination with the wavelength dependant variation
in UV output (due to the fixed KD*P crystal experimental setup), leads to the two
peaks having different intensities. However, as studies focused on changes in rela-
tive intensities, both transitions could be used to monitor process conditions.

N3jp  2J' +1
Nijp  2J"+1

expg ~AE/FT) (2.7)

Each of the major features is fitted to two Lorentzian functions, by means of a
least squares fitting algorithm, indicating that the lineshape is dominated by a ho-
mogeneous broadening mechanism. Itis instructive to consider the various possible
line broadening contributions to the measured lineshape. The laser linewidth itself
is < 0.2 cnT! in the UV and negligible on the scale of the present measurements.
Equation £.8) describes the Doppler contribution to the Full Width Half Maximum
(FWHM) of a transition whilst probing a volume in local thermodynamic equilib-

rium (i.e. a Maxwellian velocity distribution).

12 8kTIn2
Avp = —
YD c M

(2.8)

wherev, is the central line transition frequeneyis the speed of light andl/ is the

mass of the probed species in kg.

At typical near filament gas temperatures (1800 K), the Doppler contribution to
the FWHM would be~ 0.53 cnt! (c.f the total FWHM of 1.9 cm!). Pressure
broadening will be negligible under the prevailing experimental conditions. The
Lorentzian broadened boron signal is thus most readily attributed to the effects of
power broadening whereby the second step of the (2+1) REMPI process is assumed
to be partially saturated. This is not uncommon in (m+1) REMPI processesi()m
that the one photon transitions from the'@s state to the ionisation continuum

is much more probable than the initial 2 photon absorption. The (probable) one
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photon ionisation reduces the excited state lifetime and thus increases the FWHM

because of the Heisenberg uncertainty princiglé)(

AvAt ~ S (2.9)

2T

This effectively reduces the stabilising resonance effect of thép2sxcited
state and masks both the Doppler broadening and the 0.638 extited state
splitting. Figure2.9(a)shows the relationship between the (2+1) REMPI signal
for B atoms at 57771.760 cm and the incident laser pulse energy, and provides
further support for the idea that the (2+1) REMPI process is partially saturated

under experimental conditions.

For an ideal (m+1) REMPI system, where the m-photon step is rate limiting, the
ion yield signalS should scale with the laser intensityand thus the pulse energy)

according to:

S o I™ (2.10)

Thus for a (2+1) REMPI systemm; should have a value of 2, but in this system,
as Figure2.9(a)shows, the measured gradient is 1.61 which is consistent with the
previous discussion. Analogous studies of H atoms using (2+1) REMPI centred at
243.1 nm under similar conditions gasex I* and Doppler widths consistent with
eq (2.9 [4(]. (Note that the Doppler broadening-s+/10 greater in the case of H

atoms because of their much lighter mass).

B,Hg / H, gas mixtures

B atom REMPI signals have been characterised as functions of process conditions

with all data being power normalised according to Figdré(a) Results show

56



— y=16087x - 6.6313 X ] % %
:— \ % %} % % O 2ndRun
g % { O 1stRun

Signal/ Arb. units
—e—
=
—e—

e e b b e e e |
0 0.01 0.02 0.03 0.04 0.05

%B,H,

(a) The measured REMPI signal versus (b) The correlation between (2+1)
laser power relationship at a laser fre- REMPI signal at a laser frequency of
quency of 28885.9 cmt, Ty of 2273 K 28885.6 cnr! and % Diborane, § of
and a laser focus at d=2 mm from the fil- 2273 K and a laser focus at d= 2 mm
ament. from the filament.

Figure 2.9: Fundamental Tests of (2+1) REMPI signal of B Atoms in the
HF—CVD environment

that REMPI can easily detect B atoms in a HF activated 0.00475,Pi BH,
gas mixture (Figur@.9(b) and that there is a positive correlation between B atom

REMPI signal and diborane concentrations.

Figure2.10shows the measured variation in B and H REMPI signals with in-
creasing distance from the hot filament. The observed decline in H atom REMPI
signal with distance is consistent with atomic hydrogen dissociation mediated on
the surface of the filament with a local maxim near the filament, as discussed in
Section2.2.2 The local gas temperature in the volume probed by the laser, can be
deduced from the Doppler contribution to the FWHM using equatibf)( Fig-
ure2.11shows a gradual decrease in temperature with increasing distance from the
filament. The introduction of diborane reduces the temperature (deduced from the
FWHM of the H REMPI scans) of the gas mixtures in the region of the filament
by approximately 300 K. Measured B REMPI signal increases with distance which

is in contrast to the results for H atoms (and Qtddicals from previous studies
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Figure 2.10: Graph showing the relationship between the distance between
the laser focus and the HF and REMPI signal for boron atoms (laser fre-
quency of 28885.9 crt) and H atoms (laser frequency of 41128.5¢in

with a gas mixture of 0.0475%Blg / H, with Ty = 2273 K.
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Figure 2.11: Temperature profiling of HF reactor operating with purg H
and a filament temperature of 2673 K using H atom Doppler broadened
line shapes and equati@n8to estimate local gas temperatusel].

[44]). This is unprecedented behaviour for a transient species in a HF reactor. As-

suming ideal gas conditions for the reactor, it is a fair approximation that under
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constant pressure, the local number density is inversely proportional to the local
temperature. The local number density is proportional to the REMPI signal. Using
the Smithet al. [49] temperature profiles, Figur211, we suggest that the boron

atom mole fraction will be almost constant across the whole chamber, with no local

maxim near the filament.

Measurement of B REMPI Signal versug Pprovides further insight into the
role of the HF. Figure2.12 shows that the B REMPI signal is highly dependent

upon Ty with a maximum in B REMPI signal at 2173 K. H REMPI measure-

FT T T ‘ T T T ‘ T T T T T T T T T ‘ T T T T T T ‘ T T T T T T
N B Atom il
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ol B oo % 1o
St (] 15
o q 18
<[ % @ % 1<
@[ ] [
C_D B 1
s 5 % 1o
- > B
> S
1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1 ‘ 1 1 1
1700 1800 1900 2000 2100 2200 2300 2400 2500 2600

T, /K

Figure 2.12: Filament temperature effect on (2+1) REMPI signal for B
atoms (28885.9 cmt) and H atoms (41128.5cm) for 0.0475% BHg in
H, with a laser focus at d = 2 mm from the filament.

ments, under the same conditions, show that H atom production increases with the
filament temperature, again consistent with surface enhanged+2 H dissoci-

ation. The increase in atomic boron REMPI signal with dan be attributed to a

shift in the equilibria of hydride extraction reactions caused by the increase in H
atom productionZ.5) (2.6). The sharp decrease in [B] at high, TS very unusual

and shows that boron production is directly related to filament properties because
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there is no reduction in H atom production throughout the process window studied.
We suggest this sharp decrease is due to a local surface melting of a tantalum boride
layer present on the filament (TaB, melting point 2313K; B melting point 2349K
[50)), causing the filament to become a reservoir for,Bippecies. Despite this
phase change, the surface continues to catalyse molecular hydrogen dissociation
reactions resulting in an increase in H atoms in the system. This theory of surface
activation is supported by SEM cross sectional images of spent filaments, which
reveal an annular surface layer (conceivably tantalum boride) around the tantalum
wire core, Fig2.13 The outer surface structure shows evidence of localised melting

and re-solidification, Fig.13(b)

These conditions under which B atoms are formed is very similar to a method
of producing high purity boron by the thermal decomposition of BBrl] and
suggests that boron does not readily react with the hot metal surface and that the

outer layer consists of BHather than TaR

(a) (b)

Figure 2.13: (a) SEM cross section of a borodised filament. (b) the
borodised surface showing evidence of localised melting.
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B,Hs/ CH, / H, gas mixtures

Preconditioning treatment of the filament sequentially, first with methane and then
with diborane, leads to formation of a double layer round the tantalum wire, Figure
2.14. The inner layer is presumed to be a tantalum carbide layer which reacts with
B,H; in the second stage of the preconditioning to form an amorphous carboboride

layer.

Z35kY 3. 088

(a) (b)

Figure 2.14: (a) SEM image consistent with borodation of a carborised
filament (b) Close up view of the boron carbon interface.

Figure2.15(a)shows how the measured boron REMPI signal varies with dib-
orane input concentration with a background gas mixture of 1% CHi, at 20
Torr. The results show the same trends as tfté;B H, gas mixture with the same
high level of sensitivity. With the carborised filament, an increase in filament tem-
perature leads to an increase in B atom production, unlike the borodised filament,

Figure2.15(b)

We suspect that the observed differences in the filament properties are due to the
difference in the melting points between the amorphous carboboride outer layer of
the carborised filament (melting pointg®2623 K [0]) and the TaB layer (TaB,
melting points TaB 2313 K] and B, melting point 2349 K). We suggest that the
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Figure 2.15: (a) The relation between %,B; and REMPI signal at

= 2273 K. (b) Correlation betweengTand atomic boron REMPI signal
for 0.0475% BH,: Both recorded in 1 % C[1/ H, gas mixtures with a
laser frequency of 28885.6 crhand a laser focus at d = 2 mm from the
filament.

carborised filament does not undergo a phase change for the temperature window
investigated. These results suggest that the filament acts as a temperature dependent

sink for BH, species.

Figure 2.16 shows effects of the carborised filament and methane in the gas
mixture on B REMPI signal as a function of distance for two temperatures. At
2273K, the data indicates that there is a maximum in B number density atd =4 mm
from the filament. In the regions close to the filament, the loss in B REMPI signal
is ascribed to B atoms and other Bbpecies being adsorbed into the filament. In
the cooler regions studied (d 5 mm), the atomic boron number density drops
substantially, suggesting a loss mechanism. At 2673K, there is a major change in
filament behaviour. The B REMPI signal peaks in the hotter gas regions of the
reactor (d< 4 mm), which correlates to B atoms evaporating from the filament. In
the region where d is between 4 and 14 mm, there is an increase in B REMPI atom
signal, which is similar to the trend shown in Figurd 0and when d> 14 mm, the

B REMPI signal decreases.

Experimental studies of B atom reactions with hydrocarbons mainly focus on
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methane insertion5] and cross beam reactions with acetyleid [ Boron reac-

tions with methane are very unlikely as boron insertion reactions have an activation
barrier of 68.6 kJ mol' and hydrogen abstractions have an even more unfavourable
reaction activation barrier of 149.0 kJ mél[57]. Methane, in the presence of H
atoms and k| inter-converts to acetylene and other species in high temperature
regions of a CVD reactor; the acetylene so formed then diffuses back into cooler
regions p4]. Boron insertion reactions with acetylene occur via addition to the car-
bonw system and subsequent rearrangement to JiBi@ich is isoelectronic with

C,. This process is slightly exothermic by 6.9 kJ mol53]. We suggest that this is

the loss mechanism for boron as acetylene concentrations are greater in the cooler
regions of the reactor whereas in the hot regions the reaction favours the B and

C,H, reagents.

63



2.5 Conclusions

These are the first recorded REMPI studies of the behaviour of atomic boron and

atomic hydrogen, in HF activated,B, / CH, / H, gas mixtures.

By probing the radial distribution of boron atoms from the HF, we have shown
that, under CVD conditions, atomic boron does not form a stable reservoir species
with other borane species {B,) and only combines with carbon species (when

present) most probably to form HB@ the cooler regions of the reactor.

These results suggests that for the same power into a tantalum filament pro-
cessed in KHlor CH, / H,, a borodised filament will run at a lower,Tand give
rise to a relative higher H atom number density, which implies that the filament
provides an efficient catalytic surface for mediating hydrogen dissociation at low
Ty i. e. more of the filament's power is used in hydrogen dissociation rather than

increasing J, .

The tantalum filament also acts as a sink for,Bipecies resulting in the for-
mation of boride layer. However, when a borodised filament undergoes a phase
change, which occurs within the temperature range studied, there is an increase in
the efficiency of BH species incorporation into the HF. This results in a decrease

in the atomic boron number density in local vicinity of the HF.

This pioneering study of B atom number density in HF activatgld B H, and
B,Hs / CH, / H, gas mixtures has been repeated and extended by Ph.D student Dane
Comerford, along with complementary modelling of BiHterconversion reactions
by Mankelevich {5]. It has also served to trigger preliminary modelling studies of
BH, addition to a simplified version of the diamo#@l00} surface — this forms the

subject of the next chapter.
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Chapter 3

BH, Addition to the {100} surface of

Diamond.

The aims of the preliminary theoretical investigations reported here were to identify
likely boron growth species and to investigate plausible mechanisms for both B in-
corporation into, and B loss from, the reconstruc{&@0} surface during diamond

CVD.

3.1 Introduction

3.1.1 Ab-Initio Computational Chemistry Theory

The term computational chemistry covers a broad spectrum of work. There are two
broad areas of computational chemistry reseaabhkinitio and molecular mechan-

ics calculations. Ab-initio methods model electronic interactions within species,
with a quantum mechanical description, whilst the molecular mechanics approach

uses empirical potentials to describe atomic interactions and is discussed further in
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Chapterd.

The scientific foundation adb-initio calculations is the Sctdinger wave equa-
tion, which links the kinetic and potential energy of a system into a Hamiltonian,

H. This leads to an unsolvable yet true wavefunction equati). (

HU = EV (3.1)

To attempt approximate solutions of €8 1), the Hamiltonian can be broken
down into the more important constituent components: The kinetic energies of the
electrons and nuclef, 7,,, and the Coulombic interactions between similar and

opposite charges/.., V,..., V.,.; equation 8.2).

A~

H:Te—i_‘?ee—i_‘?en_._ﬁz—i_‘??m (32)

The Born-Oppenheimer approximation states that there is a large distinction
between the timescales of the nuclear and electronic motion and thus the electronic
component of the wavefunction can be decoupled for any fixed nuclear distance,
(3.9). The electronic Hamiltonian can thus be expressed in terms which directly

relate to the electron’s coordinate systemsdr a fixed nuclear arrangemeri).

HU.(r,R) = E.V(r,R) (3.3)

In practise, the variational method is used to refine the wavefunction starting from
an initial approximation, usually a physically plausible guess. It can be shown that
the expectation value of the Hamiltonian for any trial wavefunction must be greater
than or equal to the true ground state energy of the sysigm(3.4) [1]. Hence

by using an initial guessy, then varying numerical coefficients determining this

trial wavefunction, the expectational value of eq () is at a minimum, giving the best
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possible wavefunction.

[ U HVdr

J T SR 3.4
[owdr =7 34

Using the variational method usually requires the adoption of an approximate form
for the wavefunction. The most common approach is the the molecular orbital ap-
proximation, whereby, for a many-electron system, the overall electron wavefunc-
tion ¥ of equation 8.3), is written as a product of individual n -electron wavefunc-

tions® (3.5).

U(ry,ro,...1p) = @1(r1)@i(r2) ... P1(rn) (3.5)

These individual 1-electron wavefunctions, usually referred to as molecular or-
bitals, can be described by basis sets and modelled by gaussian functions. For
molecular species, it is usual to describe the wavefunction as a combination of
molecular orbitals which in turn can be constructed from linear combinations of a
set of atomic orbitals,3.6). This set of atomic orbitals is usually referred to as the

basis set.

N
i=1

Equation 8.5 does not account for the Pauli exclusion principle and the in-
distinguishability of electrons, but describing the wavefunction in the form of a

Slater determinant overcomes these shortfalls)) (wherea and 3 represent the
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M.= £1!/2 projection of the electronic spin.

y(r)a(l)  @1(r)B(1)  Po(ri)a(l) ... ég(rl)ﬂ(l)

1 @1(7”2)0&(2) @1(7’2)5(2) @2(7“2)06(2) e @%(T2)5(2)
R . T

D1 (rp)a(n) @i(ra)B(n) Pa(rn)aln) ... Pz(r.)B(n)

One of the weaknesses of Hartree Fock calculations is the poor treatment of
the correlation behaviour of electrons. This limits the accuracy of the calculations.
One method of compensating for the electronic correlation deficiency is to simplify
the mathematical descriptions of the wavefunction and to introduce empirical co-
efficients which can be optimised to experimental parameters. This semi-empirical
approach, which includes the AM1 and PM3 methods, is favourable in systems with
large number of atoms as the simplifications dramatically increase the speed of the

calculation, but they lack high levels of accuracy.

The accuracy of thab-initio calculations can be improved by explicitly in-
cluding an electronic correlation functional in the HF calculation. Examples of this
approach include the incorporation of Mgller Plesset perturbation theory to produce

the MB, computational method.

The coupled cluster approach is an elegant and accurate computational method.
Equation 8.8) shows the introduction of a cluster operaigrwhich is the sum of
all possible single-electron interactions for the number of electrons in the system,

N [2].

N
U=c"Uyp  whereT =) T, (3.8)

i=1
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The exact solution of the summation Bfleads to the same results as a calcu-
lation that considered all possible electronic interactions. However, expanding the
exponential as a Taylor series enables an easier mathematical method for truncating

the extent of the electronic interaction, EquatiBro)

T2 T3
\IJ:(1+T+§+§+...>\I/HF (3.9)

3.1.2 Density functional theory

All descriptions of molecular properties so far discussed have derived from elec-
tronic wavefunction definitions and manipulations. Electronic dengjtgan also

be used to compute molecular properties.

The foundations of density functional theory (DFT) calculations were laid by the
Hohenberg-Kohn Theories]|, [4]. The first of these theories describes the nature of
mapping of ground state electronic density to the ground state wavefunction while
the second is a modification of the variational principle which enables the same

principle to operate in a DFT system.

By combining these theorie$][ a generic description for a DFT method can
be formed, 8.10. This describes the combination of the kinetic enerfip(r)])
and the electron-electron interactiafi.([p(r)]]) in terms of a system independent
functional, the Hohenberg-Kohn functiondl;; ;. This equation is essentially the

Schibdinger equation3.1) and thus can not be directly solved.

Fuklp(r)] = Tlp(r)] + Ee[p(r)] (3.10)

The electronic interaction term can be simplified into a known coulombic inter-
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action,J[p(r)] and a non classical potential interactid,; [o(r)].

E..[p(r)] = J1p(r)] + Enalp(r) (3.11)

The Kohn-Sham approach bypasses the inherent problem in soB/ibhg by
describing the kinetic energy functional of the electrons by comparison with a sys-
tem where there are no electron-electron interactions. The non-interacting system
accurately describes the kinetic ener@y, which is comparable to the real sys-
tem, but leaves a small part of the energy, to be described by other methods.
This leads to the formation of the Kohn-Sham functional, equaiol? and a new
term, the exchange correlation ener@y -, which is defined as the combination

of the non classical interactions and the residual kinetic energy, equatic. (

Fuk(p(r)] = Tslp(r)] + J[p(r)] + Exc[p(r)] (3.12)

Exclp] = Tclpl + Enalp) (3.13)

Different theories have arisen from different levels of describing the exchange
correlation function as a function of electron density with the only requirement
for the value ofp being that it must be single valued at all positions. The Local
Density Approximation (LDA) approach describes the exchange functional as being
derived directly from the electron density of a system of free electrons at a particular

position.

The generalised gradient approximation (GGA) uses the local density informa-
tion (as in LDA) in conjunction with information regarding the density gradient in
order to account for the non-uniform electron density distribution. In practice, the

exchange correlation functional is often broken into its constituent parts for ease of
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calculation and the general form is expressed in equatiofh

A LDA [Vp(r)|
BSE o) = B2 ()] + 0Bxe | 505 ] (3.14)

The most common way of obtaining these functionals is to fit suggested empir-
ically formulae to the experimental data for the exchange and correlation energies
(usually the noble gases). This approach has led to the development of the more
common functionals; The B exchange functional by Becleahd the correlation
term LYP [7] (though strictly the latter term is not an LDA correction method, it is

empirically calibrated to the helium atom values).

It can be shown that the exchange correlation energy can be expressed as a

function of \, the measure of inter-electronic interactiai, [3.15).
1
Exc = / B d) (3.15)
0

When\ = 0, the system correlates to the Kohn-Sham non-interaction system, while
when\ =1, Ex¢ is not known but can be described adequately by one of the GGA
methods. Assuming thdt, . has a linear dependence dnequation 8.15 can be
approximated as equatiénla

1 1
Exc = EEQQO + §E,§;1 (3.16)

Becke [] expanded the above ideas and used empirical coefficients to effec-
tively weigh the contribution to each section using his B exchange functional and
the PW91 correlation functional. The constants were optimised for a large number
of molecular species. Equati@l7shows the expansion of the most popular DFT

hybrid function, B3LYP P], with the coefficients directly imported from Becke’s

BPW91 model combined with the LYP correlation term. B3LYP methods show a
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good correlation with well studied experimental reactiorng.|

ES¥YP — (1 —a)BXPA 4+ (1 — ) BEPA 4+ a B30 + bES® + cEEYY (3.17)

3.1.3 Potential Energy Surface

The Potential Energy Surface (PES) is a multi-dimensional surface which corre-
lates the potential energy of a species with its geometry. These surfaces are often
complex as the number of dimensions required scales with the degrees of freedom
of the system. To enable easier visualisation, internal co-ordinates are restricted,
typically along the reaction pathway. The main features of these surfaces are the
identification of minima and transition states (first order saddle point) along reaction
pathways, Figur8.1 These features can be identified by gradient related iterative
processes.

Transition state
(AB)*

>

Reagents
A+B

Potential Energy

Product
C

Reaction Coordinate

Figure 3.1: Cross section through a bimolecular PES.

3.1.4 Thermodynamics

The classic description of the thermodynamic feasibility of a reaction occurring

is defined by the Gibbs energy of the process,(3.19. The Gibbs energy for a
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given species is made up from an energy contribution, the entl#aljoherived from
the potential energy surface (PES)), and a temperature dependent entropit,term,
which can be calculated from the individual population of the energy levels of the

species using statistical mechanie8)(

G=H+TS (3.18)

In order for a reaction to occur, there must be a negative value for the change in

Gibbs free energy from reactants to products.

3.1.5 Transition State Theory (TST)

For a bimolecular reaction sequence,1©), two reagents collide and react to form
the product. This usually happens via an activated complex, the transition state.
The rate at which product forms depends on the concentration of the two reagents

and the rate coefficient at which these species réact,

A+ B — (AB)* — products (3.19)

k can be described by the experimentally determined Arrhenius3d&#)show-
ing that reaction rate depends on the activation energy of the reaétjcamd the

temperature of the systerfi,[11].

k= Ae Ea/RT (3.20)

Theoretical modelling of reaction dynamics focused on the interaction between
the transition-state and the reagents is the key to understanding reaction rates. It

can be shown that, for non-equilibrium situations, the rate coefficient using conven-
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tional transition-state theory (CTST) can be described as a function of the various

total partition functions() of the reagents and the transition staté@s21) [17].

kgT
e (3.21)

The partition functionsg, can be expanded into their constituent pagtf?)

and evaluated separately using statistical mechanics.

q = 4qe Qv 4r 4t (322)

However, the construction of CTST includes many assumptions regarding the
nature of the transition from reagents to products, for example CTST assumes that

once activated, all reagents are completely converted into the products.

Variational Transition State Theory addresses this problem, and others, by cal-
culating rate constants along different points on the reaction pathway and whichever

position yields the lowest rate is considered to be the most accurate.

3.2 Method

As in previous modelling studies of the carbon growth step on a diamaoxdl)(2
{100} surface [3] our calculations are based on a unit cell model of diamond,
a GH,, cluster (structure A in Figur&.2 c.f. Figurel.2). Potential energy
minima and transition states were fully optimised using the standard B3LYP func-
tional together with the 6-31G* basis set within the Gaussian 03 program package
[14]. Vibrational frequencies were computed to confirm the nature of the stationary
points as either minima (all real frequencies) or transition states (one imaginary fre-

guency). Single-point B3LYP energies were computed at the B3LYP / 6-31G* ge-
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ometries using the larger 6-311+G(2df,p) basis set. All reported energy differences
(AF) and activation energiegy() are based on B3LYP / 6-311+G(2df,p) energies
with the B3LYP / 6-31G* geometries and zero-point energy corrections. Based on
the computed vibrational frequencies and rotational constants, rigid rotor-harmonic
oscillator statistical mechanics was carried out at various temperatures using Gaus-
sian 03 to generate free energy thermal corrections to the B3LYP / 6-311+G(2df,p)
energies. The standard free energies of activation and free energies of reaction re-

ported later in this work are derived in this way.

The computed” andG values, and the temperature dependence of the latter, are
affected by various errors due to the use of approximate density functional theory
(B3LYP), the use of a small model cluster for the diamond surface, and the use
of the rigid rotor-harmonic oscillator approximation for computation of thermal
effects. Taken together, these errors could, in principle, lead to a total error on
relative energies of well over 50 kJ madl However, the error is unlikely to be this

large in all cases, and some error cancellation is expected.

As discussed later in AppendiX, benchmarking CCSD(T) calculations using
the much larger cc-pVQZ basis have been carried out (at the B3LYP / 6-31G* ge-
ometries) for one simple case, to calibrate the B3LYP method. These latter calcu-

lations were carried out using the MOLPRO program packagke [

Rate constants have been calculated using a custom “in-house” program using

canonical transition state theory.

3.3 Results

Inclusion of the carbon-containing species into a diamfh@d} surface has been

well documented (sectioh.4.3 and the various steps are summarised in Figure
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3.2 This study looks at the possibility that borane incorporation mimics the carbon
inclusion processes and hence focusses upon the feasibility of borane species addi-
tion to the diamond surface and their subsequent surface reactions. The geometries
of all optimised structures for the inclusion of carbon and boron containing species

can be found in Appendiis.

H H H
+H/-H +CH +H/-H
E,= 16.2 E, =204
-16.5 -353.8 -32.9
A B
H o ew, P
+H
— — —
E,= 43.2 E,= 57.2
-2.1 -39.7 -435.1
D E

Figure 3.2: Mechanism for i) Hydrogen abstraction and surface activation
ii) Carbon incorporation into the diamor{d 00} surface. Process energies
(in kJ mol1t) for inter-conversion between the various species via addition
and/ or elimination reactions as defined in the figure are indicated in italics.

3.3.1 Boron addition to the cluster surface

The initial step in the carbon inclusion process is the formation of a surface radical
site by a hydrogen abstraction from the diamdi@0} surface (i.e. process A
B in Figure3.2). This reaction was calculated to be virtually thermoneutiaF, (=
—16.5 kJ mot!) and to have a low activation barrief{ = 16.2 kJ mot!), in good

agreement with previous calculated valués] [

Addition of the various gaseous BHix = 0—3) species to a surface site radical

has been modelled. Strong boron-carbon bonds result in the case that x =0, 1 or
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2 (AE = -363.0, —420.7 and —408.3 kJ mb)l respectively), comparable to the
energy release upon carbon bond formation when &dis to the same surface site

(AE =-353.8 kJ mol).

The optimised structure for BH addition (FiguBe3(a) shows that the ad-
sorbed boron atom aligns its empty valence p-orbital parallel to the str&irg&y
carbon-carbon bond, presumably due to a stabilising hyperconjugation interaction.
BH; addition to the surface is calculated to be a much less exotherRfic< —

46.9 kJ mot*) process, with the adsorbed BEdopting a mildly distorted trigonal
geometry, which coordinates to the diamond surface radical site through the unoc-

cupied p orbital, Figur&.3(b)

(@) (b)

Figure 3.3: Figures showing the optimised geometries for tiyel g clus-
ter with adsorbed (a) BH species (with the empty orbital (LUMO) high-
lighted) (b) BH, species.

Hydrogen abstraction from the surface bound,Bxi= 1,2, species occurs via
analogues of reactior2(5). As in the gas phase cased], [17], abstraction may
occur either directly, or via a sequential mechanism in which H atom addition is

followed by loss of H. In the case of surface bound BHH atom loss via the se-
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guential mechanism involves an initial exothermic = —68.4 kJ mot!) addition

to form a surface bound Bjifollowed by loss of H via an endothermicAE =

56.0 kJ mot!), barrier-less transition. The overall conversion is a mildly exother-
mic processAE = —-12.4 kJ mot!). Abstraction from surface bound BH is much
more exothermicA E = -120.9 kJ mot!). Transition states for both the direct and
indirect abstraction processes have not been located but, by analogy with the reac-
tion of H atoms with surface bound BHneither pathway is expected to involve a
significant energy barrier. Inter-conversion between surface-bound B, BH and BH

is thus expected to be facile in the presence of H atom number densities (typically
> 10" cm~3) and at temperatures (700 — 1200 K) prevailing in successful diamond

CVD.
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3.3.2 Boron insertion into the diamond surface

Once a BH species has attached to the surface, it then needs to be incorporated into
the surface layer. These studies, performed on the small cluster model, only focus
upon the insertion of boron into the dimer reconstruction. Boron incorporation
requires that the strained reconstructdd®0} carbon-carbon bond breaks, and a
new boron-carbon bond be formed. Energetically feasible insertion pathways for
surface bound BH and B species have been identified, and are described in this

section.

As discussed previously (secti@r¥.3, the preferred mechanism for the carbon
insertion starts with the generation of the Cétirface radical (D, Figurd.2) by a
hydrogen abstraction reaction, which initiates the breaking of the surface carbon-
carbon bond to form an unsaturated methylene group (E, Fig§@yenvhich then
cyclizes with the surface radical to form the adamantane structure (F, Bdi)re
The transition states (TSs) for these two steps lie fairly close in energy, at 43.2
and 57.2 kJ mol' above that of the starting radical, similar to previously reported
work [13]. Our studies also identified a pathway for direct insertion of the pendant
CH, group involving the surface dimer bond breaking as the new carbon-carbon
bond forms. However, this direct insertion reaction is not a major path for carbon
inclusion as the very high activation barrier 200 kJ mot!) makes this process

unfeasible.

In contrast to the carbon case, the direct insertion mechanism with a pendant
BH is found to be more favourablés( = 32.5 kJ mot!, AE = -89.5 kJ mot!)
than the indirect pathway (78.0 and 70.3 kJ mdlor ring opening and closing
activation energies respectively). The relatively low energy of the direct pathway
is due to the availability of one empty (as well as the singly occupied) valence

p-orbital present on the boron atom which can directly interact with the second
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carbon atom of the dimer reconstruction. This enables simultaneous bond breaking
and formation. (Note that in the related all carbon sequence, (Figjdresteps

D — E — F), there is no analogous vacant p orbital). Both the indirect and direct
reaction mechanisms lead to the same species, which can undergo further H atom
addition reactions which terminate the remaining surface radical site and conclude

the B insertion process.

Figure 3.4 shows that there is also a direct insertion process starting from a
surface bound B atom. This also has a low activation barfigr=48.7 kJ mot*)
and is an exothermic procesA F = —29.4 kJ mot!). Two subsequent H atom
additions to the inserted species result in the same stabilised product as that obtained
when starting from the surface bound BH species. The calculated energy barrier is
sufficiently low to encourage the view that it, too, may play a role in the growth of

B-doped diamond.

90—

Il Il Il ‘ Il Il Il ‘ Il Il Il ‘
0 500 1000 1500
Temperature / K

Figure 3.5: Calculated temperature dependent Gibbs free energies of acti-
vation (G, for selected key steps in the incorporation of Bipecies into

a diamond{100}) surface: x insertion of B;* direct insertion of BH;H

ring opening for BH insertion® ring closing for BH insertion. Calculated
values for the - ring opening for CH insertion; < ring closing for CH
insertion are included for comparison.
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Figure 3.5 shows the temperature dependence of the free energies of activation
for the key TSs involved in these various B insertion processes, calculated relative to
the respective surface bound activated species. The gradient of each line is caused
by a change in vibrational entropy in forming the transition state with a positive
value correlating to a decrease in entropy &w versa Direct insertion of BH
is calculated to involve the transition state of lowest free energy at all temperatures
<1500 K. Also shown, for comparison, are the corresponding temperature depen-
dent activation free energies for carbon insertion starting from the surface bound

CH, species (structure D in Figufe?2).

Figure 3.5 shows that the transition states involved in all of the ring opening
and closing reactions, for both boron and carbon, are calculated to lie higher in free

energy than that for the direct BH insertion process.

Using simple TST, rate constants for the major carbon and boron inclusion re-
actions have been calculated. These are given in téable& C.2in AppendixC.

The reaction rates mirror observed trends in the activation energies.

The present mechanism would lead to the incorporation of a trivalent boron
species into the diamond surface, yet boron is found to form 4-coordinate centres
(similar in electronic and geometric structure to the ,Bidical) in bulk boron-
doped diamond1€]. Further work is needed to address this conversion and to
monitor the sub-surface effect which boron species may have on the subsequent

steps involved in further diamond growtihd].

3.3.3 Loss processes from the diamond surface

As shown above, B, BH and Bispecies can readily attach to an activated surface
site on the{100} reconstructed surface and interconversion between these species is

likely to be facile under the conditions typically used for diamond CVD. Subsequent
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boron insertion (as BH) involves a significantly lower energy transition state than
those involved in CHinsertion. As previously discussed (sectibd.5, diamond
growth is a balance between growth and etching processes. The extent of boron
incorporation into CVD diamond depends not only on the activation barriers for the
insertion steps, discussed in the previous section, but also on the relative rates of

carbon and boron loss.

The key intermediates in modelling possible loss processes are the surface bound
BH, and CH, species. Loss mechanisms involving species inserted into the surface
reconstructed dimers are unlikely processes because of the short lifetime of an iso-
lated inserted species. Any direct loss mechanism of a species inserted into a dimer
reconstruction will involve bimolecular reactions and these processes are several or-
ders of magnitude slower then the reverse unimolecular reactions of the ring open-
ing and closing mechanism. For example at 1200K, the lifetime for the hydrogen
abstraction reaction is 4.34.0~2 s whilst the lifetime for the carbon ring opening

and closing species are 9,430 ! s & 7.35x107? s respectively (Appendik).

H H CHZBHZ H  CHyBH:

3 H 'C 2
a. +H +BH,
g g —_— -CH,BH
.H2 H2 \

H H, BHCH3 H HCH;
b. +H +CH3 -BHCHz
— — — —

-H, -H;

Hs H2CH3 H "'2°“2 -C2H,

H
+cn-|3

— () ) ee—

-H,

Figure 3.6: (3-scission reaction pathways leading to a. & b. HBQH c.
C,H, loss from a diamong 100} surface. HBCH loss can occur either via
C—C bond fission (a.) or via B—C bond fission (b.).
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Pendant Ckloss mechanisms from a dimer reconstruction are unlikely pro-
cesses. A direct unimolecular carbon loss mechanisa)(for these species re-
quires the breaking of a strong carbon—carbon bond which is very endothéxiiic (

= 353.8 kJ mot') and hence unfavourable.

Surf—CH, — Surf" + CH, (3.23)

Abstraction of methane by an H radical displacement reac8di)is energet-
ically favourable AE = -69.3 kJ mot?) but involves a very high activation barrier

(E, = 133.2 kJ mot!) [21].

Surf—CH; + H — Surf 4+ CH, (3.24)

The least energetically demanding way to remove carbon from the surface is
by addition of a second carbon. This so-calledcission mechanism is illustrated
as process c. in Figuré.6. CH; addition to structure (D) in Figur8.2 results
in a pendant ethyl radical. Hydrogen abstraction by atomic hydrogen results in a
surface bound CKCH, species which can dissociate into the gas phase as ethene
leaving the original surface site (B in FiguBe2). This overall loss step is only

172.6 kJ motl! endothermic and is entropically favoured.

Figure 3.7 shows that the free energy for ethene elimination bytfeeission
mechanism is calculated to become favourable at higher temperatui28( K).
The free energy of activation for this step or for the other loss processes has not been
calculated, but as these are endothermic reactions with no energy barriers above the
endothermicity, the free energy of reaction should be very similar to the free energy

of activation.

There are a greater variety of mechanisms that could contribute to loss of sur-
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Figure 3.7: Calculated temperature dependent free energies of
reaction for dissociation processes at a diamofith0} surface.

» Surf-BH, + H — Surf-BH,; B Surf-BH, + H — Surf + BHj;
® Surf-BH; — Surf + BH;; € Surf-BH; — Surf-BH + H,;
Surf-C,H, — Surf+ C,H,; A Surf~-BHCH, — Surf+ CH,BH (Fig-
ure3.6b.); V' Surf-CH,BH — Surf+ CH,BH (Figure3.6c.)

face bound boron, due to chemistry that is made accessible by the empty valence
p-orbital located on the boron atom. There are two distilstission routes, anal-
ogous to the all-carbon chemistry, shown in Fig8ré leading to loss of boron in

the form of gas-phase CBH. The first process is the more important one, as it
leads to cleavage of the surface carbon-boron bond. The alternative process, shown
in Figure3.6a., is less relevant as it only leads to carbon-carbon bond breaking. An
interesting observation is that the final bond-breaking step is significantly more en-
dothermic for process b. than for the carbon-carbon bond breaking steps in a. and
c. This can be explained in terms of the stabilisation in the precursor radicals: the
radical on the terminal Cigroup in the case of b is stabilised by delocalization into
the vacant p orbital on boron. There is no such stabilisation effect in the other two
cases. Boron loss by the reaction shown in Figufdy. only becomes favourable

above 1400 K (Figur8&.7), so probably does not play a role under CVD conditions.
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A third mechanism has been identified for loss of a surface bound B species,
which can compete with the aboygscission reactions. Figuri@4 shows that a
hydrogen atom addition to a surface bound Bipecies yields a surface bound
BH; in an exothermic stepXF = —-68.4 kJ mot'). The boron-carbon bond in
the latter adduct is rather wealh £ = 46.9 kJ mot!), so BH, release into the gas
phase, and reformation of the starting radical species (B in Fig§ydygs a probable
process. The surface bound Bspecies can also losg Ho form the surface bound
BH species. The calculated endothermicity of this process (56.0 kJ'jrisInot
dissimilar to that for BH loss from the surface; it represents another pathway for
enabling the cycling between the various surface boung &H= 0-3) species.
These processes are included in FigBire Calculated temperature dependent free

energy changes for the BHbss processes are shown in FigGré

BH; loss to the gas phase can be modelled simply as the release of a surface
bound BH, species, or as two successive steps involving, first, H atom addition to a
surface bound BKispecies followed by fission of the boron-carbon bond. Both re-
actions are calculated to be exoergic at temperatures relevant to growth of B doped
CVD diamond, though it is difficult to estimate their free energies of activation as
the appropriate reference points are unclear. Given that the steady state concentra-
tion of surface bound Biispecies is likely to be low, we suggest that it is probably
more reasonable to consider the latter (unimolecular) process as the rate limiting

loss step at diamond growth temperatures.

The weakness of the boron-carbon bond in the surface bougdBgties offers
a B loss route for which there is no analogous carbon mechanism. Thus we conclude
that B incorporation into, and B loss from, the diamdA@0} surface are both more
facile than is the case with carbon. However, a more complete elucidation of the
competition between the various incorporation and loss steps identified here would

require simulation of the full surface-growth kinetics, which is beyond the scope of
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the present work.

3.3.4 Conclusions

BH, (x = 0-3) species can bind to radical sites on the diamd@D} surface to

form stable adducts. Inter-conversion between the surface boupdsties is
facile at the H and Einumber densities and temperatures prevailing in typical dia-
mond CVD conditions. Mechanisms for direct insertion of surface bound BH (and
B) species into a growin§100} face of diamond have been identified, as has an al-
ternative ring opening / closing sequence for incorporating BH. This latter process
is the boron analogue of the mechanism by which carbon addition intp1b@
surface is traditionally envisioned. Direct insertion of BH is calculated to involve

the transition state of lowest free energy at all temperatudes00 K.

Several BH loss processes from the surface have also been identified. The cal-
culated binding energy of a surface bound Bépecies is sufficiently weak that
direct loss into the gas phase is likely under typical CVD conditions. Boron can
also be lost from the surface as, for example,BH, by a-scission mechanism.

Both B incorporation into, and B loss from, the diamdrid)0} surface are thus de-
duced to be more facile than the corresponding carbon addition and loss processes.
Estimates of the relevant energetics are a necessary precursor to any more com-
plete description of B incorporation during diamond CVD, even into jus{ i}
surface, but a full description will eventually require proper simulation of both the

gas-surface interactions and the surface-growth kinetics.

The present conclusions are based on computations at the B3LYP level of the-
ory. Test calculations at the CCSD(T) level (Appendifor an even smaller model
system show that the computed B3LYP energetics are fairly reliable. The use of

such a small model for the diamor{d 00} surface is also a cause for concern.
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Chapter4 aims to resolve this by using a large hybrid DFT / MM procedure, en-
compassing the steric effects of the diamond surface, with the aim of looking at the

energetics of the fundamental steps of growth of a new monolayer of diamond.
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Chapter 4

Quantum Mechanical / Molecular
Mechanical Studies of Diamond

growth

Two main models exist for the incorporation of carbon in the form of methyl radi-
cals into a growing 100} diamond surface; the ring opening and closing insertion

in a dimer, and insertion across trough dimer rows (the HH mechanism). These
models form the basis of many Kinetic Monte-Carlo (KMC) simulations of dia-
mond. The thermodynamics and kinetics of these incorporation reactions are based
on studies performed upon models of the diamond surface, many of which incor-
porate a poor level o&b-initio theory resulting in uncertainty in the energetics

of diamond growth. Our investigations have employed density functional theory
(DFT) in conjunction with a large QM / MM cluster model to explore mechanisms
for possible carbon incorporation in three major sites for growth o{ 108} face

of diamond as well as the corresponding direct insertion process for boron species

(Chapter3).
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Our studies have also addressed the possibilities of neighbouring activation and
surface migrations as a means for production of a smob@id} diamond surface.
Our results confirm, and also dramatically improve upon reported energetics and

we discuss the validity of the main mechanisms in the light of our studies.

4.1 Introduction

4.1.1 Molecular Mechanics

The main challenges in computational chemistry are improving the accuracy of the
calculations and the size of computational model which can be studied. CBapter
showed that application of quantum mechanics could yield high accuracy calcula-
tions with results comparable to experimental data. However, these techniques are
not very practical for systems containing large number of atoms 80), due to

their non-linear scaling nature.

Molecular mechanical (MM) calculations offer an alternative process which
avoids complex electronic wavefunction calculations and originates from the early
modelling of the PES of simple chemical species studied by spectroscopic tech-
niques. The potential energy of the system is mapped out by a series of empirical
functions which approximate the atomic electronic interactions. The main parame-
ters which are used to define the PES are the changes in bond length, bond angles,

torsion angles as well as non-bonding interactions, Equadidi (

ETotal. = E EBondStretch + E EBondAngle + E ETorsi(m + E ENon—Bonding

all all all all
bonds angles dihedrals atoms

(4.1)
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(a) (b)

Figure 4.1: (a) Example showing the bond stretching and angle bending in
propane (b) Example of the torsion interaction about the central bond of a
hypothetical rotomer of butane.

The change in potential energy for a system due to the distortion of the bond
lengths and angles, Figu#el(a) can be described by an harmonic oscillator func-
tion (4.2) based upon Hooke’s law for the extension of a spring. The energy of the
system directly relates to the displacement from the equilibrium geomejragd

has a force consta#tfor the respective motion.
E = %kab(c) (ZL‘x — 1’0)2 Wherel’w = 745 Or@apc (42)

However, this model is only valid at small displacements as these functions fail to
describe dissociation into fragments adequately. Cubic and quartic expansion terms

with their respective force constants are often included in calculations to increase

accuracy, 4.3).
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E = %[k + ky(xy — 20) + ka(z5 — 20)?] (22 — 20)? wherex, = rap Or 0 pc

(4.3)

Strain can be induced within a structure by the 3D arrangement of tertiary
groups connected to two bonded atoms. This torsion strain energy results from the
anglew, between these groups, Figuré. (b) and is of the form shown in equation
4.4[1]. The torsion potential energy is by definition periodic, with the minimum

energy configuration usually being an antiperiplanar construct.

ETorsion = %VJ [1 + (—1)J+ICOS(J(U + Qﬁ)} (44)

whereV; is the amplitude of the systeny, reflects the local symmetry and the
periodicity of the torsion environment ads the phase angle which enables fine-

tuning of the system.

Non-bonding interaction can be separated into two components, electrostatics,
and steric interactions]. Electrostatic forms of interaction are included by the use
of simple coulombic interaction between charges present upon atgmjs sepa-
rated by a distance,, with a certain electropermeabitilty,;, (4.5. This simple
equation can be expanded to include bond polarisation but this is beyond the scope

of this study [].

qab
EabTab

(4.5)

Eelectro =

The non-electrostatic part of the non-bonding component of the MM energy has

been classified as a steric interaction. These Van der Waals interactions are usually
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described by Lennard—Jones type potentials between two atofis (

EYE] e
Tab Tab

whereV,, is the attractive well depth for the atomic pair amds the value of

Evdw = 4‘/;1b

r where there is no potential. For small to medium size systems, more realistic
interatomic potentials (e.g. Buckingham potentials) can be used instead, resulting

in better accuracy but these calculations require more computational resources.

All situations so far discussed have been in an ideal environment and further
complications can arise as the defining parameters (bond length, angle and torsion

angle) can couple together.

A key concept throughout MM theory is that, for each parameter, there is a
system independent equilibrium value. In reality, these parameters vary according
to the local environment, so MM models are parametrised for a selection of similar
chemical models using experimental as-initio calculation results. This results
in the formation of different MM forcefields and types of forcefields which are

applicable to particular chemical environments.

4.1.2 Quantum Mechanics / Molecular Mechanics

Quantum Mechanics / Molecular Mechanics (QM / MM) is a hybrid technique
which combines the accuracy of a high level of QM theory calculation with the
large size advantages of MM calculations. A small region of the model, usually the
centre of the reaction studied, is treated at QM theory, which is connected to the

remainder of the model (usually a MM model).

The total Hamiltonian for the system, equatiegh7j (and hence the total en-

ergy, equation4.8)) can be expressed in terms of Hamiltonian of the constituents
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part, with the introduction of a term which describes the steric and electrostatic

interactions between these IayeFEQ(M/M ) [3]

H= ﬁQM + Hyrn + [:[QM/MM (4.7)

Eiotal. = Eon + Enviv + EQuynviv (4.8)

Different levels of QM / MM theory arise from differing methods for describing
HQM/MM (eq @.9) provides an illustration]) and the coupling methods between

the two different theory regions.

. . Electronic QM Nuclei 7 QM
H MMM = ESte’r‘zc . 4 « (49)
QM QM/MM %: TiM %; Ronm

where M represents the MM atoms; i andelates to the QM electrons and nuclei

respectively.

Connecting the two different regions proves to be problematic, as the boundary
between the two levels of theories usually occurs though a bond. Without modifica-
tions, this would lead to an unpaired electron in the QM region per bond connected
to the MM region causing distortion of the QM calculations. The MM calculation
would be unaffected as this level of theory explicitly neglects direct electronic inter-
actions. Common solutions to this problem include manipulation of the QM region
using a combination of hybrid and atomic orbitals to satisfy the valences (LJCF [
[6]) and use of link atoms/] (also known as junction dummy atomg]). These
atoms (usually hydrogens) are added to the structure of the QM region to fulfil the
electronic vacancies created by cleaving the MM region. The link atoms are ex-

plicitly included in the QM calculation but have no direct interaction with the MM
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region.

The integrated molecular orbital and molecular mechanical (IMOMM) approach
to QM / MM calculations uses internal geometry referencing to reduce the number
of geometry variables used in the calculatiéh [This reduction occurs by redefin-
ing the coordinate system of the bridging MM atoms (represented by link atoms
in the QM calculation), in terms of coordinates based upon the QM model and the
remainder of the MM systems. This results in the bond and dihedral angles of the
link atoms being identical to the MM atoms connected to the QM region, enabling
any steric interactions from the MM region to be communicated into the QM region
as well as for the results of electronic interactions in the QM region to be commu-
nicated to the MM bulk. The redefinition of internal coordinates based upon either
the QM or MM regions enables the application of separate, standard energy and

geometry optimisation processes for the QM and MM regions.

Figure4.2shows an example of the QM / MM separation ofICH,);), from
ref [S] with Figure 4.2(a) showing the QM region capped with link atoms while
Figure 4.2(b) shows the real system modelled. The bridging MM atoms in this

example are the carbons in the pendant methyl groups.

Within the version of IMOMM used throughout this thesi, [ 10], the position
of the link atoms along the bond connecting the QM and MM regions is maintained
at a fixed ratio of the ideal QM-Hydrogen bond and the QM-MM bond length. The
IMOMM calculations also ignore all of the electrostatic interaction components of

the QM / MM Hamiltonian §.9).

The IMOMM methodology can also be extended to include different levels of
ab-initio theory instead of the MM region within the IMOMO protocall] and
the N-layered Integrated MO and MM (ONIOM) protocol breaks the model down

into further subsections with each section being calculated with a different level of
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Figure 4.2: QM / MM region splitting examples using \W(CHj;),), (a)
QM core with hydrogen link atoms (b) The real system (adapted from ref

[ED).

computational theory![”].

4.1.3 Previous Work

Incorporation of carbon from the gas-phase into the growing diamond surface within
this thesis, so far, has focused upon the isolated adsorption of a gas-phase species
upon a pristine diamond reconstructed surface and subsequent incorporation. How-
ever, Figuret.3 shows that there are many different sites upon a growing surface,
each with a different local environment, where different growth processes can oc-

cur.

Computational chemistry has been used to probe dynamics of the surface reac-
tions. Initial work focussed upon the investigations of methyl radical incorporation
into a growing surface, either into a dimer reconstruction by the ring opening clos-
ing mechanism (as discussed in Chag@eor via the trough bridging mechanism,

Sectionl1.4.3

M. Frenklach and collaborators have been at the forefront of resolving these is-
sues and developing a consistent model for the growth of CVD diamond. Within the

calculations performed by Frenklaehal,, the diamond surface is modelled using a
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Figure 4.3: Sketch showing different features for a generic surface from

[13].

two region system with an inner core described using the semi empirical P13 [

and the outer perimeter using an empirical potential parameterised to P13 [
There have been various size models for the PM3 region ranging from an isolated
cluster describing one reconstructiongkz,) to two rows of reconstructed dimer
describing & x 2 section of the the diamond surface,{B-,). Local minima upon

the PES were calculated using unrestricted Hartree-Fock theory in conjunction with
the combined-force molecular dynamics (CFMD) method for the outer perimeter.
The energetics from these calculations have been used to calculate rate constants us-
ing non-variational transition-state theory (TST) and these form the basis for their

Kinetic Monte Carlo model for diamond growth.

The main growth species considered within these incorporation studies are the
methyl radical 6], [17] and acetylenelld] — [2(]. The modelling shows that
methyl addition to a pristine diamond surface is a barrier-less process and that there

are energy barriers for CHadical addition at sites adjacent to previous incorpora-
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tions. The results for Ciaddition were used to infer that the ring opening / closing
mechanism is the more favourable process due to the inherent kinetic and ther-
modynamic stability of methyl absorption upon a pristine diamond surfagil, C
addition to a surface radical is calculated to be a feasible process and its subsequent
addition results in the formation of the surface bound@H, species. The authors
discuss how this species can initiate the formation of a new layer of diamond, cre-
ate a dimer reconstruction (see below) and the mechanism by which=tR#HC

species can be etcheit].

Investigations have been expanded to include the possibility that surface migra-
tion of carbon species might lead to the observed smooth diamond surfgce [
These studies were performed at similar theory levels to the incorporation energet-
ics studies. The results show that hydrogen atoms can not migrate across a pristine
diamond surface, as the migration process is prohibited by a large activation energy
barrier (Calculated valuA £’ = 277.4 kJ mot!, which is likely to be an underes-
timate) which originates from the large separations along and between the dimer
rows. However, when the distance between a radical species and an H atom is re-
duced, (i.e. between a dimer reconstruction and an insertion or a pendant carbon
species and a surface radical site), the migration of atomic hydrogen becomes a
favourable process. These migration steps effectively reduce the lifetime of single
radical species at certain sites and hence also reduce the feasibility of the trough

bridging mechanism.

The migration of carbon species such as,@Ad C=CH, is possible when a
bi-radical site is formed from two neighbouring hydrogen abstractions and the rate
of transportation is only limited by the hydrogen abstraction / addition processes.
These carbon migration reactions are most favourable upon a pristine surface but
the process becomes less favourable with increasing levels of neighbouring carbon

incorporations as the steric interactions from the pendantdélips increases the
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activation energy for the migration reactions to unreasonable levels. The movement
of carbon species upon the diamond surface typically ends with the coalescing of

multiple moieties.

The well known observation of rows of reconstructed dimer has been a hallmark
of diamond growth upon th€l00} surface. Skokoet al. have proposed and dis-
cussed two possible mechanisms for the formation and geometrical arrangement of
these dimers. The first mechanism assumes that there is a preferential absorption of
methyl radicals at a neighbouring dimer site which results in the dimer propagation,
and the second assumes that, under the right conditions, the surface migrations of
C=CH, species can result in the formation of the dimer pattéf [It was shown
that there is no preference for adsorption of a gaseous methyl at the two common
step edges (S S;) present upon the reconstructed diamé¢h@0} surface and Fig-
ure 4.4 shows how the €CH, species can be incorporated into a dimer trough

forming a new reconstructior? .

Due to the large number of gas-phase and surface reactions possible, Kinetic
Monte Carlo protocols have been used to see how the reaction energetics affect the
growth of {100} diamond. The initial kinetic investigations of diamond growth
looked at the direct incorporation of incident carbon species using simple adsorp-
tion models for carbon speciegd, [24]. These models mapped the available ex-
perimentally published growth rates well, but offered little insight into the surface
chemistry. However, the shortcomings of these initial models has led to an ex-
pansion of the modelling to include more complex reaction dynamics like surface
migrations P5] and etching of surface atom&(]. The KMC modelling process
uses a time based probability algorithm to weigh the potential pathway from all the
possible reactions. The model is initiated under a set of initial conditions to model

CVD diamond growth and left to “grow”.

The Frenklach implementation of KMC modelled diamond growif],[ has
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methyl radicals as the sole growth species with the incorporation into the diamond
surface described by means of the ring opening / closing mechanism.nGH
gration along and across the dimer reconstructions was included as well as the re-
forming of dimer reconstructed bonds from two suitable adjacent surface radical
sites. Etching was only considered to occur at isolated incorporatgdy@mps

and reconstructed dimers. The former etching process is described by the removal
of CH, by the reverse of the ring opening / closing incorporation mechanism and
the removal of isolated dimer reconstructions by a one or two carbon removal pro-
cess. The energetics and kinetic data for these reactions are sourced from numerous

calculations and experimental measurements.

The initial model failed to produce continuous rows of incorporated §p¢cies
(a similar observation is obtained i#q]) and all subsequent reported observations

include a compensatory term to ensure saturation of these sites. This work high-

Figure 4.4: The transformation of an adsorbeé-CH, group into a recon-
structed dimer at agSstep from ref P2]
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lights the positive effect that the surface migration has upon the growth rates of dia-
mond giving a roughly one order of magnitude enhancement of the growth rate over
adsorption only diamond growth. The KMC model has studied the effects of numer-
ous process conditions, including abundance of reagents and substrate temperature.
The resultant films “grown” under these KMC conditions show wide variations in
surface roughness, with the formation{dfl1} domains, most unlike the pristine
starting diamond surface. This work also shows that, without the growth species
present, etching reactions upon the ro§db0} diamond surface can produce the
smooth surfaces observed experimentally . The time-frame for this process to occur
is short enough to coincide with annealing that can occur during the shutting down

of a reactor.

Overall, the Frenklach model suggests that carbon, in the form qf C&h
randomly incorporate upon a diamond surface and undergo migration across the
surface until multiple species coalesce. During this process, the substrate surface
can act as a template for migrating species to form new dimer reconstructions and,
in combination with etching (especially under post-growth conditions), results in

the smooth surface growth observed.

The KMC modelling work by Batialieet al. [28] is based upon previously
reported energetics in the literature and considers diamond growth occurring by
the methyl radicals via the trough bridging incorporation mechanisih [29] in
conjunction with the incorporation of acetylen=s]. These studies highlight the
importance of substrate orientations and the roles,bf,@ controlling the growth
rate. By including the possibility of etching within the KMC calculations due to
CHj; dissociation from the surface (calculated at the PM3 theory level), smooth

terraces upon th€100} diamond surface can be produced, Figlre[26).

There are many other implementations of KMC to model diamond growih [

[29, [30] but the main differences between models is due to differing KMC tech-
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niques as most models use the existing literature energetics discussed above.

Tamura & Gordon §1] have used a3 x 3 x 2) model (G4Hg,) QM / MM
model of the{100} diamond surface. Computations were performed using a Com-
plete Active Space Self-Consistent Field (CASSCF) wavefunctions with the 6-31G
(d,p) basis set to calculate the geometries of local energy minima upon the PES.
The energies were corrected for dynamic correlation effects by the inclusion of a
multi-reference second order perturbation theory (MRMP2) and for zero-point en-
ergy using the harmonic oscillator / rigid rotor approach. Their work mirrors that
of Kang and Musgrave3]], focusing upon the insertion of methyl into a dimer re-
construction and they come to the similar conclusion that the ring opening /closing

process is the rate-determining step within the dimer mechanism.

4.2 Experimental.

A QM / MM model of the diamond surface was set-up consisting of a 1586 atom
system which describes ax9x4) section of thg 100} diamond surface. The ini-

tial geometry of the model was formed from the bulk diamond lattice points. The

(@) (b)

Figure 4.5: Images of{ 100} films during simulated growth at 1200 K (a)

without and (b) with etching. Light grey atoms are carbons in the diamond
film. The hydrogen atoms are shaded according to their height. Two gray
levels (dark grey and white) are used, and cycle every two layers, from ref

[26].
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atoms on the perimeter of the model with a non-chemical stoichiometry are frozen
in position during the calculations. The dimensions of the QM / MM model were
chosen to reduce possible induced stresses from the frozen perimeter atoms (fixed
at bulk geometry positions) affecting the region described at a high level of the-
ory. The top diamond surface is terminated by a layer of bound hydrogens and
the surface has been fabricated with the top layer following the observed surface
reconstructions (Sectioh.4.3. The initial geometry of the reconstructed surface
layer was derived from the optimised geometry of the QM Cluster (Ch&pteith

the surface dimers arranged in rows and allowed to relax under the computation
process. At the centre of the model is a QM region based upondHg, Cluster
described using DFT theory (B3LYP) with the 6-311G** basis set. This small clus-
ter model is connected to the remainder of the model through “link atofsThe
majority of the atoms are described by molecular mechanics (MM2). The MM2
MM protocol is optimised for hydrocarbon species and has been parameterised us-

ing diamond within the subsets{].

All calculations were performed using the “In-House” QoMMMa prograin [
[10] which implements an IMOMM procedure. The corresponding QM calcula-
tions were performed using Jaguar], and the TINKER program-] was used
to model the molecular mechanics interactions. Optimisation calculations were
performed using the B3LYP theory with the 6-31G* basis set. Single point calcu-
lations of the geometry of the QM region were performed using the larger basis
set of 6-311G** and the resultant energies are incorporated into the QM / MM re-
sults reported. All energies quoted have no correction for zero point energies, and
work quoted from Chapte? uses geometries and energies from comparable levels

of theory.

To identify transition states upon the PES, the energy of the system is calculated

at numerous points along the reaction coordinate. Constraints are imposed upon the
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geometries of the key atoms so that the standard optimisation techniques can be ap-
plied to the system without returning to a global minimum. These constraints upon
the geometries are typically a bond length or the difference in length between two
bonds. By plotting the energies of these restricted calculations as a function of the
frozen counterpart, a local energy maximum can be identified which is comparable

to the transition states for the studied reaction.

By using DFT within an QM / MM protocol, total errors on all reported relative
energies will be~ 10 kJ mot! but some cancellation of errors should occur. The
present studies focus upon radical reactions at a diamond surface, hence no electro-
static interactions are included within the QM / MM model. All energies presented

here are in kJ mol', unless otherwise stated.

Figure 4.6: The QM / MM model for the reconstructed diamof#lO0}
surface used for modelling the inclusion of carbon and boron species into
the reconstructed dimer bond. QM region highlighted in red.
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4.3 Results & Discussions

The QM /MM model used in the present work is shown in Figu Three distinct
environments for carbon incorporation into the00} diamond surface have been
modelled. These include modelling methyl insertion into a dimer reconstruction,
the incorporation of Cklinto a dimer reconstruction across a dimer trough, and the
formation of a new dimer row. Two proposed mechanisms for the surface migration
of methylene groups across a pristine diamond surface have also been considered.
The results obtained will be discussed in the light of the previously published work

with particular attention paid to work produced by Frenklach.

The common terms used to describe carbon incorporation into thg) (&-
constructed 100} diamond surface are illustrated in FiguteZ. Throughout this
chapter, a smooth hydrogen terminated {2 reconstructe 100} diamond surface
with no carbon inclusion as shown in Figut&is referred to as a pristine diamond
surface. This surface models a smooth terrace which are common upfhOble
diamond surface, Figure 12

Dimer  Carbon Adsorbed CH, group
O‘\ﬂ\e; trough inclusion,.

Figure 4.7: The common artifacts upon a growifj00} diamond surface.
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4.3.1 Initial Tests

DFT QM /MM calculations were performed upon the prist{i®0} diamond sur-

face model with a gH,, QM cluster (identical to that used in Chapt&grFigure

4.6). The reliability of the system was tested by modelling hydrogen abstraction
from a dimer reconstruction by a gas-phase H atom. The energetics of abstraction
should be similar to hydrogen abstraction from the small QM model (Ch&pter

as the abstracting hydrogen atom should not feel any steric interactions from the
pristine surface. Also, the geometry of the QM region in the QM / MM calculation

is constrained by being connected to the MM diamond surface.

Optimised geometries calculated using this QM / MM model show a high level
of order permeating throughout the structure. This suggests that the reactions in-
volving the {100} diamond surface have a very local effect on the bulk structure.
The bulk MM carbon bond length is on average 1454s opposed to the literature
value of 1.51A for the bulk carbon-carbon bonds within a MM2 optimised dia-
mond structure33]. The difference in bond length results from the frozen nature
of the perimeter atoms which prevents the MM region to relax adequately from the
bulk positions. The extended bond lengths, will introduce strain into the diamond
model but this should be constant through all models and any effects should cancel
out. The length of the dimer surface reconstruction within the QM region is 1.64
A which reflects the effects of the surrounding MM region as it prevents full re-
laxation to the preferable bond length for the reconstruction in the isolated cluster
calculation (1.59&). The majority of the surface reconstructions optimised under
MM conditions have carbon-carbon bond lengths of 185a here are two excep-
tions to this trend, the two neighbouring parallel reconstructions which have a bond
lengths of 1.63A. These larger values are comparable to the QM reconstruction
bond length and the origins for the bond extension come from small distortions to

the MM region caused from the optimisation of the QM region.
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Despite this localised surface effect, all calculations have been performed using
this large model as the majority of the atoms are treated by the MM level of theory

and their inclusion has only a trivial effect on computational costs and running time.

As the majority of the computational work presented in the literature has calcu-
lated at the semi-empirical level of theory, tests have been proposed which compare
and contrast experimental results with B3LYP and PM3 calculations. The small
size of model within these tests enables modelling of the whole system with the
DFT without any MM contributions. The two systems model a radical combination
reaction with CH resulting in the formation of a carbon-carbon bond as shown in

Figure4.8, with Table4.1 summarising the results.

PM3 B3LYP

Figure | Experiment, PM3 ZPE | B3LYP ZPE
48(a)| -361.6 |-228.1 -192.5 -348.7 -314.8
4.8(b) — -315.5 -288.1 -391.5 -361.C

Table 4.1: The different computational and experimental energies foyf CH
addition to the (a) Tert-butyl radical (b) The model for the diamond (100)
surface dimer reconstruction used in Chager Computational results
compare the effects of including the zero point energy correction (ZPE)
upon the reaction exothermicity. All energies reported are in kJ ol

H | H CH;
+CH;
——
T
N
(@) (b)

Figure 4.8: Two reactions used to compare the relative energetics of PM3
and B3LYP calculations

a
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The results for methyl addition to the Tert-butyl radicaHg, Figure4.8(a)
indicate that that the PM3 level of theory dramatically underestimates the strength
of the carbon-carbon bond formation by 120 kJ mot! when compared to the
experimental value compiled from heat of formation d&td f [35]. The inclusion
of a correction factor for the zero point energy increases the discrepancy. B3LYP
calculations performed with the 6-311G** basis set, performed better under the
same conditions with a 4% discrepancy increasing to 13 % (45 k3')nathen
the zero point energy correction is included. Applying these observations to the
results for the more realistic diamond surface model, Figugéb) it is apparent
that the zero point energy corrected PM3 calculations underestimate the carbon—
carbon bond strength. The difference between the two computational protocols is
reduced, but the PM3 model underestimates the carbon-carbon bond strength by at
least 65 kJ mol'. This implies that the PM3 models overestimate the ease (and
hence the rate) of CHdissociation from a diamond surface. The accuracy of the

B3LYP DFT calculations has been previously discussed in Ch&pter

To confirm the energetics of the QM / MM system, the initial surface activa-
tion by a gaseous hydrogen abstraction was modelled. These hydrogen abstraction
reactions have been intensively discussed within the literature, especially with re-
spect to the abstraction from a dimer reconstruction. The IMOMM calculations
presented here show that the hydrogen abstraction reaction is virtually thermoneu-
tral (AE = -0.7 kJ mot!, E, = 26.4 kJ mot?!). This showed that the model is
in good agreement with the results for the isolated QM cluster at the same level of
theory AE =-7.6 kI mot!, E, = 22.9 kJ mot?) and similar to the work by Kang
and Musgravek, = 28.5 kJ mot?) [37].

Tamura and Gordon also suggest that the abstraction process is virtually ther-
moneutral, but with a large activation energy (CASSCF (38)= 17.3 kJ mot!,
E, =94.6 k mot!'; MRMP2 AE =-1.7 kJ mof!, E, = 51.1 kJ mot!). The high
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abstraction energy values for the model system were justified by comparison with
similar results by Browret al. obtained using MP2 single point calculations with
HF optimised structuresf]. However, Browret al. have questioned the accuracy
of the absolute values of their calculations and the computational method used by

this group has been suggested to introduce erfoils [

4.3.2 Incorporation into the reconstructed surface carbon-carbon

bond.

H . H2 H CH2
o ” . +H
—_— —p
D E F G

Figure 4.9: Recapitulation of Figurel.17 showing one mechanism by
which carbon can be incorporated into §#00} surface

The initial QM calculations performed on a small cluster (Chapteonfirmed
that the incorporation of carbon in tH&00} reconstructed diamond surface can
occur by the ring opening / closing mechanism, Figu@ This QM / MM study
has revisited this mechanism and investigated the effects that (i) steric interactions
from the neighbouring surface atoms, and (ii) constraining the QM region within
a rigid diamond lattice, have on the reaction energetics. The results for the initial

CHj, incorporation into a pristing100} diamond surface are summarised in Table
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4.2

Reaction IMOMM QM cluster
Carbon BoroA| Carbon Boroh

A—B | -07 -0.7 | -7.6 -7.6
ts 26.4 26.4 | 229 22.9

B —C|-373.2 -434.3 -383.7 -431.2
ts -

cC—D| -30.1 -98| -20.1 -10.9
ts 29.5 - 49.0

D—E| 280 79.1 1.4 55.1
ts 43.4 - 49.0 88.3

E—F | -784 -157.3 -52.9 -144.6
ts 53.1 - 58.0 25.6

D—F -78.3 -89.5
ts 26.3 41.2

& Incorporation of BH using the direct insertion
mechanism shown in Figuf4, Chapter3.

Table 4.2: Summary of results for incorporation of Gi& BH, into the
reconstructed dimer bond upon a pristine surface together with comparable
results from Chapte8 and from the literature. To be read in conjunction
with Figure4.9. All energies in kJ mol* and QM cluster calculations

contain no zero point energy corrections.

CHj, readily adds to the activated surface radical site{B C, Figure4.9, AE
= -373.2 kJ mot!, £, = 0 kJ mol!) but can be removed from the surface as

methane, following a radical displacement reaction with an H ata\® € —44.8

kJ mol!, E, = 134.4 kJ mot?).

Activation of the pendant methyl group (€~ D) by a hydrogen abstraction
reaction AE = -30.1 kJ mot!, E, = 29.5 kJ mot') is more favourable than the
similar process described by the QM cluster modeFE(= —-20.1 kJ mot!, E,
=49.0 kJ mot!). All processes discussed so far involve interaction with the upper-

most layer of the QM region of diamond model, away from any interactions with
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the surrounding MM region.

The pendant methylene radical is incorporated into the dimer reconstruction
by the ring opening / closing process as previously discussed (Chh@gteB).
The calculated energetics for the ring opening® = 28.0kJ mot!, £, = 43.4 kJ
mol~!) and closing AE =-78.4 kJ mot!, £, = 53.1 kJ mol! (relative to the ring
opened intermediate)) processes suggest that steric interactions with the neighbour-
ing reconstructions, involving hydrogen on the adjacent dimer row, destabilises the
ring opened intermediate (E in Figu#ed) by preventing full relaxation of the ring
opened species. The steric effect from the neighbouring rows reduces the separa-
tion between the surface radical and the ethylene group (structure E, Biglre
from 3.00A (Cluster) to 2.5% (IMOMM), as well as reducing the angle that the
unsaturated ethylene group makes with the diamond surface from* {@uster)
to 101.9 (IMOMM). These effects favour the formation of the closed ring radical
species (F). The reduction in the activation energy for the ring opening step is due

to the relief of strain caused by the reconstruction.

The quenching of the closed ring radical species (F) can occur by the addition
of a methyl radical or the formation of a carbon-hydrogen bond. Within diamond
growing CVD reactors, Klis the most abundant species but there are also high

levels of atomic H so the formation of a carbon-hydrogen bond can occur in two

ways, ¢.10), (4.11).

Surface” + H" — Surface—H (4.10)

Surface’ + H, == Surface—H + H’ (4.11)

Addition of atomic hydrogen,4(.10), to the incorporated surface radical (Pro-
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cess F— G in Figure4.9) is a barrierless exothermic processH = —441.2 kJ
mol~1) whilst the abstraction of hydrogen from the more abundant molecular hy-
drogen species4(10), is an endothermic process with an unfavourable activation

energy \E = 38.5 kJ mot!, £, = 78.6 kJ mot?).

However, in order for further incorporation of carbon species to occur into a
neighbouring site, there must be a surface radical site (F) where an incidgnt CH
radical can form a bond. Under standard conditions, further hydrogen abstraction
reactions must occur similar to the initial surface activation (the reverse bi)j,
as the high abundance of atomic hydrogen and the ease of addition implies that, for
the majority of the time, this site should be saturated. This hydrogen abstraction
process is slightly more exoergic than abstraction from the pristine surfage (
=-38.5 kd mol!, E, = 40.1 kJ mot!). This is due to the removal of unfavourable
steric interaction between the pendant hydrogen and the neighbouring dimer row,
Figure4.10(a) The activation energy is increased because the transition state for
abstracting the atomic hydrogen is forced into adopting a bent geometry (C—H-
H bond angle 157% by the steric interaction with the neighbouring dimer row,

Figure4.10(b)

(@) (b)

Figure 4.10: (a) Figure showing the QM region and the surrounding MM
region (truncated for clarity) of structure G from Figur®, (b) The transi-

tion state for the post insertion hydrogen abstraction reaction from structure
G, Figure4.9.
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Addition of CH; to the radical site formed from the incorporation of methyl
into a reconstructed bond is not as favourable as initial incorporation on the pristine
surface, as the resulting carbon-carbon bond is weakér £ —235.1 kJ mot?).

The reduction in the stability of the carbon bond is due to a steric interaction be-
tween the pendant hydrogens on the adsorbed methyl group interacting with the
hydrogen terminated diamond surface, Figdrél These ideas are investigated
and expanded in Sectioh3.3as further studies on this initial model would lead

to a large DFT region which would be computationally expensive and continuation
with the current model would lead to the main steric interactions being described

by molecular mechanics.

Figure 4.11: CH; bound to a surface site after an initial carbon insertion
into a dimer reconstruction. Note the induced displacement from the nor-
mal geometries for hydrogen bound to neighbouring dimer reconstructions.

Chapter3 showed that BH species could be incorporated into a reconstructed
carbon-carbon bond. These calculations have been repeated using the large QM
/ MM model; the results are summarised in Tablé. Boron species (Bk) can
readily add to the surface radicak £ = —434.5 kJ mol!). Hydrogen abstraction

reactions with the pendant BHpecies are virtually thermoneutral £ = -9.8 kJ
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mol~!) and the resulting BH species directly inserts into the dimer reconstruction
(AE =-78.3kImot!, E, =26.3 kI mot!). The direct insertion process is slightly
less favourable than the isolated QM cluster model predicted due to the extra rigid-
ity of the QM region caused by the surrounding MM region. The ring opening /
closing process mirroring the carbon inclusion process is a less favourable path-
way as steric interactions from neighbouring rows (as previously discussed for the

carbon inclusion study) increase the endothermicity of the processH[E, AFE

=79.1 kJ mot?)

Tamura & Gordort Oleinik et al.” Skokovet al.
IMOMM CASSCF(3,3) MRMP2 DFT hybrid PM3
A—B -0.7 17.3 -1.7 -36.7 —
ts 26.4 94.6 51.1 —
B—C| -373.2 -372.4 -372.4 -311.7 -307.9
ts 0.0 0.0 0.0 0.6
C—D| =301 -20.5 -34.7 -79.1 -
ts 29.5 83.3 45.2 —
D—E 28.0 83.3 74.1 51.9
ts 43.4 20.2 15.1 6490
E—F| -784 -78.7 -72.4 —100%
ts 53.1 72.4 50.6 51.%
D—F -29.3
ts 54.4

a from ref [31].
b from ref [41].
¢ from ref [16].
d from ref [17].

Table 4.3: Comparison of energetics for methyl incorporation into a dimer
reconstruction. To be read in conjunction with Figdr&?2

Table4.3 compares the IMOMM results for methyl incorporations into a dimer
reconstruction with comparable data from the literature. As mentioned previously,

the strength of the carbon-carbon bond predicted by the B3LYP level of theory
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+H/-CH,
—
+H/- Hz@ +CH;, @+H/ Hz@ V +H

Figure 4.12: Recapitulation of mechanism shown in Figdré

(now embedded within an IMOMM protocol) is much greater than predicted by the
calculations at the PM3 level. However, the calculations of Tamura and Gordon
compute the energetics of the bond formation at a comparable value. The impli-
cation of the underestimation of bond strength by the PM3 calculation is that the
reverse reaction, the dissociation of Clirfbm the surface becomes less favourable.
This has been considered by many KMC protocols as the final step in the etching
process (the reverse of Figutel2) and hence the feasibility of the reverse reaction
being an etching process for Gpecies in such calculations is reduced. The other
removal mechanism for carbon from the surface is as methane, via a radical dis-
placement reaction with hydrogen and a pendant methyl group. This process has a

high activation barrier, rendering this etching process unlikely.

The direct surface activation of a pendant methyl species by hydrogen abstrac-
tion is not mentioned within the works of Frenklach as they generate the pendant
radical species from the migration of hydrogen to a surface radical site. The com-
parable reaction from Tamura and Gordon overestimates the activation barrier and

the magnitude of the exothermicity.

The key difference between the IMOMM and PM3 calculation for the incor-
poration of methylene into the dimer reconstruction is the ring opening process
(D — E) with the formation of the unsaturated ethylene group (structure E) within
the IMOMM calculation being~ 20 kJ mol~! less endoergic then the calculations
at the PM3 level. The PM3 calculations also overestimate the barrier for the ring

opening reaction, by approximately 20 kJ mbl This results in the rate constant
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for this pathway being- 16% too slow (this value is calculated using the Arrhenius
equation for reaction B— E and assuming identical prefactors and conditions).
These factors may reduce the population of the surface bounds@éties and
make the ring closing step the rate limiting step for the inclusion of @H this

mechanism.

There is, however, good agreement regarding the value of the activation energy
for the final ring closing step, between the PM3 and B3LYP calculations. The
ring opening / closing step calculations by Tamura and Gordon overestimate the
endoergic nature of the ring opening process but predict a comparable exothermicity
for the ring closing step as the IMOMM calculation. The reason for this divergence
from the IMOMM data can be traced to steric interactions from the MM region of
the calculations; this region contributes approximately 60 kJ frtolthe activation
energy process. These interactions prevent full relaxation of the geometries, and

thus increases the ring opening energy to unrealistic levels.

The work of Oleiniket al. [41] has been included for comparison, as these
energetics provided the basis for the etching mechanism for the KMC models of
Battaileet al[26]. Contrary to other results presented within the literature, Oleinik
et al. find that the incorporation mechanism occurs through a direct process with a
single transition state (akin to the Blhechanism discussed in Chap8r Their
calculated activation barrier for this process, is wrongly compared to the ring open-
ing process of Frenklach f] which has been shown to be inaccurate. This is clearly
erroneous, and the inference that carbon species can be etched by the reversal of the
insertion mechanism is also suspicious as their calculations underestimate the en-
thalpy change for the incorporation of a pendant methyl radical into a reconstructed
bond by approximately a factor of 2 (-29.3 kJ mi@Dleinik et al)),~50.4 kJ mot!
(IMOMM)).
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Neighbouring group effects

Studies within this thesis so far have focused upon the dynamics of the ring open-
ing / closing mechanism for incorporating carbon species into a pristine diamond
surface. Two further scenarios have been modelled. These investigate (i) the ener-
getics for incorporation of a CHgroup into a dimer reconstruction after insertion
has occurred into the neighbouring dimer reconstruction, Figurg(a) and (ii)

the incorporation dynamics associated with a reconstruction as part of a 1D grow-
ing chain progressing across the reconstructed dimers and troughs, £igBifie)

Both situations would be key situations in a step-wise growth model for diamond
CVD. Table4.4 compares the energetics of these two processes with that for CH
inclusion into the pristing 100} surface. Calculations have focused upon the ener-

gies only as transition states were mostly low in energy.

@) (b)

Figure 4.13: Cross sections through QM / MM models showing the MM
modifications for modelling the effects on incorporation energetics (a) in-
sertions into a neighbouring reconstructed dimer (b) 1D chain, growing
across dimers and troughs.

The results show that the surrounding environment to a dimer reconstruction
can affect the reaction dynamics of the ring opening / closing mechanism. For a re-
construction adjacent to a carbon inclusion (Figlre3(a), the distance separating

the dimer rows is reduced from 2.87(Pristine surface) to 1.98. This causes an
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Pristine  Neighbouring 1D
Reaction| surface Incorporatich ChairP
A—B| -07 -2.5 15.7
B— C| -373.2 -347.1 —-390.5
C—D| =301 -37.3 -86.9
D—E| 280 45.2
E—F| -784 -106.3
D—F -103.5

2 Figure4.13(a)
b Figure4.13(b)

Table 4.4: The energetics for CHincorporation upon three different dia-
mond surface environments using the mechanism shown in Higiize

increase in the local steric interaction. Hence, processes which reduce these inter-
actions, like the abstraction of a surface hydrogen, become favourable-{2.5kJ
mol~'). However, the reduction in the size of the dimer trough can also hinder
some processes, including the methyl absorption to a surface radical site and the
ring opening mechanism. These steric interactions cause the formation of a weaker
carbon-carbon bond by 30 kJ molt. This weakening occurs from the steric inter-
action from the protruding surface bound hydrogen, preventing the incident methyl
group from forming a bond with the surface radical at the favourable angle ¢f 71.4
(pristine surface) and forces the adoption of a surface angle of.88lée same

steric effects increases the endoergicity of forming the ring opened radical species
by ~ 20 kJ molt. The extra energy costs arise from the steric interactions restrict-
ing the separation of the radical and surface bound ethylene group td hdad

of the usual 2.5@ for the pristine surface.

Figure4.13(b)shows a structure that could be important in the growth of a chain
of CH, incorporations along dimer chains. The process is perceived to start with
incorporation into a dimer reconstruction followed by incorporation of a methylene

group across a dimer trough. This species would be a key part of a step-growth
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model for diamond. The model for the growing 1D chain shows that the surface

dimer bond is under high levels of strain as the carbon atom at the opposing end of
the reconstruction is impeded from relaxing to the normal reconstruction geometry.
This is shown by the elongation of the dimer bond, to 1.A1%nd by the bond

adopting an angle of 4elow the{100} diamond surface.

Methyl addition to a surface radical site, formed by an endoergic hydrogen ab-
straction reactionA £ = 15.7 kJ mot!) results in the formation of a strong carbon-
carbon bond A F =-390.5 kJ mot!) and hydrogen abstraction from the pendant
CHj, group results in the spontaneous relaxation to a ring opened structure. A stable
structure with a pendant GHjroup (akin to D, Figuré.9) was not found. The ring
closing process is also favourable as it reduces the overall steric interaction on the

system to a level similar to that found in the pristine diamond surface.

However, both scenarios are found to involve similar energetics to the simple
incorporation into the pristine diamond. In neither case do we find any evidence
that the ring opening / closing mechanism shows a preference for incorporation
into a site adjacent to a previous incorporation rather than a random incorporation

into any other site on a pristine surface.

4.3.3 The dimer trough bridging mechanism

Other possibilities for formation of a smooth surface of diamond include preferen-
tial carbon incorporation into a site next to previous carbon adsorption. The mech-
anism discussed here is derived from the HH mechanism first proposed by Harris
in 1989 7] and later modified in 1993 by Harris & Goodwizj]. The process
involves the formation of a bridging methylene group across the trough between
dimer rows, Figurel.14 This can occur by two possible mechanisms: a bi-radical

pathway (A— E) or a sterically hindered addition (B— D). The actual mech-
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anism used is a modification of the trough bridging mechanism of Harris which
avoids the sterically unfavourable hydrogen abstraction from the diamond surface
by a hydrogen migration from the surface to the pendanj @idical (C— E).

The resultant methyl group can undergo further hydrogen abstractions resulting in

ring closure.

CHsH 4yiH, CHzH CH,4 +H/-H, CH,
\ — . —
D C E F

+CH3" +CHg 7

H +H/-H,
: A

SN
B

Figure 4.14: Recapitulation of Figurd.18 showing the mechanism by

which carbon can be incorporated into thE00} surface across a dimer

row.

This study focusses upon the feasibility of the trough bridging mechanism as
a method of incorporating gaseous Lidto a growing diamond surface. Three
scenarios have been selected which represent different stages in the diamond growth
process. The feasibility of the trough bridging mechanism has been tested as the
main method of nucleation (Figu#el5(a), propagation (Figuré.15(b) and as the
final step of diamond growth on tH00} diamond surface (Figuré.15(c). The
QM /MM model used in sectiod.3.2was modified so that the QM region spanned

the trough between rows of dimer reconstructions as highlighted in Fglfe

The starting species for these studies was chosen to be the surface radical site
as this can be created during the ring opening / closing incorporation mechanism.

To confirm the validity of the chosen size of the QM region, PES minima and tran-
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(b) (c)

Figure 4.15: The three environments used for modelling the row bridging
mechanism for carbon incorporation: (a) nucleation; (b) propagation; (c)
the termination step. The structure shown relates to step D from Figure
4.14with the QM region highlighted in red.

sition states have also been located using a larger cluster model of the propagation
scenario for comparison. In this new model the QM region has been expanded to

include the neighbouring features on each side of the dimer trough, FidiLte

The sterically hindered pathway for incorporation across the dimer trough in-
volves the formation of a carbon-carbon bond with the incident Cépeting
for space with a hydrogen atom bonded to the neighbouring dimer row<®,
Figure4.14). The local diamond surface environment connecting to the pendant
methyl group and the surface hydrogen atom determines the proximity of groups
and thus their competition for space. The removal of strain from surface carbon
atoms held in a dimer reconstruction by inclusion of a carbon by the ring opening /

closing mechanism allows the resultant surface bound hydrogen to adopt the more
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(a) (b)

Figure 4.16: (a) The larger QM region used to model the propagation step
in the trough bridging mechanism; (b) The “mirrored” arrangement. QM
region highlighted in red.

favourable sp geometry. This has the consequence that both the carbon and the
hydrogen encroach into the dimer trough. These differences in surface geometries
are reflected in the strength of the carbon-carbon bonding to the adsorbed methyl
group, ranging from a strong bond (-389.7 kJ mdffor adsorption onto the pris-

tine surface (Figurel.15(a) to the weak (-149.3 kJ mol) for methyl addition

between two previously incorporated reconstructions.

Table4.5compares the energies derived using two different QM / MM models,
used for a methyl addition reaction to a single surface radical site with differing

neighbouring environments.

The results show that there is a fairly good agreement between the three different
QM / MM models. All models show a similar trend, i.e. that the most favourable
addition of methyl occurs upon the pristine diamond surface and that further in-
corporations in the neighbouring vicinity results in a weakening of the resultant

carbon-carbon bond.

Differences in the absolute values arise from two factors - the description of the

surface radical site within the QM region of each model and the manner in which
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Local Initial  Trough bridging
environment Cluste? SmalfP Large®
Pristine surface (—)'| —373.2 —-389.7 —-345.
One inclusion (. = | =235.0 -245.6 -2109.
One inclusion (=A)% | —=347.1 -340.0 -317.
Two inclusions . A)* -119.8 -149.3 -101.

2 from Sectior4.3.2
b from Figure4.15

¢ from Figure4.16

1 as in Figure4.15(a)
2 asin Figure4.16(a)
3 asin Figure4.16(b)
4 as in Figuret.15(c)

N o

Table 4.5: Table comparing different QM / MM IMOMM models for the
addition of methyl to a single radical site with different neighbouring envi-
ronments.

steric interaction is conveyed in the individual systems. The QM / MM model used
for modelling carbon incorporation into the reconstructed dimer bond models the
surface radical as a tertiary species, but all steric interactions are described by the
MM force field. The small trough bridging model describes the steric interactions
between the dimer rows within the QM region, but describes the surface radical as
a secondary radical. These species are inherently less stable than tertiary radicals.
The larger QM model for the trough bridging scenario rectifies this problem to
being a tertiary radical by the inclusion of the neighbouring reconstructions and / or
the incorporated carbon species within the QM region and this change can explain

the difference in energies between the large and the small models.

The results indicate that MM steric interactions have a larger effect upon the
overall energetics of carbon additions than the precise QM description of these in-
teractions. These effects are manifested in the bond angle for the resultant carbon-
carbon bond for one inclusiom\( —), where the initial model (MM steric interac-

tion) has a bond angle of 76.8vhilst the full QM description of the interaction
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within the larger QM model computes the bond angle to be°74.0

Attention now switches to the possible surface rearrangement reactions involv-
ing the pendant methyl group and the surface bound hydrogen atom (processes
D — E). For the scenarios which involve a neighbouring incorporation, the hy-
drogen abstraction reaction from the sterically restricted adsorbed methyl group
(D — C, Figure4.14) to form the pendant CHradical is exothermic (-21.1 kJ
mol~!, —-63.1 kJ mot!, —=111.7 kJ mot!, Figures4.15(a)4.15(b)& 4.15(c)respec-
tively) as the induced geometry change reduces the steric interactions across the

dimer trough.

Internal hydrogen migrations across the dimer trough from the diamond surface,
to the pendant methylene group (€ E, Figure4.14) are virtually thermoneutral
except for the termination scenario which is exothermi&(= 8.5, 6.3, —12.5 kJ
mol~t, Figures4.15(a) 4.15(b) 4.15(c)respectively). The exothermic migration is
due to the decrease in steric interaction between the newly-formed pendant methyl

group and the neighbouring dimer row.

The initial starting radical (B) can also undergo a further hydrogen abstraction
reaction (B— A, Figure4.14) to form a bi-radical site, to which methyl addition
is possible. This abstraction reaction is effectively a thermoneutral process (4.1,
5.2 kJ mof!; Figures4.15(a)& 4.15(b) respectively). For the most sterically hin-
dered site (Figurd.15(c) the process is slightly exothermic (-5.1 kJ m9l The
exothermicity is generated from the reduction of steric interaction by the removal
of the second hydrogen atom from the diamond surface. Methyl addition to this
bi-radical site is much more favourable than to the single radical site, and hence
strong carbon-carbon bonds are formed for all scenarios. The observed increase in
bond strength is ascribed to the reduction in steric interaction from the neighbour-
ing dimer row. This is highlighted by the change in the angle which the methyl

group makes with the surface from 54(B) to 48.6 (E) for the larger model shown
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in Figure4.16(a)

These different mechanisms by which methyl radical species can be adsorbed,
together with subsequent rearrangement reactions, lead to the same final ring clos-
ing reaction (E— F, Figure4.14) which is instigated by a hydrogen abstraction
reaction. In contrast to the previous steps, the energetics for the final ring clos-
ing step become more favourable as the distance between the ring closing carbon
atoms is reduced. The large distance between the pendant methyl and the surface
radical for the pristine diamond surface (24&8in conjunction with the large sep-
aration between the dimer rows (3./36, results in a highly strained ring closed
species held in place with a weak carbon-carbon bond (-113.1 kJ' nfglFig-
ure 4.14). In contrast, the ring closing step for the termination scenario, where
the separation of the surface carbons is much less @) 56sults in a very strong
carbon-carbon bond (-516.7 kJ mb). This ring closing step is highly favourable
due to the reduction in steric hindrance and the resulting bond is stronger than the

initial carbon-carbon bond which attaches the,@Gtbup to the diamond surface.

At CVD temperatures, (700 — 1200 K), entropic changes during a reaction will
have a significant effect on reaction dynamics. The corresponding contribution to
AS for reactions which lead to the loss of a gas-phase species (e.gadtlition
to the surface) is- —100 J mot! K~!. This entropic contribution when combined
with the elevated reaction temperatures makes the weaker< 150 kJ mot!)
carbon-carbon bond formation steps unlikely, i.e. reagents are favoured. Therefore,
for diamond growth at CVD temperatures, the trough bridging mechanism is not
a feasible process for nucleation upon a pristine diamond surface as there is an
unfavourable ring closing step. Also, incorporation of a methyl radical to a radical
site surrounded by two previous incorporations can only occur through the unlikely
bi-radical pathway. Hence, the most likely site for carbon incorporation using the

trough bridging mechanism is the single surface radical formed after an inclusion in
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dimer reconstruction. The reaction pathway at this site has a minimal steric effect
on the initial CH adsorption and has a small distance (3.A3petween the dimer
rows, enabling the formation of a strong carbon-carbon bond in the ring closing

reaction.

Small QM region Large QM region
Pristine surface 1 inclusio® 2 inclusion$| 1 inclusior! Mirrored®
=-) (A -) (A A) (A -) =N
Steric route
B—D -389.7 —245.6 -149.3 -219.1 -317.9
ts 0.0
D—C -21.1 -67.9 -114.4 -67.7 -41.6
ts 31.1
C—E 8.5 6.3 -12.5 5.7 -33.6
ts 20.0
Bi-radical
B— A 4.1 5.2 -5.1 -7.2 -22.6
ts 6.2
A—E -406.4 -297.0 -271.1 -274.0 -367.9
ts 0.0
Ring closing
E—F -113.1 -392.7 -516.7 -369.1 -275.2
ts 0.0

a Figure4.15(a)
b Figure4.15(b)
¢ Figure4.15(c)
4 Figure4.16(a)
€ Figure4.16(b)

Table 4.6: Summary of results for incorporation of Gldcross the trough
separating dimer rows. All energies in kJ mal

Table4.6 also compares the results for the inclusion of methyl using the large
QM IMOMM model (Figure4.16). As previously discussed, this model is an ex-

pansion of the initial trough bridging QM model to include the neighbouring dimer
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reconstruction and inclusions in the same row. Methyl addition to the single radical
site is a barrierless process similar to aAdidition to the pristine diamond surface.
Addition to the energetically favourable bi-radical site is assumed to occur by a sim-
ilar mechanism. This suggests that Catidition to the surface is only affected by
the strength of the resulting carbon-carbon bond, which is determined by the local
neighbouring environment. These results are in direct contradiction with the find-
ing of Skokovet al. whose work for the addition of methyl radicals is summarised

in Table4.7and Figuret.17.

IMOMM 2 Skokovet al.®
AE/kIJmol! | E,/kImol! | AE/kJ mol!

Al —-402.5 0 -307.9
A2 —-419.6 0 -315.5
A3 -340.0 0 -274.9
A4 -409.3 0 -308.4
Bl —-261.0 61.9 -101.3
B2 -308.6 10.0 -195.8
B3 -158.7 101.3 45.6

B4 -283.25 36.08 -129.3

a Data obtained using models in Figutel5
b Data from [L.7]

Table 4.7: The energetics for methyl adsorption for different radical sites
described in Figurd.17.

For methyl addition to the pristine diamond surface, both models predict that
CH, addition is a barrierless process with the PM3 model underestimating the re-
sultant carbon-carbon bond strength as previously discussed in Sé&iarHow-
ever, the models differ when comparing methyl addition to a radical site next to a
previous inclusion, scenarios B1 — B4 in Figuré.7, as the PM3 model predicts
considerable activation barriers for these processes. Such erroneous activation bar-

riers for these singlet addition reactions can occur from a poor initial description of
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Figure 4.17: Surface radical sites investigated for methyl additionlir] [

the occupations of the molecular orbitals of the two incident radical species, result-
ing in the model being described by a closed shell species. As the PES is probed
along the reaction coordinate, the perceived energy barrier occurs from the transi-
tion from the closed shell reagents to the singlet state required for carbon-carbon

bond formation.

In addition, the underestimate of the strength of the newly formed carbon-
carbon bond for species B1 — B4 by the PM3 calculations results in the formation
of very weak carbon-carbon bonds when compared with methyl absorption to the
pristine diamond surface. For the B3 scenario, bond formation is considered to
be an unfavourable endothermic process with a high activation batyiér«45.6
kJ mol!, £, = 101.3 kJ mot'). In reality, these bond forming reactions are all
favourable processes which result in weaker carbon-carbon bonds than addition to
a pristine surface, but the resultant carbon-carbon bonds (except for the B3 sce-
nario) should be stable under CVD conditions and thus should be included within

KMC scenarios.
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The focus now returns to the surface modification reactions required for incor-
poration of methyl using the sterically hindered scenario. The hydrogen abstraction
reaction from the pendant methyl group is an energetically favourable Atép (
=—67.7 kI mot!, E, = 33.1 kJ mot?!) but shows no evidence for preferential acti-
vation over the similar abstraction reaction from the pristine diamond surface. The
subsequent rearrangement reaction whereby a H atom migrates from the surface
to the pendant CHradical should be a trivial process, as the activation energy for
the unimolecular rearrangemedt £ = —20.5 kJ mot!, E, = 20.0 kJ mot!) is
much lower than the ring opening / closing reactions which readily occur upon the
diamond surface. Direct abstraction of the surface hydrogen in the sterically un-
favoured situation (D— E) is an unlikely process despite being exothermid(
=-61.7 kJ mot!) as the bound Ckigroup prevents the incident abstracting hydro-
gen atom from adopting a favourable incident angle, resulting in the high activation

energy ¢, = 39.4 kJ mot!).

Incorporation of carbon using the bi-radical pathway depends only upon the
second hydrogen abstraction which is calculated to be a favourable process with
a reduced activation barrier when compared to the radical activation of a pristine
surface AE = —7.2 kJ mot!, £, = 6.2 kJ mot?!). The final ring closing step
(E — F), which is mediated by a hydrogen abstraction reaction, shows a reduction
in the hydrogen abstraction activation energy when compared with abstraction from

a pristine surface.

For comparison, the trough bridging mechanism has been modelled for a sys-
tem where the methyl group is bound to a dimer reconstruction which is next to
an inclusion, Figurel.16(b) This “mirror” image of the more preferable trough
bridging mechanism would be in direct competition with the ring opening / closing
incorporation mechanism. The adsorption of {iithe “mirror” pathway is~ 100

kJ mol~! more exothermic than the similar adsorption in the standard scenario. This
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increase in the carbon-carbon bond strength is due to the nature of the dimer recon-
struction which causes the pendant methyl group to adopt an angle 6ft@3tie
surface. This angle moves the pendant methyl group away from the neighbouring
incorporation and dramatically reduces the steric interactions with the neighbouring

species.

However, the observed difference in geometry for the pendant methyl group
results in a weakening of the carbon-carbon bond formed during the ring closing

(E — F) by 100 kJ mot! making this pathway unlikely.

In summary, a strong carbon-carbon bond can form with methyl addition at the
bi-radical site (A), but this process is unlikely as the formation of the active site re-
guires two sequential bimolecular hydrogen abstraction reactions in a neighbouring
environment, before the methyl adsorption can occur. Methyl addition to the steri-
cally hindered site (B) is energetically possible, but less favourable than addition to
the bi-radical site as the resulting carbon bond is relatively weak. Intra-molecular
hydrogen migrations are possible but key steps are mediated by hydrogen abstrac-

tion, each with an activation barrier.

The most probable scenario where the dimer trough bridging mechanism can
occur is the propagation step, with addition of a methyl to a previous incorpora-
tion. Both the initiation and termination scenarios have one step which results in
a weak carbon-carbon bond (113.1, 114.4 kJ malespectively) which becomes

unfavourable at CVD temperatures when entropic effects are considered.

However, these results suggest that there is no activation of the diamond surface
for the next CH incorporation by a previous inclusion (into a dimer reconstruc-
tion). Indeed, methyl is preferentially adsorbed onto the single surface radical site
upon a pristine diamond surface over a previous incorporation radical site and the

probability of this mechanism being the dominant mechanism for carbon inclusion
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upon the{100} diamond surface is diminished by the high number of hydrogen
abstractions required for the incorporation of one carbon unit in comparison with

other processes.

4.3.4 New row nucleation

The mechanisms by which a reconstructed dimer can form upon a diamond surface
under CVD conditions is a poorly discussed area of diamond growth. Within this
section, we discuss the energetics of a new mechanism by which a new layer within

a reconstructed dimer can be created, Figuté&,

One view of forming a new dimer reconstruction upon {60} diamond sur-
face is that two incorporated methylene groups can be in close proximity and that
the expulsion of two hydrogen atoms creates a bi-radical site from which the recon-

struction is formed, Figuré.18(a)[43].

Within this section, the QM / MM model from Sectigh3.2has been modified
so that the MM surface region has a row of Cgtoups incorporated into a dimer
chain. The row is located next to the QM region. The QM region is modelled by
the cluster from sectiod.3.2 expanded to include the appropriate section of the

inserted row, structure A in Figure19

Using the QM / MM model, methyl incorporation into a dimer reconstruc-
tion next to the row of incorporated carbons has been modelled using the more
favourable ring opening / closing mechanism, Figdrés(c) Section4.3.2 The
methyl adsorption, hydrogen abstraction and ring opening steps are energetically
feasible but the ring closing step, though possible, has a large activation barrier,

Table4.8.

The large activation barrier results from steric interactions with the methylene
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Figure 4.18: (a) Recapitulation of Figuré.15(b)showing a proposed in-
termediate for formation of the dimer reconstruction from r&f [(b) The
transition state of the ring closing reaction{E> F, Figure4.18(c) as part

of the incorporation of carbon into a dimer reconstruction (left) next to a
row of previously incorporated carbons (c) Recapitulation of the ring open-

ing / closing mechanism (Sectian3.2).

Skokovet al. |
pristine 2 inclusions 2 inclusions (1 radice

]

al)

Ring closing
ts

IMOMM
pristine 1 inclusion
—-89.5 -49.5
49.1 70.5

—-100.4
51.5

18.8
132.6

—27.6
85.8

Table 4.8: The effects upon energetics and activation energies for methyl
radical incorporation into a dimer reconstruction with 1 or 2 parallel inclu-

sions. All energies are in kJ mdl

group upon the row of incorporated methylenes. This interaction forces the ring

closing CH group to adopt an angle of 82.® the diamond surface instead of the
usual angle of 90 This high activation barrier renders this pathway an improbable

mechanism for generating the reconstructions.
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The ring closing reaction is an exothermic process only because the steric in-
teraction from the pendant hydrogens upon the incorporated methylene group is
minimised by both CH groups rotating away from each other. This relaxation is
only possible because the surrounding environment is a pristine diamond surface,
thus further reducing the likelihood of this process happening as part of a growing

diamond surface.

Table4.8 compares these findings with similar studies by Sko&bal. [17] at
the PM3 level of theory. Their studies sandwiched the studied reconstructed dimer
between two inclusions and between one,Gid CH radical inclusion. These
PMa3 results confirm that the ring closing step is not possible for incorporation of
methylene radicals in environments where the studied dimer reconstruction has ad-
jacent carbon inclusions in the same dimer row. Thus, the possibility of dimer
reconstructions being formed from molecular hydrogen dissociation instigated by

steric repulsion is a highly unlikely process.

These results suggest that a different approach is required for the formation of
the reconstructed dimers during CVD growth of diamond. Figude® shows a
proposed mechanism which by-passes unfavourable steric interactions caused by
two neighbouring methylene groups pendant upon{tt@0} diamond surface by
the incorporation of a methyl radical upon the previously deposited carbon atoms
and a neighbouring dimer reconstruction. The mechanism proceeds by the forma-
tion of a bridge between the inserted row and the dimer reconstruction using the
pendant methyl group and then, upon hydrogen abstraction, the bridging methylene
group incorporates into the dimer reconstruction indirectly forming the new recon-
struction. This new row nucleation could be envisaged as a step formation. This
mechanism is similar to a proposed pathway for the patterned incorporation of a

migrated G=CH, group (formed from absorption of acetylene), Figaré [27].

The formation of the pendant methyl group upon the row of previously incor-
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1. +H/-H,
2. +CH, l

-160.8
E, =31.3

1. +H/-H, +H/-H,
2. +H/-H, -52.0
Ea = 28.1

E rotated 45"

Figure 4.19: Proposed mechanism for nucleation of a new dimer recon-
struction layer by incorporation of CHProcess energies (in kJ mé) for
inter-conversion between the various species via addition and/or elimina-
tion reactions as defined in the figure are indicated in italics
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porated carbon atoms (A— B, Figure4.19 is an exothermic process for both
the hydrogen abstractiol\# = —25.2 kJ mot!, E, = 30.4 kJ mot!) and methyl
adsorption reactions\F = -342.3 kJ mot!, £, = 0 kJ mof?).

The process of forming the bridging GHpecies, (B— C, Figure4.19) is very
similar to the CH incorporation in the trough bridging mechanism, following the
sterically hindered pathway, Sectidgn3.2 However, in this scenario, the proba-
bility of a bi-radical incorporation mechanism being a feasible pathway is unlikely,
since this route would require many sequential bimolecular reactions, as there are
no mechanisms, except for gas-phase hydrogen abstraction, for forming the initial
bi-radical species. There are several possibilities regarding the order in which these

hydrogen abstraction reactions can occur (as discussed in Sé@&ién

The most favourable pathway for the insertion of a bridging methyl group{BC,
Figure4.19 is for an initial hydrogen abstraction from the dimer reconstruction
(AE =-23.1 kJ mot!, E, = 21.8 kJ mot!) followed by a hydrogen abstraction
from the pendant methyl group\ = —42.1 kJ mot?, £, = 21.0 kJ mof!). The
initial hydrogen abstraction, which was unfavourable in the trough bridging mech-
anism, is now accessible due to the larger separation between the methyl group and
the hydrogen which enables a more orthodox TS geometry and hence a reasonable

activation energy.

The possibility of forming the bridging methylene group by a similar mecha-
nism to the sterically hindered trough bridging mechanism (Hydrogen abstraction
from pendant CHlfollowed by hydrogen migration and ring closing induced by a
hydrogen abstraction: Pathway-B- F via C in Figure4.14) is an unlikely process
due to the high activation barrier for the endothermic hydrogen migration Atep (
= 7.5 kJ mof!, £, = 89.0 kJ mot!). The high barrier to the reaction arises from

the large distance between the pendant Gidéup and the surface hydrogens.
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The geometry of the bridging methylene group is such that, upon a favourable
hydrogen abstractionY£= -52.0 kJ mot!, E, = 28.1 kJ mot!), the subsequent
radical directly inserts into the dimer reconstruction with a similar barrier to that
of the ring closing reactionXE = —160.8 kJ mot!, E, = 31.3 kJ moft!). This
insertion results in the formation of a reconstructed dimer att®@he initial pat-
tern, (E in Figuret.19. The final insertion mechanism differs from the normal ring
opening / closing process because the motion of the inserting radical is restricted by
the bridging carbon-carbon bond and this holds the radical in a favourable position

for the direct insertion.

4.3.5 Surface carbon migration reactions

The results in the previous sections have shown that, despite the numerous surface
radical sites to which a gaseous methyl radical can add, the single radical site which
results in the strongest carbon-carbon bond is upon a pristine diamond surface. The
large number of the energetically favoured pristine surface radical sites available
under standard CVD diamond growth conditions suggests that adsorption;of CH
will most likely occur at random sites upon a pristine surface, from which carbon

will be incorporated into the diamond surface.

In order for these random incorporations to lead to the formation of a smooth
{100} surface with rows of reconstructed dimers, we have investigated whether
key carbon species can migrate across the diamond surface. During this migration
process, individual carbon species can coalesce resulting in the formation of the

observed smooth terraces

The carbon migration pathways studied within this thesis were first proposed
by Frenklach and Skokov in 1997, and involve the movement of species along and

across the dimer rows present upon {60} diamond surface{l]. As previously
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discussed, hydrogen migration processes across a pristine diamond surface are un-
likely due to a large activation barrier. This results in the migration processes being
controlled by the gas-phase hydrogen abstraction / addition reactions that also gov-
ern CH, incorporation. Previous arguments suggest that formation of bi-radical
sites is an unlikely random process, requiring two abstraction reactions in a similar
location. It can be argued, however, that the lifetime of these bi-radical species is
such that only unimolecular reactions, like the methylene migration reactions de-

scribed below, can occur.

The proposed mechanism for migration of a methylene group is shown in Figure
4.20 The mechanism begins with the incorporated methylene group (F from Figure
4.9) adjacent to a neighbouring radical site. The incorporateg@bup undergoes
a ring opening process to form an unsaturated methylene group with a radical upon

either side (2 in Figuré.20).

This intermediate either reforms the dimer reconstruction (3a) or forms a bridg-
ing carbon-carbon bond across the dimer trough (3b). The previous steps move the
two radicals close enough to form a bond resulting in the strained intermediate 4,
which can open in two ways, one of which reverts to 1, and the other leads to the

migrated species 5.

The migration mechanism via the pendant Qiddical can occur in two di-
mensions, both along dimer chains as highlighted in Figu2@ as well as along
dimer rows as shown in Figure21 Investigations on this mechanism employed
the same large QM / MM model used in the trough bridging mechanism, (Section

4.3.3 Figure4.16(a).

Table4.9compares the results for the ring opening / closing mechanism14.,
via 3b.) from the IMOMM model with the published Frenklach data. Both sets of

data show that the ring opening step 1> 2.) is an endothermic process with
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3a.

Figure 4.20: The CH, surface migration mechanism along a dimer chain
from ref [21]. The mechanism is highlighted by optimised QM structures
from the relevant IMOMM calculation with the QM atoms represented by

spheres and the link hydrogen atoms by sticks.
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Figure 4.21: The CH, surface migration mechanism along a dimer row
from ref [21]. The mechanism is highlighted by optimised QM structures
from the relevant IMOMM calculation.

similarly high activation barriers. The IMOMM model predicts that the alternative
ring closing step (2— 3b.), bridging the dimer trough is effectively an endother-
mic process with an activation energy barrier slightly higher than the ring closing
step within the carbon inclusion step £= 10.8 kJ mot!, E, = 47.7 kJ mot!

c.f. ring closing step, = 53.1 kJ mof!). The regeneration of the reconstructed
dimer (3.— 4.) by addition of the two radical species is a barrierless exothermic
process AE =—145.5 kJ mol!). The IMOMM model thus predicts that the mi-
gration of an incorporated CHspecies by the ring opening / closing mechanism

is less favourable then the initial ring opening / closing incorporation mechanism.
These two steps are in contrast to the Frenklach model which predicts an exother-
mic alternative ring closing stepg\(&’ = —51.4 kJ mot!, E,= 12.0 kJ mot!) whilst

the regeneration of the dimer reconstruction is a thermoneutral process with a very

high activation barrierA E = 7.9 kJ mot !, E,= 110.3 kJ mot!) — see Tabl&.10

The migration of carbon as a pendant radical species rather than as an unsat-
urated methylene group has been considered as a transportation mechanism both
along dimer chains, — 4. via 3a., Figuret.20, as well as along dimer rows,
Figure4.21 The main difference with this process and the previously discussed
mechanism is that the final bridging species, 4., is generated by the formation of a
bridging carbon-carbon bond (3a— 4.). This mechanism is driven by the refor-

mation of the surface reconstruction dimer {2 3.) which results in the pendant
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Radical | IMOMM Skokov et al?
1.—2.| 1153 99.6

ts 145.5 150.6
2.— 3. 10.8 -55.6

ts 65.9 61.8
3.—4.| -1455 7.9

ts 0.0 45.6

a from ref [2]]

Table 4.9: Results for the ring opening / closing mechanism for surface
methylene migration.

CH, radical species. The pendant radical can then add to a suitable neighbouring
site either across the dimer trough or on the neighbouring dimer reconstruction.

This mechanism offers a 2D transportation process across a surface.

Two QM / MM models have been employed to model the radical surface migra-
tion along and across the rows of reconstructed dimers upon the diamond surface.
The model from the previous section is used to describe the energetics of the dimer
trough bridging while the QM / MM model from sectigh3.2has been modified
to include two parallel reconstructions in the QM region to calculate the energetics
of migration along dimer rows. The energetics for these migration steps are sum-
marised in Tablel.10 The difference in values for the migration along the dimer
row as opposed to along the dimer chains is due to the proximity of the two mi-
gration radical sites. These results confirm that methylene migration can occur by
these mechanisms and the values for the energetics suggest that the process is more

favourable then previously reported Frenklach data.

Also, the termination step involving migration of the pendant,@4tlical could
be responsible for the formation of the reconstructed dimer. Fig@@shows the

possible mechanism by which a pendant,@tgrating along a dimer row can form
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Reaction| Dimer Frenklach | Row-bridging Frenklach
migration & SkokovpP1] migration & SkokovpP1]
1.— 2. 71.3 99.6 115.3 99.6
ts 111.3 150.6 145.5 150.6
2.— 3.| -48.8 -51.4 —-76.1 -51.4
ts 0.0 12.0 0.0 12.0
3.— 4. | -100.2 14.1 -58.6 3.7
ts 6.6 124.4 0.0 110.3

Table 4.10: Results for the methylene radical mechanism for surface mi-
gration, showing the energetics for migrations along and across dimer re-
constructions.

the bridging methylene structure (Structure C in FiglrEd) between a previously

incorporated carbon and a reconstruction. This bridging species only requires a
hydrogen abstraction in order to form a new reconstruction dimer upon a new layer.
This termination step assumes that the migration steps leading to the formation of

the pendant CkKradical are as facile as the similar reaction upon a pristine surface.

Figure 4.22: Possible termination step for methyl radical migration along
a dimer row.

The termination step of the migration of a pendant methylene radical is a rad-
ical recombination between a previously incorporated carbon radical (this can be

easily generated by a hydrogen abstraction reaction, Settof) and the pendant
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radical. This radical quenching reaction results in a very weak carbon-carbon bond

(AE =21.3 kJ mot!), making this an unlikely process.

In summary, this reinvestigation of the previous carbon migration studies has
confirmed the feasibility of these carbon migration reactions. The overall activation
energy and thermodynamic data, which is calculated at a higher level of theory than
hitherto, suggests that migration upon the pristine diamond surface is more facile
than previously reported, as many of the key reaction steps are found to have a

reduced or no activation energy.

4.4 Conclusions

Incorporation of carbon into a growind.00} diamond surface occurs by means of
methyl insertion into a reconstructed dimer by the ring opening closing mechanism.
CHj, radical addition to all of the different surface radical sites occurs without a bar-
rier, hence all the chemistry is controlled by the differences in timescales between
unimolecular and bimolecular reactions and the energetics of hydrogen abstraction
reactions. The row bridging mechanism is not a favourable pathway for carbon
incorporation as it requires too many unlikely bimolecular reactions and there are
barriers to key reactions. GHyroups are able to migrate along and across dimer

reconstructed chains.

These results hint that, for diamond growth, there is one growth mechanism by
which carbon is incorporated randomly into the surface. The incorporated carbon
species are able to migrate together, across the diamond surface to form a smooth
{100} diamond surface. The use of DFT theory in a QM / MM protocol has dra-
matically improved the quality of the computational results. These in turn show

that methyl incorporation and methylene migration across the diamond surface are
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much more facile than previously reported.
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Chapter 5

Preliminary diagnostic studies of a
high pressure microwave CVD

diamond reactor.

A high-pressure~150 Torr) microwave plasma CVD system has been constructed
and initial studies performed, optimal conditions for diamond deposition have been
investigated. Spatially resolved optical emission spectroscopy (OES) studies of the
plasma have been conducted. Cavity ring down spectroscopy (CRDS) has been
performed upon the Sspecies throughout the region of most intense optical emis-
sion. Photography has been used to estimate relative plasma ball sizes under all

experimental conditions used.

5.1 Spectroscopy

Spectroscopy is the study of the absorption, emission or scattering of electromag-

netic radiation with matter. Spectroscopy theory originates from the quantum me-
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chanical description of the probed species. The &tihger equation describes the
total energy of a systenB8(1) and this energy can be expressed as the sum of the
constituent physical components.1) with each component described by its own
Hamiltonian. The application of the Born—Oppenheimer approximation (Chapter

3) enables the decoupling of the electronic and nuclear motion.

ETotal = EE'lectronic + EVibrational + ERotational + ETranslational (51)

The internal energy of the probed species can be described by the population
of quantised energy levels (rotational, vibrational and electronic) and transitions
between these levels can be mediated by the absorption or emission of a photon
with energy () that corresponds to the energy difference between the two levels,
Figure5.1. The unique internal energy structure of individual species results in a

series of subsequent transitions, which lead to the formation of a species-specific

spectrum.
£
a A b c
VAV, - AVAV: =
NN | "N\
VAV, -
E" \ Y

Figure 5.1: Three different ways in which electromagnetic radiation can
interact with two energy level&) Spontaneous emissiqb) Absorption
Stimulated emission. Colours are used for identification only.

For a system in thermal equilibrium, the populatiof,of these internal energy

levels, can be calculated from the Boltzmann distribution at a given temperature
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(5.2).

N g hv

where N’ is the population of the higher energy leval! is the population of the
lower energy levelg’ & ¢” correspond to the degeneracy of the relavent energy
level, h is Planck’s constant; is the frequency of the electromagnetic radiatibn,

is Boltzmann'’s constant aridis the temperature. Consequently, care must be taken
when inferring number density from a single spectroscopy transition as within non-
thermally equilibrated systems, the relative population of the state probed may not
reflect the overall distribution of the species within the system. Ché&tigrhlights

these problems within the context of IR absorption spectroscopy.

The rate of change in the population of these levels can be calculated from the
population of starting levelN’, the spectral radiation density of light») and
the relevant Einstein constant for stimulated emission an@& for absorption /

spontaneous emission).

% = N'Bp(v) (5.3)

2

The transition probabilit%, R/, | . (5.4, links the Einstein B constants to the

guantum mechanical description of the initial and final energy levels. The transition
moment,R/,, (5.9) is linked to the interaction between the wavefunctions for initial
and final state and the associated electric dipole transition mogaént electronic
transitions. For vibrational transitions, the associated change in dipole moment
induced by the vibration of interest should be considered. The transition moment
must be non-zero in order for a transition between energy levels to occur, and the

individual spectroscopic selection rules are derived from this principle.
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, 873

" e o0

R’

= / U U dr (5.5)

Atomic spectroscopy is based upon the observation of transitions between elec-
tronic states, whereas spectroscopic studies of molecular species are complicated
by the presence of vibrational and rotational interactions and transitions. The trans-
lational energy contribution to spectra is neglected, as the translational energy is
effectively a continuum under most experimental conditions. A brief summary of
the principles of the main forms of spectroscopy relevant to this thesis is presented

below.

The individual rotational and vibrational components of the Hamiltonian can be
solved separately by describing each type of motion with a simple quantised model
of the system. Rotational spectra are commonly addressed by applying the rigid
rotor approximation and vibrational features are described by a harmonic oscillator
model [1]. Both approaches lead to an exact solution of the individual components
of the Schodinger equation,56), (5.7) respectively, but both models fail to be an
accurate description of each physical process. These approximations can be refined
by the addition of further terms (c.f the use of harmonic oscillators within Molecular
Mechanics computational modelling, Chaptr. The J(J + 1) dependency of the
rotational energyE, (5.6), leads to a divergence of the corresponding energy levels

whilst the harmonic oscillator description of vibrational energy (5.7) leads to
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evenly spaced energy levels.

2

E, =
&w2]

J(J+1) (5.6)

wherel! is the moment of inertia and is the rotational quantum number.

E,=hv(v+ %) (5.7)

whereuw is the vibrational quantum number (which can be 0, or a positive integer

value) andv is the classical vibrational frequency of the bond being studied.

Transitions between vibrational states are feasible between adjacent vibrational
energy levelsfAv = +1). However, other weaker transitions are possiile,>1,
and the transitions are ascribed to the breakdown in the harmonic oscillator model.
Likewise, pure rotational transitions can occur between adjacent rotational energy
levels AJ = +1) and theAJ = 0, +1 selection rules apply for rotational transi-

tions which occur in concert with a vibration or electronic state change.

Spectroscopic transitions between electronic states in atoms are complicated as
an electron possesses both orbitand spins, angular momentum, each with a
corresponding quantum numbém’nd s respectively. (The value dfcorresponds
to the common s, p, d ... orbital labelling system whierdd, 1, 2 ...respectively).
These electronic angular momentum vectors are commonly expressed by the total

guantised angular momentuyjmwector with a resultant quantum numbe(s.8).

j=l+sl+s—1,...|l—s (5.8)

The Russell-Saunders coupling approximation is the most commonly used de-
scription for multiple-electron system. Within this construct, the total orbital an-

gular momentunt, is expressed as the quantised surhfof all electrons and by
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similar means, the resultant sgrcomponent is formed from the summation of the
individual spin angular momenta. Each momentum vector term has a corresponding
guantum numberl, and S respectively. The total resultant angular momentam,

is quantised with the resulting quantum numbgnraking values from the combi-
nation of the quantum numbers of the individual total orbital momenta, in a similar

manner t0%.8) [2].

Electronic states are commonly labelled¥y'L;, whereL =0, 1, 2, 3 ...is
represented by S, P, D, F ... mirroring the labels for atomic orbitals. For multi-
electron systems, numerous terms can exist and the empirically-derived Hund’s

rules are used to identify the lowest energy configurations. These rules state :

1. The lowest energy configuration has the highest spin multipli@ty ¢ 1)

value.

2. For systems with the same multiplicity, the highest valué dias the lowest

energy.

3. For half filled shells, the lowes! value results in the lowest energy whilst
for shells which are more then half full, the lowest energy configuration has

the highest/ value.

These rules originate from the minimisation of the spin interaction between elec-
trons (1), maximisation of the orbital momentulm, (2) and the scalar product of
the spin-orbitJ coupling interactions (3). These rules can break down however
when studying “heavy” atomic species, where magnetic effects involyirgj

coupling dominate.

In order for transitions to occur between electronic states, the transition mo-
ment, (eq. $.5) must be non-zero, which involves a change in the local electric

dipole moment. The subsequent photon absorption / emission process also requires
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a change in the total electronic angular momentum to ensure conservation of mo-
mentum. These principles are summarised as the atomic selection rules, as shown

below [1].

1. Al=+£1,AL=0,£1.

2. The adsorption / emission of a photon must result in a change in parity of
the wavefunction for a non-zero change in electric dipole moment. This is
commonly known as Laporte’s rule and thus wavefunction mapping must

take the following forms: odd-even; ever-even, odé-even .
3. AJ=0,%+ 1 except J=G»J=0

4. AS=0.

The electronic spectroscopy of a diatomic species is further complicated by the
presence of rotational and vibrational effects, which increase the complexity of
recorded spectra. (Molecular spectroscopy theory is beyond the scope of this the-
sis). The electronic momentum vectors, (S) can couple with the inter-atomic

axis and the strength of these coupling interactions are categorised into three en-
vironments labelled Hund’s case (a), (b) and (c). The first case relates to a strong
interaction where botli andS couple along the axis to produdd:, i terms re-
spectively; the second case is partial coupling where érdguples, while the third
describes situations where the spin-orbital coupling betweand S is stronger

than the coupling between either of these and the molecular a@xisen couples

to the axis resulting if2h vector. Each vector product has an associated quan-
tum number and the associatetl quantum numbet), relates to the coupled total

momentum quantum numbées.g).

Q=|A+3 (5.9)

157



The labelling of diatomic electronic states mirrors the atomic electronic state
description and has the common fofit!Aq, whereA =0, 1, 2, 3 ...is repre-
sented by the Greek equivalentof S, P, D, F ... Xell, A, ... For homonuclear
diatomic species, the symmetry of the electronic wavefunction, with respect to a
centre of inversion, is expressed by the addition of a g (Symmetric) or u (asym-
metric) subscript to the term symbol. The electronic diatomic selection rules are

analogous to the atomic selections rules.

1. AA=0,+ 1.

2. g—U; ge»d, WU,

3. AY=0,A0=0,+1

4. AS=0.

Electronic transitions within diatomic molecules can lead to vibration excita-
tion. The most favourable electronic transition between different vibrational states
is determined by the Franck-Condon principle. This relies on the fact that elec-
tronic transitions occur on a timescale that is much shorter than that for nuclear

motion. The Franck-Condon factor is a measure of the overlap of the vibrational

wavefunctions of the initial and final statés 10).
L =R, / T dr (5.10)

Within this thesis, three optical spectroscopic techniques have been used to pro-

file the species densities within the microwave plasma reactor.
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5.1.1 Optical Emission Spectroscopy (OES)

Operationally, this is the simplest form of spectroscopy, which monitors the light
emitted as a species relaxes from a highly excited state. This technique is generally
limited to atomic and diatomic systems, as triatomic and other larger multiple-atom
species generally have impenetrably complex spectra, due to the numerous possible
rovibronic transitions, and in many cases, decay non-radiatively rather than emis-
sion. In practice, OE spectra are recorded by passing the emitted light through a

monochromator and onto a suitable detector.

However, care is required in the interpretations of the results from OES as
species have different intensities of emission, which makes the determination of
number densities a complex and difficult process. In summary, OES is a simple,
quick technique which enables gualitative probing of selected species within an

electronically excited sample.

5.1.2 Absorption Spectroscopy

Absorption spectroscopy is based upon the absorption of incident radiation resulting
in an internal promotion between two states. The Beer-Lambert law correlates
the absorbanced, (the logarithm of the ratio of the initial and transmitted light
intensities, typically from a laser source) to the concentratighin the initial state

of the absorbing species with the cross sectional absorptiand the path length

of the light through the mediunt,, (5.11). The cross section and concentration

terms are combined and commonly referred to as the absorption coefficient,

A=In2 =5 [X]L (5.11)
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Absorption spectroscopy is a species selective technique, which can lead to
guantitative measurement of species concentration profiles, and is relatively simple
to implement. Chaptes shows the application of absorption spectroscopy within a
microwave plasma system using a new IR spectral region enabled by the develop-

ment of quantum cascade lasers.

However, there are a few inherent issues with absorption spectroscopy. The
detection of species present at low concentrations is problematic as this requires
the measurement of a small change in the intensity (due to the absorption) of a high
intensity light source. Absorption spectroscopy is thus highly dependable on the in-
tensity of the radiation source and any instability within that source propagates into
the absorption measurements. In addition, absorption spectra can be complicated

by the presence of overlapping bands from different species.

5.1.3 Cavity Ring-Down Spectroscopy

Cavity ring-down spectroscopy (CRDS) is a highly sensitive, non-intrusive multiple
pass absorption measurement technique based upon the construction of an optical
cavity by two high reflectivity mirrorsi¢ > 99%) in which a laser pulse is trapped.

The laser pulse slowly decays by transmission through the mirrors and is detected,
usually by a photo-multiplier tube, which measures the rate of decay. Like conven-
tional absorption spectroscopy, CRDS is a line of sight technique which projects

guantitative 3D data into a 2D representation, the column density.

For an “empty” cavity the intensity of transmitted light can be expressed as
an exponential decayp (12 [3] and the ring-down time for this decay, solely
depends upon the reflectivity of the mirroii, the total length of the cavity, and
the speed of light;, (5.13 [4].
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I(t) = Iexp (_Tt) (5.12)

L
= 5.13
’ c(1-R) (®.13)
The ring-down time is the time it takes for the intensity to decreade ¢bthe
initial signal; the rate is the reciprocal of this time. The presence of an absorbing

medium in the cavity increases the rate at which light is lost from the cavityl),

and thus decreases the ring-down time.

1(t) = Ipexp (_7]5 — %Cl) (5.14)

wherea is the absorption coefficient arids the sample length.

CRDS experiments measure the rate of light escaping from the optical cavity
and the data is described by an exponential decay using the ring-down rate,
¥-. Changes in ring-down rate due to the presence of an absorbing medium at
any particular frequency Xk, (5.12 — (5.14)) is shown in equation5(15. The
measurement of the change in the decay rates removes the dependency for stability
with the incident radiation source and also causes an increase in sensitivity enabling

CRDS techniques to probe weak “forbidden” spectroscopic transitions.

LAk

@ cl

(5.15)
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5.1.4 Applying spectroscopy to plasmas used in Diamond CVD

CVD diamond growth occurs from highly activated hydrocarbon / hydrogen gas
mixtures and spectroscopy techniques are the natural methods for probing the gas-
phase composition and reactions that drive the process. Techniques that have been
used to shed light on such issues span optical emission spectroscopy, in situ mass
spectrometry, 4] and a number of laser spectroscopy methods. Included among
the latter are the pioneering infrared (IR) diode laser absorption studies of stable

hydrocarbons and hydrocarbon radicals (e.ghH£ C,H,, and CH) by Butler's
group [, [7].

CRDS has been successfully applied to the measurement pf&cktals in a
hot filament (HF) system3], CH radicals in a HF reactor”] and to G, radicals
in a microwave reactor used for ultrananocrystalline diamond (UNCD) film growth

[10], an oxyacetylene flame.[] and in a DC arc-jet reactof.P].

Spectroscopic data would, ideally, consist of spatially resolved absolute num-
ber densities, measured as a function of process conditions. In practice, only ab-
sorption methods are well-suited to absolute concentration measurements, and the
densities returned are normally line-of-sight column densities. Without very careful
calibration studies, the other methods will generally only provide relative concen-
trations. These data, taken in conjunction with complementary two- (2-D) or three-
dimensional (3-D) reactor modelling.§], [14] are largely responsible for the cur-

rent level of understanding of the gas-phase chemistry underpinning diamond CVD

[15], [16].

Within this chapter, the initial profiling of the optically accessible species present
within a microwave generated plasma using OES and CRDS is discussed. Ghapter
will describe the IR absorption measurements that shed light on the interconversion

between stable hydrocarbon species. Below, is a brief description of the some of the
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more important species commonly observed within CVD growing environments.

Atomic hydrogen

Historically, spectroscopic studies of atomic hydrogen have been at the forefront of
the development of quantum mechanics, e.g. Balmer’s empirical description of its
optical emission spectrun® (L6. With one electron, atomic hydrogen is the only
system for which the Schdinger equation can be solved precisely, because of the
lack of electronic repulsions. The standard description of atomic orbitals is derived
from this solution. This lack of electronic interactions also maximises all orbital
degeneracy within the hydrogen atom, and to a very high level of approximation,
the term energies depend only upei(5.16. Figure5.2 shows the most common

electronic transitions.

y:RH(l 1) (5.16)

22 p2

wherev is the frequency, an®y is the Rydberg constant.

C, species

Figure5.3shows the molecular orbital (MO) diagram for the electronic ground state

for C,, 12;, and the low lying excited staté1l, only 716 cnT! above ground state,

[1].

The G, radical species is of interest because of the characteristic green optical
emission observed during CVD growth cycles which provides clear evidence of its
presence. This emission is due to thé&l, — «*II, vibronic transition, commonly

known as the Swan band. The intensity of such optical emissions has led to sugges-
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Figure 5.2: The more commonly observed electronic series of atomic hy-
drogen [L7].

tions - based both on experiment] - [21], and theory §7]- [25] - that C, may be
an important growth species. Theg @dical has been intensively probed within the

DC arc—jet reactor at Bristol using both OES and CRIDS,[[17].

There have been suggestions that the population of the ground statevthi@
a CVD diamond growing environment is reduced relative to that predicted on the
basis of local thermodynamics equilibrium. This depopulation is proposed to orig-
inate from ground state Qreacting faster with atomic and molecular hydrogen
species than the excitedIl, state P6]. However, CRDS studies of ground and
excited state Cradicals within a DC arc-jet reactor at Bristol, have reveateda

state populations ratios comparable with a Boltzmann distribution an8i0DO K [27].
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Figure 5.3: The MO electronic structure for the (2()12; ground state (b)
first excited statey®I1,, for the G, diatomic. Core 1s electrons omitted.

5.2 Experimental construction

A custom designed and built microwave reactor which operates with mixtures of
hydrocarbon (Cl or C,H,), Ar, and H, has been installed. The microwave re-
actor has the general form of a vertically aligned cylinder of volun@&0 cn¥,
with microwaves (2.45 GHz from a Muegge power supply and generator) fed from
above through a quartz window by an antenna system. The respective gas flows are
metered through individual mass flow controllers (MFCs) and mixed prior to intro-
duction into the reactor through two 6.25 mm diameter stainless steel inlet pipes
located near the top, and on opposite sides, of the reactor. The chamber walls are
water cooled (water flow 6 | min'). The chamber is exhausted through six, ra-
dially symmetric, 6.25 mm diameter pumping ports machined into its base, using
a two-stage rotary pump (Edwards E2M8). An in-line feedback controlled throt-

tle valve between the reactor and this pump enables stable operation at any user-
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specified pressure in the range 4@ < 200 Torr. Diamond is typically deposited
on a polished Mo substrate (30 mm diameter) mounted centrally on the (detach-
able) water-cooled base of the reactor. The substrate temperature is monitored by a

single colour optical pyrometer.

The reactor has been designed with two vertical slots (3Gm6&mm) which
lie along the central plane of the reactor and these viewing ports have been used to
probe along the vertical axis of the generated plasma. The microwave reactor is held
within a rigid aluminium frame to which all subsequent spectroscopic equipment

can be firmly mounted.

5.3 Optimisation of process conditions for CVD di-
amond growth in CRDS Microwave Reactor by

the Taguchi method

The Taguchi method of robust product design is an engineering method for multi
component optimisation of a system. Taguchi developed a practical approach in
which the theories of statistical design of experiments could easily be incorporated

into modern engineering.

The framework of the system is the identification of control parameters which
affect measurable quality of the product. The control parameters are then simul-
taneously manipulated and the product quality is measured for each sample. The
mathematical backbone to the Taguchi approach is the construction and manipu-
lation of arrays containing system variables. This enables a vast reduction in the
number of samples that need to be prepared and also enables a quantitative predic-

tion of the optimum conditions. This technique has been successfully applied to
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Diamond CVD growth P¢], [29].

The four main parts of implementing of the Taguchi approach are highlighted

below [3(], [31].

1. Identification of quality control.
2. Design of experimental conditions and control parameters.
3. Data analysis.

4. Predictions of optimal conditions.

5.3.1 Identification of quality control

Within current literature there is a variation in the reported optimum conditions for
diamond CVD growth. Part of the problem is recognising the effects of a variable;
whether the observed change is due to the specifics of the reactor used or relates to

a global growth process factor.

The aim of this investigation is to identify the best process window for CVD
diamond growth. The quality of CVD diamond can be quantified via the ratio’of sp
to sp carbon present in each sample. The ratios can be measured by comparison
of the areas of the diamond Raman peak (1332 '9rand the graphite D and G
band Raman peaks (1355, 1575di)37], [33]. The growth rate of diamond films
is a secondary factor and will only be used to distinguish samples of comparable

quality.
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5.3.2 Design of experimental conditions and control parameters

In order to optimise the experimental conditions, it is necessary to identify system
variables whilst minimising the introduction of noise. The main variables in CVD

diamond growth within the microwave reactor are highlighted and discussed below.

1. Substrate Temperatureg, [ The substrate temperature is regulated by the
thermal conductivity between the molybdenum substrate and the water cooled
surface on which it sits. The current reactor design uses a ring of molybde-
num wire of various thickness as a spacer to create a trapped volume of gas
under the substrate, which regulates the substrate temperature. The current
reactor design has no method for maintaining a constggtiiring a growth
run and T, is measured by a pyrometer focused on the edge of the sub-
strate. During the growth process, deposition may occur which may change
the emissivity of the substrates and the growing film is encroaching further
into the plasma - both of which factors can lead to variability and uncertainty
in surface temperaturel{]. There is evidence that temperature affects the
ratio of {100} / {111} growth featuresd5] and that the ideal substrate tem-

perature for CVD diamond growth is near 8@0[34].

2. Microwave input power & background gas pressure. The microwave plasma
density is directly related to the input power coupled into the microwave reac-
tor and the pressure at which the plasma is maintained. The literature suggests
that an increase in the plasma density causes an increase in the local concen-
tration of atomic hydrogen and thereby enhances the methyl radical density
[37]1-[40]. This has been linked to an increase in the growth rate and quality

of a CVD diamond film {1].

3. Gas mixture compositions. As shown in Chaplethe methane concentra-

tion within a CVD reactor affects the level of diamond nucleation and the
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growth rate. Thus the CHlow rate controls the subsequent quality of the
grown diamond films, with higher percentages4%) of CH, resulting in a
poorer quality diamond and a higher growth rate and vice versa. Argon addi-
tion is suggested to improve the growth rates of CVD diamond, as well as the
quality, due to the addition of ionic and Penning reactions into the gas-phase

chemistry [7].

Highly polished Molybdenum substrates (30 mm diam, 3 mm thickness) are
cleaned with non-polar and polar solvents before being abraded with a suspension
of 6 um diamond dust in ultra pure water (1&Min an ultrasonic bath. To ensure a
reproducible positioning of the spacer wire, a light groove (29 mm diam) is applied
to the reverse side of the substrate, to which the spacer is attached by silver dag after
being shaped to the same diameter by means of a former, Figuréhe substrate

position is fixed in the centre of the reactor by a removable template.

(a) (b)

Figure 5.4: Photos showing the reverse of a Molybdenum substrate (a) the
groove (b) spacer mounted upon a substrate.

169



For any chosen set of gas reagent ratios, a standard flow of 565 sccm of premixed
gas entered the chamber and was maintained at the allocated pressure. A microwave
plasma was struck in a low pressure mixture of argon and hydrogen (typically 10
Torr), and pressure was increased to the desired level. Methane introduction into the
system defines the beginning of the growth run which lasted for 6 hours. This period
of time was deemed appropriate for minimising the effects of diamond growth into
the plasma yet still creating a free standing diamond film, leaving the substrate

suitable for further use.

Table 5.1 shows the incorporation of the afore mentioned variables with five
levels into a Lig array. This reduces the number of experimental permutations

from 625 to just 16.

5.3.3 Data Analysis & Predictions

The analysis of the means (ANOM) method is the preferred way of interpreting
the experimental results. For each level of each variable, the average Raman sp
| sp? carbon ratioj,, is calculated from all experimental runs grown under that
particular condition, Tablé.2. (AppendixE contains the Raman spectrum for each
sample). Quantitative predictions for the’* 9sp’ carbon ratio, for a given set of
experimental conditions,,cqicted, €an be made by the summation of the individual

deviation of each variablg, from the experimental average valgg,,, (5.17).

Ypredicted = gexp + (ya - gexp) + (yb - gemp) +... (517)

Table 5.3 lists the calculated individual contribution that each variable makes to

the sp / sp’ ratio. Simple analysis of these results show that, for the conditions
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Sample Spacer Microwave | Pressurg %CH, | %Ar
Number| height/incheg power/kW | /Torr
1 0.008 1.00 75 2 2
0.008 1.25 100 3 4
3 0.008 1.50 125 4 6
4 0.008 1.75 150 5 8
5 0.009 1.00 100 3 8
6 0.009 1.25 75 5 6
7 0.009 1.50 150 2 4
8 0.009 1.75 125 3 2
9 0.010 1.00 125 5 4
10 0.010 1.25 150 4 2
11 0.010 1.50 75 3 8
12 0.010 1.75 100 2 6
13 0.012 1.00 150 3 6
14 0.012 1.25 125 2 8
15 0.012 1.50 100 5 2
16 0.012 1.75 75 4 4

Table 5.1: L 14 Taguchi Array used for optimisation of CRDS microwave

system

studied, the best quality diamond films should be grown using the 0.012” spacer,
with a plasma maintained at 1.75 kW with a gas mixture consisting of 3%/CH

2% Ar / balance H, and a pressure of 125 Torr. The Taguchi optimisation method
suggests that the input microwave power have the greatest effect upon the diamond
guality, and that there is an optimum methane concentration. There is a modest
effect on quality with the variation of the spacer height, the large value for the the
0.009“ spacer height is slightly distorted by the largé kgp’ ratio for sample 8.

Any effects of argon concentration and overall system pressure on the quality of the

diamond films are not resolvable from this data set and further investigations are

required.
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However, caution must be taken in extrapolating these results for longer growth
periods, due to the relatively short timescale of each experimental run, which may
be comparable with the nucleation phase of CVD diamond growth. Hence, it is
conceivable that the optimisation process has identified the experimental conditions
suitable for nucleation and the formation of many small crystallites rather than for
fewer larger crystals. These results show that diamond growth is possible for all
the process gas conditions studied and that the nearest approximation to the stan-
dard conditions (4% Clj 7%Ar; 150 Torr; 1.50 kW, 0.012” substrate spacer) used
within the spectroscopic investigation of the plasma should lead to a high quality

CVD diamond film, {,,cdgictea = 15.88%).

Sample sp/sp’ ratio | Sample sp/ sp ratio

1 1.45% 9 3.14%
2 0.51% 10 0.26%
3 0.43% 11 1.01%
4 0.42% 12 0.54%
5 0.00% 13 2.48%
6 4.33% 14 7.79%
7 2.31% 15 3.75%
8 16.97% 16 10.77%

Teap 3.51%

Table 5.2: The calculated sy sp’ ratio for samples listed in Tabk 1.
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5.4 Optical Emission Spectroscopy

5.4.1 Experimental Method

Initial OE spectra were recorded by probing a 3 mm column (defined by 2 irises
aligned in front of an optic fibre bundle). Light was coupled through the quartz
fibre optic bundle (diam 3 mm), into a 12.5 cm monochromator (Oriel Instaspec IV,
600 lines mm! grating) which enabled the simultaneous recording of a 300 nm
wide portion of the spectrum onto a UV extended CCD device. This experimental

setup enabled the vertical profiling OES which was performed in 3 mm steps.

High resolution spectra of {Species present within a plasma generated within
the microwave reactor were taken by focusing the emitted light from the reactor,
through a chopper system (operating at 100Hz) into the quartz fibre optic bundle
(diam 3 mm). The optical bundle was connected into a 0.5m Spex 1870 spectrom-
eter (slits size of 10@m, 2400 lines mm! holographic grating) and the light was
detected by a photo-multiplier tube operating at 1 kV. The signal was processed by
a lock in amplifier (Stanford Research Systems), linked to the chopper system, and
data was recorded on a LeCroy wavesurfer 424 oscilloscope, in conjunction with
the in-house "Drive” data collection program. Spectral wavelength scales were pro-
vided by comparison with spectral features computed by the PGOPHER program

[43] using previously compiled spectroscopic constaiit$. [

5.4.2 Results
Low Resolution OES

Figure5.5compares optical emission spectra from a diamond growing CVD plasma

at three different pressures. All spectra show emissions at 656.3, 486.1, 434.1 nm,
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150 Torr
— 100 Torr
— 50 Torr

Signal / Arb. Units

400 450 500 550 600 650
Wavelength / nm

Figure 5.5: Low resolution optical emission spectra from a 4.4%,CHA%

Ar / balance H plasma generated within the microwave system, sustained
at 1.45 kW, measured at a height of 4 mm above the substrate, at pressures
of (a) 50 (b) 100 (c) 150 Torr. The HOES signals have been truncated to
retain clarity.

which correlate to the hydrogen Balmer alpha, beta and gammaHkiand H,)
emissions respectively, with decreasing relative intensities. The strength of the op-
tical emission from the £4°I1, — a*I1,, Swan band shows a strong pressure depen-
dence, increasing in intensity with pressure, accompanied by comparable rises in
the associatedhv=1 andAvr=-1 bands. For the lower pressure regimes, a complex
spectral pattern can also be seen between 566 — 644 nm, which has been seen in
in Ar: H, plasma and hence is tentatively ascribed to emissions from complexes
arising from interactions between argon and hydrogen species. There is a lack of
discernible optical emission signal from CH{A — X?II, ~431 nm) or any CN
(B*2+t — X?2X*, ~388 nm) species within the spectral window studied. This
phenomenon may be explained by a poor level of light transmission through the

optical bundle and a poor UV response from the CCD device

Figure5.6 compares the intensities for the three brightest emitting specjes (H

H; and G Swan band head) as a function of distance from the substrate for the three
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pressures shown in FigufeS. For plasmas sustained at 50 Torr, the maximum H

H; and G optical emission intensity is 1 mm above the substrate and the intensities
of these peaks decay with increasing distance from the substrate. At 100 Torr, the
same overall trend of decreasing emission intensity with vertical height occurs but
H,, and G emissions have different profiles. However, at 150 Torr, there is a local
maxima in both the H and G, emission intensity located at 7 mm and 10 mm

respectively from the substrate.
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Figure 5.6: The measured optical emissions from the &wvan band,
H,and H; transitions as a function of distance from the substrate (distance
=0 mm) at (a) 50 Torr (b) 100 Torr (c) 150 Torr. All emission spectra were
recorded under the standard condition with a gas mixture of 4.4 %/CH
7% Ar in a balance of Klat a total flow rate of 565 sccm with 1.50 kW of
microwave power.
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High Resolution OES

The comparatively low levels of emitted light from the microwave reactor coupled
with the poor transmission of light through the optical bundle prevented the record-
ing of a vertical profile of G using the high resolution OES experimental setup.
Figure5.7 shows a typical high resolution spectrum of the(@I1, — ¢*I1,,) Swan

band transition recorded from the focused optical emissions from the centre of the

plasma.

Signal / Arb. Units

19400 19500 19600 19700 19800 19900 20000
-1
Wavenumber / cm

Figure 5.7: High Resolution optical emission spectrum of thedIl, —
a*I1, Swan band emission from a plasma resulting from a 4.4 %/GH%
Ar in a balance of Hgas mixture, sustained at 1.45 kW microwave power,

at a pressure of 150 Torr.
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5.5 Cavity Ring-Down spectroscopy

5.5.1 Experiment

Measurements of the, (@-a) Swan band were performed in the custom made high

pressure microwave reactor by pulsed laser CRDS as shown in Figlire

Microwaves

CH/H/Ar 1 <-CH /H /Ar

—]
Wavemeter e

(@) (b)

Figure 5.8: (a) Systematic drawing showing CRDS set up (b) experimental
apparatus (guiding optics omitted for clarity).

Highly reflective concave mirrors (diam. 26.3 mm, radius of curvature 1 m) are
mounted at the ends of tubular stainless steel side arms 50 cm from the centre of the
plasma so as to form an optical cavity. Each mirror is held in place within a three-
way screw construct which enables fine tuning of the cavity alignment. Argon
purges are present in front of each mirror, thereby minimising deposition on the
mirror surface during measurement. Laser light is from a mains frequency triggered
(stepped down to 10 Hz) Nd:YAG pumped dye laser (Continuum Surelite; Sirah
Cobra) using Coumarin 307 dye, to produce tunable radiation at wavelen§flts
nm. The light (Energy< 11 mJ / pulse, bandwidth = 0.09 cin(FWHM)) is
coupled into the optical cavity through one of the mirrors by means of alensq

cm) and steering prisms. Subsequent light decay from the cavity is measured using
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a photo-multiplier tube, the output of which is recorded on a fast digital oscilloscope
(LeCroy 9361). The centre of the optical cavity~d0 mm above the centre of
the substrate surface, at which point the laser beam wais0iS mm diameter.
Typical ring-down times were in the order of/&s. The ring-down signals were
recorded by the in house program “Drive” which also calculated the changes in
ring-down rates, £ k), whilst scanning the dye-laser (typical scan rates 0.01'cm
s71). Individual rotational lines in thé\k versus wavelength spectra were fitted to

Gaussian functions5(19).

a

—(ac—,u,)2/202
—e +c 5.18
oV 2w ( )

fz) =

whereq is the area of the peak;is the vertical offset p? is the variance of the

Gaussian function and s the location of the centre of the peak.

5.5.2 Results

Spectra of the C4*11,—a?I1, (0,0) band have been recorded over a wide wavenum-
ber range, with the detection of rotational lines involving<J67. Figure5.9shows

a typical example. The assignment of these lines was made using the PGOPHER
simulation program43] and spectroscopic constants taken from previous work
within the group [L7]. Spectra were analysed as a function of process conditions;

% CH,; % Ar; microwave power and total chamber pressure.

Plasma temperature

The gas temperature of the plasma can be estimated from the rotational tempera-
ture of C, species present within the reactor. This rotational temperature can be

computed from the population of the rotational states within thesg2cies and
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Figure 5.9: CRDS spectra of the G*I1, — ¢*11,, origin band under typical
operating conditions of power of 1.5 kW, with gas composition of/4.4
CH,; 7% Ar; balance of H at a pressure of 150 Torr measured at a distance
of ~10 mm from the substrate.

is calculated from the measurement of thgli@e intensity, /. ;~, the calculated

lines strengthS ;. ;», and the rotational energy of the various absorbing level,

(5.19.

= exp (~Es/k,T) (5.19)

The resulting Boltzmann plot for the standard conditions is shown in Figur@
resulting in an average gas temperature of 352R60 K. The linear correlation
implies that the hot region of gas is highly localised and it can be inferred that the
“hot” C, species are solely located within the plasma, in the centre of the optical
cavity. This recorded temperature is comparable with values measured within the

DC arc-jet and with experiment modelling of this experimeini [
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Figure 5.10: A Boltzmann plot comparing gine intensity, the calculated

line strength and the energy of rotational transitions. The studied plasma
is running under the typical operating conditions, with gas composition of
4.4% CH,; 7 % Ar; balance of H at a pressure of 150 Torr sustained at 1.5
kW. The line of sight column was measured at a distanceldf mm from

the substrate.

CRDS spectra

Figure5.11shows a portion of the £d-a 0,0) band which contains transitions from
both low and high rotational states, which were used to monij@olimn densities

as a function of process parameters.

Accurate measurements of the length of the absorbing medjuare problem-
atic and a source of major errors in such CRDS measurements of localised plasmas.
Hence, for these initial studies, column densities have been considered. The ab-

sorption coefficients are related to thg(& v=0) column density by equatidn20

[45].

_ N
oy dv = 2 91C, (a,0 = 0)] Ago p (5.20)
line

8mc g,
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Figure 5.11: CRD spectrum of of a small portion of the, @11, — ¢°II,
origin band under typical operating conditions, with gas composition of
4.4% CH,; 7% Ar; balance of H at a pressure of 150 Torr, maintained with
an input power of 1.5 kW. The column probed was a distanceli mm
from the substrate. A PGOPHER simulation of this region of the spectrum,
assuming 7T.; = 3500 K, is shown above.

wherep is the fraction of the total band oscillator strength in the rotational line
under investigation (which can be calculated from the PGOPHER simulation of the
C, spectrum provided that.J; is known);\ is the wavelength of the absorptioA;

is the Einstein A coefficient for this band; angy. is the ratio of the electronic state
degeneracies. £olumn densities for the typical operating conditions specified in
the caption to Figuré.11 are found to be 3.62 10'2 cm=2. For any given run
under these standard conditions, the standard deviation in the derjvealunn

densities on any one day is on2%.

Process conditions effects

Column densities for the variations in process conditions have been calculated at
3500 K. Modelling of the plasma ball as having a constant gas temperature is a rea-

sonable approximation as the rotation temperature derived from the Boltzmann plot
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is a weighted average value for the distribution g{aJ radicals along the viewing
column. This spread (likely to be a few 100 K at most) leads to a relatively small
uncertainty in the valug. Figures5.12(a) 5.12(b) 5.12(c)& 5.12(d)show the
measured variation in £a) column densities as a function of process conditions.
All show linear correlations. Figurg.12(b)shows that the {ta) column density

is rather insensitive to changing the Ar 3, Fatio while all other variations inves-
tigated thus far cause similar increases ifa} column densities from-1x 10"

cm2to~7x 10'2 cm 2.

There is a difference of 20% between the column densities calculated from
measurements of the low and high J transitions. This difference varies as a function
of process conditions. This effect may be due to changes in the gas temperature as
the calculated column densities assume a constant gas-phase temperature of 3500 K
derived from the Boltzmann’s temperature analysis. It is also possible that there is
a non-linear temperature distribution through the plasma ball and this results in

further distortions in the calculated column densities.
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Figure 5.12: Variation of G,(a) column density with (a}o methane (7%

Ar, balance H) and (b)% argon (4.4 CH,, balance H), at a total pressure
150 Torr (c) total pressure, p, (P = 1.5 kW) and (d) applied microwave
power, P, (p =150 Torr) . The effect of the individual variables was assessed
as a deviation from the standard conditions of a gas composition %f 4.4
CH,; 7 % Ar; balance of H at a pressure of 150 Torr sustained at 1.5 kW
and the column density measurements were made at a distand® oim
above the substrate surface.
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Numbers densities

Translating the €column densities into an effective number density is a complex
process requiring accurate modelling of the plasma chemistry and reaction dynam-
ics. However, the calculation of the gas temperature based upon the Boltzmann
rotational state population distribution of,Figure5.10, highlights the localised
nature of the hot Cspecies. It is thus reasonable to assume that the majority of the
C, present within the reactor will be in the plasma ball. A simple approximation
for the modelling of number density would be to assume a uniform distribution of
C,(a) within the observed plasma ball and that the size of the plasma correlates to

the diameter of the molybdenum substrates and to the experimental conditions.

Figure 5.13: Photo of the side view of a plasma operating under standard
conditions (i.e gas composition of 44CH,; 7 % Ar; balance of H at a
pressure of 150 Torr sustained at 1.5 kW). The bar shows the path along
which the plasma is measured and all subsequent plasma images are scaled
to this image.

In order to resolve these issues, direct monitoring of the plasma emission with
a CCD camera array has been used to size the plasma ball under the full range of
experimental conditions. These relative sizes are then used to calculate an effective
number density using th&k and column density data for the J” = 8 transition, from
the previous section (The J” = 37 data follow a similar pattern). Figut&shows
a typical side image of the plasma under the standard conditions, against which all

images are sized. (Appendixcontains all images used for processing the number
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densities)

The two assumptions made in this work are that thefigcies probed by CRDS
are confined within the plasma ball and for a plasma maintained under standard
conditions, the absorbing path length is 30 mm, the diameter of the molybdenum
substrate. The relative absorption lengths g€ incorporated into e (15 and
Figure5.14(a) 5.14(b)& 5.14(c)shows the resultant number densities as a function
of pressure, power and the methane concentration. These results are compared
with number densities calculated assuming a constant path lehgth30 mm.
(The effects of argon upon the size of the plasma ball were below the resolution
of the experimental setup and hence negligible.) These results show that changes
in pressure and methane concentrations have minimal effects on the size of the
luminous plasma ball and thus on the assumed size of the column of absorbing
C,. This explains the similarities between the calculated number densities shown in
Figure5.14(a)& 5.14(c) However, Figuré.14(b)shows a clear difference between
the number densities calculated by the two methods, indicating that the size of the

plasma ball is sensitive to the input power.
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Figure 5.14: Comparison of the variation of ta) number densities from
probing on the J” =8 transition, using the scaled absorption path léngth
and a fixed! of 30 mm for (a) total pressure, p, (b) applied microwave
power and (c) % CKl These results were obtained from deviations from
the standard conditions of 4% CH,, 7 % Ar, balance H gas mixture at

a gas pressure of 150 Torr with an input power of 1.5 kW. Measurements
were performed at a distance©L0 mm above the substrate surface.

187



5.6 Initial thermodynamical and kinetic modelling of

gas-phase chemical processes

At Bristol, OES and CRDS measurements on HF and DC arc-jet reactors have
shown a high level of agreement with the predictions from modelling work by
Mankelevich [L.3], [15], [46] — [48]. These results imply that the model used in-
cludes a good understanding of the gas-phase chemistry occurring within the CVD
environment. Within this section, modifications to and preliminary results from,
modelling of the gas-phase chemistry in a high-pressure microwave reactor are pre-

sented.

Initial modelling has focussed upon replicating the standard conditions%(4.4
CH,, 7 % Ar, balance H gas mixture, at a gas pressure of 150 Torr with an input
power of 1.5 kW) Based on power balance considerations, the plasma within the
microwave system is estimated to have an electronic temperaturd,.5 ev and
a power density of 200 W cn?. This energy is absorbed by electrons, which lead
to vibrational and rotational excitation of,H~62% and 26% of the total absorbed
energy respectively); the dissociation of molecular specig&s5%, H,, ~1.5%,
C/H,) and the ionisation and excitation of gas-phase speeid$4). The most

important reactions are highlighted i5.21)—(5.25)).

C.H, +e— CH} +2e” (5.21)
Hte — HM +2e (5.22)
Hy, +e — Hj +2e” (5.23)
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Ar* + CH, — C,H +e” +Ar (5.24)

H; +CH, — CH +e¢ +H, (5.25)

However, the initial model is lacking one or more cooling pathways as it currently
leads to unrealistically high/I (~ 4000 K) and hydrogen atom mole fractions (

50% in the plasma ball). An initial spatial model of the microwave reactor and the
chemistry occurring within it can be made by limiting the gas-phase temperature
within the plasma to 3000 K. Figure 15(a)shows the spatial distribution of the
local gas-phase temperature and electron distribution that results, confirming that
the fixed probing through the centre of emission intensity of the plasaid) (hm

from the substrate), is through the hottest region of the gas mixture. Figare
shows the predicted distribution of the H atom andr&@dicals within the reactor,
which is in good qualitative agreement with the experiment OES measurement at
this pressure, Figurg.6(c) The two species show different number density pro-
files, both of which maximise away from the substrate. The model also emphasises
the inhomogeneous nature of the plasma ball and suggests a column density of C

radicals over the total substrate-ol.3x10 “cm—3.

Table5.4 shows predicted number densities of selected species, 1 mm from the
substrate under standard conditions, with moleculit,@eing the most abundant
species present. This model also suggests the main possible growth species present

as CH and GH with relatively low C, concentrations.
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Figure 5.15: Calculated (r,z) distribution for (a) gas temperaturg(|&ft)
and electron distribution (right) (b) hydrogen (left) ang @ght), within
microwave reactor under standard conditions.

Species Concentration
cm—3
H 4.31E+15
CH, 2.37E+13
C,H, 1.15E+16
CH, 2.60E+11
C, 6.74E+09
C,H 1.77E+12
C,H, 7.58E+12
CH, 1.70E+14
C;H, 2.39E+13
C,H, 2.95E+13
H, 6.17E+17

Table 5.4: Table summarising the predicted number densities for the major
CVD species, present within the plasma ball, at 1 mm above the substrate
within microwave reactor under standard conditions.
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5.7 Conclusions

The installation and optimisation of a high pressure CVD microwave reactor has
been performed. OES studies show that the main emitting species present in the
plasma are hydrogen (kiH;) and G(a). Vertical profiling using OES has revealed

the structure of the plasmas at different pressures.

CRDS has been shown to be a viable technique for measuring column densities
of C,(a) radicals over a wide range of process conditions. CRDS measurements of
C, rotational temperature have found the plasma temperature to bet3380 K.

C,(a, v=0) column densities under the base operating conditions (applied microwave
power P = 1.5 kW, gas composition 44 CH,, 7% Ar, balance H, p = 150

Torr, and measuring at a distance~010 mm from the substrate) are found to be
~3.62x 10712 cm~2. Optical measurements of the microwave plasma have shown
that that there is minimal variation in the size of the plasma ball agflol¥ rate or

total pressure are varied, but that the applied power has more affect on the plasma
ball size. All observations are in good agreement with the initial modelling predic-

tions by Mankelevich.
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Chapter 6

Monitoring of CH , and C,H,
column densities in CH, / Ar/ H ,,
and C,H, / Ar/ H , gas mixtures in
the microwave CVD reactor using an

Infrared Quantum Cascade Laser

This chapter reports the first illustrations of the use of pulsed quantum cascade
lasers for in situ probing of the chemistry prevailing in microwave plasma activated
hydrocarbon / Ar / H gas mixtures used for diamond thin film growth. Cahd

C,H, molecules, and their interconversion, have been monitored by line-of-sight
single pass absorption methods, as a function of process conditions (e.g., choice of
input hydrocarbon (CHor C,H,), hydrocarbon mole fraction, total gas pressure,

and applied microwave power).
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6.1 Introduction

The important role of atomic hydrogen in the CVD growth of diamond has been
shown throughout this thesis, highlighting the role it plays in controlling the growth
of the diamond surface, Chapte$s4, as well as controlling the nature of gas-
phase dopants, ChapterAttention now shifts to the role of atomic hydrogen as a
gas-phase reagent with hydrocarbon species. Chagteswed that most diamond
CVD is brought about by using activated dilute methane GBs mixtures. Acti-
vation leads to dissociation of molecular hydrogen, and formation of H atoms. The
most important role of these atoms, in the context of the gas-phase chemistry in-
volved with CVD diamond growth, is activation of gas-phase hydrocarbon species

via the sequence of H-shifting reactioris1).

CH,+H=CH,_, +H, y=4-1 (6.1)

Self-reactions between the resulting GHadicals can yield ¢H, (x < 6) species,

which participate in a similar sequence of H-shifting reactidhg)(

C,H, +He=C,H_,+H, x=6-1 (6.2)

Any thorough understanding of the diamond CVD process thus requires rather de-
tailed knowledge of the chemical environment immediately adjacent to the growing
film surface. Chaptet has highlighted the main research impetus in studying the
CVD environment and Chaptérhas highlighted the main uses of spectroscopic

techniques within a CVD diamond growing environment.

A key feature of understanding the CVD process is the recognition of high H
atom number densities throughout the reactor — even in the peripheral, cooler re-

gions, where the H atom densities far exceed those expected on the basis of local
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thermodynamic equilibrium. This reflects the paucity of efficient H atom loss pro-
cesses in these gas mixtures (which typically contain 95 — 99P46THese H atoms

not only drive the families of radical forming H shifting abstraction reacti@n$) (

and (.2 but also, in the cooler regions, participate in H addition reactions that con-
vert GH, (the most stable {H, species at high gas temperatures) back to thg CH
family [1] [2]. If the CH, = C,H, interconversions are sufficiently rapid, it fol-
lows that the detailed distribution of GHC,H,, etc. species present in an activated
hydrocarbon / H gas mixture should be relatively insensitive to the precise choice
of hydrocarbon feedstock gas. In support of this view, a number of early diamond
film growth studies demonstrated that similar morphologies and growth rates could
indeed be obtained by using different hydrocarbon source gases (at a constant input
carbon mole fraction)d). While qualitatively correct, there is a wealth of avail-
able data to suggest that this assumption cannot be correct in detail. For example,
earlier comparison of HF activated 1% ¢HH, and 0.5% GH,, / H, gas mixtures
indicated that there were 3 times higher Otddical number densities near the fil-
ament in the former4]. There remains a continuing need for new and improved,
non-intrusive, in situ probes of the gas-phase chemistry and compositions, not just
to quantify such differences better and to move our understanding of the diamond
CVD process to a higher level, but also from the viewpoint of improved process

control.

Here we provide the first illustrations of the potential of quantum cascade (QC)
laser technology to address some of these issues. The theory behind quantum cas-
cade lasing has been well described in the literatulehpwever the physical con-
struction of these devices has only recently been realigefl’/]. Quantum cascade
lasers work on a basic 3 level laser principle based on transitions across very thin
layers of different semiconductors, Figuel. The construction of the semicon-

ductor layers generates a series of square well potentials within the device, which
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directly control the lasing wavelength and offer a narrow laser line width laser.
This process avoids using the natural band-gap of the optical medium and thus of-
fers new lasing regions. The laser works by an optical lasing transition between
levels 3 and 2 producing one photon followed by a fast electronic transition from
level 2 to 1 which then populates the next upper level of the next construct. The
optic flux of the laser is determined by the number of the cascading units. Applica-

tion of a fast square wave potential pulse across the laser leads to a current sweep

in the laser which lowers the lasing frequency and produces a distinct non-linear

L.

Distance

frequency “chirp” pulse.

Energy

e >l p|

Active  Digitally
TegIon  oraded
alloy

Figure 6.1: Schematic of the quantum cascade laser energy profile from
ref [7]

Specifically, we have employed a pulsed QC laser operatingld#t75 cnt! to
probe CH and GH, molecules, and their interconversion, in a 1.5 kW microwave
reactor operating with both GH Ar / H, and GH, / Ar / H, gas mixtures, as
a function of process conditions (e.g., input hydrocarbon mole fraction, total gas
pressure, and applied MW power). In addition, the rapid sweep rate of such pulsed
QC lasers has enabled new insights into the time evolution of thg/ C5H,, ratio

when either is introduced into (or removed from) an established Arplaésma.
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6.2 Experimental Details

The plasma of interest was maintained in a custom designed and built MW re-
actor operating with mixtures of hydrocarbon (et C,H,), Ar, and H, (BOC,

with respective stated purities of 99.5% (H98.5% (GH,), 99.995% (Ar), and
99.995% (H)). The design specification and initial characterisation of this reactor
are discussed in Chaptér Those studies provide the basis for the adoption of the
following standard conditions: a gas mixture consisting of 4.4% CH% Ar / bal-

ance H, maintained at 150 Torr and the plasma sustained by a 1.5 kW microwave

source.

The column probed by the laser is defined by two 4 mm-diameter apertures
mounted on opposite sides of the reactor, allowing single-pass line-of-sight mon-
itoring along an axis parallel to, and 13 mm above, the substrate surface. In the
present experiments, these apertures were sealed by thin, polished CVD diamond
windows (Element Six Ltd) mounted on wedged flanges so as to minimise etaloning
effects. The window-window separation, and thus the length of the sampled col-
umn, was = 19.0 cm, of which the luminous plasma ball appeared to span the cen-
tral ~ 30 mm. The QC laser spectrometer and its operation have been described
elsewhere{] — [9]. The present experiments employed anr8 laser, mounted in
a compact QC laser head and driver developed by Cascade Technologiés|Ltd [
When operating at -2C, the output wavenumber from the laser could be swept
from 1277.6 to 1273.0 cmt (a 140 GHz tuning range) in2s by applying a square
voltage of this duration to the laser head. This wavenumber sweep is repeated, typi-
cally at a frequency of 5 kHz, thereby enabling rapid acquisition of infrared spectra
with good signal-to-noise ratio by averaging many successively acquired spectra.
The linearly polarised, unfocused laser output was attenuated by using a rotatable

linear polariser (to avoid saturating the detector), and aligned along the viewing axis
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by using two 90 turning mirrors. The transmitted light was focused onto a liquid
nitrogen cooled detector (Kolmar Technologies KV104-0.1-1A-3) with a parabolic
mirror, and the detector output passed through a fast amplifier (Femto Messtechnik
HAS-Y-1-40) to a fast data collection card (Acqiris DP210) in a PC running under
Labview control. Spectra were transformed and linearised from time to wavenum-
ber space by periodically measuring the interference fringes produced by inserting

a Ge Etalon (free spectral range = 0.0481 &pinto the laser beam path.

6.3 Results

Figure 6.2 shows measured single pass, line-of-sight absorption spectra of MW
activated 4.4% G¢H, / 7% Ar in H, (upper panel) and 8.8% GH 7% Ar in H,

(lower panel) gas mixtures.

wavenumber/ vibrational rotational
cm![11] transition  transition

1277.47335 ¢ 4F, -5FR,1
1276.84431 ¢ 4F, - 5R,1
1275.38678 ¢ 4E — 5E

1275.04168 ¢ 4F, —5F,2

Table 6.1: Assignments of observed GHbsorption lines.

The carbon mole fraction in each case is thus the same, as is the total flow rate
(565 sccm), pressure (150 Torr), and applied MW power (1.5 kW). The same spec-
tral features are evident in both spectra, but their relative intensities show significant
variations. The displayed wavenumber range includes four strong absorption lines
of ther, band of CH and two strong lines of the, 4+ 5 combination band of ¢H,.

Several other absorption lines attributable to vibrationally excitgd,@olecules
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Figure 6.2: Line-of-sight absorption spectra of MW activated 4.4 %1

7% Ar [ H, (upper panel) and 8.8% GH 7% Ar / H, (lower panel) gas
mixtures.The carbon fraction, the total flow rate (565 sccm), total pressure
(150 Torr), and applied MW power (1.5 kW) are the same in both cases.
C,H, and CH, absorptions are present in both spectra, with different rela-
tive intensities. Features due tghT, and to CH are indicated in the upper
and lower panels respectively. Details of these assignments are given in
Tables6.1& 6.2

with v, = 1 orvs = 1 are also evident. The vibrational origins of these two lev-
els lie respectively 614.0 and 731.5 thabove the vibrational ground stat&’].
Absolute wavenumbers for the, B, transitions were determined by fitting against
literature values for the four CHransitions [1]. This served to validate the GH
and GH, line assignments indicated in Figuse (on the upper and lower spectra,

respectively) and detailed in TablésL & 6.2respectively.

No absorptions associated with vibrationally excited,@kblecules have been
identified under the prevailing conditions, though hbt-band absorptions have
been observed in this wavenumber region in long path length absorption measure-

ments of other environmentsj).
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obsd wave- lit. value/ vibrational rotational
number/cm! cm™![17] transition transitiof

1276.7807 1276.79005 ,'%,? (11, —IL,) P (18,e)
1276.3284 1276.33656 %, (11, — I1,) P (23,
1275.9443  1275.95852 %% (I, —II,) P (19,9
1275.5006 1275.51215 B, (X7 - X,7) P (23)
1275.3725 1275.37459 %, (11, — I1,) P (23,e)
1274.4764  1274.47943 %% (I, —II,) P (19.e)
1274.1521  1274.15632 %, (I, —1I,) P (24,9
1273.8193  1273.81965 6> (I, —II,) P (20,
1273.2646 1273.26188 %, (X," —%,7) P (24)
1273.1024 1273.10380 %' (I, — II,) P (24,e)

2 e and f indicate thell-type doubling components of the vi-
brational states

Table 6.2: Assignments of observed,B, absorption lines.

The rest of this chapter illustrates some of the opportunities afforded by this new,
sensitive, non-intrusive, optical diagnostic method. The rapid sweep facility enables
essentially simultaneous monitoring of the dominant hydrocarbong §8e1GH,)
in these activated gas mixtures as a function of process conditions (source gas, gas
mixing ratios, chamber pressure, applied MW power, etc.) and can provide insight

into the time-dependence of interconversion betweenp &td GH.,.

However, the line-of-sight nature of the experiment returns absorbances of the
various target species in the particular quantum states probed. Inverting such mea-
surements into (non-quantum state resolved) column densities of a chosen target
molecule, or position dependent species number densities, requires detailed knowl-
edge of the gas composition and the temperature distribution along the viewing
column. Without detailed modelling of the local gas-phase chemistry, (the flow
fields, stagnation volumes, etc.) within the present reactor, the very evident differ-

ences between the spectra recorded with the same input carbon mole fraction but
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different hydrocarbon process gases (Figii® do not necessarily contradict the

view that the gas phase composition immediately adjacent to the growing diamond
surface (and the details of ensuing microcrystalline diamond film growth) depends
only on the local C:H ratios, and not the specific chemical identities of the feedstock

gases.

More detailed studies were performed using the smaller wavenumber region
between 1276.2 and 1274.6 ch Figuress.3(a)& 6.3(b)show absorption spectra
measured over this range for three different,GHA\r / H, and GH, / Ar / H,
gas mixtures, chosen so as to allow comparison between samples containing input
carbon fractions of 1%, 4.4%, and 8.8%. Ar constituted 7% of the total gas flow
in each case, with Hmaking up the balance. The plasma composition was left to
equilibrate for at least 5 min after each change in gas mixing ratio prior to recording

the various spectra .

The following discussion focuses attention on the relative behaviours of the
three spectral lines with wavenumbers of (literature values) 1275.9585 (e
to vibrationally excited GH,(v5 = 1) molecules (gH.,*)), 1275.5122 cm!' (asso-
ciated with ground = 0) state GH, molecules), and 1275.0417 ci(due to
ground-state Ciimolecules). The fourth line within the spectral window, centred
at ~ 1275.38 cm', consists of contributions from overlapping €& = 0) and

C,H, (v4 = 1) absorptions.

Figures6.3(c) & 6.3(d) show how the measured absorbances of the selected
lines vary as a function of percent C in the input gas mixture, for bothaZid GH,
source gases. At low (1%) input carbon fractions, the dominant absorption feature
is attributable to CHl irrespective of the identity of the input hydrocarbon. The ab-
sorbance associated with€,* molecules under these conditions is actually greater
than that due to ground-statghL, and is insensitive to the choice of hydrocarbon

source gas. As percent C increases, however, differences betwegesnGILH,
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Figure 6.3: Absorption spectra measured over the range 1276.2 — 1274.6

cm~! for (@) CH, / Ar/ H, and (b) GH, / Ar / H, gas mixtures contain-
ing, respectively, C input fractions of 1%, 4.4%, and 8.8%. The respective

spectra have been offset vertically, by 0.1 absorbance unit, for clarity.
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Figure 6.3: continued, Plots ¢ and d show how the absorbances of the

1275.9585 cm' (due to GH,' A), 1275.5122 (GH, <), and 1275.0417
cm™! (CH, O) lines vary with percent C in the input gas mixture when
using, respectively, CH Ar/H, and GH, / Ar/ H, input gas mixtures.
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input gas mixtures become apparent. Absorption due,ts,Cincreases steadily

with percent C in both cases, but much less steeply than does the absorption due to
ground-state ¢H, molecules. The trend in CHabsorption with increasing percent

C provides the clearest distinction between the two input gases. Wijha€khe
source gas, the CHabsorption rises steadily with increasing percent C (though less
steeply than the £, absorption), whereas with,8, as the hydrocarbon source,

the CH, absorbance maximises &t2% input C, and gently declines as percent C

is increased further. Conversion of these measured integrated absorbances, A, into
column densities of CjHand GH, is far from straightforward, as the viewing col-

umn in the present experiment spans very inhomogeneous distributions of species

number densities and gas temperatures.

Chapter5 has shown from cavity ring down spectroscopy measurements of
C,(a) radicals that the temperature of the plasma ball 8500 K, but such mea-
surements are heavily biased toward the centre of the plasma ball where the temper-
ature and the radical concentrations are highest. In contrast, the highest densities of
stable molecules such as ¢Hnd GH, will be in the coolest regions of the reac-
tor. The HITRAN databasel[] lists temperature-dependent line intensiti®¢])

(in units of cnT! / (molecule cm?)), for individual rovibrational transitions within

both the 4' band of CH and the 4'5,' combination band of gH,. Sprovides a
measure of the absorption intensity per molecule of the target species; its T depen-
dence arises via the Boltzmann factor and the vibrational and rotational partition
functions. Given a sample in thermal equilibrium at temperature, T, the column
density of the species of interest can be obtained simply by dividing the measured
absorbance by the appropri&d@’) value. Unfortunately, when the plasma is run-
ning, the probed column spans inhomogeneous distributions of species number den-
sities and local gas temperatures and, as Figuteshows, theS values for the P

(23) line of the GH, 4,'5,! band at 1275.5122 cm and for the 4k-5F;, 2 transi-
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tion of the CH, 4,' band at 1275.0417 cm monitored in this study show markedly

different temperature dependences.

7\\\‘\%{‘\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\2
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Figure 6.4: Semilogarithmic plot showing the temperature dependence of
S the intensity per molecule in units of crh/ (molecule cm?) when
probing GH, (<) via the P (23) line of the 45, band at 1275.5122 cm

and CH, (O) by the 45-5F 2 transition of the ¢ band at 1275.0417 cm
(left-hand axis). Also shown is the ratio of the respective S (T) valugs (
plotted on a linear scale (right-hand axis).

S(CH,) is ~ 1.7 x larger than§(C,H,) at room temperature, but is some 5
smaller thar§(C,H,) at the highest gas temperatures relevant to the present reactor.
Quantitative conversion of measured absorbances into column densities is thus not
possible, and detailed concentration profiling must await comparison with detailed
reactor modelling calculations. Figuée3(d)shows that GH, is the dominant ab-
sorbing species in the probed column within the activated 4.4k, C7% Ar / H,
gas mixture. Neglecting non,8, contributions to the total carbon balance, mass
dependent thermal diffusion effects, etc., the measured integrated absorbance (A
~ 0.031) can be reproduced assuming ideal gas behaviour and a (not implausible)

“effective” gas temperature of 700 K. TheS(CH,) / S(C,H,) ratio at this temper-
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ature is~ 0.57. Assuming that the spatial distributions for Gthd GH, along the
viewing column are broadly similar, the relative column densities of @it GH,

can be roughly assessed by doubling the vertical scale for thed@td in Figure
6.3(c)& 6.3(d) Hence, the Clhicolumn density exceeds that ofi&, not just for

all CH, / Ar / H, input gas mixtures investigated here, but also for g€/ Ar /

H, gas mixtures containing less than6% C (i.e. < 3% C,H,). At low percent

C, the absorbance of the,&,* hot band feature at 1275.9585 chis consistently
larger than that of the £, (v =0) feature at 1275.5122 crh. These transitions

both involve excitation of the, + 15 combination, and differ only in the identity

of the starting level. The respective transition dipole moments are expected to be
very similar. The former originates from a slightly lower rotational state (J = 19),
so its Hhnl-London line strength factor will be0.83x that of the 1275.5122 cm
feature. This is a small difference compared with the difference in the displayed
absorbance at low percent C. The most likely location of the vibrationally excited
C,H, molecules is in the hotter regions of the probed column, but the weakness of
the GH, (v =0) absorption when using 1% C input gas mixtures (see Figie

can only be accommodated by assuming an inverted (i.e. nonthermal) population

distribution over the ¢H, vibrational states.

Figure6.5illustrates the sensitivity of this same spectral region to the total gas
pressure, p. The three spectra displayed in each of panels of Bigiieg& 6.5(b)
were measured using, respectively, equilibrateg CAr / H, and GH, / Ar/ H,
gas mixtures that both contained 4.4% input fraction C, 7% Ar with the balagce H

and P =50, 100, and 150 Torr.

The absorption features are described well by Lorentzian line shapes and Figure
6.6(a)shows an example fit to experimental data. The suitability of the Lorentzian
fitting is understandable given the relative magnitudes of the instrumental, Doppler,

and pressure broadening contributions to the total line shape under the prevailing
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Figure 6.5: Absorption spectra measured over the range 1276.2-1274.6
cm~! for (@) CH,/ Ar/ H, and (b) GH, / Ar / H, gas mixtures containing
4.4% C input fractions at total gas pressures of 50, 100, and 150 Torr (as
indicated at the right-hand end of each spectrum). The respective spectra
have each been offset vertically by 0.1 absorbance unit for ease of display.
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experimental conditions. The intrinsic bandwidth of the QC laser is of the order
of 100 kHz, but the instrumental resolution is limited by the rate of change of the
device temperature (and thus output frequency), ranging f@n®08 to~0.004
cm~! (fwhm) during the 2us current pulse. Estimating the Doppler broadening
contribution requires an “effective” value for the gas temperatuyjg, Which is the

assumed J,,= 700 K.

Doppler broadening should thus give a (Gaussian) contribution to the width of a
CH, line at~1275 cn1! of ~0.006 cnt! (fwhm). The corresponding contribution
to a GH, line would be~ 0.005 cnt! (fwhm). Doppler and instrumental contribu-
tions are thus both small compared with the measured line widths of thea@iH
C,H, transitions, all of which increase with p as shown in Figbrgb) Pressure
broadening coefficientsy, derived from such data are of limited value given the
(p dependent) variation in species (and total) number densities, and temperature,
along the viewing column, but the gradient of the line width versus pplot for the
CH, line, for example, equates to~ 3.9 MHz / Torr. The collision frequencies
at the pressures used in the present experiments are sufficiently high to obviate line
shape complications due to effects of rapid adiabatic passage, such as have been
observed when using a frequency chirped QC laser to probe much lower pressure

gas samples/].

Figures6.7(a)& 6.7(b) show the pressure dependent absorbances due to the
C,H.*, C,H,, and CH features of interest. The total carbon content in these gas
mixtures increases 3-fold as p is raised from 50 and 150 Torr. This increase is
roughly mirrored by the Cliand GH,* absorbances measured when using, CH
as the input hydrocarbon, but the absorption associated with ground-stdje C
molecules increases less steeply. Different behaviour is observed ythaS the
source hydrocarbon. In this scenario, theHC and GH,* absorbances increase

with p, while the CH absorption appears to plateau at fO0 Torr. The detailed
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sure dependence of the full width half-maximum (fwhm) values obtained
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as in Figures.6(a)
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discussion of these observations, and their conversion to column densities, must
await more detailed modelling of the temperature and species number density dis-

tributions within this reactor.

The rapid spectral acquisition rate achievable with a frequency chirped QC laser
has also allowed investigation of the way the column density approaches equilib-
rium after introduction (or cessation) of the hydrocarbon flow into a pre-established
7% Ar in H, plasma. lllustrative data following introduction of 4.4%HL, (upper
traces) and 8.8% CHlower traces) are given in each of the three panels displayed
in Figure6.8. The number appearing at the right-hand end of each trace indicates
the time, t (in seconds), at which the spectrum was recorded following introduction
of the hydrocarbon flow into the premixing manifold (at t = 0). Detailed interpre-
tation of these observations will also require more thorough modelling and under-
standing of the reactor flow fields and the distributions of species population and
temperature along the probed column than is currently available but a number of

striking and hitherto unreported trends are immediately apparent.

No CH, or C,H, signals are observed akt0, even when the substrate is cov-
ered by a pre-grown CVD diamond film, implying that etching processes make
negligible contribution to the present absorption measurements and that these are
sensitive solely to gas-phase chemistry. Even at the earliest time after opening the
hydrocarbon MFC (k 0.5 s), carbon has reached the probed column but the dom-
inant absorptions are those of (;Heven when GH, is used as the source gas.
Additionally, the absorption due to.8.,* is greater than that from ground-state
C,H,. These trends are very reminiscent of those observed under equilibrium con-
ditions, when using dilute (e.g. 1% C content) gas mixtures, Figuanith C,H,
as source gas, the absorption due to ground-stae @olecules has overtaken that
due to GH,* by t = 1.5 s; when using CH~3.5 s are required to achieve atg,

absorption greater than that fromig,*.
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Figure 6.8: Absorption spectra measured over the range 1276.2-1274.6
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manifold, and the spectra displayed in any one panel have been coloured
and offset vertically for display purposes.
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Thereafter, in both cases, the C&#hd GH.,* absorptions both reach their steady-
state values faster than does thgiCabsorption. When CHis used as the source
gas, the CH absorption barely increases after t = 5 s. In both cases, the various
line intensities in the spectra recorded at t = 41.5 s are in quantitative accord with
those shown in Figuré.3. This validates the earlier assumption that equilibrium

conditions are reached well within 5 minutes of any change in gas mixing ratio.

These trends are summarised in Figéir@ which shows the measured t depen-
dent rise in CH, C,H,, and GH.,* absorbances when 8.8% ¢4 introduced to a
pre-established 7% Ar in Jplasma, and the subsequent fall in these signals from
their equilibrium values when the hydrocarbon feed is cut (att= 70 s). The CH
and GH, ¥ absorptions are seen to exhibit a qualitatively different time response to

the change in hydrocarbon feed than does tké,Signal.

6.4 Discussion

This study provides the first illustration of the use of pulsed QC lasers for in situ
probing of the gas-phase chemistry prevailing in a 2 kW MW plasma enhanced
reactor during diamond CVD. Specifically, both CEnd GH, molecules, and

their interconversion, have been monitored as a function of process conditions (e.qg.,
choice of input hydrocarbon (Gibr C,H,), hydrocarbon mole fraction, total gas
pressure, and applied MW power). The measured quantities are line-of-sight ab-
sorbances and, as pointed out previously, the conversion of such measurements
into absolute column densities is hampered by the inhomogeneous species number
density and temperature distributions along the viewing column. The absolute sen-
sitivity achieved in these preliminary investigations could be much improved, by
multipassing the probe beam and by more careful design and mounting of the win-

dows (so as to obviate etaloning effects). Vertical profiling of the plasma ball will
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be trivial to implement.

Key new findings from these preliminary studies are the very obvious preference
for C to be present as GHn the more dilute hydrocarbon gas mixtures, irrespec-
tive of the hydrocarbon source gas, the invertgdiLCvibrational state population
distribution when using low C fractions, and the progressive switch towstfid &s

the input C fraction increases.

These trends are all understandable, qualitatively, within the framework of ex-
isting models of the gas-phase chemistry prevailing in activated hydrocarbon / H
mixtures under conditions appropriate for diamond CVD. As shown previously, in-
terconversion between GHand GH, involves a multistep reaction sequence, the
overall rate (and even the sign) of which is sensitively dependent upon the local hy-
drocarbon and H atom number densities, and the local gas temperature all of which
are reactor and process specific. Of particular relevance to the present observations
was the finding that ¢4, — CH, conversion can be driven by a sequence of (third
body stabilised) H atom addition reactions at lowJ000 K) gas temperatures||
[2]. High H atom concentrations, and such comparatively low gas temperatures,
are precisely the conditions that will be encountered at the top of the reactor when
C,H, is first introduced into a pre-existing Ar /,Hplasma (Figurés.5(a). Similar
trends were observed under steady-state conditions when using low input flow rates
of C,H, (Figure6.3(b). This can be understood also by recognising that similar
C,H, — CH, conversions will occur in regions distant from the plasma ball (e.g.
at both ends of the viewing column) where, because the gas is cooler, most of the

total number density will be concentrated.

Increasing the hydrocarbon input will increase the rates of reacttfsgnd
(6.2), and thus lead to a reduction in the H atom concentrations throughout the reac-
tor. This, and the associated increase in, Catlical concentrations, will both serve

to shift the equilibrium back in favour of f£1,, as observed. The dominant show-
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ing of the respective source gases in spectra recorded at high (8.8%) C input ratios
(Figure6.3(c) is most readily understandable by assuming that, in these cases, the
hydrocarbon / H atom ratios are becoming large enough that a significant fraction

of the input hydrocarbon flow escapes processing on route to the viewing column.

The observed trends in,8,' can be ascribed to the GH— C,H, intercon-
version which occurs via the H-shifting reactioris1) and 6.2). C,H, (x = 2) is
the more stable species at high T, so this interconversion will occur preferentially
in the hottest regions of the reactor. However, th¢l€ and GH, (v =0) ab-
sorbances should be fairly reliable indicators of their respective column densities as
shown. The GH,* column density actually exceeds that ofG (v =0) in dilute

hydrocarbon / H mixtures.

There are plenty of possible reasons for this deduced population inversion. The
last step in the kinetic scheme driving @H— C,H, in hot regions of the reac-
tor involves the conversion #&; + H = C,H, + H,. This reaction is fast and
exothermic by~290 kJ mot! [14]. The present measurements suggest that at
least some of this reaction exoergicity is channelled into vibrational excitation of
the nascent ¢H, products and probably into many excited vibrational levels ad-
ditional to thers=1 level probed in this work. That being so, diagnostic methods
that sample just ¢H, (v =0) molecules may yield serious underestimates of the
total C,H, column (or number) density in situations where the rate pf produc-
tion via reaction §.2) significantly exceeds the vibrational relaxation (and thermal

equilibration) rates of the resulting,8,* species.

Quantitative analysis of these measurements is beyond the scope of this thesis
but it is intended that analysis of this and related future datasets will proceed in
tandem with detailed modelling of the plasma chemical transformations and heat
and mass transfer processes within these MW activated gas mixtures as in our recent

combined experimental and modelling studies of a diamond depositing DC arc jet
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reactor operating with CiH Ar / H, gas mixtures{5], [16].

6.5 Conclusions

The use of a quantum cascade laser has offered a unique spectral window through
which the chemistry of the interconversion betweegilCand CH, species within

a CVD diamond growing reactor can be observed as a function of process condi-
tions. Column densities of vibrationally excitedH, (vs =1) molecules at low
input carbon fractions are shown to be far higher than expected on the basis of local
thermodynamic equilibrium. The observed trends can be rationalised, qualitatively,
within the framework of the previously reported modelling of the gas-phase chem-
istry prevailing in hot filament activated hydrocarbogp/gas mixtures ]. The
presence of vibrationally excited,B, molecules (GH,*) can be attributed to the
exothermicity of the GH; +H = C,H,+H, elementary reaction within the over-

all multistep CH — C,H, conversion. Diagnostic methods that sample ju$i.C

(v =0) molecules thus run the risk of underestimating totgh Ccolumn densities

in hydrocarbon / H mixtures operated under conditions where the production rate
of C,H,* molecules exceeds their vibrational relaxation (and thermal equilibration)

rates.
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Appendix A

Coupled cluster calculation of
boron-carbon bond fission reaction

Chapter3 has shown that a possible pathway for the loss of Bbin the diamond
surface involves boron-carbon bond fission reactions. To ensure that the DFT level
of theory chosen can adequately describe the energetics of this process, a small
system has been studied using coupled cluster theory. These investigations into
the nature of the boron-carbon bond fission were required as there were no suit-
able experimental or theoretical studies for comparison at the time of writing. The
boron-carbon bond fission reactions occurring upon a diamond surface can be mod-
elled by the decomposition of the BEH; molecule mediated by the addition of
atomic hydrogen4.1) (A.2).

BH,CH, + H — BH,CH, (A.1)

BH,CH, — BH, + CH, (A.2)

The decomposition of BECH, by elimination of molecular hydrogen dissociation
(akin to reactions4.5)) has also been modelled @).

BH,CH, — BHCH, + H, (A.3)

The potential energy surface minima were calculated using the standard B3LYP
functional with the 6-31G* basis set. Single point calculations using DFT and the
coupled cluster theory were calculated using the 6-31G* geometries and performed
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using the GAUSSIAN 03 program packadefnd MOLPRO program packagé][
respectively.

B3LYP CCSD(T)
Reaction| 6-31G* | 6-311+G(2df,p)| cc-PVDZ | cc-PVTZ | cc-pvVQZ
Al -43.35 -40.27 -40.67 -43.94 -43.36
A.2 31.95 24.36 48.32 58.38 59.5
A.3 106.76 92.53 161.37 144.56 142.28

Table A.1: Summary of the coupled cluster energetics calculations, in kJ
mol~!

The results in Tablé\.1 show that the DFT level of theory overpredicts the
strength of the boron-carbon bond whilst underestimating the energetics of the
boron-hydrogen bonds. However, the maximum discrepancy is less than 50 kJ
mol~! and acceptable.
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Appendix B

Optimised structures for DFT cluster
models for the incorporation of CH,
and BH, into a diamond surface

Chapter3 discusses the mechanisms by which gaseousa®id BH, can be incor-
porated into the diamond surface. This chapter records the optimised geometries
for the key structures involved in these processes as bond lengths and bond angles
within each cluster. FigureB.1 — B.2 and corresponding tables show the geome-
tries of the cluster model for the surface hydrogen abstraction reaction; Fig#res

— B.7 are the related structures for the mechanism for incorporatingitsl the

{100} diamond surface; Figure3.8 — B.11 are the structures for surface bound

BH, species and Figure8.12 — B.15 show the structures for incorporated BH
species.

Figure B.1: The optimised geometry for structure A in Figute
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.540 A(2,1,6) 109.782| A(6,5,13) 110.419
R(1,6) 1.554 A(2,1,7) 113.486| A(6,5,19) 109.782
R(1,7) 1.097 A(2,1,16) | 99.392 | A(13,5,19) 113.486
R(1,16) 1.540 A(6,1,7) 110.419| A(1,6,5) 112.005
R(2,3) 1.549 A(6,1,16) | 109.782| A(1,6,14) 109.510
R(2,8) 1.096 A(7,1,16) | 113.486| A(1,6,15) 109.510
R(2,9) 1.098 A(1,2,3) 100.755| A(5,6,14) 109.510
R(3,4) 1.549 A(1,2,8) 113.968| A(5,6,15) 109.510
R(3,10) 1.094 A(1,2,9) 110.226| A(14,6,15) 106.648
R(3,22) 1.594 A(3,2,8) 112.301| A(1,16,17) 113.968
R(4,5) 1.540 A(3,2,9) 112.008| A(1,16,18) 110.226
R(4,11) 1.098 A(8,2,9) 107.581| A(1,16,22) 100.755
R(4,12) 1.096 A(2,3,4) 107.074| A(17,16,18) 107.581
R(5,6) 1.554 A(2,3,10) | 113.446| A(17,16,22) 112.301
R(5,13) 1.097 A(2,3,22) | 104.109| A(18,16,22) 112.008
R(5,19) 1.540 A(4,3,10) | 113.446| A(5,19,20) 113.968
R(6,14) 1.099 A(4,3,22) | 104.109| A(5,19,21) 110.226
R(6,15) 1.099 A(10,3,22) | 113.756| A(5,19,22) 100.755
R(16,17) 1.096 A(3,4,5) 100.755| A(20,19,21) 107.581
R(16,18) 1.098 A(3,4,11) | 112.008| A(20,19,22) 112.301
R(16,22) 1.549 A(3,4,12) | 112.301| A(21,19,22) 112.008
R(19,20) 1.096 A(5,4,11) | 110.226| A(3,22,16) 104.109
R(19,21) 1.098 A(5,4,12) | 113.968| A(3,22,19) 104.109
R(19,22) 1.549 A(11,4,12) | 107.581| A(3,22,23) 113.756
R(22,23) 1.094 A(4,5,6) 109.782| A(16,22,19) 107.074
A(4,5,13) | 113.486| A(16,22,23) 113.446
A(4,5,19) 99.392 | A(19,22,23) 113.446

Table B.1: Bond lengths and angles for Figusel
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Figure B.2: The optimised geometry for structure B in Figure@

Figure B.3: The optimised geometry for structure C in Fig®.€

Figure B.4: The optimised geometry for structure D in Fig&
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.557 A(2,1,6) 109.384| A(6,5,12) 110.659
R(1,6) 1.558 A(2,1,7) 113.452| A(6,5,18) 109.775
R(1,7) 1.097 A(2,1,15) | 99.290 | A(12,5,18) 113.728
R(1,15) 1.543 A(6,1,7) 110.659| A(1,6,5) 112.415
R(2,3) 1.515 A(6,1,15) | 109.775| A(1,6,13) 109.507
R(2,8) 1.095 A(7,1,15) | 113.728| A(1,6,14) 109.316
R(2,9) 1.099 A(1,2,3) 97.893 | A(5,6,13) 109.507
R(3,4) 1.515 A(1,2,8) 114.041| A(5,6,14) 109.316
R(3,21) 1.562 A(1,2,9) 109.753| A(13,6,14) 106.611
R(4,5) 1.557 A(3,2,8) 113.055| A(1,15,16) 113.945
R(4,10) 1.099 A(3,2,9) 113.839| A(1,15,17) 110.274
R(4,11) 1.095 A(8,2,9) 108.102| A(1,15,21) 100.450
R(5,6) 1.558 A(2,3,4) 110.956| A(16,15,17) 107.663
R(5,12) 1.097 A(2,3,21) | 107.263| A(16,15,21) 112.445
R(5,18) 1.543 A(4,3,21) | 107.263| A(17,15,21) 112.046
R(6,13) 1.099 A(3,4,5) 97.893 | A(5,18,19) 113.945
R(6,14) 1.099 A(3,4,10) | 113.839| A(5,18,20) 110.274
R(15,16) 1.096 A(3,4,11) | 113.055| A(5,18,21) 100.450
R(15,17) 1.097 A(5,4,10) | 109.753| A(19,18,20) 107.663
R(15,21) 1.552 A(5,4,11) 114.041| A(19,18,21) 112.445
R(18,19) 1.096 A(10,4,11) | 108.102| A(20,18,21) 112.046
R(18,20) 1.097 A(4,5,6) 109.384| A(3,21,15) 102.932
R(18,21) 1.552 A(4,5,12) | 113.452| A(3,21,18) 102.932
R(21,22) 1.095 A(4,5,18) 99.290 | A(3,21,22) 115.268
A(15,21,18) 107.258
A(15,21,22) 113.647
A(18,21,22) 113.647

Table B.2: Bond lengths and angles for Figuse?
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.539 A(2,1,6) 109.840| A(6,5,19) 109.840
R(1,6) 1.554 A(2,1,7) 113.421| A(13,5,19) 113.472
R(1,7) 1.097 A(2,1,16) | 99.299 | A(1,6,5) 111.748
R(1,16) 1.541 A(6,1,7) 110.468| A(1,6,14) 109.557
R(2,3) 1.553 A(6,1,16) | 109.842| A(1,6,15) 109.584
R(2,8) 1.097 A(7,1,16) | 113.471| A(5,6,14) 109.558
R(2,9) 1.099 A(1,2,3) 101.596| A(5,6,15) 109.583
R(3,4) 1.553 A(1,2,8) 114.067| A(14,6,15) 106.679
R(3,10) 1.525 A(1,2,9) 110.121| A(3,10,24) 111.362
R(3,22) 1.602 A(3,2,8) 112.169| A(3,10,25) 111.357
R(4,5) 1.539 A(3,2,9) 111.443| A(3,10,26) 111.134
R(4,11) 1.099 A(8,2,9) 107.454| A(24,10,25) 107.785
R(4,12) 1.097 A(2,3,4) 105.969| A(24,10,26) 107.505
R(5,6) 1.554 A(2,3,10) | 114.015| A(25,10,26) 107.505
R(5,13) 1.097 A(2,3,22) | 103.312| A(1,16,17) 114.005
R(5,19) 1.541 A(4,3,10) | 114.027| A(1,16,18) 110.174
R(6,14) 1.099 A(4,3,22) | 103.312| A(1,16,22) 100.740
R(6,15) 1.099 A(10,3,22) | 114.971| A(17,16,18) 107.534
R(10,24) 1.097 A(3,4,5) 101.596| A(17,16,22) 112.372
R(10,25) 1.097 A(3,4,11) | 111.443| A(18,16,22) 112.017
R(10,26) 1.098 A(3,4,12) | 112.174| A(5,19,20) 114.004
R(16,17) 1.097 A(5,4,11) 110.119| A(5,19,21) 110.175
R(16,18) 1.098 A(5,4,12) | 114.065| A(5,19,22) 100.740
R(16,22) 1.547 A(11,4,12) | 107.454| A(20,19,21) 107.534
R(19,20) 1.097 A(4,5,6) 109.842| A(20,19,22) 112.372
R(19,21) 1.098 A(4,5,13) 113.419| A(21,19,22) 112.017
R(19,22) 1.547 A(4,5,19) 99.299 | A(3,22,16) 104.493
R(22,23) 1.095 A(6,5,13) | 110.467| A(3,22,19) 104.494
A(3,22,23) 113.076
A(16,22,19) 107.140
A(16,22,23) 113.412
A(19,22,23) 113.411

Table B.3: Bond lengths and angles for Figuse3
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Bond Bond length /A | Bond Angle ° Bond Angle (cont),  °
R(1,2) 1.538 A(2,1,6) 109.9 | A(6,5,13) 110.46
R(1,6) 1.553 A(2,1,7) 113.25| A(6,5,19) 109.88
R(1,7) 1.097 A(2,1,16) 99.44 | A(13,5,19) 113.42
R(1,16) 1.540 A(6,1,7) 110.46| A(1,6,5) 111.77
R(2,3) 1.555 A(6,1,16) | 109.88| A(1,6,14) 109.55
R(2,8) 1.096 A(7,1,16) | 113.42| A(1,6,15) 109.58
R(2,9) 1.098 A(1,2,3) 102 | A(5,6,14) 109.55
R(3,4) 1.555 A(1,2,8) 114.12| A(5,6,15) 109.58
R(3,10) 1.480 A(1,2,9) 110.25| A(14,6,15) 106.68
R(3,22) 1.633 A(3,2,8) 111.7 | A(3,10,24) 120.96
R(4,5) 1.538 A(3,2,9) 111.28| A(3,10,25) 120.99
R(4,11) 1.098 A(8,2,9) 107.51| A(24,10,25) 117.43
R(4,12) 1.096 A(2,3,4) 106.24| A(1,16,17) 113.91
R(5,6) 1.553 A(2,3,10) | 114.42| A(1,16,18) 110.24
R(5,13) 1.097 A(2,3,22) | 102.57| A(1,16,22) 101.04
R(5,19) 1.540 A(4,3,10) | 114.41| A(17,16,18) 107.56
R(6,14) 1.099 A(4,3,22) | 102.57| A(17,16,22) 112.12
R(6,15) 1.099 A(10,3,22) | 115.21| A(18,16,22) 111.97
R(10,24) 1.087 A(3,4,5) 102 | A(5,19,20) 113.91
R(10,25) 1.087 A(3,4,11) | 111.27| A(5,19,21) 110.24
R(16,17) 1.097 A(3,4,12) 111.7 | A(5,19,22) 101.04
R(16,18) 1.097 A(5,4,11) | 110.25| A(20,19,21) 107.56
R(16,22) 1.544 A(5,4,12) | 114.13| A(20,19,22) 112.12
R(19,20) 1.097 A(11,4,12) | 107.51| A(21,19,22) 111.98
R(19,21) 1.097 A(4,5,6) 109.9 | A(3,22,16) 104.11
R(19,22) 1.544 A(4,5,13) | 113.25| A(3,22,19) 104.11
R(22,23) 1.093 A(4,5,19) 99.44 | A(3,22,23) 112.65
A(16,22,19) 107.6
A(16,22,23) 113.73
A(19,22,23) 113.74

Table B.4: Bond lengths and angles for Figuse4
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Figure B.5: The optimised geometry for structure E in Figr@

Figure B.6: The optimised geometry for structure F in Fig®@

Figure B.7: The optimised geometry for structure G in Figre
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.548 A(2,1,6) 109.478| A(13,5,19) 108.368
R(1,6) 1.541 A(2,1,7) 107.952| A(1,6,5) 109.791
R(1,7) 1.098 A(2,1,16) | 112.155| A(1,6,14) 110.043
R(1,16) 1.548 A(6,1,7) 109.345| A(1,6,15) 110.072
R(2,3) 1.514 A(6,1,16) | 109.490| A(5,6,14) 110.043
R(2,8) 1.102 A(7,1,16) | 108.368| A(5,6,15) 110.072
R(2,9) 1.097 A(1,2,3) 112.606| A(14,6,15) 106.778
R(3,4) 1.514 A(1,2,8) 107.576| A(3,10,24) 121.724
R(3,10) 1.337 A(1,2,9) 110.508| A(3,10,25) 121.724
R(4,5) 1.548 A(3,2,8) 108.795| A(24,10,25) 116.553
R(4,11) 1.097 A(3,2,9) 110.426| A(1,16,17) 107.427
R(4,12) 1.102 A(8,2,9) 106.699| A(1,16,18) 110.198
R(5,6) 1.541 A(2,3,4) 114.501| A(1,16,22) 112.535
R(5,13) 1.098 A(2,3,10) | 122.743| A(17,16,18) 105.545
R(5,19) 1.548 A(4,3,10) | 122.743| A(17,16,22) 110.319
R(6,14) 1.099 A(3,4,5) 112.606| A(18,16,22) 110.539
R(6,15) 1.099 A(3,4,11) | 110.426| A(5,19,20) 107.427
R(10,24) 1.088 A(3,4,12) | 108.795| A(5,19,21) 110.198
R(10,25) 1.088 A(5,4,11) 110.508| A(5,19,22) 112.535
R(16,17) 1.109 A(5,4,12) | 107.576| A(20,19,21) 105.545
R(16,18) 1.099 A(11,4,12) | 106.699| A(20,19,22) 110.319
R(16,22) 1.496 A(4,5,6) 109.478| A(21,19,22) 110.539
R(19,20) 1.109 A(4,5,13) 107.952| A(16,22,19) 120.126
R(19,21) 1.099 A(4,5,19) | 112.155| A(16,22,23) 119.438
R(19,22) 1.496 A(6,5,13) | 109.345| A(19,22,23) 119.438
R(22,23) 1.087 A(6,5,19) | 109.490

Table B.5: Bond lengths and angles for FiguBe5
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.563 A(2,1,6) 108.866| A(1,6,5) 110.171
R(1,6) 1.544 A(2,1,7) 109.815| A(1,6,14) 110.089
R(1,7) 1.099 A(2,1,16) | 108.962| A(1,6,15) 109.868
R(1,16) 1.545 A(6,1,7) 109.847| A(5,6,14) 110.065
R(2,3) 1.507 A(6,1,16) | 109.452| A(5,6,15) 109.840
R(2,8) 1.099 A(7,1,16) | 109.878| A(14,6,15) 106.749
R(2,9) 1.098 A(1,2,3) 106.103| A(3,10,22) 106.156
R(3,4) 1.506 A(1,2,8) 109.703| A(3,10,24) 111.763
R(3,10) 1.507 A(1,2,9) 109.771| A(3,10,25) 111.792
R(4,5) 1.563 A(3,2,8) 111.770| A(22,10,24) 109.734
R(4,11) 1.099 A(3,2,9) 111.824| A(22,10,25) 109.757
R(4,12) 1.098 A(8,2,9) 107.665| A(24,10,25) 107.636
R(5,6) 1.545 A(2,3,4) 112.958| A(1,16,17) 109.768
R(5,13) 1.099 A(2,3,10) | 112.982| A(1,16,18) 110.124
R(5,19) 1.545 A(4,3,10) | 113.006| A(1,16,22) 110.206
R(6,14) 1.099 A(3,4,5) 106.128| A(17,16,18) 106.727
R(6,15) 1.099 A(3,4,11) | 111.764| A(17,16,22) 109.788
R(10,22) 1.563 A(3,4,12) | 111.764| A(18,16,22) 110.165
R(10,24) 1.099 A(5,4,11) | 109.762| A(5,19,20) 109.836
R(10,25) 1.099 A(5,4,12) | 109.741| A(5,19,21) 110.119
R(16,17) 1.099 A(11,4,12) | 107.678| A(5,19,22) 110.203
R(16,18) 1.099 A(4,5,6) 108.844| A(20,19,21) 106.749
R(16,22) 1.545 A(4,5,13) | 109.813| A(20,19,22) 109.804
R(19,20) 1.099 A(4,5,19) | 108.878| A(21,19,22) 110.069
R(19,21) 1.099 A(6,5,13) | 109.905| A(10,22,16) 108.891
R(19,22) 1.544 A(6,5,19) | 109.507| A(10,22,19) 108.877
R(22,23) 1.099 A(13,5,19) | 109.871| A(10,22,23) 109.826
A(16,22,19) 109.421
A(16,22,23) 109.883
A(19,22,23) 109.920

Table B.6: Bond lengths and angles for Figuset
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.544 A(2,1,6) 109.348| A(1,6,5) 109.731
R(1,6) 1.544 A(2,1,7) 109.598| A(1,6,14) 110.063
R(1,7) 1.098 A(2,1,16) | 109.347| A(1,6,15) 110.042
R(1,16) 1.544 A(6,1,7) 109.589| A(5,6,14) 110.070
R(2,3) 1.544 A(6,1,16) | 109.363| A(5,6,15) 110.051
R(2,8) 1.099 A(7,1,16) | 109.582| A(14,6,15) 106.846
R(2,9) 1.099 A(1,2,3) 109.711] A(3,10,22) 109.729
R(3,4) 1.544 A(1,2,8) 110.056| A(3,10,24) 110.056
R(3,10) 1.544 A(1,2,9) 110.069| A(3,10,25) 110.036
R(3,26) 1.098 A(3,2,8) 110.063| A(22,10,24) 110.090
R(4,5) 1.544 A(3,2,9) 110.058| A(22,10,25) 110.069
R(4,11) 1.099 A(8,2,9) 106.846| A(24,10,25) 106.821
R(4,12) 1.099 A(2,3,4) 109.337| A(1,16,17) 110.070
R(5,6) 1.544 A(2,3,10) | 109.331| A(1,16,18) 110.060
R(5,13) 1.098 A(2,3,26) | 109.596| A(1,16,22) 109.705
R(5,19) 1.544 A(4,3,10) | 109.372| A(17,16,18) 106.865
R(6,14) 1.099 A(4,3,26) | 109.590| A(17,16,22) 110.044
R(6,15) 1.099 A(10,3,26) | 109.600| A(18,16,22) 110.058
R(10,22) 1.544 A(3,4,5) 109.729| A(5,19,20) 110.054
R(10,24) 1.099 A(3,4,11) | 110.077| A(5,19,21) 110.068
R(10,25) 1.099 A(3,4,12) | 110.048| A(5,19,22) 109.747
R(16,17) 1.099 A(5,4,11) | 110.078| A(20,19,21) 106.833
R(16,18) 1.099 A(5,4,12) | 110.046| A(20,19,22) 110.033
R(16,22) 1.544 A(11,4,12) | 106.823| A(21,19,22) 110.066
R(19,20) 1.099 A(4,5,6) 109.330| A(10,22,16) 109.326
R(19,21) 1.099 A(4,5,13) | 109.624| A(10,22,19) 109.352
R(19,22) 1.544 A(4,5,19) | 109.359| A(10,22,23) 109.605
R(22,23) 1.098 A(6,5,13) | 109.607| A(16,22,19) 109.348
A(6,5,19) | 109.312| A(16,22,23) 109.608
A(13,5,19) | 109.595| A(19,22,23) 109.587

Table B.7: Bond lengths and angles for Figuse7
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Figure B.8: The optimised geometry for surface bound Béh the dia-
mond{100} surface (Figure.4)

Figure B.9: The optimised geometry for surface bound Béh the dia-
mond{100} surface (Figure.4)

Figure B.10: The optimised geometry for surface bound BH on the dia-
mond{100} surface (Figure.4)
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Figure B.11: The optimised geometry for surface bound B on the diamond
{100} surface (Figures.4)
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.554 A(2,1,6) 112.059| A(6,5,14) 109.675
R(1,6) 1.554 A(2,1,7) 109.642| A(13,5,14) 108.663
R(1,7) 1.098 A(2,1,8) 109.329| A(1,6,5) 109.637
R(1,8) 1.099 A(6,1,7) 109.642| A(1,6,15) 110.139
R(2,3) 1.560 A(6,1,8) 109.329| A(1,6,16) 110.928
R(2,9) 1.543 A(7,1,8) 106.693| A(5,6,15) 99.312
R(2,10) 1.096 A(1,2,3) 109.636| A(5,6,16) 112.333
R(3,4) 1.515 A(1,2,9) 110.139| A(15,6,16) 113.931
R(3,11) 1.094 A(1,2,10) | 110.928| A(2,9,17) 100.593
R(3,12) 1.095 A(3,2,9) 99.312 | A(2,9,21) 110.393
R(4,5) 1.515 A(3,2,10) | 112.334| A(2,9,22) 113.936
R(4,17) 1.572 A(9,2,10) | 113.931| A(17,9,21) 111.930
R(4,23) 1.991 A(2,3,4) 97.542 | A(17,9,22) 112.150
R(5,6) 1.560 A(2,3,11) | 114.687| A(21,9,22) 107.813
R(5,13) 1.094 A(2,3,12) | 109.676| A(6,15,17) 100.593
R(5,14) 1.095 A(4,3,11) | 112.782| A(6,15,19) 113.935
R(6,15) 1.543 A(4,3,12) | 113.240| A(6,15,20) 110.393
R(6,16) 1.096 A(11,3,12) | 108.663| A(17,15,19) 112.150
R(9,17) 1.550 A(3,4,5) 110.807| A(17,15,20) 111.930
R(9,21) 1.096 A(3,4,17) | 107.449| A(19,15,20) 107.813
R(9,22) 1.096 A(3,4,23) | 110.187| A(4,17,9) 102.541
R(15,17) 1.550 A(5,4,17) 107.450| A(4,17,15) 102.541
R(15,19) 1.096 A(5,4,23) | 110.180| A(4,17,18) 114.409
R(15,20) 1.096 A(17,4,23) | 110.700| A(9,17,15) 107.529
R(17,18) 1.091 A(4,5,6) 97.542 | A(9,17,18) 114.262
R(23,24) 1.204 A(4,5,13) 112.782| A(15,17,18) 114.262
R(23,25) 1.203 A(4,5,14) | 113.240| A(4,23,24) 96.856
R(23,26) 1.203 A(6,5,13) | 114.687| A(4,23,25) 98.428
A(4,23,26) 98.433
A(24,23,25) 118.234
A(24,23,26) 118.234
A(25,23,26) 117.952

Table B.8: Bond lengths and angles for Figuse3
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.552 A(2,1,6) 111.938| A(6,5,13) 113.613
R(1,6) 1.552 A(2,1,7) 109.456| A(6,5,14) 110.342
R(1,7) 1.095 A(2,1,8) 109.571| A(13,5,14) 107.554
R(1,8) 1.095 A(6,1,7) 109.456| A(1,6,5) 109.933
R(2,3) 1.536 A(6,1,8) 109.571| A(1,6,15) 109.888
R(2,9) 1.535 A(7,1,8) 106.709| A(1,6,16) 110.442
R(2,10) 1.093 A(1,2,3) 109.933| A(5,6,15) 99.370
R(3,4) 1.548 A(1,2,9) 109.888| A(5,6,16) 113.494
R(3,11) 1.093 A(1,2,10) | 110.442| A(15,6,16) 113.228
R(3,12) 1.094 A(3,2,9) 99.370 | A(2,9,17) 101.419
R(4,5) 1.548 A(3,2,10) | 113.494| A(2,9,21) 110.415
R(4,17) 1.651 A(9,2,10) | 113.228| A(2,9,22) 114.040
R(4,23) 1.537 A(2,3,4) 102.029| A(17,9,21) 111.974
R(5,6) 1.536 A(2,3,11) | 113.613| A(17,9,22) 111.250
R(5,13) 1.093 A(2,3,12) | 110.342| A(21,9,22) 107.752
R(5,14) 1.094 A(4,3,11) | 111.414| A(6,15,17) 101.419
R(6,15) 1.535 A(4,3,12) | 111.926| A(6,15,19) 114.040
R(6,16) 1.093 A(11,3,12) | 107.554| A(6,15,20) 110.415
R(9,17) 1.541 A(3,4,5) 106.965| A(17,15,19) 111.250
R(9,21) 1.093 A(3,4,17) | 102.474| A(17,15,20) 111.974
R(9,22) 1.093 A(3,4,23) | 120.686| A(19,15,20) 107.752
R(15,17) 1.541 A(5,4,17) | 102.474| A(4,17,9) 103.380
R(15,19) 1.093 A(5,4,23) | 120.686| A(4,17,15) 103.379
R(15,20) 1.093 A(17,4,23) | 99.669 | A(4,17,18) 115.195
R(17,18) 1.093 A(4,5,6) 102.029| A(9,17,15) 108.311
R(23,24) 1.196 A(4,5,13) | 111.414| A(9,17,18) 112.846
R(23,25) 1.196 A(4,5,14) | 111.926| A(15,17,18) 112.846
A(4,23,24) 120.571
A(4,23,25) 120.570
A(24,23,25) 118.571

Table B.9: Bond lengths and angles for Figused
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.552 A(2,1,6) 111.938| A(4,5,14) 111.926
R(1,6) 1.552 A(2,1,7) 109.456| A(6,5,13) 113.613
R(1,7) 1.095 A(2,1,8) 109.571| A(6,5,14) 110.342
R(1,8) 1.095 A(6,1,7) 109.456| A(13,5,14) 107.554
R(2,3) 1.536 A(6,1,8) 109.571| A(1,6,5) 109.933
R(2,9) 1.535 A(7,1,8) 106.709| A(1,6,15) 109.888
R(2,10) 1.093 A(1,2,3) 109.933| A(1,6,16) 110.442
R(3,4) 1.548 A(1,2,9) 109.888| A(5,6,15) 99.370
R(3,11) 1.093 A(1,2,10) | 110.442| A(5,6,16) 113.494
R(3,12) 1.094 A(3,2,9) 99.370 | A(15,6,16) 113.228
R(4,5) 1.548 A(3,2,10) | 113.494| A(2,9,17) 101.419
R(4,17) 1.651 A(9,2,10) | 113.228| A(2,9,21) 110.415
R(4,23) 1.537 A(2,3,4) 102.029| A(2,9,22) 114.040
R(5,6) 1.536 A(2,3,11) | 113.613| A(17,9,21) 111.974
R(5,13) 1.093 A(2,3,12) | 110.342| A(17,9,22) 111.250
R(5,14) 1.094 A(4,3,11) | 111.414| A(21,9,22) 107.752
R(6,15) 1.535 A(4,3,12) | 111.926| A(6,15,17) 101.419
R(6,16) 1.093 A(11,3,12) | 107.554| A(6,15,19) 114.040
R(9,17) 1.541 A(3,4,5) 106.965| A(6,15,20) 110.415
R(9,21) 1.093 A(3,4,17) | 102.474| A(17,15,19) 111.250
R(9,22) 1.093 A(3,4,23) | 120.686| A(17,15,20) 111.974
R(15,17) 1.541 A(5,4,17) 102.474| A(19,15,20) 107.752
R(15,19) 1.093 A(5,4,23) | 120.686| A(4,17,9) 103.380
R(15,20) 1.093 A(17,4,23) | 99.669 | A(4,17,15) 103.379
R(17,18) 1.093 A(4,5,6) 102.029| A(4,17,18) 115.195
R(23,24) 1.196 A(4,5,13) | 111.414| A(9,17,15) 108.311
A(9,17,18) 112.846
A(15,17,18) 112.846
A(4,23,24) 120.571

Table B.10: Bond lengths and angles for FiguigelO
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Bond Bond length /A | Bond Angle ° Bond Angle (cont)  °
R(1,2) 1.555 A(2,1,6) 112.09| A(4,5,13) 111.49
R(1,6) 1.555 A(2,1,7) 109.55| A(4,5,14) 112.46
R(1,7) 1.098 A(2,1,8) 109.43| A(6,5,13) 114.14
R(1,8) 1.098 A(6,1,7) 109.55| A(6,5,14) 110.54
R(2,3) 1.540 A(6,1,8) 109.43| A(13,5,14) 107.51
R(2,9) 1.538 A(7,1,8) 106.64| A(1,6,5) 109.87
R(2,10) 1.097 A(1,2,3) 109.87| A(1,6,15) 109.87
R(3,4) 1.564 A(1,2,9) 109.87| A(1,6,16) 110.52
R(3,11) 1.095 A(1,2,10) | 110.52| A(5,6,15) 99.68
R(3,12) 1.098 A(3,2,9) 99.68 | A(5,6,16) 113.03
R(4,5) 1.564 A(3,2,10) | 113.03| A(15,6,16) 113.41
R(4,17) 1.621 A(9,2,10) | 113.41| A(2,9,17) 101.21
R(4,23) 1.543 A(2,3,4) 100.74| A(2,9,21) 110.46
R(5,6) 1.540 A(2,3,11) | 114.14| A(2,9,22) 113.95
R(5,13) 1.095 A(2,3,12) | 110.54| A(17,9,21) 111.92
R(5,14) 1.098 A(4,3,11) | 111.49| A(17,9,22) 111.67
R(6,15) 1.538 A(4,3,12) | 112.46| A(21,9,22) 107.65
R(6,16) 1.097 A(11,3,12) | 107.51| A(6,15,17) 101.21
R(9,17) 1.546 A(3,4,5) 106.62| A(6,15,19) 113.95
R(9,21) 1.097 A(3,4,17) | 103.59| A(6,15,20) 110.46
R(9,22) 1.096 A(3,4,23) | 115.78| A(17,15,19) 111.67
R(15,17) 1.546 A(5,4,17) | 103.59| A(17,15,20) 111.92
R(15,19) 1.096 A(5,4,23) | 115.78| A(19,15,20) 107.65
R(15,20) 1.097 A(17,4,23) | 110.12| A(4,17,9) 103.59
R(17,18) 1.095 A(4,5,6) 100.74| A(4,17,15) 103.59
A(4,17,18) 114.1
A(9,17,15) 108.07
A(9,17,18) 113.29
A(15,17,18) 113.29

Table B.11: Bond lengths and angles for Figugel 1
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Figure B.12: The optimised geometry for unsaturated ring opened boron
intermediate for boron inclusion on diamoftio0} surface (Figure.4)

Figure B.13: The optimised geometry for boron containing radical inter-
mediate involved in boron inclusion on diamofitD0} surface (Figur&.4)

Figure B.14: The optimised geometry for boron containing intermediate
involved in boron inclusion on diamond.00} surface (Figure3.4)
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.541 A(2,1,6) 109.832| A(6,5,14) 109.794
R(1,6) 1.541 A(2,1,7) 110.033| A(13,5,14) 106.308
R(1,7) 1.099 A(2,1,8) 110.072| A(1,6,5) 109.501
R(1,8) 1.099 A(6,1,7) 110.033| A(1,6,15) 109.507
R(2,3) 1.548 A(6,1,8) 110.072| A(1,6,16) 109.263
R(2,9) 1.547 A(7,1,8) 106.755| A(5,6,15) 112.513
R(2,10) 1.099 A(1,2,3) 109.501| A(5,6,16) 107.562
R(3,4) 1.525 A(1,2,9) 109.507| A(15,6,16) 108.428
R(3,11) 1.103 A(1,2,10) | 109.263| A(2,9,17) 112.778
R(3,12) 1.097 A(3,2,9) 112.513| A(2,9,21) 110.152
R(4,5) 1.525 A(3,2,10) | 107.562| A(2,9,22) 107.314
R(4,23) 1.387 A(9,2,10) | 108.428| A(17,9,21) 110.450
R(5,6) 1.548 A(2,3,4) 112.024| A(17,9,22) 110.445
R(5,13) 1.103 A(2,3,11) | 107.807| A(21,9,22) 105.399
R(5,14) 1.097 A(2,3,12) | 109.795| A(6,15,17) 112.778
R(6,15) 1.547 A(4,3,11) | 108.992| A(6,15,19) 107.314
R(6,16) 1.099 A(4,3,12) | 111.675| A(6,15,20) 110.152
R(9,17) 1.497 A(11,3,12) | 106.308| A(17,15,19) 110.445
R(9,21) 1.099 A(3,4,5) 113.949| A(17,15,20) 110.449
R(9,22) 1.109 A(3,4,23) | 123.033| A(19,15,20) 105.399
R(15,17) 1.497 A(5,4,23) | 123.018| A(9,17,15) 120.441
R(15,19) 1.109 A(4,5,6) 112.024| A(9,17,18) 119.191
R(15,20) 1.099 A(4,5,13) | 108.992| A(15,17,18) 119.191
R(17,18) 1.087 A(4,5,14) | 111.675

R(23,24) 1.176 A(6,5,13) | 107.807

Table B.12: Bond lengths and angles for Figuigel 2
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Bond Bond Iengthﬁ\ Bond Angle ° Bond Angle (cont) ©
R(1,2) 1.542 A(2,1,6) 109.945| A(13,5,14) 107.054
R(1,6) 1.542 A(2,1,7) 110.098| A(1,6,5) 108.921
R(1,7) 1.099 A(2,1,8) 109.926| A(1,6,15) 109.606
R(1,8) 1.099 A(6,1,7) 110.098| A(1,6,16) 109.834
R(2,3) 1.562 A(6,1,8) 109.926| A(5,6,15) 109.897
R(2,9) 1.544 A(7,1,8) 106.799| A(5,6,16) 109.272
R(2,10) 1.099 A(1,2,3) 108.921| A(15,6,16) 109.297
R(3,4) 1.519 A(1,2,9) 109.606| A(2,9,17) 111.241
R(3,11) 1.100 A(1,2,10) | 109.834| A(2,9,21) 109.881
R(3,12) 1.099 A(3,2,9) 109.898| A(2,9,22) 109.579
R(4,5) 1.519 A(3,2,10) | 109.272| A(17,9,21) 110.522
R(4,23) 1.545 A(9,2,10) | 109.296| A(17,9,22) 109.277
R(5,6) 1.562 A(2,3,4) 106.971| A(21,9,22) 106.210
R(5,13) 1.100 A(2,3,11) | 109.687| A(6,15,17) 111.241
R(5,14) 1.099 A(2,3,12) | 109.528| A(6,15,19) 109.578
R(6,15) 1.544 A(4,3,11) | 111.400| A(6,15,20) 109.881
R(6,16) 1.099 A(4,3,12) | 112.198| A(17,15,19) 109.278
R(9,17) 1.560 A(11,3,12) | 107.054| A(17,15,20) 110.522
R(9,21) 1.099 A(3,4,5) 111.896| A(19,15,20) 106.210
R(9,22) 1.100 A(3,4,23) | 111.709| A(9,17,15) 108.673
R(15,17) 1.560 A(5,4,23) | 111.711| A(9,17,18) 109.662
R(15,19) 1.100 A(4,5,6) 106.971| A(9,17,23) 107.140
R(15,20) 1.099 A(4,5,13) | 111.400| A(15,17,18) 109.662
R(17,18) 1.098 A(4,5,14) | 112.198| A(15,17,23) 107.143
R(17,23) 1.590 A(6,5,13) | 109.687| A(18,17,23) 114.386
R(23,24) 1.200 A(6,5,14) | 109.528| A(4,23,17) 108.476
A(4,23,24) 127.471
A(17,23,24) 124.053

Table B.13: Bond lengths and angles for Figuiel3
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.541 A(2,1,6) 109.569| A(6,5,13) 109.848
R(1,6) 1.541 A(2,1,7) 110.099| A(6,5,14) 109.880
R(1,7) 1.099 A(2,1,8) 110.098| A(13,5,14) 106.336
R(1,8) 1.099 A(6,1,7) 110.099| A(1,6,5) 109.410
R(2,3) 1.543 A(6,1,8) 110.098| A(1,6,15) 109.407
R(2,9) 1.543 A(7,1,8) 106.844| A(1,6,16) 109.487
R(2,10) 1.099 A(1,2,3) 109.410| A(5,6,15) 110.486
R(3,4) 1.559 A(1,2,9) 109.407| A(5,6,16) 109.020
R(3,11) 1.100 A(1,2,10) | 109.487| A(15,6,16) 109.014
R(3,12) 1.099 A(3,2,9) 110.486| A(2,9,17) 110.635
R(4,5) 1.559 A(3,2,10) | 109.020| A(2,9,21) 109.873
R(4,23) 1.576 A(9,2,10) | 109.014| A(2,9,22) 109.837
R(4,25) 1.097 A(2,3,4) 110.634| A(17,9,21) 110.512
R(5,6) 1.543 A(2,3,11) | 109.848| A(17,9,22) 109.568
R(5,13) 1.100 A(2,3,12) | 109.880| A(21,9,22) 106.323
R(5,14) 1.099 A(4,3,11) | 109.548| A(6,15,17) 110.636
R(6,15) 1.543 A(4,3,12) | 110.503| A(6,15,19) 109.837
R(6,16) 1.099 A(11,3,12) | 106.336| A(6,15,20) 109.873
R(9,17) 1.559 A(3,4,5) 108.570| A(17,15,19) 109.568
R(9,21) 1.099 A(3,4,23) | 107.362| A(17,15,20) 110.512
R(9,22) 1.101 A(3,4,25) | 109.581| A(19,15,20) 106.323
R(15,17) 1.559 A(5,4,23) | 107.364| A(9,17,15) 108.610
R(15,19) 1.101 A(5,4,25) | 109.581| A(9,17,18) 109.582
R(15,20) 1.099 A(23,4,25) | 114.218| A(9,17,23) 107.356
R(17,18) 1.097 A(4,5,6) 110.634| A(15,17,18) 109.582
R(17,23) 1.576 A(4,5,13) | 109.548| A(15,17,23) 107.357
R(23,24) 1.201 A(4,5,14) | 110.503| A(18,17,23) 114.192
A(4,23,17) 112.854
A(4,23,24) 123.562
A(17,23,24) 123.584

Table B.14: Bond lengths and angles for Figugel4
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Figure B.15: The optimised geometry for atomic boron inclusion on dia-
mond{100} surface (Figure.4)
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Bond Bond length /A | Bond Angle © Bond Angle (cont) ©
R(1,2) 1.542 A(2,1,6) 109.945| A(13,5,14) 107.054
R(1,6) 1.542 A(2,1,7) 110.098| A(1,6,5) 108.921
R(1,7) 1.099 A(2,1,8) 109.926| A(1,6,15) 109.606
R(1,8) 1.099 A(6,1,7) 110.098| A(1,6,16) 109.834
R(2,3) 1.562 A(6,1,8) 109.926| A(5,6,15) 109.897
R(2,9) 1.544 A(7,1,8) 106.799| A(5,6,16) 109.272
R(2,10) 1.099 A(1,2,3) 108.921| A(15,6,16) 109.297
R(3,4) 1.519 A(1,2,9) 109.606| A(2,9,17) 111.241
R(3,11) 1.100 A(1,2,10) | 109.834| A(2,9,21) 109.881
R(3,12) 1.099 A(3,2,9) 109.898| A(2,9,22) 109.579
R(4,5) 1.519 A(3,2,10) | 109.272| A(17,9,21) 110.522
R(4,23) 1.545 A(9,2,10) | 109.296| A(17,9,22) 109.277
R(5,6) 1.562 A(2,3,4) 106.971| A(21,9,22) 106.210
R(5,13) 1.100 A(2,3,11) | 109.687| A(6,15,17) 111.241
R(5,14) 1.099 A(2,3,12) | 109.528| A(6,15,19) 109.578
R(6,15) 1.544 A(4,3,11) | 111.400| A(6,15,20) 109.881
R(6,16) 1.099 A(4,3,12) | 112.198| A(17,15,19) 109.278
R(9,17) 1.560 A(11,3,12) | 107.054| A(17,15,20) 110.522
R(9,21) 1.099 A(3,4,5) 111.896| A(19,15,20) 106.210
R(9,22) 1.100 A(3,4,23) | 111.709| A(9,17,15) 108.673
R(15,17) 1.560 A(5,4,23) | 111.711| A(9,17,18) 109.662
R(15,19) 1.100 A(4,5,6) 106.971| A(9,17,23) 107.140
R(15,20) 1.099 A(4,5,13) | 111.400| A(15,17,18) 109.662
R(17,18) 1.098 A(4,5,14) | 112.198| A(15,17,23) 107.143
R(17,23) 1.590 A(6,5,13) | 109.687| A(18,17,23) 114.386
R(23,24) 1.200 A(6,5,14) | 109.528| A(4,23,17) 108.476
A(4,23,24) 127.471
A(17,23,24) 124.053

Table B.15: Bond lengths and angles for Figugel5
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Appendix C

Canonical Transition State Theory
rate coefficients for inclusion of
carbon and boron species into the
{100} diamond reconstructed surface

Simple canonical transition state theory has been used in conjunction with the cal-
culated energetics for incorporation of carbon and boron species{ntiarecon-
structed diamond surface taken from Chate8D modelling of the high pressure
microwave system (Sectidn 6), indicates that the atomic hydrogen density-is

2x 10" cm3 for typical CVD growth of diamond. Using this value for the abun-
dance of Hydrogen atoms, the deduced difference in the rate of the Hydrogen ab-
straction reaction compared with all of the unimolecular processes implies that, on
the timescale of a bimolecular reaction, the insertion and the reverse unimolecular
reactions may occur numerous times.

For example, at 1200 K, the lifetime with respect to the the hydrogen abstraction
reaction is calculated at 4.34.0-2 s whilst the lifetime for the carbon ring opening
and closing species are 9480 '! s and 7.3% 107 s, respectively.
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Temperature Hydrogen Carbon
/K abstraction| ring opening| ring closing
200 5.72E-17 | 1.45E+00 3.17E-05
300 1.70E-15 | 1.11E+04 | 3.94E+00
400 1.04E-14 | 1.03E+06 | 1.32E+03
500 3.33E-14 | 1.59E+07 | 4.25E+04
600 7.68E-14 | 1.00E+08 | 4.27E+05
700 1.46E-13 | 3.75E+08 | 2.22E+06
800 2.44E-13 | 1.02E+09 | 7.63E+06
900 3.74E-13 | 2.21E+09 | 1.99E+07
1000 5.38E-13 | 4.13E+09 | 4.30E+07
1100 7.37E-13 | 6.90E+09 | 8.07E+07
1200 9.72E-13 | 1.06E+10 | 1.36E+08
1300 1.24E-12 | 1.52E+10 | 2.12E+08
1400 1.55E-12 | 2.08E+10 | 3.11E+08
1500 1.90E-12 | 2.73E+10 | 4.32E+08
1600 2.28E-12 | 3.46E+10 | 5.77E+08
1700 2.70E-12 | 4.27E+10 | 7.44E+08
1800 3.15E-12 | 5.14E+10 | 9.34E+08
1900 3.65E-12 | 6.08E+10 | 1.14E+09
2000 4.17E-12 | 7.07E+10 | 1.37E+09

Table C.1: The bimolecular reaction rate coefficients (in‘sm?) for sur-

face activation reactions by hydrogen abstraction and the RRKM unimolec-
ular rate coefficient (in s') for carbon inclusion via the ring opening and
closing mechanism.
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Temperature BH Atomic B
/K direct insertion| ring opening| ring closing| direct insertion
200 7.15E+02 2.40E-09 | 5.55E+04 4.65E-02
300 5.66E+05 2.73E-02 | 8.06E+06 1.05E+03
400 1.61E+07 1.04E+02 | 9.50E+07 1.65E+05
500 1.20E+08 1.55E+04 | 4.15E+08 3.50E+06
600 4.61E+08 4.49E+05 | 1.11E+09 2.71E+07
700 1.20E+09 5.03E+06 | 2.24E+09 1.17E+08
800 2.47E+09 3.11E+07 | 3.79E+09 3.54E+08
900 4.34E+09 1.29E+08 | 5.72E+09 8.36E+08
1000 6.79E+09 4.04E+08 | 7.95E+09 1.67E+09
1100 9.81E+09 1.03E+09 | 1.04E+10 2.93E+09
1200 1.33E+10 2.25E+09 | 1.31E+10 4.69E+09
1300 1.73E+10 4.36E+09 | 1.58E+10 6.99E+09
1400 2.16E+10 7.70E+09 | 1.86E+10 9.84E+09
1500 2.62E+10 1.26E+10 | 2.15E+10 1.32E+10
1600 3.10E+10 1.95E+10 | 2.43E+10 1.72E+10
1700 3.60E+10 2.85E+10 | 2.72E+10 2.16E+10
1800 4.10E+10 4.00E+10 | 3.00E+10 2.65E+10
1900 4.62E+10 5.43E+10 | 3.27E+10 3.18E+10
2000 5.14E+10 7.14E+10 | 3.54E+10 3.74E+10

Table C.2: RRKM unimolecular reaction rate coefficients for boron
species (ins') incorporating in thg 100} reconstruction via a direct inser-

tion process; the ring opening / closing mechanism analogous to the carbon
mechanism and direct insertion of atomic boron bound on the surface.
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Appendix D

Thermochemical Data for BH,,
x=0-4

Thermodynamic studies of Bl, species have been collated by Yu & Baugy. [

The temperature range over which species have been studied however is below the
temperature window of CVD growth of boron doped diamond. Thermodynamic
data ( G, S and H) for BH, species have been calculated using DFT methods
as described in Chaptérfor a larger temperature range then previously reported.
The consistency of the generated data was tested by comparison with previously
published datad]. All extended datasets fitted the published data within the limits

of the accuracy of the calculations used.

Non-SI units have been used for easy integration into the NASA polynomial
typically used in this field. The values found for these species have been used by
Mankelevich in his modelling in his modelling of BHspecies degradation under
CVD conditions.
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Appendix E

Raman spectroscopy of thin diamond
films grown for the Taguchi
optimisation of the CVD microwave
plasma reactor

Chapter5 discusses the use of the Taguchi approach as a method for optimising the
process conditions for the CVD growth of diamond. Within this chapter, the Raman
spectra of the individual samples grown under the conditions specified within Table
5.1are presented and Figuieel7shows a typical multi-component curve fit to the
experimental data.

Solid-state Raman spectroscopy is based upon the inelastic scattering of photons
caused by structural vibrational features. Upon illumination, samples are excited
into a virtual state from which subsequent relaxations to the initial state results in
the scattering of light at the initial wavelength. This is commonly referred to as
Rayleigh scattering. However, a small percentage of relaxations from the virtual
state leads to the internal excitation or relaxation of vibrational states resulting in
scattering of lower (Stokes radiation) and higher (anti-Stokes radiation) frequen-
cies of light, respectively. The frequencies of the Stokes and anti-Stokes radiation
depends upon the composition of the probed sample and Figlislhows the com-
mon sp and sp’ features present in CVD diamond from diamond and graphite.

Raman spectra were recorded using a Renishaw inVia (488 nim 2400 |
/ mm grating) spectrometer and at Stokes shifted wavenumbers between 1000 —
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2000 cnt!. All spectra presented have had a background correction (typically an
exponential function) applied to remove the underlying photoluminescence emis-
sion.

% G Peak
g )
c
= G D Peak
s :
z 5
- :
1000 1100 1200 1300 1400 1500 1600 1000 1200 1400 1600 1800
Raman shift (cm™) Raman shift (em™)

Figure E.1: Raman spectra of (a) diamond (b) graphite with insets showing
the respective nuclear motions associated with each band, frorj.ref |
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. -1
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Figure E.2: Raman spectrum of sample 1.
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Figure E.3: Raman spectrum of sample 2.
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Figure E.4: Raman spectrum of sample 3.
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Signal / Arb. Units
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Figure E.5: Raman spectrum of sample 4.
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Figure E.6: Raman spectrum of sample 5.
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Figure E.7: Raman spectrum of sample 6.
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Figure E.8: Raman spectrum of sample 7.
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Figure E.9: Raman spectrum of sample 8.
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Figure E.10: Raman spectrum of sample 9.
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Figure E.11: Raman spectrum of sample 10.
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Figure E.12: Raman spectrum of sample 11.
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Figure E.13: Raman spectrum of sample 12.
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Figure E.14: Raman spectrum of sample 13.
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Figure E.15: Raman spectrum of sample 14.
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Figure E.16: Raman spectrum of sample 15.
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Figure E.17: Raman spectrum of sample 16, with curve fitting highlighted.
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Appendix F

Photos of Plasma ball as a function of
process conditions

This appendix displays images of the plasma ball recorded as a function of process
conditions. The observed variations in the size of the luminescence ball were used
for estimating the €number densities reported in Chapferlmages were taken

with a Sony DFW-VL500 camera, using Unibrain’s Fire-i frame capture software.

Figure F.1: Side image of plasma sustained under the standard conditions
of a gas composition of 4% CH,; 7 % Ar; balance of H at a pressure of
150 Torr sustained at 1.5 kW.
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Figure F.2: Side image of plasma sustained with a gas composition of
8.8% CH,; 7 % Ar; balance of H at a pressure of 150 Torr sustained at
1.5 kW.

Figure F.3: Side image of plasma sustained with a gas compositiofyof 2
CH,; 7 % Ar; balance of H at a pressure of 150 Torr sustained at 1.5 kW.

Figure F.4: Side image of plasma sustained with a gas compositiorf6f 7
Ar; balance of H at a pressure of 150 Torr sustained at 1.5 kW.
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Figure F.5: Side image of plasma sustained with a gas composition of
4.4% CH,, 7 % Ar; balance of H at a pressure of 175 Torr sustained at
1.5 kW.

Figure F.6: Side image of plasma sustained with a gas composition of
4.4% CH,, 7 % Ar; balance of H at a pressure of 100 Torr sustained at
1.5 kW.

Figure F.7: Side image of plasma sustained with a gas composition of
4.4% CH,, 7 % Ar; balance of H at a pressure of 150 Torr sustained at
1.75 kKW.
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Figure F.8: Side image of plasma sustained with a gas composition of
4.4% CH,, 7 % Ar; balance of H at a pressure of 150 Torr sustained at
1.0 KW.

Figure F.9: Side image of plasma sustained with a gas composition of
4.4% CH,, 7 % Ar; balance of H at a pressure of 150 Torr sustained at
1.25 kW.
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