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Abstract

This project forms part of the work in the direction of preparitigmond materials witlsmooth
surfaces suitable for use in cold cathode devices. In this projgatrogen plasma treatments
were the main focus

Polycrystalline diamond materigisoduced usingCVD by Elementfere exposed to a range of
hydrogen plasmas using differecdmbinations of parameters. SEM, AFM and Raman
spectroscopy were used to analyse the samples following the treatments. It was shown that
hydrogen plasmas predominantly etch the ndiamond materal located at grain bawlaries
causinghe grainboundaries to become deeper and, in some cases, led todlease
dislocations and relieof strain within the diamond material which resatl from the growth
processThese all increased the surface roughness of the diamond material.

Despite rougkning the surface significantly by hydrogen plasma treatment, it was also noted
that the sharp edges of the diamond crystallites become more rounttigthg the treatment

This smoothing appeardd occur ata higher rateas the temperature of the treatment was
increased, however, other processes also become prominent.

High power hydrogen plasma treatments were shown to produce significant etching of the
diamond crystals on the surface in additimnthe etching of nordiamond material. This was
attributed to the increase in the abundance of species with sufficient energy to interact with the
diamond lattice and break the strong@bonds. Ircontrast to thishigh temperature

treatments were shown to graphitise the surface greatly, as confirmed by Raman spectroscopy.
It has also been shown that prolonged exposure to the plasma causes increased roughness and
in the case of long duration treatmés can cause graphitisation.

Despite not producing a flatiamond surface, the findingd the initial investigatio have been
shown to be usefulA brief period ofyraphitisation of the diamond surfacender hydrogen
plasma conditions was shown to greatly increase the rate at which material beutemoved
from the sample using a manual polishing technique with a diamond file.

An experiment using SCD showed that hydrogen plasma etches the surface at defects edges to
produce pyramidal etch pits. The pits were thought to form due tm etching of under
coordinatedatoms d stepedgesor the edges of defects in the surfadéhisexperiment
correspondedvell with previousliterature reports.

In addition to standard hydrogen plasma tteeents, LPSS8yle treatments were also

performed LPSSS is a widely unstudiechniquewhich makes use of hydrogen plassnsothe
project began a short invegtition into the techigue. These treatments used hydrogen plasma
to treat diamond samples coated with thin layers of Ag, Cu, Fe or Tprékence othe metal

did not seem to have any enhancing effect on the hydrogen plasma treatrmeall. cases, the
metals were noted to melt at temperatures hundreds of degrees below their standard melting
point. Thiswas attributed tohydrogen embrittlement processes causing cracking in the metal
film in combination with etching by the hydgen plasma at graiboundaries and cracks to



produce metal nanoparticle3.hese metal nanoparticles expeniced a phenomenon known as
melting point depression as a result of this etching. It has also been suggested that the
formation of hydride compounds by the interaction of hydrogen species with the metal may
have caused further reductions in the melting ipsi of the metal particles. Once molten, these
metal globules are thought to be able to move across the surface and coalefseenttarger
globules and snaklike structuresSince the metals were not in contact withetliamond

crystals, the crystals appear very similar to those which have beeretiéathe standard way
usinghydrogen plasméi.e. the crystals show high brightness under SEM due to the NEA of the
hydrogenterminated surface)

Experiments using thicker metal coatings on microcrystalline diamond showecthatdtals
can have @ghermochemical reaction with the diamond surface and that this effect increases
with an increasing number of unpairedetectrons.
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Chapter 1

An introduction to the field of diamond materials

As the fourth most abundant element in the universe and the foundation of all life on Earth,
carbonis aremarkableelement Add to this the fact that carbon is foundatmost10 million
different compounds and a number of puadlotropicforms, it is clear to see that carbon is
certainlyone ofthe most importantelemensin the periodic tabldrom a chemis® point of
view.

This work forms part of current research into the use of carbons allotropic forms, in particular
diamond, as materia for future high performance technological applications.

1.1 Diamond

Diamondis a material made up @i’ hybridised carbormtomswhich are bonded togetherby
02 @I tbBnddiwhena large number ofarbon atoms bond together in thistrahedral
fashion, agiant covalent lattice structurlormsknown asthe diamond latticd1]. This structure
can be seen ifrigure 1.1.

e v

Figure 1.1 Adiamond gemstone (lefand the unit cell othe diamond latticgright) showing
carbon atoms bonded together in a tatredral fashionFigures are froni?] and|[3] respectively

Theextreme strengthand highly symmetrioature of thediamondstructureleads to a number
of distinctiveproperties[4] which can be seen ifablel.1. This makes diamond a&xtremely
attractive materialfor engineering and scientific applications in a wide range of fields.



Table 1.1 A selection of diamonds extraordingpyoperties|3,5,6]

Extreme mechanical hardness (90 GPa) and wear resista
Low compressibility (8.3 x 1dm?N?)

Physical | High bulk modulus (1.2 x 0N m?)

High thermal conductivity at 298 K (2 X 10 m* K%

High speed of sound (18000 i)s

Wide band gap (5.45 eV or lower for doped material)
High electrical resistivity (1610"°m &

High electron mobility (2200 chiv*s?)

Electroni
ECrONI) Ligh hole mobility (1600 chv* sY)
High electrical breakdown field (10000 kV9m
Some surfaces exhibit low or negative electron affinity
. Chemically inert to all solvents
Chemical | _. . .
Biologicdly compatible
. Transparent from deepJV to farlR
Optical . P o eb
High refractive index at 591 nm (2.41)
1.2 Graphite

Graphite isa materialmade of sp hybridised carbon atoms whiaovalentlybond together to
form a planarhexagonal structuret K Sborids ingraphite are shorter than those fodrin
carbon due to the increaseslorbital character in the sthybrid orbitals. Theheetsof
hexagonally arranged carbon atoms are tlstseicked on top of each other to form a layered
structure, shown inFigure 1.2 which isheld together by weak Van der Waals for¢&ls

Figure 1.2 Apiece of graphite (left) and a portiasf the graphitestructure (right) showing
stackedayers of hexagonally arrangeg® hybridised carbormtoms Figures are froni7] and 3]
respectively.



The hyridisation of the carbon in graphit@eans that there is a free-prbital on each of the
atoms which lies perpendicular to thganes of hexagonally arranged atoritiese porbitals
canoverlagi 2 F 2 N R&§ten® befwied Béexagonal layerghusmakinggraphite
an electricaly conductng norrmetal [8]. Thiselectrical conductivity isne of many properties
where diamond and graphite show behaviour at opposite ends of the doalexample,
graphite is opaque and soft whildiamond is transparent and very hard.

1.3 Diamondformation

Even withsuchdifferent structures and properties, diamond and graphite amet very different
from a thermodynamiwiewpoint The difference in free energy between the two materials is
only 2.9 kJ mof' [9] and atstandard conditions (1 atm and 298 K) graphite is thstm
thermodynamically stablphase[10]. In addition to thisthere isa massive energy barrigrhich
makes conversion between the two materials extremely diffifijlt These engyetic factors are
depicted inFgure 1.3

A

Energy

Diamond—l 7777777777777777777777777

Figure 1.3Arepresentation of theree energies of graphite and diamond separated by a large
energy barrierThis figure was designed by the author anddsto scale.

These energetitactors mean that the conditions required for diambformation arevery
extreme as can be seen Fgure 1.4 However, once diamond is formed the massive energy
barrier prevents conversion back to graphiteder standard conditionand sod RA I Y2 Y R &
2 NEOENDPDE
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Figure 1.4Asimplified phase diagramf pure carborindicating the conditions at which the
allotropic solids, liquid and vapour phasesafbon existFigure isadaptedfrom [12].

1.3.1 Natural damond formation

The extreme conditionsequired for diamond formation can be met naturally in a few different
circumstances, as depicted kigure 15. Themostwell-known conditions for diamond

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

carbon containing minerals slowtsansform into diamondver billions of yeargL3]. The

diamonds which fornin this regiorof the mantlesimply remairdeep withn the9 I NIl K Q& ONXza U
unlessthey are brought to the surfacdy volcanic eruptionsa process which destroys a
significantproportion of the diamondThe diamonds which survii@e eruptionbecome spread

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

igneous rock. Therosion of these rocks causéamondsto be spread ovevastareas as found

in central andsouthern Africa[14].
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Asteroid Impact <+—— Deep Source Volcanic Eruption

Igneous (Diamond Containing) Rock

i\bﬁ% 3

Continental Plate
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Figure 15: Adiagram of natural dimond formationshowing thediamond formatiorregion

foundRSSLI 6AGKAY GKS 9INIKQad ONMzalid ¢KSAS RALFY2Y]
sourcevolcanic eruptionsThe magma then cools to form diamond containing igneous rocks.

Additionally, ameteor impact with the Earth is showAt these impact sites diamond formation

can also occufThis figure was designed by the author.

Beyond this geological process, diamonds can also be formed when meteorites strikeftim
of the Earth[15]. The huge irpactscreated atsuch sitegproduceshortlived high pressure and
high temperature environmeistin which diamond formation can occuSince these conditions
are extremelybrief, very small, micron scalfiamonds are formed.Thesediamonds are
commonly useds an indication of aancient impact sité15].

In addition tomicrodiamonds formed during a meteor strilsme of thediamondfound at

impactsitesmay have coméom extraterrestrial origin$16]. An example of ateange, black

LJ2 NP dza WO Imei B8 ghbvi 2Fur&® 76 Bnd such diamonds have been shown to be
polycrystalline with high hydrogen content, comparable with that of a-Bkarenvironment

(171 C2NJ GKA& NBFaz2ys WOFINDB2YlIR2Q RAFY2yRa I NB |
brought toEarth by metedtes Since these materialgve only beerfiound onthe east coast of

South Americand the west coast of Afrida8], these diamondsre thought to have been

brought to Earthwhen a large asteroid collidesiith the supercontinent Bngaea over 2 billion

years ago

11



Figure 16: Acarbonado diamond faud at a meteorite impact site on the east coast of Brazil
Figure is fronj19].

The concept of diamond being found in space haseat deal o§upport andmany think that

diamond mayin factbe the most abundant solid in the univers®)]. Recently, there has been

some exciting evidence for thighe largest white dwarf found ithe universe so far (BPM

37093)was shown to have a core described as a 2500-wiilie diamond?21,22]

Entertainingly,the scientists at the HarvarBimithsonian Centre for Astrophysics, who made the

discovery, naméii KA & RA | WiRiguke totheH20¥ Ndza . S Gt Sa azy3a W[ dzOeé
RAI Y233R&Q

Despite potentially being the most abundant salidhe universe, diamd is incredibly rare on
Earth, which is reflected ithe material having a high pric€orthis reason, there has been a lot
of interest in producing diamond syntheticalljhis would make the attractive properties of
diamond more acessible.

1.3.2Early work in diamond synthesis

In the 18" century, combustion experiments famoussjrowed that diamond was carbpand
only carbon24,25]; and ever sincattempts have been made to produce diamond franmany
carbon containing starting matials Following his important discovery, there wemany
reports ofdiamond growthusing a variety of methodsnany of which attempted to replicate
natural diamond formation at high pressures and high temperatuPeshaps the most famous
of these repots were experiments in whicholten mixtures of iron and charcoal werdropped
into a bath of watel{26,27]. Supposedly, the rapid contraction produced during this procedure
produced a high pressure environment sufficient for diamond groWany attemptswere
made to replicate thesdiamond synthesisxperiments put many well renowned scientists
could not produce any diamorj@8]. In 1928 it was concluded thab synthetic diamond had
been produced to that dat&?9].

12



1.33 HPHT diamond formation

Thebreakthrough in diamond synthesis came during the 1950s, wieerarch aAESA showed
that a mixture ofgraphite andan iron carbide compoundould be transformedhto small
diamondcrystalsunder high pressureand high temperaturg[30]. At the same timeGeneral
Electric in Americalso reported diamond formation at high pressure dnghtemperature
using graphiten a solvent meté[31]. Thepresence of anetal solventcatalystwas shown to be
the key component for the graphite to diamond transformatiand due to the conditions
required for the techniquethe process became known e highpressure highemperature
(HPHT) diamond synthis HPHT is stiidely used in indusy today and dypicalschematic of
HPHTis shown irFigure 17.

High-purity Nitrogen getter
carbon source 0
Gaitbiis Solvent metal (Fe-Co +Ti, C/}J)

TiC formation
inhibitor
Graphite heater

Carbide die . piston

= :‘:> (High temperature region)
= Temperature
) difference
=~ (20-50°C)
Pressure - (Low temperature region)
medlurrl _ | | Grown crystal
Seed Crystal Insulator
Graphite . o
heater High-quality diamond
(100), up t0o 0.5 mm

Figure 1.7 Schematt of a belt press used for HPHletals such asitanium (Ti) are added to
remove nitrogen from the environment, whilst copp@u)prevents the titanium from being
used in carbide formatiarTheiron (Fe)solvent metal transports carbon from aghi purity
carbon source to the diamond seeds for growfgure is from32)].

The exact mechanisof HPHT isvidelydebated in the literature due tthe HPHT environment
beingvery difficult to analyse durinthe growth processThis has l@ to agreat dedof indirect
evidence being accumulatddr the mechanism of HPHT, but at present, numerous theories are
supportedby the evidence collecte{B3].

Despite the mechanism being unknovwRPHTs stilla very successful method diamord
production and is &ey method of producing materialer the abrasives industry. There is
however one issue with HPHMge crystals produced are generally small and-ooiform and so
cannot befind use in many applications other thase inthe abrasives markeb].
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As aleady demonstrated earlier in this chapterachond has fantastic potenti&r use inmany
different applications Thishasled to alarge research effort being put into trdevelopment of
other diamond synthesgwhich produce diamond in a form other thamall crystals

1.34 Chemical vapour ceposition

Sincediamondcanonly be produced imthermodynamially stableregimeat extreme
conditions,considerable researdmastargetedthe development oliamondsynthesewithin a
metastable regimeThis is wkre diamond the less thermodynamically stable phase at low
pressuresis formedby kinetic preferences rather thathermodynamics.

At the timeof HPHT) development, the concept ofusing gagphase chemistry to depodiighly
pure materialsonto solid subsateswasbecoming popularand awide range opure elements
and compoundnaterialswere produced using suahemical vapur deposition (CVD)
techniques Thebreakthrouglsin diamond synthesidid not come untithe 1980534,35] when
two groups showedHat resistively heated filamentsould beusedto thermally HctivateQ
hydrocarbongases mixed with hydroge(H,) under low pressure conditions to depibdiamond
material onto solid substrate materialExcess hydrogen was used in these experimentsao th
the thermal activation would yield atomic hydrogén), which had been shown to etch%sp
carbon at much faster rates than*garbon[36] and sothe diamond would be the kinetically
preferred phase.

Hot filamentactivatedCVD (HFCVD) is still widelpdisodayin diamond CVPhowever there is
one major issue with the techniquthe filamens degraden the CVIEnvironment and this
corrosion carlead tocontaminaton of the diamondproduct|[3,4,6]. To prevent this
contamination, a number afther activation methods have been developedch as arc jeB7]

and combustion CV[38,39]. Tke CVD system which is most widely used in the field of diamond
CVD research microwaveassisted CVD (MWCVD), which uses a microwave discharge to
activate the gaseous reagts [40]. Aschematic ot MWCVDreactor can be seen iRigure 1.8
along witha HFCVD system, but from this point on, this work will focus on the use of MWCVD
systems.

14
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Figure 1.8 Schematics of &{IFCVD systenteft) and MWCVDeactor fight) used to depos

diamond materialsThesediagrams are fromé].

CVD diamond growth is ultimately comprised of three stages which lead to the gaseous reagents
becoming solid diamond materials. These stages can be defined as activation of the gaseous
reagents, gaphasereactions and diffusion to the growing material where surfagactions

occur. Despite the wide range of reactor designs and the use of different feed gases reported
[41], the chemistry of diamond CVD is thought to be very similar in als¢&3e

In a MWCVD system, energyfisst transferred to lightest components of the system, the free
electrons, in the form of heat due to coupling with the electric component of the microwave
field. These electrons continue to gain energy and transfer this enerdyetgaseousth,

molecules in the process gas by gédmmse collisions. The energy transferred to the hydrogen
molecule can cause vibrational excitation, ionisation or molecular dissociation. This creates a
highly reactive state of matter known as plasma

Sine the plasma contains charged species, it can be influenced by electric and magnetic fields.
For this reason, MWCVD systems focus the electric field maximum in the centre of the reaction
chamber above the substrafé3]. Within the plasmaroughly one thid of the hydrogen in the
reactor will be @ssociated into H3], and this His criticalfor further gasphase reaction§44|.

In the presence of such aghi proportion of Hn the reactorthe carbon containing ggsisually

CH) is rapidly converted t@ther carbon containing species through hydrogen abstraction and
addition reactions. Computational modelling of the CVD plasmas has shown that the distribution
of thesevariouscarbonspecies is hidit dependent on thdocaltemperatureand concentration

of H[45]. Figure 1.howsthe Hshiftingand thirdbody mediatedeactionswhich cause the
thermodynamic distribution of different species between hot and cold regions of the reactor.
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Figure 1.9The various khifting and thirdbody mediated reactionsazurring in CVD plasmas
which lead to the thermodynamic distribution of £ cool regions of the reactor, whilstig is
most abundant at the centre of the plasmiEhis figure is from¥]. The red and blue arrows

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

Since the substrate is situated at a cooler region inrdaetor, G speciesare highlyabundant at
the growing diamondsurface[46] and it is generally believed that the Qtddical is the main
growth specieg47]. H plays a key role in the surface chemistry of standard model ofodidm
growth, abstracting Hrom the diamond surface to produce activate sites on the lattice. CH
radicals can then add to these sites to form nes@ Gonds. The pendaniethyl groups formed
by this reaction can then become incorporated into the diamond lattice by fukdit¢radical
additions and Hbstractions, as shown figure 1.1Q The idea that CHs the main growth
species during CVD is supported by experimentshvbhow that molecular beams containing
CH can be used to deposit diamond quite rapigiy,49].

Despite showing how diamond can grow under CVD conditions, the standard model does not
account for other processes which have been shown to also occue atigimond surface. These
reactions will be described in a later section of this work. In addition to the surface reactions
which are not accounted for by the standard model, it has been shown that carbon species other
than CHcan aso ald to the latticeand lead to diamond growtf50].

16
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Figurel.10 An illustrationof the standardCVD diamond growth modeThis figure is froni3].

Now that the mechanism by which diamond grawsCVIhas been presented, th&tructure of

the diamond produced can be dedoed. In contrast to HPHT which producesneroussmall

aAy3atsS ONeBadGlf RALI Y2y Rafimdpmpbsadiobsmall/diantonddza dzI £ £ & L.
crystallites, which grow together in a columnar struct{&é,52]. This material is known as

polycrystalline diamiond (PCD)Iin addition to being composed of many diamond crystals, PCD

also contains a significant proportion of nrdramond carbon at boundaries between the grains

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

in comparison to SCD.

It has been shown that varying the ratio of C:H in the process gas has a significant effect on the
morphology of PCD filnj50] with grain sizes reducing from micratne to nanometre scales as

the concentration of CHs inceased. Typical CVD conditions-&%6 [CHl/[H,] producePCD

with a grain size of-1000um and this leads to the material beikgown as microcrystalline
diamond (MCDO}»3]. Asamatter of fact, most of this project is based on MCD material.

As with all cystalline materials, theliamond unit cell can be divideldy a number of different
planes which repeat throughout the structuréhese planes are described using an x,y,z
coordinate system known as Miller indicés.general, the growth of one particulptane is
favouredduring CVD growtdue to slight nuances in the growth mechanisms of different

17



planes. This leads ©CD film&xhibiing different crystal morphologiesharacteristic of the
deposition conditionsin diamond there are three dominant crstal planesare described byhe
{100}, {110} and{111} Miller indices. The {110} surface is the fastest growing diamond surface
under standard CVD conditions, but is not often seen due to the surface growifgj e
different morphologies of {100hnd {111}oriented crystals in PCD can been seehigure 1.11

. -F": _f-'lq '_ — '

! g Foma S ] A

e B . N

g

¢ L

x6.80k 7386 2S kY Sum

‘ "
x1BKk 76 Sum

Figure 1.11SEM images of two PCD fildeposited by CVD exhibitirifferent crystal
morphologies oneshowingsurfaces with predominantly squaf&00}faceting (top and
triangular{111} facets (bottom).These figures are presented courtesiPadfessor Paul May

Since thesaelifferent surfaces grow by slight variations on the standard mecharaswh bie
rate at which eaclsurfacegrows depends greatly on ttgas composition and the suibate
temperature it is possible to control therystal morphology observed at the end of CVbis

18



KIFIa 3AJSy -paidmat& which uséskhs ratio of the {100} and {111} growth rates
(100 and w11 respectively) under certai@VDconditions to predict thenajor crystal
morphologyseen ora PCD filnat the end of depositiofi54]. ¢ K Sparameter is defined as

= (V100
a=+3 (—
111

wherewygq is the growth rate of the {100} diamond surfaaed 111 is the growth rate of {111}

diamond suface.¢ KS @I t dz%n iadieation astd\tiBajeof the diamond crystalss
shown inFigure 1.12.

1 1.5 2 2.5 3
mfefe sl alettotar
Figure 1.12 Crystal morphologies for differemgrowth parameter(") values The arrows
highlightthe direction of fastest growth. Frof5].

1.4 Defects in the diamondattice

Now that the way in which PCD grows by @B been describedmperfections and defects
within the crystal structure can be considerédperfect diamondrystalwould bemade up of
sp’ hybridised carbonand nothing butat every pointin the lattice Unfortunately, perfect
crystak areonly hypothetical(due to the second law of thermodynamjanddiamondis often
found with a number of defects in the structure.

As mentionedoreviously the major deviation of PCD from SiSGhe presence of grain
boundaries betweetthe crystallites Theseregions have ben shownto contain large amounts
of disordered spbonded carbon, spcarbon and a higbroportion of hydrogeri56,57,58],
whichlead to PCD films having slighitferior properties in comparison to SCD.

After grainboundariesthe next most significant type of defect is the resuleoforsmade
during thediamondgrowth known as twinning and dislocatiofts9]. Diamond normally has an
ABCBA stacking patteandis astructure with high symmetry However, carbon atoms can
occasionally be trapped in an eclipsing configuration due to rotationndthe GC bond as
shown inFigure 1.13This leads to a mirror plane being formedhich in turn causethe
diamond to adoptan ABCBA stacking structurethis leads ta boatconformationof cyclohexane
formingrather thanthe chairconformer[60]. This is known as twinning and leadghe
formation of twocrystals with a shared point.

19



Figurel.13: Twinningat the atomic level is the result of the regular stacking pattern of the
diamond lattice {op left) becoming eclipseddp right). This causes a boat conformation in the
structure (bottom right) instead of a chair (bottom left). The conformers of the cgciahe
rings are highlighted in the diamond structufgom|[60]

In addition to twinning, completely independent diamond growth can also occur at a site in close
proximity to the growing latticé61]. This is known as a dislocatidrhese are extremely rarin

single crystals, but can be common in PCD fikssa matter of fact, independent crystal

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

increased C:H ratios durit@vD50].

In addition to these fairly largdefects in the diamond structure, small scale errors can also
occurwithin the crystalattice. In some cases, carbon atontan be completely missing from its
place in the latticethis is known as a vacanagdleaves a number of nehonded electrondree
on the neighbouring carbon atomSince the diamond lattice is highly symmetritiagsehigh
energy electronic statelsecome trapped in the crystahdthis allows them tobe identified

20



using absorption spectroscopy|. Furthermore,a numbe of carbonatoms can be abseritom
the latticeat certain positionsthis is called &acancy cluster.

In addition to vacancies, carbon atoms can be foanhslites other thartheir usualpositions

within the lattice and are known asterstitials.In generalthe presence ofnterstitial atomsis
prevented by the rigidity and high atomic density of the diamond structure; however interstitials
can sometimsoccur, leading to a huge change in the geometry of the latlibe. most

common nterstitial found in diamondormswhen a carbon atom in mormal lattice sitds

replaced with two carbon atomsvhichthen symmetrically arrange themselves around the
vacant sit€61]. The other most common interstitials found in diamond are shawRigure

1.14

Figure 1.14The three most common interstitial geometries found in diamond where atoms do
not occupy their normal positions instead filling hexagonal (left) and tetrahedral holes (middle),
as well as the {100} split interstitial showing the change in geomEtom|62].

Inaddition to carbon atoms beinfpund at interstitial sitesother elements from the

environment in which the diamond was grown daamtrapped in the lattice as interstitial atoms
or, more interestingly, they cadisplace carbon from points in the latticEhese are known as
point defects and will be discussed in more detail with regards to the electronic properties that
they impart to diamond.

1.5 Doping of the diamond lattice

At the start of this workdiamondwas shown to hava very large band gagndisthusan

electrically insulatingnaterial This band structure is depicted kigurel.15 As mentioned in

the previous section, atoms other than carbon can sometimes be found at points in the diamond
lattice and all of the naturally occurring point @ets of this kind found in diamonds are caused

by atoms smaller than carbon. This means that the foreign atoms can easily fit into the densely
packed lattice without causing too much disturbance to the structure. This project will focus on
the introductionof boron into the diamond structure.
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Conduction band

Energy 5.45eV

Boron acceptor levels

Valence band

Figure 1.15A band diagram of diamond showitige large band gap of 5.45 eVwidoped
diamondand an acceptor level due to boron doping 0.35 eV above the maximum of the valence
band.This fgurewas designed by the author and is not to scale.

Boron is a natural dopant of the diamond lattice and gives the crystals a blue colour when
present at concentrations of a few ppi8]. These boron atoms form an acceptor band 0.35 eV
above the valence band menum[63] and electronsrfom the valence band can fill these
acceptor levels. This created belin the valence band and since these can move through the
material borondoped diamond is conductive. This form of conductivity is knowntyp@
semicondudvity. If the conentration of boron is increased further in the diamond crystal, an
impurity band forms and the diamonds become sendtallic[63]. Theg diamonds are black in
colour, as depicted in figure.1.6.

Natural boron doped diamonds anecredibly rare and fetch a high price, however with the
dawn of CVIboron doped diamond can be produckd the simple addition cd& boron
containing gas to thetandard CHH, mixture[35]. The nost common reagent used for boron
doping ofCvDdiamondis BH,[64,65], and it is possible to control the concentration and
position ofthe boronwithin the diamondby altering the boron concentratioaf the feed gas
and other reactor parameter$:or this reason, boron doping accounts for the majority -tfge
diamond poducedand thematerial is beginning to be used in electronic applicatiasns
compment of Schottky diodegs6], various switchef7,68], electrodes[69] and
microelectromechanical systems (MEMB)].
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Increasing Boron Concentration

Figurel.16 a representation of the vartan in colour with increasing boron concentration from
pure diamond (left) through{lype semiconductive diamond (middle) to semmietallic diamond
(right). This figure was designed by the author.

At present there is a lot of interest in producingype diamond, which if achieved could lead to
diamond completely replacing silicon in some technoloditesvever, his is an extremlg

difficult problem to solve since many dopants commonly used ftype dopingare simply too
big to fit into the diamond lattiewithout causing significant disruption to the structyrél].

Many differentelements have beeadded to the process gas attemptsto produce ntype
diamond butattempts touse methods similar to those fprtype doping with bororhave not

yet produ@d any breakthroughg’2]. The mostffective techniques usesb far in the quest for
n-type diamondhave been caloping techniques which use nitrogémdisrupt the diamond
lattice and thus alloviarger atoms to find suitdb doping site$73,74].

Despitethese difficulties in producing true-type diamond, a number of publications have
reported pn junctionsmade from diamond material$3]. Inthesestudies,boron doped MCD
was used as the-fype materialandnitrogen dopedultrananocrystalline diamondNCDwas
used as the #type materia. UNCDOs a materials deposited using Atominated plasmas to
produce films withcrystalssizes < 5 nrfb0].The conductivity seen in the UNCD material is not
true n-type conductivity since the dopant atoms are notcorporated into the diamond lattice
itself. UNCD showstype conductivity due to théarge nitrogen atomgreventing the small
diamond crysta from packing closely together, which in tucauses increased amounts of
graphitic material to form between #hgraindeading arenhancenent in the electrical
conductivity of the material75].

1.6 Negativeelectron affinity

In addition toshowingincrea®d conductivity,hydrogen terminated boromoped diamond has
been shown to emit electrons from its surface evhnegatively biased in vacuui@t]. At the
time of this discovery it was thought thatdlenergy barrieffor this electron emissioimcredibly
small maybeevennegative which has led to it being said that diamond haegative electron
affinity (NEA).
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True negative electron affinity arises whdte vacuum energy is below the energy of theface
conduction bandninimum [77], as shown irFigure 1.17In diamond, this property is thought to
arise due to the effects of a dipole at the surface of the matevhich is induced by the
differences in electronegativity between the carbon atoms and the species which terminate the
dangling surface bondg8g]. In the case of the H terminated surface, the dipole created is
positive at the H and negative at the QisTincreased electron density on the C leads to a slight
increase in the energy of the surface conduction band minimum relative to the vacuum level
When the diamond surfads fully terminated with hydrogen, the vacuum leaetually

becomes lowein enegythan the surface&conduction band minimum ansbthe surface has

NEA.

Figure 1.17A band diagram showing the position of the vacuum level relative to the surface
conduction band minimum in diamond with a positive electron affinity (left) and a negati

electron affinity (right) E/suis the valence band maximumgdgis the conduction band

minimum, \(acis the vacuum level, A& GKS St SOGNRY | Tshowyflome = . A
the boron acceptor levels abovedy). Hgure was adapted frorfi79].

QX

Many studies have shown that changing the terminating species to a more electronegative atom
than carbon causes the NEA bésurface to be removefB0,81]. This is due to these

terminating species inducingpositive electron affinityat the surface and can be explained

using the opposite argument to that described aboMany different surface terminations can

be induced ordiamond using simple procedures and so the emission properties of the diamond
can beeasilycontrolled[82]. In these studies, it was shown that highly electronegative atoms
such as the alkali mals reduced the work function of the surface most signifisan

In addition to species at the surface being important for NEA, dopants in the bulk can also induce
an effective NEA in diamond. An effective NEA is different from true NEA in that the vacuum
energy isnot lower than the surface conduction band minimamd it is the conduction band
minimum ofthe bulkmaterial which sits above the vacuum ley&t]. This is depicted iAgure

1.18 In the case of borodoped diamond, the electron deficient boron atoms accept electrons
from the surface states due to aamsfer of charge through the materidihismovementof the
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charge carrierenduces an electric field in the material which is positive at the surface and
negative in the bulkThis means that the conduction bandtbé bulk increases in energy

relative tothe vacuum level whilst the surface states seem to be bent downwards in comparison
to the bulk states. If enough boron atoms are present, this band bending effect can result in the
bulk conduction band minimum to be lower in energy than the vacuum [@8&l This means

that any electrons from the bulk whidre transportedrapidly to the surfacand donot

thermalize to the conduction band minimum at the surface will have sufficient energy to escape
from the surface of the materialTheNEA induced bsnetal coatingof the diamond surface also
onlyinduces an effective NEfbecause itrapsthe surfaceelectrons at the interface between

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

Figure 1.18A band diagram showirte variation in the energy from the bulk to the surface in
the case of borosdoped diamond which shows an effective NE®ure was adapted frofr9].

1.7 Poential applications of the NEAof diamond

At present there is a lot of interest in using the NE#&perties ofdiamond for awvide range of
device applicationg79]. Diamond holds a number of advantages over other NEA materials due
to its high and stable electron yieldhemical inertness, wide band gap, thermal conductjvity
electrical conductivityand the fact that the NEA properties can easily be reactivated by
hydrogen treatmentsn the CVD systemssed to create the materiaB3]. The combination of
these factos means thatechnologies based osiamondare expected tooutperform devices
based orother materiak in the future. However, at the presdrtime, these technologies are still

a dream.

A current goal of the diamond group at the University of Bristotollaboration with E.ONs to
develop diamond materials for use inermionic energy aoverters These devices wilse
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lenses to focus solar energy onto a diamond cold cathode material with NEA, thereby causing
electrons to be emitted from the material by theahexcitation of the electrons. Thisknown

as thermionicemission79]. Once enitted from the diamond surfacehese electronganthen

be collected at arlectrode, thereby completing a circuit and producing electricity.

illustration of a thermionic solar converter is showrfigure 1.19

N\

THERMICMIC CLAMOND COMNVERTER

(=

Figure 1.19An illustraton of a thermionic energy converters fitted to a parabolic dish which
focuses solar energy onto the diamond cold cathode leading to the emission of electrons across
a vacuum gap to a collector electrode, thereby transforming srargy to electricityHgure is

from [84].

In the futureit is hoped thathis technologywill becomean economically competitive source of
renewable energyn its own right, as well as finding use in combination with other suitable
technologies to produce increasingly effidievays of producing electricityThis project forms
part of the work in the direction of developing commercially viable diambaskeddevices such
as thermionic energy converters
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Chapter 2

Current issues in the realsation of commercial cold cathode devices

For optimal performanceSCD would be the ideal material for use in cold cathode dejites

The development of single crystal materials in the field of materials science has received
considerable attention and westment over the past few decades, and the reasons are not far to
seek. For any given property, a single crystal material will exhibit that property to the best
possible extent. An example of this is the use of single crystal silicon in semiconductor
fabrication. Since single crystal silicon does not possess any defects or impurities which might
affect the local electronic environment in the materjia], the material behaves predictably,
reliably and above all exhibits excellent electronic propertieshiVit single crystal silicon,

almost all of the modern electronic technologies which billions of people use in everyday life
simply would not exist. Try to imagine daily life without personal computers or mobile phones
and it becomes immediately clear howuch of an impact single crystal materials have on
technology and society.

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

giant covalent structureg3]. It is this diamond lattice structure which gives sili@gsrwonderful

LINE LISNIGASaz odzi RAFY2YR SEKAOAGA Y2NB SEGNBYS |y
dzt GAYIl GS Sy 3A4LSMEAutre diafongdded technBlogies are expected to go

far beyond the current capabilities of silictiased tebinology and so diamond will become the
YEOGSNREFE 2F OK2A0S F2NJ Yrye FLILX AOFGAZ2yad 2 KSy
begun(5].

2.1 The production of SCD

As already described briefly in section 1.3.4, HPHT is capable of producingsisigle

diamonds, but due to the slow growth rate and expense of producing large crystals in general,
only small, low quality HPHT products are available commercially. This is an unsuitable material
for use in diamond electronics. As a matter of fact thaarnity of commercially available is not

even gem gradé&] with a high proportion of imperfections and impurities (sucmasogen).

For this reason, there has been a lot of interest over the past decade in depositing highly pure,
high quality SCD ovearbe areas using CVD techniqlie$,9,10,11]

Over the past decade, two method of producing SCD have emerged. The use of a low methane
concentration in the process gas (<CH in H) hasbeen shown to produce high quality, device
grade diamond layersrosmall SCD substratesZ8 mnf) [12] with growth rates of up to 2im

h™[13]. This method works by limiting the concentration of carbon radical species above the
surface, allowing growth of the surface to only occur in a-$keyw manner[14]. This is \were

carbon atoms can only become locked into the lattice at the edges of steps and nowhere else on
the surfacg15]. Unfortunately, due to the low growth rate of this method, commercial SCD
cannot be produced in this way.
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Throughawarenes®f the h-parameter, and how it is affected by the deposition conditions, it
has been shown that SCD can be produced by CVD at growth rates uppm 18Qusing high

CH concentrations in the feed gas (10%,@HH,) [16]. Under normal CVD conditions this C:H
ratio is known to produce NC[D4], but this growth mechanism is prevented by the use of high
pressures and high microwave powers to generate a high plasma density and a high gas
temperature[12]. Under these conditions, there is a high rate of dissociaifdi and so a high
concentration of atomic H is present at the surfate]. This means that the C:H ratio is low at
the surface and so the diamond growth is thought to be dominate@Hyradicals adding to the
surface in a uniform mannéi7]. Thisalld &8 T2 NFHRBSEFSRA I Y2[?PRThRSLIZ aA (A 2
only major issue with this technique is that the high gas temperature produced under these
conditions heats the substrate so strongly that efficient cooling is required to prevent
overheating/12].

This seond method has shown that device grade SCD can be produced on a practical timescale,
but only over small areas sue to the use of small SCD substrates. Since CVD growth is limited to
the area of substrate, large area SCD substrates up to 100 mm in diamiktezed to be

produced. At present, it is the production of these large substrates which poses a major hurdle
for the development and commercial production of cold cathode devices.

The most obvious way of making such a substrate would be to cut onenmtumal diamond.
However, natural diamonds large enough to be able to produce such substrates are extremely
rare and very expensive. The largest diamond crystal found so far, the Cullinan diamond,
weighed just over 600(.8]. If this diamond was a spheaiccrystal, the Cullinan diamond would
be the approximately the size of a tennis ball (with a diameter of 6.8 cm). However, large
crystals of diamond can fracture easily and the Cullinan diamond has been cut into 9 diamond
gemstones, some of which can bees in the British Crown Jewéi®]. This shows that finding

a natural diamond from which a large area SCD substrate could be cut is highly unlikely. Add to
this the fact that the substrate needs to be of exceptional quality and it is clear to see tfaasu
crystal will probably never be found. Furthermore, if such a diamond were to be found, it would
have a price tag in the region of many $billions. For these reasons, there is currently a lot of
interest in increasing the size of commercially avail&{® substrates from HPHT sources and in
some cases, substrates cut from small natural diamonds.

Interestingly, when a silicon crystal is grown homoepitaxially on a single crystal substrate using
CVD techniques, the area at the top of the film increasés the thickness of the grown layer

[20]. In diamond, however, the area at the top of the diamond shrinks as the film grows thicker
(especially when nitrogen is present in the systépi). The growth of Si and SCD can be seen in
figure 2.1.Nitrogen is a&ommon additive to the CVD gas mixture used for SCD gr@®th3]
because it enhances growth in the {100} direction whilst supressing the growth of other
crystallographic planes. This makes the growth of the diamond more reproducible and enhances
the rateof deposition[21]. In addition to nitrogen in the process gas, the growth of diamond can
be controlled by careful manipulation of the growth conditions to alterfthgarameter. The

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

throughout a long growth procedur@1].
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Homo-epitaxially - ] Homo-epitaxially
grown layer grown layer
""" S 2 <— Seed crystal —> e

Si and SiC Diamond

Figure 2.1Enlargementf the top surface area during crystal growth of Si (left) and shrinking of
the top surface area diamond growth due to the introduction of nitrogen into the feed gas.
Figure is from21]

In addition to these techniques, it has been shown that it is possible to increase the size of an
SCD film by forming a seeding bl¢zk]. This is done by CVD growth on the {100} surface to
form a cuboid followed by polishing and gribwon the {010} surface. This procedure is
illustrated inFigure 2.2 and shows that it is possible to transform a small SCD substrate into a
seeding block. The largest seeding block produced so far has dimensions of half[arjinch

Step1
Thick CVD layers grown on (100) seed by repetition of high rate growth

Step 2
CVD growth on the side {100} surface

Seed
= g Step 3
Hepeat of step 2

| CVD layers .

Seed ?

Seed

Figure 2.2 An ilustration of the concept of 3D enlargement of a SCD seed crystal by growth on
the side of the {100} surfac€igure is from23].

These blocks can then be processed into freestanding wafers using laser Giitiioglift off
processes$21,22]which usea high energy ion beam to produce a layer of damage beneath the

top of the substratg25,26] This layer of diamond above the damaged layer can then be

removed to create a freestanding wafer or subjected to diamond growth before it is removed
from the larger block. By applying this technique to an SCD block already described, it is possible
to produce many larger are clones of this seed cry&tél This is illustrated ifigure2.3.
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Graphitic layer

lon beam Growth of Etching of the
implantation SCD layer graphitic layer

Figure 2.3 An illustration of a lifoff procedure using ion iplantation to create a damaged

layer just below a surface of a diamond block. Growth on the surface of the disconnected layer
followed by selective etching of the graphite allows a freestanding wafer to be prodBapde

is from[21]

While these method&ave been very successful, increasing the wafer size to 20 x 26 wemny
difficult. Even at a high growth rate of fén h™ it would take over 1000 hours to enlarge a 0.5

inch SCD plate to 1 inch in sj2&]. During these extremely long timescales, gressure, gas

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

to ensure that the surface grows uniformly, since any large fluctuations will cause errors to occur
in the growth process and ultimately lead to a Fid [11]. For this reason, current SCD growth

is limited by the precision of the reactor engineering and how much time and money can be
invested in producing larger SCD films from seeding cryjstals

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

form of mosaic structurep27,28], shown inFigure 2.4 SCD is commercially available in the form
of small tiles which can be arranged in order form the growth layer and join the plates together
into one large vafer. This technique allows for larger areas of diamond to be produced much
more rapidly than the growth of a large block seed crystal. A recent study has shown that the
diamond formed at junctions between the seeds of these mosaic wafers is differemato t

grown on the top of the seeding crystals’|. The crystal quality at these junctions is currently
being investigated29,30]since the differences between these regions may cause significant
problems when large plates grown by the mosaic seeding nte#ine used in electronic devices.
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lon beam Growth of Etehing of the
implantation SCD layer graphitic layer

t

Repeat for an identical seed substrate

Figure 2.4 A procedure for fabricating multiple clones of the SCD block which can then be
arranged in a mosaic structure and grown together by CVD to produce a large areaRiafer.
is from[21].

Since it does nageem as though high quality SCD suitable for commercial applications will be
obtained at any time in the near future, other diamond materials are being considered as
candidates for use in the first generation of electronic devices.

2.2 Alternative diamond materials to SCD

Diamond materials have been grown on adiamond substrates since the dawn of the CVD era

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

been considerable interest in the use of iridium as a&sioNJ 6 S F2NJ / 5 RdzS G2 YI @
match to the diamond lattic€32,33] In general CVD growth on iridium uses a {@iakanced

nucleation (BEN) techniqu&4] where a negative potential is applied to cause carbon containing

ions to be implanted into th surface of the substraté 2]. Since the upper layers of the

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

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

CVD procedures is removeéd?2].

Optimising the CVD conditions to achieve a specific value df-ffeameter has been shown to
produce highly textured films following BEN on iridi(#f] but most interestinglyextended

diamond growth using this twstep technique has revealed that the diamond grains can

coalesce, reducing the mosaicity of the films to a state where large areas of the surface appears
to become singularly crystalliri86]. This material is known as qu&CD and an example is

shown in inFAgure 2.5

At first glance quassCD seems to be the best possible replacements of SCD, especially for NEA
applications where the properties of the surface are most important. However, there are a
number of issues associated with the production of these mali&12]. The first problem is

that the reactors used require more complex reactor engineering than standard CVD reactors.
Secondly, the growth process involves multiple stages. In commercial production, it is preferable
to use procedures with minimal omplexity because, in general, extra stages require extra
equipment and longer processing times. Furthermore, &3D has only been achieved over
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small areas in the centre of the samp|&%] and so cannot currently be scaled up to suit the
requirements & commercial electronic applications.

BT ST 8

Figure 2.5Crosssectional SEM images of a 3@ thick diamond film grown on silicon using BEN
and CVD conditions optimised for1l showing coalescence of the diamond grains at the surface
(top). Higher magnifideon at the location indicated by the arrow in the first image shows the
grains overlapping to produce the appearance of larger crystalliteis figure is fronB38].

Since materials with single crystal surfaces cannot be achieved over the areas reil@iad
materials produced by standard CVD seem to be the best candidates for use in NEA
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technologies. MCD can exhibit very similar properties to SCD when the crystal sizes gf®large
and has a number of advantages over SCD in that it can be grown am cbediamond

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

use of an array of filamen{g1] and the material can easily be doped with boron to induee p

type semiconductivity42]. Furthermore, hydrogetermination of the diamond crystals in the

PCD material can be done easily and gives the surface the desired NEA properties for use in cold
cathode device&t3].

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

of thermionic devices based on diamond. In these devices the diamond will be used as a cold
cathode, which is integrated into an electronic system to face a collector grddeA

schematic of such a device is showtigure 2.6 As thermal energyém the heat source

(ideally from the sun) is transferred to the diamond, the electrons are excited to the conduction
band. Since this lies above the vacuum level in diamond, the electrons are the emitted from the
surface. These electrons cross the gafhmanode where they are collected and flow through

the circuit to the load where work is done and so, thermal energy has been converted to
electricity[44]. The electrons can then continue to follow the circuit back to the emitter to fill

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

D ———

Load

Cathode Anode

Figure 2.6 Schematic of a simple thermionic energy conversion device. The blue arrows indicate
the direction of the electron flowThis figure was designed by the author

Apart from requiring the lowest possible threshold for electron emission from the diamond
material, the efficiency of thermionic energy converters will be dependent on the proportion of
electrons emitted from the cathode being collected by the anode mateFia¢ ideal situation
would be to have an NEA surface which emitted electrons in a uniform manner with minimal
time transit spread45]. This means the surface needs to be smooth, as illustratBigume 2.7
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Heat

Figure 27: An illustration of emissionsdm a smooth diamond surface (left) and a rough surface
(right), showing the average spread of the electrons emitted from the surface in response to the
stimulation sourceFigure designed by the author

This requirement for smooth surfaces means that P&ihat be used in its as grown form since
the random orientations and neaniform sizes of the crystallites make the surfaces of PCD very
rough[46]. This means that polishing techniques will need to be incorporated into the
preparation of PCD materials fase in cold cathode devices.

2.3 Polishing of diamond materials

A number of techniques have been developed which remove material from the surface of
diamond, ranging from relatively simple lapping technigiseg and chememechanical polishes
[48] to the use of exotic thermochemical polishg®], ion beamg50], laserg51] and plasmas
[52]. There have been many good evaluations written on the range technigues for polishing
diamond material$53,54]and so, it is not necessary to review all of the teghes here.

Simple techniques such as lapping do not remove material from the surface of large area
diamond materials at significant enough rates for use commercial applicafidpdut the
addition of reactive species to the polishing plate has beenvshio improve lapping technigues
dramatically, especially when an iron plate is ug&d. However, thermochemical treatments
require rather complicated and expensive appardtfs].

Furthermore, ion beams and laser polishes have been shown to produdaritastically

smooth surfaces by removing material from the surface in a-biegtep fashiorf57], but
removing material from the surface in this way makes the treatments very complex, long and
expensives6].
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For these reasons the use of plasmas foregmg material from the diamond surface is

regarded as the best solution for use in commercial applications. The main advantage of plasma
etching is that it can be performed using the MWCVD apparatus used to grow diamond films
simply by changing the gasi#swing into the reactof58]. The most commonly used gases for
plasma etching of diamond are, G5k and Ar [53]. Due to its high abundance in CVD

environments, there has been considerable interest in the effects of hydrogen plasmas on the
roughness of SD[59,60] However, very few investigations have reported the effects of

hydrogen plasma treatments on PCD materials.

In this project, the effects of hydrogen plasma treatment on PCD diamond surfaces will be
investigated under a variety of different caitidns. It is hoped that this study will show that the
treatment parameters can be optimised to produce the significant smoothing effects of the
diamond surface and thereby confirm the suitability of hydrogen plasmas for use in the
commercial production ofliamond materials for NEA applications.
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CHAPTER 3

Diamond from a low pressure solid state source

In addition to investigating the effects of hydrogen plasmas on PCD surfaces, a secondary study
will be performed to determine whether the presence of metallic layers on the surface of the
diamond film can enhance the psiiing effects of the plasma treatment. This idea has been
inspired by the work of a group led by Rustum Roy at Pennsylvania State University, who
discovered a potentially useful method of diamond formation, which bridges the gap between
HPHT and CVD. Theshnique is known as the low pressure solid state source (LPSSS) technique
[1]. This chapter will present an overview of LPSSS.

LPSSS uses hydrogen plasmas to treat various forms of carbon mixed with a range of metal
powders and has been shown to growmiend very easily2], and in some cases did not require
diamond seed§l]. In these experiments it was shown that the diamond produced by LPSSS was
commonly associated with metallic globules or ropes, showkigiare 3.1 For this reason, it was
thought that the metal was playing a crucial role in the process.

Due to the apparent importance of a metal in the process, the inventors of the LPSSS process
suggested that the method may be similar to the HPHT. In an analysis of the metallic globules
produced duing the process it was shown that they were amorphous in strudtlirand were
composed of a range of ternary,H, alloys which contained up to 70 atomic% cary®hin

some cases. This provided evidence that LPSSS may be similar to HPHT sincenméwvitacs
shown that the intermediate solution formed in HPHT could also contain up to 70 atomic%
carbon[4].

The noble metals (Ag and Au) were found to be particularly effective in the LPSSS technique and
provided an illustration of how the diamond formaih progressed stepy-step[1], shown in

Figure 3.2 However, the exact mechanism by which the diamond was forming was not clear.
Despite this, Roy et al. continued to study the LPSSS process and showed that it could be used to
improve the quality of chgadiamond gritsKigure 3.3 and also grow welhligned epitaxial

layers on {100priented SCD. It was in the experiments using SCD that the enhancing role of the
metal on the diamond formation process was most evident. In comparison to a LPSSS
experimens without any metal, the presence of a metal was found to increase the growth rate

by 12>m h'[1]. However, the role of the metal was still unclear.
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Figure 3.1 Example SEM images of diamond produced by LPSSS associated with metallic
globules (top) Diamond formed from a mixture of graphite and copper, where the diamond is
associated with metallic globules. b) Diamond formed from a mixture of graphite and nickel,

where the diamond is associated with metallic ropEgure is fronfil].
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Figure 32: The production of diamond from a molten globule in an@\d system formed
during LPSSS. These images illustrate how diamond crystals seem to originate from within the
globule. The images are in sequence from Rigure is adapted frori].
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Figure 3.3 A diamond grit before (top) and after (bottom) LPSSS treatment. The crystals become
larger and well facetedrigures are from].

There have been several attempts to explain the results of the LPSSS process. However, claims
that LPSSIS CVD where the metal enhances the nucleation fatéave been offset by reports

of diamond formation inside metallic phases under low pressure condif&jred reports of

the metals failing to enhance the rate of diamond groWihhave been countereed by reports

which show a considerable increase in the growth rate in the presences of [gfaHowever

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

Despite the lack of a clear mechanism, the results of LPSSSqisehare still remarkable, and
such treatments could prove to be very useful in the production of device grade diamond
materials, once the techniques are better understood. It is hoped that the investigation into the
effects of various metals on the surégcof diamond crystals under the influence of hydrogen
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plasmas will shed some light on some of the processes which may be occurring during LPSSS and
act as a first step towards a detailed investigation into the process.
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CHAPTER 4

Experimental techniques andapparatus

4.1 Thereactor

This project used a MWCVD reactor based on an ASTeX dégigre4.1)with a process
chamber specially made by Element Six for the Bristol Diamond Giaup schematic and
photograph of this reactor can be seenFigure4.2. This reactor uses microwave radiation at
2.45 GHz produced by a 1.5 kW magnetron to produce a plasma from tbeugagagents. A
detailed description of the operation of this reactor can be founcefierence[2].

For this investigation PCD samples were placed onto a Mo substrate holder in the centre of the
reactor and treated with pure hydrogen plasma. The tempamtof the samples was monitored
using a two wavelength optical pyrometer which is mounted to the chamber.

(c) tuning
antenna
)
/ f
microwave
3 t{ ‘ quartz
generator | — window
II 1
waveguide
| plasma
+_
——— substrate
™ heater

pump

Figure 4.1 Schematic of an ASTeX design MWCVD redgture from 3].
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Figure4.2: A photograph of the MWCVD reactor in thesByl Diamond Group.

4.2 Opticalemission spectroscopy

Optical emission spectroscopy (OES) is a technique often used in the diagnostics of low pressure
plasmas used in C\{B). The technique is based on the emission of photons in the visible region

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

In this work, hydrogen plasma was used to treat diamond samples at a variety of different
conditions. Hydrogen plasmas are easily identifiable duie¢ir purple glow which is the result

of photon emission at four different wavelengths in the visible region which make up part of the
Balmer serig)$], shown inFigure 42.

Figure4.2: The lines in the emission spectrum of the hydrogen atom in the visible region of the
electromagnetic spectrum. This series of spectral lines is known as the Balmerfgues.
from [6]
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The Balmer series is one in a serid spectral line emissions from atomic hydrogen and is the
result of electron transfer from excited states withk3 ton = 2, wheren is the principle

guantum number of the electrofv]. Since transferring an electron to a state with a lower
principlequantum number reduces the energy of that electron, the excess energy is released in
the form of a photon (obeying the first law of thermodynamics). The wavelength of the photon
emitted during the transition is related to the energy gap between the elentrstates by

E = I
whereEis the difference in energy between electronic states with different principle quantum
numberhA & t f I y | €sithe@egbtdflidhtabdis the wavelength of the photon
emitted.

This means that transitions from electronic states with different principle quantum numbers
produce photons with different wavelengths. The emissions from hydrogen in the Balmer series
are shown infable 4.1.

Tale 4.1: Details on the various transitions of electrons between states with different principle
guantum number which cause photons to be emitted from the hydrogen atom in the Balmer
series[8].

Transition interms o | 3IH2 4H2 5MH2 62
Name H (Halpha) | H (Hbeta) | H (Hgamma) | H (H-delta)
Wavelength / nm 656.3 486.1 434.1 410.2
Colour Red Cyan Blue Violet

In the Bristol Diamond Group OES spectra are taken with an Oriel Instaspec IV spectrometer and
an optic fibre which was pointed directly e centre of the plasma through one of the

windows in the chamber. The spectra in this investigation were background corrected and
collected over 500 accumulations of data collected by 20 ms exposures. An example optical
emission spectrum can be seenFgure4.3.

One important thing to remember about OES is that the data does not give quantitative data
and so absolute concentrations of species in the plasma cannot be deteridin€@ES can
therefore only be used to look at variations in species witlifferent plasmas relative to one
another. Furthermore, OES only provides information about the excited species emitting
photons in the visible region, so does not provide any information aboutemoitting, neutral

or ground state species in the plasmaveall as not probing any highly excited atomic state
specied4].
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Figure4.3: A typical optical emission spectrum of hydrogen plasma showing very intense H
emission and much lower intensity emissions from other atomic hydrogen species. This specific
spectrum was obtained for a hydrogen plasma at a pressure of 83 Torr, microwave power of 1
kW and a hydrogen flow rate of 500 sccm.

4.3 Ramanspectroscopy

Ramanspectroscopy is a widely used absorption spectroscopy technique in materials science
which relies on the inelastic scattering of light by a molecule in response to radiation from a
monochromatic lasei9]. The technigue requires no sample preparation andonrdestructive.

When laser light interacts with the electron clouds of molecules, the absorption of photons
excites the molecules from the ground state to high energy virtual states. These virtual states
have a very short lifetime and the energy of thelecule quickly falls back to lower energy
states, however, upon relaxation the molecules may not return to their original state and thus
occupy higher rovibrational levels in the moleclilé]. As discussed for OES, as relaxation
occurs a photon charaetistic of the transition is emitted and so, elastic and inelastic scattering
of the laser light produces photons of different wavelengths. This is principle is sh&igune

4.4. The difference in energy between these photons is known as the Ramamatidh is

usually reported in wavenumbers with units of ¢niThe wavenumberii of a photon is related

to its wavelength<) by
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Figure4.4: A vibrational energy level diagram showing how different tydescattering arise
following excitation of a molecule using a monochromatic light source. When photons are
absorbed, molecules are excited to high energy virtual states. As the molecules relax to lower
vibrational levels, the excess energy is emitted pha@ton. If a molecule returns to its original
state, the scattering will be elastic and is known as Rayleigh scattering. If a molecule does not
relax back to its original state then the photon emitted from the molecule will be different to
that absorbed. fis inelastic scattering is known as the Raman effect. The Raman effect can
manifest itself in two ways depending on whether the difference between the final vibrational
state is higher energy that the original state, known as Stokes scattering, offifidhgibration
state of the molecule is lower energy than the original state of the molecule, known as Anti
Stokes scatteringlhis figure was designed by the author using information frofrd].

The Raman shift is particularly useful since it giviEsrimation about the energy spacing of
various modes in the molecules. For a giant covalent structure such as diamond, the entire
lattice vibrates in vibrational modes known as phongiis. To be Raman active, the vibration
of the molecule must cause a afge in polarisability as the atoms move through their
equilibrium positions12]. Diamond shows one main Raman active vibration which leads to a
sharp peak at a Raman shift of 13327°6i#,9,11] This can be seen in the Raman spectrum of
SCD irrigure4.5.
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Figure 4.5Raman spectrum of SCD showing the structure of diamond and the nuclear motions
involved in the Raman active modégure from11].

Raman spectroscopy can also be used to distinguish between SCD and various forms of PCD,
since nordiamaond materials also have Raman active modes. The majodianond material
considered in these investigations is graphite, which has a characteristic Raman shift at 1580 cm
119]. Since the graphite in PCD is not a large continuous single crystal theteygzasi is fairly

broad. Furthermore, the Raman scattering intensity of ligmond materials are higher than

that of diamond and so graphitic material can mask the diamond signal, making the film seem of
worse quality than it may actually be. A typicahi@a spectrum of MCD used in this

investigation is shown iRigure4.6, and it is clear that there is some scattering due to-non

diamond material in MCD.

In the Bristol Diamond Group, Raman spectroscopy is performed at room temperature using a
Renishaw 200thstrument and CCD detector. The Raman spectra in this investigation were
taken using a UV He:Cd laser at 325 nm.
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Figure4.6: Raman spectrum of the growth side of a MCD sample from this work, taken using a
UV laser.

4.4 Scanningelectron microscopy

Scanning electron microscopy (SEM) is a widely used technique in the field of materials science
for characterising the morphology of surfaces. In this technique a beam of electrons are
focussed onto the sample by a series of optics (lenses and sitgn Soanning this electron

beam across the surface of the sample has a number of consequences, but in general it is
secondary electrons which are captured and detected to produce an image of the surface
[10,13] A schematic of a typical microscope usedSEM is shown irigure 4.7

The standard procedure for SEM is to coat the sample in a highly conductive layer such as gold
to prevent a buildup of charge on the surface. In this work, such coatings were not used since
the samples needed to be analysasing further techniques and in some cases were required

for further treatments.

In these investigations a JEOL5600V thermionic emission microscope was used to obtain SEM
images of the diamond samples.
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Figure 4.7 Schematic of a scanning electron ragcope.Figure is from12].

4.5 Atomic-force microscopy

Atomicforce microscopy (AFM) is a scanning probe microscopy technique which uses a silicon
cantilever with a sharp tip to scan the surface of the sample, enabling the topography of
materials to bestudied at high resolutioi2,14]. The basic procedure of AFM is to drag this

sharp tip across the surface and measure the deflection in the cantilever caused by the
topography of the surface. A typical AFM apparatus is showiginre4.8.

In this invesigation, tapping mode AFM was used to investigate the surface roughness of PCD
samples before and after treatment in hydrogen plasma. In this mode the tip is made to oscillate
using a small piezorystal in the tip holder and, as the distance between tpeand the sample

is reduced, the amplitude of the oscillation reduces due to Van der Waals forces and
electrostatic interactions between the tip and the surfd@&]. This allows an image of the

surface topography to be produced by measuring the forgeeviodic contacts between the tip

and the surface of the sample.

Due to the roughness and hardness of PCD surfaces, producing AFM images is problematic since
the cantilever tips degrade rapidly during scanriifig Since only intermittent contact is uséual

tapping mode AFM, this technique prevents rapid degradation of the cantilever tips and allows
good AFM images to be producgib]. The degradation of the cantilever tips can be reduced

further by adjusting the scan parameters such as the scan ratecamdséze. Typical scans

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

used are shown iifable 4.2
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Figure 48: Schematic of an atomic force microscopegure from17].

Table4.2: Typical AFM parametersetbin this work.

Scan size #m 10pm

Scan rate / Hz 0.51.0Hz

Samples per line 512

Lines 512
Aspect ratio 1.0
Integral gain 0.3-1.0

Proportional gain | 0.52.0

Amplitude setpoint | 0.2-0.3V

The instrument used to produce AFM images in this ingagon was a Bruker Multimode AFM
with a Nanoscope V controller module. Gwyddion softwaig was used to analyse the AFM
data and provided measurements of the root mean squared (RMS) surface roughness.

4.6 Diamondsamples

A 10x10x1 mrhElenent-Sixproduced, borordoped PCD film was cut inBx2x1 mni samples
using the Oxford Laser Systems lasereautt the Bristol Diamond Lab, which uses a high power
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laser to process materials into specific shapes and patterns. After being scribed with the desired
grid pattern, the samples were snapped into individual samples using pliers and batch cleaned in
hot H,SQ and KN@for 2 hours.

Single crystal diamond samples from HPHT sources were prepared and cleaned in acid by Dr.
Neil Fox in the Centre for Nanoscierased Quantum Information at the University of Bristol. Dr
Fox also prepared some diamond sadsembled monolayer (SAM) samples ondkMg500 nm-
grade HPHT nanodiamond. smple terms, the SAM is produced using an aggregrate free
suspension of nanodiamosgdwhich is used to deposit a layer of diamond onto a substrate.
These nanodiamonds are then adhered to the substrate by anne&inducing diamond

coated surfaces in this way could be a useful alternative to CVD materials due to their low cost
and the fct that they do not require an energetic input to be formdthese SAM samples and
some PCD samples weareated with thin films of Ag, Cu, Fe or Ti (~50 nm thickness) for the
LPSSS investigation. Examples of the metal coated samples can beFgareh 9.
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Figure 49: SEM images of metal coated PCD (top) and diamond SAM on W (bottom).

4.7 Manual abrasion

A few of the small PCD samples were used for manual abrasion experiments in which a diamond
impregnated file was used to manually remawaterial from the surface of the samples.
Diamonddiamond contact is a commonly used method for polishing diamond and usually makes
use of small HPHT grits. The polishing mechanism is thought to be a brittle fracture process due
to non-plastic deformatiori19,20] in which pieces of diamond are chipped from the sample

[21].
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Chapter5

Results and discussion

5.1 Hydrogen plasma treatments of PCD

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

samples would be treated. Due to the way in which a PCD diamond film grows, the top of the as
grown films exhibit relatively large crystals, whilst the substrate side is composed of very small
diamond crysts. This can be seen iigBre 5.1. Small crystals are commonly applied to the
substrates prior to CVD growth to enhance the rate of film deposition, since the initial nucleation
of diamond blank substrates is known to require extremely long incubatioestiirj.

These different diamond surface morphologies result in the different sides of the sample having
very different surface roughness. The growth side of the film is very rough, with jagged peaks
from the large crystals, whilst the substrate side is sthoThis can be seen very clearly in
Figure5.2.

Since this investigtation is ultimately concerned with the surface roughness of the PCD following
hydrogen plasma treatments, it would be useful to aquire surface roughness data using AFM
techniques. The gh roughness of the growth side of the PCD samples is a significant problem
when using AFM, since the large grains are beyond the travel limit through which the cantilever
and tip can travel. This means that attempting to scan a highly rough PCD surfadefavoe

the cantilever beyond its working range, causing not only damage to the tip, but could also cause
significant and costly damage to the piezo stage of the apparatus. For this reason, the growth
side of the surface will not be will not be investigg in the study of the effects of hydrogen

plasma treatments at different experimental conditions.
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Figure5.1: SEM images of the PCD samples showing the morphologies of the growth side (top
image) substrate side (bottom) of the PCD sdapThe growth side of the films are composed

of large crystals which can be hundreds of microns in size, whilst the substrate side of the film is
composed of small crystals, the largest of which ar@mdn size.
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Figure5.2: SEM of the PCD samplesrfr a side on view shows that the growth side of the films
are rather rough whilst the substrate side is very smooth. This image also shows the columnar
structure of the film produced by CVD. The darker region towards the substrate side of the film
is the esult of the laser cutting of the samples; hence this region appears much more uniform
than the rest of the structure.

The RMS surface roughness of the substrate side of the PCD samples was investigated using AFM
and Gwyddion softwarg] was used to arlgse the images. Using this free software package, it

is also possible to process the AFM image to produce a 3D projection of the surface. This gives a
much clearer image of the morphology of the surface and example AFM images can be seen in
Figure 5.3
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Figure5.3: An example AFM image of the substrate side of PCD films obtained over an area of 2
x 2um? showing the surface topography in 2D (top) and a 3D projection (bottom) produced
using Gwyddion.

In this study, a systematic approach wasdiseinvestigate the effects of different hydrogen
plasma treatments on the surface roughness of PCD samples. Various parameters such as the
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reactor pressure, microwave power and flow rate of hydrogen into the reactor were varied to
change the characterists of the hydrogen plasma. The variations in the surface roughness of

the PCD following these treatments were obtained using AFM over areas of 30.10sing

this scan size, the mean RMS surface roughness of the untreated PCD was found to be 47.5 nm
(obtained from 1 scan at a random location on 10 randomly selected 2 xZsamples). A

typical AFM image of the PCD prior to treatment can be seé&igime5.4 and following the
treatments, the mean RMS surface roughness of the PCD was calculated frob®(1®” scans

at five random locations on the sample surface. The data obtained for the treated surfaces were
used to observe the effects of the treatments in comparison to the original surface morphology.

Figure5.4: An example of a 10 x 30n scan dtained for the untreated PCD samples. It is clear
that the surface is composed of many small diamond crystals as confirmed by SEM.

The discussion of the results obtained will begin by considering the effects of treatments at
different temperatures. Sincthis project is aiming to control the reactions of atomic hydrogen
with the diamond surface in order to promote smoothing, the treatment conditions will need to
be optimised so that smoothing reactions occur at the fastest possible rate. The rate of a
readion is an important concept in physical chemistry and is well known to be dependent on
temperature according to the Arrhenius equatigi which is defined as

{‘_Ea
k =Ae\ET

Where K is the rate constant, A is the greponential factor (a constant dependent on the
reaction being considered) .5 the activation energy required for the reaction, R is the
universal gas constant (8.314 3rol™") and T is the temperature.
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For these investigations a constant microwave power, hydrogen flow rate and treatment
duration wee used (1 kW, 500 sccm and 20 minutes respectively) whilst the pressure was
varied. The treatment temperature was shown to increase with pressure and so it can be said
that the gas temperature in the plasma increases with pressure. In addition to inaqyehsin

plasma temperature, increasing the pressure seems to decrease the size of the plasma when it is
observed through the viewing window in the wall of the reactor. This decrease in the size of the
plasma suggests that the atomic hydrogen species prodbgeadissociation of hydrogen are not
able to diffuse as far from the centre of the plasma under high pressures and so emit photons
due to relaxation of excited states in regions closer to the centre of the plasma. This decrease in
the rate of diffusion oitomic hydrogen species can be attributed to an increase in the plasma
density caused by the increase in pressure, resulting in more frequent collisions during the
Brownian motion of the gaseous specjés These more frequent collisions mean that the

species diffuse away from the centre of the plasma more slowly.

The increased concentration of gaseous species in the reactor as a result of the increased
pressure means that the microwave energy from the magnetron will be distributed over more
species. Thikads to an increase in the average kinetic energy of the particles, which leads to
the increase in temperature. OES data showRigure 5.5also confirms that the energy is

being spread over more species at high pressures since there is an incréasenmssion from
atomic hydrogen species which will form due to dissociation of hydrogen. This data also
indicates that lower energy excited states are formed preferentially over highly excited states
since the emission intensity due te-&mission and dter low energy transitions increases whilst

H -emissiondecreases. It is possible that due to the energy being spread to more species in the
centre of the plasma, there is not sufficient energy being transferred to dissociate atomic
hydrogen to form highlgxcited states. Furthermore, it is possible that such highly excited states
of atomic hydrogen are quenched by the increased frequency of collisions with other gas phase
species under high pressures conditions before they can emit a photon.
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Figure5.5: Data obtained from optical emission spectroscopy of the hydrogen plasmas produced
using a MWCVD reactor which was used to treat PCD at different pressures/temperatures on
hydrogen plasma. The emissions from various atomic hydrogen species have beed plott
against the reactor pressure to show the behaviour of each species within the plasma as the
conditions are changed.

The variation in the surface roughness of PCD following hydrogen plasma treatment at different
pressures and constant power and floweatre shown ifFigure5.6. This data is presented as

the variation of the surface roughness of the PCD with different temperature hydrogen plasma
treatments and the way in which this data was collected was mentioned in a previous chapter.
The relationshigpetween the pressure and treatment temperature has also already been
described.
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Figure5.6: A plot of the variation in the RMS surface roughness of PCD diamond samples
obtained using AFM following treatments in hydrogen plasma at various temperatures.

It is evident that the variation in the surface roughness following hydrogen plasma treatments at
different temperatures has two major trends: a significant increase in the surface roughness at
treatment temperatures >90 where the surface becomes rough @ scale of hundreds of
nanometres and a region where the surface roughness is increased very slightly in comparison to
the original sample on a scale of tens of nanometres. This suggests that there is a transition to a
different regime at high temperates.

The PCD sample treated HH0FC has become incredibly rough according to AFM, and SEM
reveals that the surface is covered in a considerable amount ofdiemond material, as well as

large craters and trenches being present on the sample. Thesege&suitbe seen iRigure 57.

Raman spectroscopy of this sample confirmed that the surface had become highly graphitised by
the treatment. This could be deduced due to the broad band at 155biedicated inFigure

5.8. The broadness and small size of thasd suggests that the graphite is not one continuous
crystal[4]. Furthermore, no diamond peak can be seen at 1332 fafftowing the treatments.

This observation, combined with the presence of small grains ofdmmmond material observed

by SEM, inda&tes that the formation of graphitic phases must be occurring on the surfaces of

the diamond crystals.
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Figure5.7: A 3D projection produced using Gwyddion shows that the PCD surface becomes
rough following hydrogen plasma treatment at 16G0(top). EM of this sample (bottom) shows

that this rough surface is no longer composed of small diamond crystals and a significant amount
of non-diamond material has formed. In addition to ndramond phases forming, deep craters

and trenches can be seen.
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Figue 5.8: Raman spectroscopy of the PCD sample treated for 20 minutes in hydrogen plasma at
1000°C produces a spectrum with a broad peak centred at 158bdue to graphitic material
and no diamond peak can be observed at 1332.cm

The transformation of @imond to graphite under the treatment conditions can be explained
quite simply by the fact that graphite is the more thermodynamically stable phase under the
experimental condition$5]. This means that any of the diamond material with a high enough
energyto overcome he largefree energy barrierwill form graphite. By considering the way in
which the distribution energy between different states (the Boltzmann distributidhchanges
with temperature it is obvious that at high temperatures an increasexgbprtion of the

diamond will have sufficient energy to be converted to graphite. This is illustrated using the
distribution of kinetic energy between particles affdirent temperatures irFigure 5.9 but the
same principles apply to other forms of enesglgich a molecule may possess. For the purposes
described here, it is the variation in the vibrational enength temperaturewhich is of
particularinterest.

Atomic hydrogen also plays a role in enhancing the rate of graphite formitjoAt high
temperatures, the high flux of atomic hydrogen and high rate of hydrogen abstraction from the
surface will produce a large number of radical sites on the surface. These radical sites are highly
unstable, which causes their high reactivity in the growth of diachby CVD, and not all of

them will be stabilised by reermination of the lattice with hydrogefv]. To stabilise these

highly unstable sites a change in hybridisation can occur, changirsgthgbridisationto the

more stable spconfiguration and sa is possible for large areas of unstable sites to be

stabilised by forming graphitic phasgs. The increased vibrational energy of the lattice at high
temperatures may play a further role in this effect, since the chair of diamond can become more
planarthrough some vibrational mode. By considering the stretching of the {111} plane of
diamond in these vibrations, it is clear to see that the graphite structure can be fainmedhis
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indicates that the rate of graphitisation depends on the vibrationargg of the diamond
lattice.
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Figure5.9: An illustration of the variation of the Boltzmann distribution with increasing
temperature. It is clear that at higher temperature the average energy of the molecules
increases and also the number of moleculeshwiigher energy increases. This diagram also
indicates the minimum energy required for a specific reaction and how at high temperatures,
more molecules will be able to undergo the reaction. Figure is adapted[fiom

Graphitisation of diamond following pasure to hydrogen plasma at room temperature using

an RF plasma discharge has previously been repieth that study, an increased proportion

of s hybridised @H and C=C bonds were observed by Fourier transform infrared spectroscopy
following exposre to the plasma.

In addition to graphitisation, this work has shown that craters and trenches are formed on the
surface at high temperatures. This behaviour can be attributed to a high rate at which atomic
hydrogen etches nodiamond material whilst thetching of diamond is quite slof&0].
Furthermore, at high temperatures, the rate of this etching will be very fast. Since there is a
considerable amount of graphitic material located at the grain boundaries, these regions of the
surface will be etchedcredibly quickly by atomic hydrogen. This etching process essentially
removes the material which bonds many of the crystallites together and so, after etching, the
grain boundaries become wide trenches and dislocations become apparent on the surface. An
example of a dislocation from treatment at $%Dis shown ifrigure 5.D. A dislocation is a

crystal which has not grown to become part of the PCD film. Therefore removing the graphitic
materials causes these crystals to become loose in their sites omtfexe and, as the sample

is transferred to a vial for storage, can easily be shaken from its position. This leaves a crater in
the surface.
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The formation of trenches can also be attributed to the etching of grain boundaries, but in this

case it is mosthely the relaxation of strain at the surface upon etching which causes trenches to
form. This strain in the PCD structure is the result of the diamond material being bonded

together nordiamond material and the high defect density of the matefidl]. Asa matter of

fact defects have been shown to be present in SCD produced bylCVBs the etching
LINEPINBaasSazr (GKS w3aftdzsSQ Aa NBY20SR FyR a2 (KS
between the crystallites producing a trench.
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Figure 5.10A 3Dprojection of a PCD sample following treatment at ¥58howing a large
crater formed by the loss of a dislocated seed crystal from the surface.

Since the variation in the surface roughness of PCD has been explained for the high temperature
regime, he processes occurring in the region where slight roughening of the surface is observed
will now be described. A comparison of AFM images obtained for the PCD prior to treatment and
following hydrogen plasma treatments indicates that the increased surtagghness observed
following all hydrogen plasma treatments is the result of atomic hydrogen etchingliaomond
material at the grain boundaries. This is easily identifiable since the grain boundaries are very
clearly pronounced following the treatmentas can be seen figure 5.11 Additionally, it

should be noted that the width of these grain boundaries increases with treatment temperature
and this can again be related to the release of strain in the PCD structure as a resuk of non
diamond material bing etched from the sample. With increasing temperature, the rate of

SGOKAY3 6Att AySOriGlote AYONBI&ES YR 423 Y2NB

crystals can move slightly from their original position in the as grown film and theitadgrof
this displacement is therefore related to the amount of rdiamond material removed. From
these images it is also clear that the columnar structure of the films becomes more apparent
with the increased rate of etching.
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Figure 5.11 AFM imags for PCD samples treated at 83Q(top) and 90 (bottom), showing
grain boundaries becoming more pronounced with increasing treatment temperature.
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In addition to the phenomena described which cause the surface to become rougher following
hydrogen plasm#&reatments at different temperatures, smoothing can be observed on the
diamond crystallites themselves following treatments in the 800°C region. After hydrogen
plasma treatment, the edges of the crystals can be seen to become more rounded and it can
also be noted that the uneven texture of the original surface (i.e. bumpy surface) seems to be
reduced by hydrogen plasma treatments. In particular it should be noted that the number of tall
peaks is reduced significantly by hydrogen plasma treatment.c@hi®e deduced by the size of
the white regions in the AFM images which denote tall peaks.

The role of atomic hydrogen in this smoothing of the diamond surface is not immediately clear
and there has been much discussion on the dominant smoothing mechaiisydrogen

plasma treatments in the literature. The mechanism of smoothing due to hydrogen plasma
treatments will be described in another section of this discussion.

The apparent decreased surface roughness following hydrogen plasma treatmenf&t 900
compared to treatment at 700C shown irFigure 5.6seems to be quite an interesting result,

since it suggests that with higher temperatures the rate of smoothing reactions increases whilst
the rate of etching at the grain boundaries remains relatively wta#d. By considering simple
reaction kinetics this seems to be plausible. However, frogure 5.11it is clear that the grain
boundaries are getting considerably wider with increasing treatment temperature and so the
etching of the grain boundaries musbt be occurring at the same rate in both cases. The only
obvious difference from this image is that the crystals are not composed of so many small
bumps at 900C compared to 8. This effect could not be seen using SEM due to the
microscope not beingapable of the resolution required.

Making a conclusion as to whether this effect is due to the hydrogen plasma treatment or just
caused by slight differences in the AFM parameters used is not clear. This apparent trend could
also be attributed to the waglata was collected for the experimentince only five scans of the
sample surface were obtained, a total area of $® out of 4 mnf has been analysed for each
sample. This is only 2.5 % of the entire surface. This suggests that the data obtained tmay no
entirely representative of the surface of the samples as a whole and so, some strange trends in
the data may not be the result of the treatment and will be due to uncharacteristic data which
does not provide the bigger picture.

This problem could edlg be alleviated by investigating a larger proportion of the surface,
whether that is by collecting more scans or scanning over larger areas. The latter approach
would not be preferable since the AFM used for these investigations collects the topogtaphica
information from 512 lines made up of 512 points per line. This means that scanning over larger
areas causes the spacing between points and lines to be larger and so it is possible that a great
deal of topographical information about the surface would he collected. This was one of the
reasons for small scan sizes being used in this investigation, allowing a more accurate image of
the surface to be produced. Furthermore, scanning over large areas increases the risk that the
tip will snag on a rough piof the surface and be damaged. For this reason, it is recommended
that lots of small area scans are collected for future projects wishing to observe the trends in
surface roughness following treatments.
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Continuing with the systematic investigation irttee effect of different parameters on hydrogen
plasma treatments of PCD, the effect of the hydrogen flow rate into the reactor was investigated
using a constant treatment temperature, reactor pressure and microwave power, as well as
constant treatment duation (80GC, 8284 Torr, 1 kW and 20 minutes respectively). When the
flow rate is changed there is no visible change to the size of the plasma, however OES confirms
that the composition of the plasmas are dependent on the flow rate of hydrogen into the

reactor. This can be seenhigure 5.12
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Figure 5.2: OES of different atomic hydrogen species within hydrogen plasmas formed at
different flow rates of hydrogen into the reaction chamber.

From the OES data, it is clear that the emission intensity adwsatomic hydrogen species
decreases with increasing flow rate. As with the discussion of the effects of increasing the
pressure on the plasma, this effect can easily be explained by considering the concentrations of
various species at the centre of tipgasma. Since the MWCVD system was maintained at roughly
the same pressure in each of these experiments, the pressure exerted on the reactor walls by
the various H species in the plasma must be the same. This suggests that the concentration of H
in any fom in the reactor must roughly be the same for each of the plasmas. The key difference
is that new hydrogen is flowing into the reactor at different rates and so the gases already in the
chamber are being removed to maintain the constant pressure. This sriban at lower flow

rates, atomic hydrogen species are not being removed by the exhaust valve as quickly as they
would be at high flow rates. This in turn leads to more atomic hydrogen species possibly being
present in the plasma which can emit photonghe visible region of the spectrum, leading to

an increase in the intensity of emission.
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In addition to this, the flow rate of hydrogen into the reactor will create concentration gradient
between an area with lots of +at the gas inlet and an areas witttle H, in the centre of the

plasma. This in turn means that the rate of diffusion from the gas inlet to the centre of the
plasma will be significantly increased at high flow rates and so, a dilution effect is seen at the
centre of the plasma. The inased rate of diffusion towards the centre of the plasma could also
cause quenching of the excited state H by more frequent collisions and so it would be expected
that the plasma size would decrease. This was not observed. For this reason, the dilution of
species at the centre of the plasma seems to be the most likely explanation of why the emission
intensities of atomic hydrogen species decrease with increasing flow rate.

The effect of hydrogen plasma treatments at different flow rates on the surface rasghof

the PCD is shown Figure 5.13 and indicates that variation of the flow rate of hydrogen into the
reaction chamber during hydrogen plasma treatments has very little effect on the surface
roughness of the PCD.
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Figure 5.8: the variation in the srface roughness of PCD after treatments at constant
temperature hydrogen plasmas with different flow rates.

As with the treatments at different temperatures, exposure of PCD samples to hydrogen
plasmas causes roughening of the surface due to the etcHingrediamond material at the

grain boundaries. This can be deduced by the mean RMS surface roughness of the samples
following treatment being higher than that of the original sample. In the AFM data obtained,
there were no differences in the widths of tigeain boundaries following the different

77



treatments. This suggests that the rate of etching was occurring at its maximum possible rate for
a temperature of 808C, and that increasing the proportion of atomic hydrogen at the surface

did not increase the tte of reaction. This suggests that in a hydrogen plasma treatment, the flux
of atomic hydrogen is very high and the surface is saturate with reactive species allowing
reactions to occur at their maximum rate, as determined by the temperature. In addditrig

etching of the grain boundaries, it was observed that the edges of the crystals had again become
quite rounded.

This result of the flow rate not having an effect on the surface roughness of the samples
supports a previous report on hydrogen plastreatments[13]. However, this will be

readdressed when the mechanism of smoothing by hydrogen plasmas is discussed later in this
chapter.

The third set of investigations into hydrogen plasma treatments and the effects of different
parameters looked at theffects of microwave power at constant treatment temperature, flow
rate and duration (80TC, 500 sccm and 20 minutes respectively).

Power is defined as the rate at which energy is transferred, used or transformed by a system
[14]. This means that at highicrowave powers, more electrical energy is being transformed by
the magnetron into microwave radiation and thus more microwaves are being transfered into
the reaction chamber per unit time (1 W = 1%).sThis definition can be used to explain the

trends observed in OES of the hydrogen plasma at different microwave powers shbiguiie

5.14. The first thing that can be noted from the OES data is that increasing the power increases
the intensity of emission from the atomic hydrogen species in the pla3imia can primarily be
attributed to an increase in the amount of energy being transferretltmolecules to break the

H-H covalent bond. This leads to an increased concentration of atomic hydrogen in the plasma.

Increasing the input microwave power algansfers energy to the gaseous species leading to an
increase in their average kinetic energy. This is the cause of the increased temperature when the
microwave power is increased. Since temperature increases with microwave power, the plasma
density nedls to be reduced by reducing the pressure. This is why the pressure was not kept
constant for each treatment at different powers. Inevitably, this decision to keep the treatment
temperature constant rather than the pressure will have had an effect on lkem

composition and subsequent emissions.
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Figure 5.8: OES data of the emissions from various atomic hydrogen species within hydrogen
plasmas at different microwave input powers and a constant hydrogen flow rate of 500 sccm.
The pressure was decreakever the range 1000 Torr as the power was increased to allow for
a constant treatment temperature.

The effect of hydrogen plasma treatments at different input microwave powers and constant
temperature on the surface roughness of PCD surfaces is simdvigure 5.16 The most

obvious trend in this data is an increase in the surface roughness of the PCD with increasing
microwave power.

79



100.0
» Raw data X

90.0 - = Mean RMS surface roughness after treatment

= = RMS surface roughness of original surface
80.0 -

70.0 -

60.0
X
x /;(

Vel i S

40.0 - X
X

RMS surface roughness / nm

30.0 -

20.0 -

10.0 -

0.0 T T T T T T T T T 1

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
Microwave power / kW

Figure 5.16 A plot of the variation in RMS surface roughness of PCD samples treated for 20
minutes in hydrogen plasas at various microwave powers but the same treatment
temperature and flow rate.

At microwave powers >1 kW, the roughness of the PCD is seen to increase due to hydrogen
plasma treatment. Again, this can attributed to the etching of «liemond carbon athe grain
boundaries. In addition to this, smoothing of the crystal edges is also observed. The fact that the
treatments at 1.0 and 1.2 kW produce a virtually identical mean RMS surface roughness for the
PCD suggests that rates of reactions at the surémeesimilar under both sets of conditions.

Since the temperature is constant in these treatments, the proportion of H available to react
with the diamond surface will be responsible for the effects observed. This indicates that despite
there being less aimic hydrogen at the surface at 1 kW than at 1.2 kW, the surface is saturate
with atomic hydrogen species which could react and so the surface reactions are occurring at
their maximal rate. Further increases in the amount of H at the surface will notftrere

enhance the rates of reaction any further. However, this trend does not continue to the sample
treated at 1.4 kKW.

From the AFM image fRigure 5.17t is clear that there are lots of small protrusions on the

surface following hydrogen plasma treatmeat 1.4 kW. These protrusions from the surface
suggest that significant etching has occurred. The diamond crystaigure 5.17lso appear to

have become more ballas in morphology when compared to previous images. This could be due
to the anisotropic &hing similar to that which produced the thin columns. This result is in
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contrast to reports in the literature which have described the evolution of etch pits on the PCD
surfaces due to hydrogen plasma treatment at high microwave pojféisSuggest etdhg...

232,1 nm
200,0

1000

50.0

Figure 5.17 An AFM image of a PCD sample following hydrogen plasma treatment at 1.4 kW.

This etching behaviour is quite remarkable and seems to be specific to certain crystals on the
surface. This is indicated by the presence of seemingly snfaotis at the bottom ofFigure

5.17, slightly right of centreThe fact that this etching has not occurred equally on all of the
diamond crystals could be attributed to their random orientation when deposited onto the CVD
substrate.

For etching to occuhe GC bond of the diamond lattice needs to be broken, and this requires a
large amount of energji6]. Since the treatments were performed at constant temperature, the
source of this energy for breaking the bond must be related to the energy state oé#ctive

hydrogen species. This is due to the rates of the surface reactions and average kinetic energy of
hydrogen atomics colliding with the surface being constant for a given temperature. This theory

of high energy atomic hydrogen species being respgue for the etching of the diamond

crystals on the surface is supported by the OES data which shows that there is an increase in H
emission at high microwave powers. As already mentioned, OES cannot be used to observe all of
the species within the plasawhich may have a role to play at the diamond surface. Hydrogen
atoms in states with n > 5 cannot be detected since they emit photons in the UV. Ro

81



vibrationally excited neutrat, moleculesand ionic species such a§ H and larger cluster ions
cannotbe detected but are known to be present in the medi{ii].

The exact identity of the species responsible for these highly energetic reactions is not currently
known, but the increased rate of etching observed inliddSed hydrogen plasma treatments
suggests that ionic species may play a significant role in the prd@é&ssn the literature it has

been shown that {100¢riented surfaces parallel to the substrate are etched less efficiently from
the surface that other crystal orientation$8].

The factthat the cause of such etching reactions is not known highlights that the composition of
hydrogen plasmas, the interactions of the various species within the medium and also the
interactions of various species produced in such a medium with the surfacésnaednd

materials are still not completely understood. However, OES in this study has shown that high
powers cause an increase in the number of higher energy species in the plasma and so, it can
gualitatively be deduced that there will a higher numbespécies with sufficient energy to
overcome the high energy barrier for cleavage of th€ Bond. This means that the rates of such
reactions will be higher for high power plasmas than low power plasmas, even if the samples are
heated to the same temperater

Now that the roughening of the PCD surface at high powers has been considered, the apparent
smoothing observed at the opposite end of the power scale will be described. By comparing the
AFM images of samples treated at 0.6 kW and 1 kiAigare 5.18it is clear that the etching of

the grain boundaries is less significant for the low power plasma treatment. This can be
attributed to the reduction in the number of atomic hydrogen species at the surface due to the
slower rate of dissociation &1, at low microwave powers, as indicated in the OES data.

However, there is no clear evidence to suggest that these surfaces are smoother than the
original sample and if these images alone were analysed, it would seem as though the hydrogen
plasma treatment had madene surface rougher. The most likely explanation for this apparent
smoothing is the possibility that the area scanned using AFM has not been representative of the
whole sample surface as previously described.
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Figure 5.18AFM images of PCD samples teghin hydrogen plasma at 880 for 20 minutes at
microwave powers of 0.6 kW (top) and 1 kW (bottom).

Now that the various parameters which affect the plasma composition had been observed, a
final investigation into the effect of treatment duration was femed. This investigation was
performed as a set of 10 minute experiments leading to a total treatment time of 1 hour, to see
how the surface roughness varied at different points during the treatment. The results of this
investigation can be seen kigue 5.19
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Figure 5.19A plot of the variation in the RMS surface roughness of PCD treated in a series of 10
minute treatments for a total of 1 hour exposure of the sample to hydrogen plasma.

Over the course of the full hour treatment, the roughness of @D increases and this can be
attributed to the prolonged exposure to the hydrogen plasma causing significant etching of the
grain boundaries as observed following all of the hydrogen plasma treatments already reported.
This etching of the grain boundasiés prominent in the both the SEM and AFM showrgare

5.20. From the AFM image the treatment also appears to have significantly altered the
morphology of the crystals at the surface of the PCD over the course of the hour, revealing some
larger crystad (<1um) with a range of facets from large smooth surfaces to others which appear
to be ballas and composed of small crystals.

Similar observations have been made in previous reports where smooth {100} facets were seen
following hydrogen plasma treatmesitwhilst {111} facets were etched to form smaller
nanodiamond feature§l9]. This effect has been explained in other reports which attributed the
effect to the interactions of atomic hydrogen with the 2 x 1 reconstructions of the two surfaces
affecting theabsorption properties of hydrogen on these crystal plaiz€s, where the dimer

bonds on the 100 surface are not broken by atomic hydrogen very efficiently and so, these
surface cannot be covered fully with hydrogen. The 2x1 reconstruction on the {Irfd¢esu
however, is much weaker and so can be more easily brgkgnExperiments which have
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negatively biased the substrate during hydrogen plasma treatments also report a similar
phenomenon21].

Figure 5.20AFM (top) and SEM (bottom) images of tlielPsamples exposed to hydrogen
plasma at 80%C in a series of 10 minute treatments for a total treatment time of 1 hour.
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In addition to the series of 10 minute experiments, a PCD sample was exposed to hydrogen
plasma treatment for the whole hour in onengie treatment. SEM of this sample reveals that

upon prolonged exposure, the surface had become more highly graphitised, as can be seen in
Fgure 5.20 The cause of this graphitisation has already been described. Furthermore, the mean
RMS surface roughnes$the sample which was treated for 1 hour in hydrogen plasma was ~15
nm more than that of the sample which had been treated in hydrogen plasma for the same
time, except by accumulating the effects of a number of shorter treatments. This highlights an
important observation that prolonged exposure to hydrogen plasma causes roughening and
graphitisation of the surface. This effect of roughening of the diamond surface during long
exposure to plasmas has been reported previously in the literdfiise

Figue 5.21 SEM of a PCD sample exposed to hydrogen plasma treatment’& &0 single 1
hour treatment shows that the surface has become covered in large areas afiagmond
material.

At this point, it is important to summarise the findings of this parthe project:

9 First of all, treatment of PCD in hydrogen plasma generally causes significant removal of
non-diamond material from the surface. This leads to roughening of the surface and a
reduction in the integrity of the diamond film, but does impeathe surface quality in
terms of increasing the proportion of diamond material at the surface.

1 The next most significant effect observed was graphitisation of the surface at high
temperatures or following long exposure to hydrogen plasma.

1 Sharp, narrowprotrusions were produced on the diamond surface due to etching by
highly energetic species and it was noted that the {100} facets appear to be most
resistant to etching. {110} and {111} facets can be seen to be etched to form nanoscale
ballas features othe surface.

86



9 In addition to these effects, it has been noted that the crystal edges appear to become
more rounded by hydrogen plasma treatment.

1 Hydrogen plasma can reduce the uneven texture of the PCD surface by removing small
Wt dzYLIR Q FSIF GdNBao

From theseconclusions, it is clear that hydrogen plasma treatment alone is not an ideal

candidate for producing a smooth surface on PCD. Harsher techniques need to be applied to
planarise the surface. The main issue with hydrogen plasma treatment is that the grain
boundaries are subject to rapid etching. This has also been an issue in a number of other studies
which have attempted to use methods other than hydrogen plasmas to polish the diamond
surface[24,25,26,27]

In order to prevent this, a number of maskingpedures have been suggested. These

techniques use a variety of materials as sacrificial layers and can produce patterned surfaces by
preventing regions of the diamond from being etch&é]. These techniques have also been

used to prevent the rapid etchinof grain boundaries in PCD films whilst leaving the tops of the
grains expose{9]. However, as the surface becomes smoother, it gets harder to remove all
traces of the masking material from the surfgéé). For this reason, and the need to apply the
technique several times to achieve a flat surface, it is clear that masking procedures would
preferably be avoided in a commercial setting. Furthermore, the chance of contamination being
present on the diamond surface is not an option for cold cathode dewichere the diamond

surface is of the up most importance.

Since the investigation into the effects of hydrogen plasma treatments at different conditions
has shown some that there is some smoothing occurring during the treatments, an investigation
using €D could provide a useful insight into the processes occurring on the crystals of a PCD
film.

5.2 Hydrogenplasmatreatments of SCD

For this investigation, a 3 x 3 x 1 rhfh00}oriented SCD sample was treated3@°C for 1 hour

in hydrogen plasma at M, 500 sccm and 120 Torr. In comparison to a similar sized PCD
sample, the conditions required to reach the desired treatment temperature were much higher
for SCD. This is due to the superior thermal conduction properties of the single crystal material.

The morphology of the agrown {100joriented diamond surface prior to treatment exhibits a
number of small defects in the surface. The RMS surface roughness of the regions between
these defects was obtained using Gwyddion and these surface regions wegkttohave a low
mean RMS surface roughness of 0.4 nm. This indicates that the majority of the surface is very
smooth. Almost to the level desired for device applications. However, when the pits in the
surface are included, the mean RMS surface roughnieesample was found to be 8.1 nm.

This value of the surface roughness of theggavn SCD may not be entirely accurate since it is
impossible to gauge the depth of small features on the surfaces of materials using AFM. This is
due to shape and dimensisrof the cantilever tip, as illustrated figure 5.22
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Figure5.22 An illustration of how AFM cannot accurately measure the depth profile of a narrow
pit-like feature on the surface of a material due to the dimensions of the cantileveMign

this occurs the depth of the feature on the surface cannot accurately be deternfiguare
designed by author.

Since it is difficult to assess the depth of the surface defects, it is common practice to polish the
surface using lapping technique$i§ procedure removes surface defects and makes the surface
more uniform. Due to the fact that this process relies on the use of small diamond grits
impregnated into suitable tool pieces, the smoothness which can be achieved using such
techniques is limitd by the size of the crystals in the abragige Furthermore, since lapping is a
non-plastic deformation process, scratches are usually produced in the sUi#fadéhe effects of
hydrogen plasma treatments on the roughness of these polishing markstedeawe been the

focus of many papers on the subject of hydrogen plasma treatments of SCD, and the results of
these investigations will be described in the next section.

For this experiment, the SCD was not polished so that the effects of hydrogen iasinaent

on asgrown SCD could be investigated. It was assumed that the diamond crystals in PCD films
would behave very similarly to this SCD, except the processes would occur on a much smaller
scale which cannot be observed on a PCD film without usirghigh resolution imaging
techniques.

AFM images of the SCD surface before and after treatment can be sEgari@5.23and it is

clear that the surface has become much rougher following the treatment. This roughness can be
attributed to the formationof square pits in the surface which consist of terraces parallel to the
{100} orientation and steps which run parallel to the {110} direction (i.e. the faces of steps are
vertical and perpendicular to the terraces). These square pits can be seen to s almo

pyramidal in structure in the 2D AFM image showhigure 5.24
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Figure 5.233D-AFM projections of the SCD sample before (top) and after (bottom) treatment in
hydrogen plasma for 1 hour at 8.
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Figure 5.24 An AFM image of SCD foliogy hydrogen plasma treatment for 1 hour at G0

These observations suggest that that diamond material is being etched from the surface at the
sharp edges of the defects and that this regression of the step flow growth process will continue
with further hydrogen plasma treatment. FroRigure 5.24it is clear to see that if the treatment

was continued, the pits in the surface would merge together and it would be highly likely that
the majority of the upper diamond layers would be removed, leading to aat&uin the depth

of the pits. Further treatments would result in the same process repeating many times over until
only atomic steps remained on the surfaces. To be able to achieve this in this investigation, it
was clear that the sample would need to treated for very long treatment durations to

produce a smooth surface.

An additional point of interest is the fact that the hydrogen plasma treatment has produced
rectangular pits all with parallel step edges. Considering the original state of the sarfd¢he
seemingly random shape of the defects in the surface, this is quite remarkable and suggests that
the regression of the step growth propagates along the edge of a step rather than etching
material randomly from the surface.

Nonetheless, this shomvestigation has provided an insight into the way in which the
morphology of the SCD changes en route to the formation of an atomically smooth surface. This
result will now be compared with previous reports in the literature to determine the main
mechanisn by which hydrogen plasmas reduce the roughness of diamond surfaces.
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5.3 The smoothing mechanisnof hydrogen plasma treatment on SCD

So far in this study, hydrogen plasma treatments have been shown to smooth the sharp edges of
small diamond crystals ACD films, as well as producing pits on SCD which clearly originate from
anisotropic reactions at defective sites in the surface of the material. It has also been proposed
that longer treatments would cause these pits in the surface to merge and continnerease

in size until the top layers of the surface have been removed to reveal a smooth surface. The
major question in the mechanism of these processes is whether the diamond surface becoming
smoother due to the removal of material from the surfacendrether material is simply being
redistributed. This has been a widely discussed question since the early work in the 1990s which
showed that hydrogen plasmas could routinely be used to smooth {40&hted natural
diamonds[31].

In the literature there & two mechanisms proposed to explain the smoothness of SCD
following hydrogen plasma treatments. These are hydrogen assisted surface diffusion (also
known as hydrogen atorassisted surface migration) and etching by atomic hydrogen.

Hydrogen atorrasssted surface migration (illustrated Figure 5.2%was proposed as the

dominant mechanism of smoothing caused by hydrogen plasma treatments inf 19953 his

was due to experiments in which natural diamond powders were shown to become well

facetted withaut a change in mag82]. This apparently ruled out etching as the possible
smoothing mechanism since the crystal size did not change. The authors of this report also ruled
out the possibility that an etching and recombination mechanism may have caused the
smoothing of the diamond crystals, and there were a number of reasons for this.
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Figure 5.25A mechanism showing how it is possible for pendant groups to migrate across the
diamond surface under the influence of atorhigdrogen.Figure designed by author.

The first argument for surface migration was based on the idea that if material was being
etched from the surface of the diamond, then the etch products would travel at least a few
microns from the surface before thephanged direction and became reincorporated into the
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lattice [32]. Following this logic, it was reasoned that this would mean that small isolated
diamond crystals would undergo etching and so get smaller, whilst closely packed particles
would experience rgrowth [33]. Since this was not observed, that was one tick against etching
and recombination as the mechanism of smoothing.

The second argument against etching and recombination was based on the idea that increasing
the flow rate would have caused theatt products to be removed from the reactor more quickly
[13,32,33] thus leading to a decreased rate of recombination and so etching only would be
observed. Again this was shown not be the case and well faceted crystals were produced at all of
the flow rates investigated. Similar observations to these literature reports have been made in
this project, where it has been shown that the flow rate has no effect on the surface roughness
of PCD in hydrogen plasma treatments. In this work, OES has shown thatflaorates the
emission intensity from atomic H species in the centre of the plasma increases and it was
suggested that this was due to a less rapid dilution effect caused by p#enkihg into the

reactor more slowly. The explanation for why the suefacughness does not vary with changing
the flow rate was then attributed to the surface being saturated with H under any plasma
conditions. This meant that the rates of the various surface reactions were occurring at the
maximum possible rate accordingttoe treatment temperature, which was the same in all

cases. Since the starting material in each experiment was from the same original sample, the
fact that the surface reactions were occurring at the same rate, despite a higher proportion of
atomic hydrogn being present at low flow rates, produced very similar results.

It is the author of this projects belief that the dismissal of etching and recombination is not
justified by the arguments used in the literature. The main point to consider is that the odit
diffusion away from the surface will depend on the volume of the reactor (i.e. the total number
of possible paths away from the surface). The MWCVD system used in this project has a volume
of ~1 LI34], which means that from the perspective of a shpelrticle, there are a phenomenal
number of possible routes away from the surface and very few which stay close to the surface
over an extended timeframe. This means that the etch products will diffuse away from the
surface very rapidly and so, adjustiting flow rate by a minute amount in relation to the volume
will have no effect on the rate of diffusion of the etch products. For this reason, it is proposed
that etching should be reconsidered as the dominant mechanism of surface smoothing by
hydrogen plama treatments.

The only factor in support of hydrogen ateassisted surface migration which cannot be argued
against is that the literature shows that the samples did not change significantly in mass. In
recent years, there has been considerable intereshodelling the growth of SCD with H

assisted surface migration playing a major role in gtey growth[35]. By modelling these
reactions computationally, it has been shown that when a @blup migrates across the surface
and becomes incorporated in@ six membered ring at a concave step edge, this group becomes
locked in position. This agrees well with early work in the figétd and shows that diamond can
grow in a step flow manner by the addition of carbon species to the lattice followed by H
asssted surface migration to find suitable sites at step edges for incorporation into the diamond
lattice.
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In hydrogen plasma treatments, there is no carbon containing precursor in the gas phase and

S0, new carbon material is not being added to the lattleer Hassisted surface migration to be

the dominant mechanism there must be a lot free,@kbups on the diamond surface. For the

{100} surface in particular, this is known not be the case due to a reconstruction of the surface

to minimise the steric repglons between the GHjroups on the surface. This is knownasa 2 x 1
reconstruction[37]. For this reason, smoothing by surface migration alone does not seem

feasible, especially on {100}iented surfaces which have already been mentioned as being

more resistant to etching than other facets. For this reason, there needs to be a regression of

GKS RAFY2YR 3INRGGK LINPOSaa (2 LINPRA2SISVMSYRRY
is effectively an etching effect.

In terms of experimental evidence, theeseems to be much more support for the idea that
etching is the main mechanism of surface smoothing by hydrogen treatnights9|with many
reports being published around the same point in time as the report which suggested-that H
assisted surface migran was the dominant mechanism of surface smoothing by hydrogen
plasma treatment.

Many publications have reported the formation of pyramidal pits with sqismametry on
{100} surface$t0,41,42,43,44like those observed in this project. Computationaldeting
based on etching reactions during the CVD of {4®@nted diamond have also been shown to
provide a good prediction of the growth rates and morphologies seen experimentally when
growing SCD with smooth surfadés].

The sides of the pits in tH#erature are reported to be comprised of (111) facgt$,46]and

the edges are parallel to the {110} direction, as found in this study. The etch pit density has been
shown to be related to the dislocation densjti3] and has also been shown to decreagith an
increase in the misorientation angle of the diamond surfgléd. Macrosteps observed in this

project related to literature reports where steps appeared on the {i@@nted SCD surface

[47].

The reason for etching at step edges can be expthirery simply by considering the bonding of
the atoms at a step eddgé5]. At a step edge (and the surface), the atoms are not as highly
coordinated as atoms found in the bulk of the material. This means that fewer of the strGng C
covalent bonds are foned and so the atoms at a step edge are held onto the lattice more
weakly. This means that the amount of energy required to remove this atom from the surface is
much lower than other atoms in the bulk of the material. Furthermore, at a step edge, the
number of bonds exposed to the atomic hydrogen is higher than that for an atom on a flat
surface. This allows for atomic hydrogen to attack from many different angles. This would
greatly increase the likelihood of the atom being removed from the surface afigmond.

Once an atom has been removed from a step edge, the etching will propagate along the step
edge since the newly exposed atom will be even less coordinated to the lattice and so can be
even more easily removed. This is illustrate@igure 5.26 where cubes are used to represent
the atoms on the surface and show in a simple way how the etching along a step edge can
propagate due to a lower number of bonding interactions with the lattice.
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For etching to be possible, hydrogen atoms need to inserttimtoGC bond and cause cleavage
to leave a pendant radical species on the surface, as showigime 5.27 These radical species
are higher in energy than pendant methyl groups and so have a lower barrier to removal from
the surface34,35,36,45] This mans that subsequent attack by hydrogen atoms with will
release the radical back into the gas phase and leave two unactivated lattice sites.

However, as already mentioned several times previously, the diamond surface tends to
reconstruct itself to reduceteric interactions between the hydrogen atoms terminating the
dangling surface bonds. Atomic hydrogen plays a further role in breaking this reconstruction and
thus reducing the coordination of the surface atoms to the lattice by forming a dihygdrie

This surface dihydride is shown being etchedrigure 5.7.

Once a carbon radical has been removed from the surface, it is possible that it may reattach to

the surface at an activated lattice site. At this point the atom may migrate across the surface,
become incorporated into the lattice or be etched away a second time. If a carbon atom adds to

a pendant radical to produce a long alkyl chain on the surface, then fasdission reactions

can occur and remove more material from the surfg®e49® ¢ KS Y S O&clsgoria Y 2 F i
shown inFgure 5.8.

Figure 5.26 A simple illustration of etching at a step edge (top left). The cubes represent atoms
and the number of faces exposed at the step represents the proportion@tGnds exposed to

the plasma. Etching removes an atom and reveals further bond to the plasma which could be
etched (top right). These undeoordinated atoms are rapidly etched awayaimegression of

the step flow growth process (bottonmfrigure designed by author.
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Figure 5.27 The mechanism of etching by atomic hydrogen on the diamond surface, showing
the regression of diamond growth and the pendapecies produce being removes via a radical
intermediate.Figure designed by author.
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5.4 Hydrogen plasma treatment of PCD and manual abrasion

Since hydrogen plasma treatments alone did not seem to be theigolto the problem of

producing planar PCD surfaces at reasonable rates and the use of masking materials to prevent
the rapid etching of the grain boundaries was not considered as the best option, interest was
taken in improving the rate of manual polisly through the use of a hydrogen plasma-re
treatment.

From the previous experiments in this work, it was shown that hydrogen plasma treatments at
high temperatures or long durations cause rtiamond materials to form and accumulate on

the surfaceoft8 t /5 &l YLX S® {AyOS GKAA YFOGSNALIE Aa
technique would be able to remove material from the surface at a much higher rate leading to
the production of planar surfaces with much shorter polishing times.
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The main advamige in using a treatment such as this is that it can easily be performed at the
end of CVD diamond growth, without the need to move the sample to another apparatus or
even switch the reactor off. The only action that would need to be taken is to stopotlveof

the carbon containing gas into the reactor and adjust the parameters to achieve the desired
hydrogen plasma treatment conditions.

The use of pure hydrogen plasma at the end of CVD growth is actually a standard operation
procedure for producing highguality of diamond materialg34]. The goal of this exposure to
hydrogen plasma at the end of CVD growth is to remove anydieonond impurities from the
surface of the sample. For this reason, performing the same procedure agratment to
abrasionrather than a mild cleaning procedure, has no obvious drawbacks. Furthermore, if the
diamond material is destined to be polished once it has been grown, there is no need to spend
the time cleaning the surface with hydrogen plasma at the end of growth.

This demonstration of the potential for hydrogen plasma treatments astm@atments uses a
diamond file to manually polish the growth sides of PCD films. As mentioned in a previous
chapter, the larger crystal sizes of the growth side of PCD films are muaetiae than small
crystals since films composed of large crystals exhibit properties more similar to SCD due to a
smaller proportion of nordiamond material in the film.

For these experiments, a PCD sample was clamped in a small vice and polishéteusing

diamond impregnated file in the same direction until the surface was optically smooth. An
optically smooth surface (at least in this project) was achieved when there were no obvious
peaks left on the surface of the diamond when the sample was viewied asCostMad pocket
microscope at 100x optical zoom. The growth side of a PCD sample before and after 30 minutes
of manual abrasion using a diamond file can be seéigimre 5.2.

Since the growth side of the PCD sample had not been treated in hydpdeggma in the

previous investigations of this work, a PCD sample was exposed to hydrogen plasmd&@t 1000
for 20 minutes to observe the effects on the surface. The result of this treatment can be seen in
Figure5.30and shows that the surface had becomghiy graphitised and the grain boundaries
had become very deep. When an attempt was made to polish this material using the diamond
file, the sample disintegrated under the pressure of the vice. It was clear that this treatment was
much too long and has sexely diminished the structural integrity of the film, more than

observed for the substrate side of the film. This is due to the differences in the structure of the
two sides of the film. Due to the larger crystal sizes at the growth surface of the PGtk

holding of the grains in certain positions bythe iR I Y2y R W3Af dzSQ |4 GKS 3INI A\
a large amount of strain on the surface on the columnar crystals. At high temperatures it has
already been shown that this material becomes removeaadig and so the grains are able to

relax into positions where they are not strained. This leads to the wide grain boundaries
observed irFigure 5.30For this reason another PCD sample was treated at°@®0hydrogen
plasma for 5 minutes. This samplesvzot etched so intensely and so, did not disintegrate in the
vice. This sample was polished using the diamond file in the same manner as the untreated
sample.

An optically smooth surface, similar to that of the untreated sample polished for 30 minutes,
was achieved on this treated sample after only 15 minutes of polishing using a diamond file, the

98



final result of the procedure is shown kiigure 5.3. This 50% reduction in the polishing time to
achieve an optically smooth surface is very significant faormdustrial point of view where the

use of such techniques would translate into reduced running costs and time demands.
Furthermore, the SEM images also seem to reveal that there is less diamond debris produced by
polishing after high temperature hydrogelasma treatment, this could suggest that the

polishing after hydrogen plasma treatment was more uniform.

Figure 5.®: SEM images of the growth side of PCD diamond samples before treatment (top) and
after polishing using a diamond file for 30 miest(bottom).
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Figure 530: An SEM image of the growth side of a PCD film exposed to hydrogen plasma at
1000°C for 20 minutes.

As an indication of the reduction in the surface roughness which had been achieved using the
combination of a short plasma treaent and manual abrasion of the diamond surface, this

sample was analysed using AFM and was shown to have a mean RMS surface roughness of 145
nm. As described at the start of this chapter, the growth side of thick PCD films cannot normally
be studied usig AFM because the crystals on the surface are simply too large for the instrument
to measure. Therefore, being able to produce an image such as that shéwguia 5.2,

highlights how effective hydrogen plasma treatments are as angagment to polishing of the
diamond surface using conventional lapping techniques. Furthermore, it is predicted that
performing the same procedure on larger scales would also yield significant improvements in the
polishing time required to make the films more planar.
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Figure 531: An SEM image of the growth side of a PCD film following graphitisation in hydrogen
plasma atl00C0°C for 5 minutes and manupblishingusing a diamond file for 10 minutes.

Figure 532: A 3DAFM projection of the growth side of the PCD samepl®wing manual
polishing for 30 minutes using a diamond file.

In addition to use as a piteeatment, hydrogen plasmas could also be used to treat the polished
PCD surfaces. This was not performed in this work, but is expected to produce similar results to
the treatments of the substrate side of PCD films which have already been described in this
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work, where the etching of grain boundaries leads to significant roughening of the surface, along
with rounding of the grains and some smoothing of the crystadttac

5.5 LPSSStyle treatments

Before the LPSS$yle treatments of the metal coated samples were performed, it seemed clear
that different temperature treatments would be required for each of the different metals being
used, owing to their different statard melting points and the apparent requirement of LPSSS

for a molten metal phase. Unfortunately, Roy et al did not report any specific information about
LPSSS treatments using different metals and instead chose to present a temperature range into
which dl of the experiments fitted. This temperature range was reported to be ZBIFC|[50].

A further factor to be considered before the treatments could be performed was that the
pressure during the treatments is significantly lower than standard press@6eTa@rr) and so

the melting points of the metals may be lower than their standard melting points. The effect of
pressure on the melting point of a pure substance is well depicted by thewapiour phase
boundary seen phase diagrams, and the principldsrimephase transitions can be found in

many fundamental physical chemistry textbodRs This meant that phase diagrams of the pure
metals used in this investigation needed to be obtained in order to estimate the melting point of
the metal under the expémental conditions.

Unfortunately, finding phase diagrams of the pure metals proved to be very difficult since
modern metallurgy is primarily concerned with binary phases where more than one element is
present in the material leading to alloys with verffelient properties to either of the pure
substance$51]. Only the phase diagram for pure iron was found and this is showgune

5.33.
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Figure 533: The phase diagram of pure iroRigure was adapted froi®2].

100 Torr is equivalent to 0.13 bar and so freigure 5.3 it is clear that the experimental

pressures are well within the region where iron undergoes a melting transition (i.e. does not
sublime) Furthermore, since the soliuid boundary appears to be horizontal, the melting

point of iron in these experiments can be assumed to be the same as the standard melting point
of the material. This assumption was extended to include the other transitietals used in this
investigation.

As a way of confirming that these assumptions were reasonable the melting transition for each

metal was considered using a thermodynamic approximation of the-Bglidl boundary of a

phase diagram for a pure substaiize ¢ KS RSNA O A2y 2F (GKAA& | LILINRE)
Physical Chemistiiyg] and where it is shown that two points on the seliguid boundary are

approximately related by
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For these approximations it was assumed thatV would be approximately the same at 100

Torr as at 760 Torr siache metal structure is very tightly packed and is not expected to expand
greatly with reduced pressure. Furthermore, it was assumedjthgtl was the same for both

sets of conditionsThe results of these calculations can be se€eFalsie 5.1 and confims that

the metals should melt at their standard melting points under the experimental conditions.

Table 5.1 Shows the standard melting points of the metals used in this investigation alongside
the predicted melting points under the experimental condiiso

Metal | Standard melting point7C (from ref53]) | Predicted melting point at 100 TorfC
Ag 961 961

Cu 1084 1084

Fe 1536 1536

Ti 1670 1670

For this reason, the decision was made to treat the SAM samples & {8 lowest

temperature in therange reported in the literature) for 1 hour (the shortest treatment duration
reported). In this first series of treatments, the power had to be increased throughout the
treatment to maintain the desired treatment temperature and this resulted in the max
possible microwave power of the reactor being used (1.5 kW). Since the treatment conditions
could not be adjusted any further, the samples were left to be treated in the hydrogen plasma
for the remainder of the hour. At the end of these treatments, Haenple temperatures were
found to be in the range of 65690°C.

This reduction in the sample temperature indicated that the metals were evaporating from the
sample surfaces during the treatment. When these samples were removed from the reactor, it
was obvwous that the metal films had been removed from the surface. This removal of the metals
from the surfaces of the samples could be explained by two processes: the evaporation of metal
species from a liquid phase or etching of the metals by atomic hydrdgdinst glance, etching

by atomic hydrogen seemed to be the most likely explanation since it had already been shown
that the metals were not expected to melt under the experimental conditions. This etching of
metals by atomic hydrogen has been reporteéously in the literature during experiments

using metals as masks for reactive ion etchirig54]|
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Analysis of the treated samples by SEM reveals some very interesting results and this discussion
will begin with the silver coated SAM sample, which shdthat the majority of both the metal

and diamond layers were removed during the treatment in hydrogen plasma. This result
confirmed that the hydrogen plasma conditions used were too extreme and had etched most of
the material from the surface. Towardsetledge of the sample however, it is possible to see that

a small proportion of the diamond was still present on the surface as well as small areas of silver
(Fgure 5.31). The possibility that the hydrogen plasma was etching material from the surface at
high power seemed to be the most plausible explanation of the experimental result since no
evidence of a liquid phase could be seen on the sample. Furthermore, in previous investigations
in this project, it was shown that diamond crystals in PCD films @euédched significantly by
hydrogen plasmas, possibly due to ion bombardment of the sample with hydrogen species.

Figure 5.3: SEM of the silver coated SAM sample treated in hydrogen plasma at 1.5 kW for 1
hour shows that the majority of the diamond @metal layers had been removed from the
surface. This image was taken at the edge of the sample and shows that only small patches of
silver and very few diamond particles have remained on the surface. To clarify, the white dots
are the diamond nanopartiek which have been hydrogen terminated during the treatment and
thus appear very bright in SEM.

The conclusion that some of the diamond crystals were etched from the substrate can be
dismissed by looking at the copper coated sample which shows that tive eiamond layers
remains on the surface following treatmerfidure 5.%). This indicates that the SAM of

diamond in the silver sample had not been annealed properly to ensure the crystals adhere
strongly to the substrate. This meant that the treatmgmbvided sufficient thermal energy to
cause the attraction between the colloid residues and diamond patrticles to break and so, large
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amounts of the diamond material will most likely have simply fallen off of the surface when the
sample was transferred toglass vial at the end of treatment. In addition to showing that the
diamond layer remains on the surface when properly annediigdire 5.3 shows that small
metallic globules of Cu were formed on the surface of the sample.

Figure 5.3: SEM of the silvecoated ample treated in hydrogen plasma at 1.5 kW for 1 hour
indicates that the diamond layers are not removed if they are properly annealed and also shows
metallic globule on the sample.

SEM of the iron coated samplégure 5.3) shows that the diamashlayer had again not been
properly annealed and so the majority of the diamond particles had fallen from the substrate
when the sample was moved. However, it was also evident that the iron had produced an
increased number of larger globules than seenton gurface of the copper coated sample and it
was noted that these iron globules appear to have a significant number of diamond particles on
their surfaces.

SEM of the titanium coated sample again confirms that the diamond layer is not removed by the
treatment when properly annealed. In addition to this, number and size of the globules
produced on the Ti surface were the largest of all the samples, as shdiguie 5.3.

Furthermore, it is also clear that the Ti globules have absorbed more diamond rénlgsa

onto their surfaces than those found on the-Eeated sample.

From this first series of treatments vacuum annealing of the diamond layer onto the substrate
has been shown to be a very important factor in the preparation of diamond nanoparticles fo

use in technological applications. To check that the other samples were suitably annealed, a
small piece of Mo wire was used to scratch a small section of the surfaces. If a sample was found
to scratch easily, it was not used for in further investigagion
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Figure 5.8: SEM of the iron coated SAM sample treated in hydrogen plasma at 1.5 kW for 1
hour reveals metallic globules on the surface of the sample. These metallic globules are also
covered with diamond particles, whilst the most of the diamondatfegppears to have been
removed during the treatment due to insufficient annealing, as seen for the silver coated

sample.
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Figure 5.3: SEM of the titanium coated SAM sample treated in hydrogen plasma at 1.5 kW for 1
hour showing the layer of diamond naparticles remained adhered to the surface during the
treatment. Large metallic globules coated with diamond particles can also be seen.

The production of metallic globules from the metal coatings under the influence of hydrogen
plasma in these experimentorrelates well with the observations of metallic globules
associated with the diamond in the LPSSS prdéésslt can also be noted that the globule size
is proportional to the melting points of the metals used in the investigation, increasing in the
order CuFeTi. Furthermore, it should be noticed that the globules produced by the treatment
have dimensions larger than 50 nm, which was the original thickness of the metal coating.

To form globules such as this, smaller globules produced by the adttba hydrogen plasma

on the metal film must be undergoing coalescence. This is where two bodies of the same phase
come together to form a single phag&]. The non spherical shape of the globules produced by
the treatments provides support for this ideof coalescence.

The density of diamond nanoparticles adsorbed onto the surfaces of the metallic globules
observed seems to give an indication of each metals affinity for carbon, increasing in the order
CuFeTi. The relative affinity for carbon of ghcould not be commented on, since the majority
of the silver was removed from the surface of the sample. However, since the trend shown by
the other metals seems to correlate well with the experimental observations on the affinity of
the metals for carbp, it can be predicted that silver globules would have the least diamond
crystals adsorbed on the surface.

From these studies it was clear that the metal was being removed far too quickly from the
surface for its effect to be observed. This can be dedinethe fact that all of the diamond
crystals observed appear to be very bright under SEM, indicating that they have been hydrogen
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terminated and possess NEA as would be expected following standard hydrogen plasma
treatment.

Repeating the treatment of dlger coated SAM sample at the lowest possible microwave power
which could sustain a plasma under the experimental conditions (0.6 kW) for 15 minutes was
shown to produce globules on the surface of the sample. This is shdwgure 5.38&nd as
predictedthere are very few crystals adsorbed onto the surface of the globules.

LEN: 1)

o

e e Ly A

Figure 5.38 An SEM image of a silver coated SAM sample following hydrogen plasma treatment.

Similar experiments were repeated for the other metals and it was noted that the priopoof
metal remaining on the surface after the 15 minute treatments increased in the ord@ukg

Ti, in the same way as the globule sizes in the first set of experiments. This is illustrated by a
copper coated sample treated at 0.6 kW for 15 minutesclvlwas found to have formed
snhakelike metallic globules on the surfaéeglre 5.3).

Now that the proportion of metal left on the surfaces of the samples was substantial, it would
have been interesting to observe the surfaces of the diamond crystdie iSAM.

Unfortunately, the morphology of these surfaces could not be observed at high enough
resolution using the microscope used for this investigation. Logically AFM would be the next best
technique to use, but, since the metallic globules were ratheydaAFM could not be used. As
already mentioned many of the diamond crystals appear to be very bright under SEM due to the
termination of the surface with hydrogen atoms.
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Figure 5.39An SEM image of a copper coated SAM sample following hydrogen plasma
treatment.

Since the state of the diamond surfaces could not be investigated for the small diamond crystals
of the SAM samples, the removal of the metal from the surface of the samples was investigated.
For this investigation, a Ti coated SAM sample veasl LiThe reason for this is that Titanium
appears to be removed most slowly of the metals used in this investigation. In this part of the
investigation, OES was used to see if any emissions from metallic species could be observed in
the plasma during theréatment and also indicate the point at which the highest removal rate of
metal atoms from the surface occurs.

When using a MW CVD reactor, the plasma needs to be formed before the experimental
parameters can be set to the desired conditiofg]. The gerral procedure for striking a

plasma using this reactor is to increase the microwave power rapidly when the chamber is filled
with hydrogen at a pressure of ~20 T@##]|. Once the plasma has been struck, it has a large
diameter such that the plasma contadhe fusedsilica window and side walls of the chamber.

At this point the pressure needs to be increased quickly to control the plasma and prevent it
from etching material from the divider window or walls of the reactor.

Optical emission spectra taken e the plasma has just lit indicate the presence of species

other than atomic hydrogen in the plasmiagure 5.40). The intensity of emission from this
non-hydrogen species decreased in subsequent spectra as the treatment parameters were being
set, leadimy to an emission spectrum of pure hydrogen plasma, with a laggg peak and no

other obvious features.
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Figure 5.400ES of the hydrogen plasma used to treat a titanium coated SAM sample at ignition
of the plasma (scan 1), after the first scan liatkhed (scan 2) and once experimental
conditions had been reached (scan 3).

Attempts were made to find the cause of this foreign peak in the OES spectrum but it was not
possible to find a transition related to Ti which could account for the transitibpresent the

3’5 [P transition of He seems to be the most likely candidate for the foreign emission since it
matches the wavelength of the emission at 587 iim]. However, the source of this He is not
known.

This experiment was terminated once the experimental ctons had been reached and it was
evident that there was still a great deal of metal on the surface of the sample, some of which

had become tarnished. Looking at this sample using SEM reveals a significant result: some of the
metal with the highest meltingoint of the metals used in the investigation has been removed

from the surface of the sample in some locations. This can be sdégure5.41

In addition to some of the diamond being exposed by the hydrogen plasma, some regions of the
metal coating ppear to be much thinner (showing the shape of the diamond crystals more
prominently) and very small cracks can also be seen to have formed in the metal coating during
the exposure period. These thin cracks are characteristic of a metallurgical phenokremen

as hydrogen embrittlement8], which has been shown to be the cause of metallic component
failures in a number of different situatiofs9,60]

111



‘f.f
Figure 5.4: SEM of the titanium coated sample which was removed from the reactor shortly
after the experimental conditions had been set reveals that some of the metal had been
removed from the surface of the sample before the treatment had been properly started.

Hydrogen embrittlement is known to occur in environments where there is a high abundénce

hydrogen and is thought to occur when hydrogen molecules adsorb onto the surface of a metal

resulting in the formation of surface hydride spedie8]. Adsorption of hydrogen onto a metal

surface in this way forms the basis of the reduction of alkyoessl f { Sy S& dzaAy3a [ Ay Rt |
catalyst in organic chemistig1]. The atomic hydrogen associated with the surface can then

diffuse into and migrate through the metal via the vacancies in the matésial If two

hydrogen atoms collide in an interstitisite in the metallic structure the molecule formed will

exert pressure on the metal atoms. As progressively more and more hydrogen builds up at such

sites, defects such as cracks begin to f@®a].

In the case of the hydrogen plasmas used in these expaisnthe hydrogen is already in an
atomic form when it reaches the surface. This means that the adsorption of the hydrogen
molecule and subsequent breaking of the bond do not need to occur and atomic hydrogen can
diffuse into the metal much more rapidlfurthermore, the amount of atomic hydrogen in the
plasma is extremely high and so a significant amount of atomic hydrogen can be incorporated
into the metal very quickly. Under the reduced pressure used for these i98#SBeatments,

the packing of thenetal will be slightly less dense than it normally would be under standard
conditions and so, the interstitial spaces through which the atomic hydrogen can diffuse in a
Brownian motion will be larger. This leads to less frequent collisions between thé atetas

and hydrogen atoms, ultimately leading to an increase in the rate of atomic hydrogen diffusion
through the material. This increases the likelihood of hydrogen molecules forming in interstitial
sites within the metal to cause cracking.
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Despite hydrgen embrittlement being evident on the surface of the sample in the form of small
cracks, the phenomenon does not explain some regions on the surface became completely free
of metal during a very short treatment. This must be due to the way in whichltheadfi

deposited onto the surface of the sample. The metal coatings are polycrystalline and inevitably
there will be some regions which are coated slightly more thickly than others. Since the metal

film is polycrystalline, the coating will have a signiftaaummber of grain boundaries. As shown

for diamond, the edges of the metal crystals present at the grain boundaries will be etched by

the atomic hydrogen. This seems reasonable since the metals used have much lower rankings on
the Moh scale of hardness thaliamond[62].

These processes of cracking and etching of the metal coating could quickly lead to isolated metal
particles being produced on the surface of the sample. Since the film is only tens of nanometres
thick, these metal particles will be nanopiates. This is a significant realisation since it is well
known that materials behave differently on the nanoscale to how they do in the bulk material

[63].

The coalescence of the metallic globules on the surfaces of the samples observed in this
investigdion can only occur if molten globules are able to migrate across the sydacerhe
process of forming a larger globule reduces the surface energy of the paftiéles

Furthermore, these molten metal phases in this project have been shown to benfprmi
hundreds of degrees below the standard melting point of the metal. This supports the idea that
exotic nanoscale phenomena may be at work.

Previous work in the literature supports the results of this investigation and has shown that a
film of nickel carbe converted into nanoparticles which coalesce together to form larger
particles under the influence of hydrogen plasma and thermal treatn&sit Metal

nanoparticles are currently widely used in the field of carbon nanotube gré¥@fs7]and their
production by hydrogen plasmas has not yet been associated with the LPSSS process.

The mechanism of nanoparticle formation and globule coalescence from thin metal films has
been described previously in ErEnce[65] where the etching of the metal forms paatés

which decrease in size with further etching to form nanopatrticles. Nanopatrticles are known to
experience melting point depression and there are a number of models for the prigcess]
Despite being slightly different, these models are all basethersame principle that as the
dimensions of the material are reduced the melting point decreases due to a reduction in the
cohesive energy of atoms at the surface of the particld. Once molten, these globules can
move across the surface under thelugnce of thermal energy from the plasma and coalesce to
form the large globule&5], as observed in this project. This effect of melting point depression
due to the small size of the metal particles may be enhanced further by the interaction of metal
atoms at the surface with hydrogen species. Electron donation from the metal atoms to
hydrogen atoms to form hydrides will decrease the electron density contributing to the metal
metal bonding and so the bonding will be weaker. This may lead to furthertiedsdn the
melting point.

Now that the globule formation and removal of the metal films from the surface of the samples
had been explained, the investigation was extended to using metal coated MCD samples. Due to
the larger crystal size in these samplésyas expected that the effects of the metal on the
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surface would be more easily observed by SEM. Furthermore, since the aim was to investigate
the effect of the metal and the samples only 2 x2 Mthicker metal coatings were used to
prevent rapid etchig from the surface. Copper, iron and titanium coated MCD samples were
treated in hydrogen plasma at 0.6 kW for 15 minutes and revealed that the different metals do
in fact behave quite differently to one another.

In the Cu coated sample it was noted thila¢ majority of the metal seemed to have been

removed following the exposure to the hydrogen plasma, and the surface of the sample
appeared to have a slight reddish tint. Analysis of this sample using SEM reveals that there is still
copper on the surfacef the diamond crystals, in the form of spherical particles. This can be

seen inFigure 5.42

Figure 5.42 SEM image of a copper coated MCD sample treated in hydrogen plasma for 15
minutes at 0.6 kW, 100 Torr and 100 sccm.

FromFigure 5.42itis clearthat there is a wide range of differently sized metal particles on the
surface of the sample following hydrogen plasma treatment. This image suggests that the
particle size may be dependent on the crystal orientation, since different facets seem to only be
able to hold particles up to a certain sizes. This is rather odd since the surface is mainly {111}
facetted, so the affinity for the metal should be the same on all faces. This suggests that the
same may not have been completely flat on the substrate déottiring treatment. However,

this may warrant further investigation.

Perhaps the most logical explanation of the size distribution of the particles is related to the
composition of the film prior to treatment. As already described, the metal coatingtia n
continuous single crystal and is polycrystalline. Within this polycrystalline film there are grains of
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different sizes, with the largest grains being present at sites where the metal first deposited onto
the surface. Since the coating is copper otiig, etching by the hydrogen plasma at the grain
boundaries will have occurred at the same rate over the sample surface. Therefore, larger grains
will result in larger particles being formed whilst areas composed of many very small crystals will
have been &hed away to leave the diamond surface exposed.

InFigure 5.42it is also clear that the metal particles did not melt leading coalescence. This is
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thinly coated diamond SAM samples. This can be largely attributed to ¢hefusthicker metal

coating for this investigation.

In contrast to the copper coated sample, the iron coated sample did not show any obvious signs
of the metal being present on the surface following treatment. As can be sdégunre 5.43no
obvious meal particles could be seen on the surface of the diamond and it is very clear that the
surface has been etched considerably by the metal, with small islands of the original diamond
surface being left on the surface of the sample. These regions are vghy due to hydrogen
termination. This etching of the diamond surface by metals has been reported previgisly

and is thought to be due to unpairedalectrons in the metal71]. This explains why iron with 4
unpaired delectrons etched the diamond suda whilst copper, with 0 unpairedelectrons did

not.

InHgure 5.43, it is also clear to see that the iron hgignificantly etched the grain boundaries in
the diamond material. This can be attributed to the fact that sthamond carbon found at such
sites is much less chemically inert than diamond and so will dissolve readily into the iron. In
addition to the nondiamond carbon present at the grain boundaries, it is also possible that
regions of diamond may transform to graphite under the influencthefmetal[72]. Again, this
non-diamond material is more soluble in the metal than diamond and so will dissolve readily.
Due to these reactions described, it is clear that reactive metals will quickly become saturated
with carbon. These carbon atoms occy@cancies in the metal structure and weaken the
metalmetal interactions. This makes the metal considerably softer and lowers the melting point
(iron carbide melts at 122C[73))® LYy GKS LINBaASyOS 27F |I-gaghdhi O K& RN
mixture willbe etched more quickly than the metal if it was pure, resulting in the rapid removal
of iron from the surface of the sample. This explains why no metal can be seen in the SEM
images of this sample.

115



Figure 5.8: SEM images of the iron coated MCGIngple following exposure to hydrogen plasma
for 15 minutes at 0.6 kW, 100 Torr and 100 sccm.
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In the case of the titanium coated sample, the hydrogen plasma treatment seemed to have very
little effect on the coating, as shown igure 5.44 However, it shuld be noted that some

regions of the coating have been removed by the plasma. These regions were most likely thinner
or had smaller metal crystal sizes than other parts of the coating. In the case of the exposed
regions of the surface, it should be notdtht some crystal facets appear to have been etched
slightly by the metal. This can be attributed to the fact that titanium has 2 unpakeldalrons,

so produces more of an etching effect than copper but less than iron. However, unlike the iron
coated sample, there is no evidence of etching at the grain boundaries. The reason for this is not
clear.
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Figure 5.44 SEM images of titanium coated MCD samples treated in hydrogen plasma for 15
minutes at 0.6 kW, 100 Torr and 100 sccm.
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