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Statement of Factors

The first hadl of my project involved gowing diamond on the old magnein seup, whichall
went smoothly. The other hdl of my project wagneant to be spent on the new magnetron
once it got setup. Heever, the irstallation proceshad many issues anthe magneton
never got installed. This halted my whole projesherel was still expecting to groan the
magnetron with just two weeks left dieing in the labsSo, | had to chage the focus of this
report from comparmg the magnetrons to preding what the damond film grown would
look like on the Bw magnetron. This proved to ldifficult as thereis no wayin knowing
how much more effient the magnetron is over the old one. Sjus$t had to dothe best |
could with what | had.



Abstract

Diamond is an extraordinary material. Its range of extreme and unique properties makes it a
standout candidate foits usein microelectronic devices, radiation detection, water treatment and
beyond. In the last three decades, significant progress has beer matie production of synthetic
diamond through microwavassisted chemical vapour deposition (MWACVD). Advancements in
microwave plasma reactor design have proven to be consequential in the characteristics of the
diamond film grown. Cavity magnetrons daeown to lose their power efficiency over time, and so
must be replaced according to their expected lifetimes. In this paper, we explore a plethora of
reaction conditions that affect diamond growth, using ayZarold 1.5 kW ASTeX magnetron (HS
1000) Anew 2 kWSairem GMP GBagnetron will be installed, whereby hydrogen and electron
densities, and gas temperatures have been predicted using computer models. Higher microwave
plasmadensities (resultant from higher powers and pressures) have been found to increase the rate
of hydrogen dissociation, which is directly linked to increased growth rates. dptisal emission
spectroscopy (OES)as been choseras a tool to find tle intensities from the Balmer series
transitions to predictthe intensities of hydrogen transitions and growth rates the new
magnetron.Using this methodgrowth rates between 7.7 and 8.8m/hr have been predictedor
diamondgrowth at 1500 W and 150 toursingthe new magneton. Thiswould producegrowth rates
1.3-11.8% hiher than theold magneton under the same conddns.
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1. Introduction

1.1 Diamond

1.1.1 Carbon and itAllotropes

Carbon is the sixth element in the periodable andis the most fundamental element for life on
Earth. Due to carbons ability to multiple bond, it can take up many structural forms whigh ha
different chemical and physical propertighis is known aslktropism. There are two categories of
allotropes ofcarbon:crystalline (diamond, graphite, fullerenes, digure 1) andamorphous (coal,
wood charcoal, lampblack, et)The highcohesive forces thahold these large pobyrystalline
allotropes of carbortogether, along with a high activation energlfowscarbon polymorphs to exist

in a temperature and pressure region that is usuafianother form.This is whydiamond exists at
room temperature despite beingiost thermodynamically stable at extreme temperatufé&/hen
looking at desirable material properties, diamond tops nearly every listextreme hardness,
chemical inertness, wide barghp, thermal conductivity and negative electron affinity offers great
promise for its use in numerous micatectromechanical device$.Diamond is formed by the
bonding of sp hybrids, in which carbon bonds with four equidistant neighbours, where tetrahedral
symmetry is presenGraphiteQ & & (i NHzO (i dzNBshekts ofc@rBoNatdndif@rming thaer
bonds using its gphybridised orbitals and one unhybridized p orbitafjiving bond angles of 120°
The electron in the p orbital is delocalis&hich gives rise to its conductive properties.
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Figurel: Three allotropes of carbowhereone unit cell odiamond isshown

Both graphite and diamond are the two allotropes of carlloat are most stable in the solid state
The formation of thesgolymorphs can be summarised in a phase reaction diagfigiore 2). Asthe
pressure of the system is increasdle preference forhe formation of diamond is also increased.
The window for graphite formation increases linearly w#imperature whereabove B00Kand at
pressure of around 6 GPathe graphitization of diamondan occurwithin minutes #° Along the
line ABC, marks thpoints at which graphite andhexagonaitype diamond can be converted into



cubictype diamond Hexagonal type diamond is one in which fist and third layer can be
superimposed on each other (i.e., ABABAB sequence of lagalsg type damond has a sequence
27F | . ]inwhichKs first and fourth layer can be superimposedeach otler. At point A on the
dashed curvea solidsolid conversion ofjraphite to cubic diamond occurét point B, hexagonal
graphite is converted to cubic diamon@nd at Chexagonal diamond is converted into cubic
diamond.Graphitecanexist far into the diamond regiora( point A) and diamond can exist far into
the graphite region (point DWhen either sp or sp® carbonatoms get stuck in their respective
bonding modesa highamount ofactivation energys neededo convert an assefriage of spto sp*
carbons and vice versdhus metastable forms of these allotropes can exist in the regions of
thermodynamic stability for the other kintiThis is the basis for high temperature higtessure
techniques where the idea is to create conditiomsnilar to that irsideEarth.
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Figure 2: A phase reaction diagram for the formation of diamond and grapiMeng the ABC
dashedline, fast pressure/temperatureycles readily convert graphite or hexagonal diamond into
cubic typediamond.At point D, the graphitisation of diamond occurs.

1.2 Diamond SynthesisMethods

1.2.1HighpressureSynthesis

Diamond was longbelieved to be synthestsl only under high pressurein its region of
thermodynamic stabilityffigure 2). General Electriavere the first corporation to announce thean
made synthesis of diamond in 195Fhis was confirmed by-gay diffraction patternsand hardness



tests ¢ where the nanrmade diamonds were hard enough to scratch the facg1dfl} natural
diamond, and the fact that the diamond weepeatedly synthesisefigure 3).

LABORATORY MADE
DIAMOND SINGLE CRYSTAL

NATURAL DIAMOND
SINGLE CRYSTAL

Figure3: On theright are Xray diffraction patterns of mamade and laboratory made diamond
crystals. On thdeft are scratches made ofill} diamond, the horizontal scratches are growth
steps, and the triangle on the bottom right is a growth mark commonly found on diameed/fa

2.2.2EarlyHforts at Low-pressureSynthesis

Performing lowpressure synthesis of diamond its metastablestate was likely first achieved by
Schmellenmiein the early January of 19%6Acetylenewas decomposed in a glovisgharge where
black carbon layers were found on the cathode that showed a remarkablyshigiich hardness
Laue photographshowed that the material had a cubic latticand DebyeScherrer photographs
showed two strong lines indicative to that of diamond, withe graphite lines not present
Schmellenmier saidt X KSNBE ' NB |t a2 ONBAGI T f-like/ Sructur&dy B+ a G F
presumably even diamondsghe next major development in the formab of crystalline diamond
was mae in the early 1970by Anguswhere it was found that the use of hydrogen etched graphite
faster than it doesto diamond? This led to greatly increased growthtes, allowedfor higher purity
since less graphite will be present in the carbon sample after groarldmade the nucleation of
diamond crystals on nediamond substrates possiblén 1982 Namiki, Seuramura and Niiha¥i
gun, researchersit the National Institute fo Research innorganicMaterials (NIRIM), published
number of techniques for thdow-pressuredeposition of diamod.!®!* These included: chemical
vapour deposition (CVDipn-beam deposition, sputteringand plasma CVIThe group from NIRIM
deposited diamod onto silion wafersusing a hot tungsten filamerih a methaneand hydrogen
atmosphere at temperatures from 600 to 1000, ¥@th pressures ranging from 3000 Torr(figure

4). This pioneeringesearch kickstarted the creation of CVD diamond groups across the globe.
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Figure4: Adiagramof the hot filament method used by the NIRIM grotip

2.2.3Microwave PasmaCVD

Chemical vapur deposition (CVD) is a process used to grow thin films on substusing a reactive
precursor molecule tonitiate the reaction In the case ofgrowing CVDdiamond hydrogen is
activated through an activation regioncausing the gases to fragment into reactive radicals and
atoms, creating ions and electrons in tpeocess(figure 5).12 The activaibn region is generated
usingpower froma cavity magnetron which produces microwav&hese microwaves areéhen used

to excite preexistingelectrons in the gasnixture, forming a plasmathen fragmening the gases.
This process is known as microwassistedchemical vapour depositioMWACVD), whickvill be
explainedin much more detail in sectioh.4.

For this report, only microcrystalline diamond (MCD) will be considered, butdoy usesuch as in
semiconductorsnanocrystalline diamond (NCB)rpasseMCD due to itdighsurface smoothness
MCD can be formed via CyBnd thisis summarised in figur®. Initially, a substratemust be
abraded using diamond dust, which forresratches on the surfaceallowing for the nucleation of

the activated gasedA hydrogenatom canabstract a surface hydrogdonrming acarbon radicabn

the surface,and a hydrogenmolecule The surface radicak then attackedby a gasphaseChH
species This happens agaon anadjacentunit, until another hydrogeratom abstracts yet another
hydrogen off the methyl group to form a @tddical This then goes on to attack the adjacent methyl
group to form a carbon latticen which underthe correct conditions is diamond his explanation
R2SayQi 1jdzAGS 3IAGS (KS .Bdgihiteis eihédibgapiBgeda? MUchRA | Y 2 Y F
higher rates tha diamond which leads to majoremoval ofgraphite at the surfacelndeed, the
sputtering rate decreases by a factor of around 100 times from graphite to diamond (from 737 x 10
st for graphite and 75-%for diamond)*® Hence the favoured etching ofiraphite by hydrogen leads
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to the preferential formation of diamond, not the diamond having supegoowth rates over
graphite!*
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Figure 5:Thisdiagramsummarises the activation step and mechanism for CVD of diarord
microwave plasma reactdt.

Microwave plasma deposition offers many advantageser high pressure high temperature
synthesis one of which is the easef altering the power output which can influence the speed of
diamond growth. Another, is thieigh diamond purity which can be formed since the plasma ball sits
above the substrate, away from the chamber walls and hence prevents contamination of the
diamond film*°

1.3 Reaction Conditionand Damond Morphology
1.3.1 Diamond morphology

Diamondcan adopt different marphological structureslepending uporreaction conditionsDuring
CVD,square faceted100} crystals are in competition with triangular facet§til1} crystals(figure
6).1¢ Thiscompetition is seen in cuboodtadral structures where both triangular and square faces
are present on each crystilAt temperatures exceeding 750 4€high plasma intensity, octahedral
diamond dominatesbelow this temperature cubooctedral structures formand at temperatures
lower than 640 °Qunder aveage plasma intensifycubic diamond iseen'®

{100} (11}

C N
\C/ \C/ C/T\C/T\C
C/ AN \C DNy e
N N\ ¢ | > | ¢

C c NN
/\C/ AN P P

Figure6: Thisdiagramrepresents the atomic arrangemenf homoepitaxia{100 and{111}

diamond structuress viewed from the topThe carbon atoms in green and the bonds in blue are
those on the top layerThose carboatoms in black and the bonds in pink amehe crystal plane
below the top ones{100}facesmake-up cubic diamond, and {111} face makgoctahedral
diamond.

LEED (low energglectron diffraction) patterns of homoepitaxially grown diamooah be usd to
determinediamondsmorphology.The imagedn figure 7 and 8 clearly identify the differencei the
surface stucturesof {100} and{111} diamond
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Figure7: The LEED pattern on the lé&fthomoepitaxially grow{100} diamond taken at 80 eV. The
red square indicates the square facets that gives rise to its surface stru€hepattern on the right
shows a hexagonal pattern and is indicative of HL@ structure that was grown at 690 aid 98
eV. The red triangle dlines that seen in the surface structure of diamanttiangular facets?

x1Bk 7682 25kV

Figure8: The SEM images shd®00} diamond on the left, angll11} diamond on the right. The
square and triangular facets can clearly be sieer@spective photograph®

1.3.2 Reaction conditions

Altering the conditions by which the diamond film is grown in affects the growth rates, surface
roughnessand morphologyof the sample Substrate €émperature isa key parametemvhich affects

the samples growth and the temperature can be changed throughe microwave power,
controlling the substrate cooling ratand deposition pressuré€. The ratio of C:H:@s vitalas the
atmosphereaffectsthe morphologyand qualityof diamondfilm grown,whichthis is summarisesia

a Bachmann triangldiagramin figure9.?2

Gas mixtures

Looking first at figur®, there are three elements considere@, C and H and these can combine into
various molecules téorm different atmospheresFor any binary gas composition, the data point is

on the edges of the triangle. For CO, we have a mixture containing 50% C and 50% O, thus its data
point is at 0.5 on the O line. For methane, we have 80% H and 20% C, héadeuhdat 0.8 along

13



the HC line in favour of HWhat is evident from the studies taken by Bachmann is that there is a
narrow window for diamond growth, especially for growing good quality homoepitaxial diamond
film.?2 Most microwave plasma experiments have used high concentrations of hydrogen mixed with
a diluted carbon carrier such as methane. A small, shaded section in the bottom left of Sigure
contains lots of data for diamond growth. For the premise of this regbrs small section will be
explored through the variation of methane with hydrogen.

c @ diamond

n  no growth
© non-diamond carbon

O position of undiluted
compound

“ orientation line

s>* limit of diamond
domain

' ! / set of connected
/" non-diamond carbon experimental data

growthregion ¢ ot

H! I'YI ‘vl'l"‘:'lvl'l.;'F'J""G.l't'ilf'l.;;‘[-['I';.l.l"l‘llllll.f“l'l.l'l‘.l.\ UL A T ro
01 ———— H20 09

Figure9:. I OK Y | y y CdagramNholiggane &rea for diamond growth whiligs just to the
Gside ofthe CO line. The shaded section in the bottom left israa af high density of data points
rich in hydrogen which is of particular interest.

Increasing growth rates

To maximise profitkility in industry, high deposition rates should be achieved to minimise the time

of growth, and hence minimising energy usage. There are several ways in which this can be
achieved, the first to be discussed is temperatuteis known that the growth rate for diamond

films follow Arrhenius type kinetics and reaches a maximum at around 1080A@naxima is
reached becaus€h and GH, desorption starts to outcompete theadsorption ofthe activated
carbon speciest raised temperaturesThis etching pcessslows{100} growth rates, whils§{110}

and {111} ratesremain unaffected and maintain a steadyowth rate at temperatures higher than

1000 °C* The increase in etching rates fdi0G} servesto smoothenthe {100} diamondsurface but

also accounts for the domination of triangular and trapezium sdagmins observed at these
temperatures which conversely causes the overall surface to roughen.
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Addinga small amount ohitrogen to the system caimcrease growth rates the {100} direction®
The reason for this was proposed by Fraoueim et al. in a computational studywherebythe bond
in the {10C} plane is lengthened via an additional electron from @nly a small amount of nitrogen
is required since the electron becomes available agais the eleron Ymp<¥rom bord to bond
In fact,a saturation point is reached aké electrons from Nmoleculesbecomeevenly distributed
across the diamond surfac@hus, there comes a point where an increasedicdcentrationdoes
not increase the growth rate. This has been investigated by Ackardl where nitrogen
concentrations were used between 75 aB80 ppm, and a plateau regiomas expected to follow
soon after(figure 10).2 From their studyat [Nz] of 150 ppmat 950 °C the grainare most well
defined on single crystal diamd. However, at high concentrations of nitrogen, theslectronic
properties are significantly diminishe@hus,only at low N; levels(5 to 10ppm), are the diamond
crystalsare of suitable quality to be used for thermal and optical applications.

50+ —m— Ts=875°C s
451 o Ts=950°C e

Growth rate (um/h)

0 v T - L - l ol T

0 20 40 60 80 100 120 140 160 180 200

Figure D: The firstimageis a graph showing how the increase[b] in the gas feedstockauses the
growth rate of single crystal diamornd increase’® A plateau region is expected to folloas the
surface of diamond becomes supersaturat@tie data pointsat 0, 4 and 10 ppm are from another
source?’ The lower imageshows differential interference contrast microscop@ICM images of
single crystal diamonaf [N2] at 150 ppmand 950 °Cat low and high magnificationAt low
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magnification large defined square crystals are observed, and at high magnificlteurface is
seen to be relatively smootH.

The amount of hydrogen dissociation in the plasma core plays a large imokhe growth of
diamond?® The extent of this gas dissociation is governedrigrowave power and pressusghere
hot and dense plasngacan form At high pressure the plasmaecomes more confinedvhilst higher
microwave poweexpandthe plasma It would be advantageous to use botkry highpressure and
MW powerto grow diamondto maximisethe microwaveplasma densityhowever this is limited by
the equipment used, as at high temperaturd® etching of thechamber walls can lead tsilicon
contamination.

1.4 Microwave Plasma Reactors

1.4.1 Microwaves and their uses

Microwave radiation is a form of nepnising radiation that has a characteristic wavelength
between the order of 1 mm to 1 #¥.These microwaves are most commonly used domestically in
microwave ovens as a means heat up food through dielectric heatitgjMicrowaveshave also
been found to speed up reactionsanganic synthesisuch as thédielsAlder reaction3®3!

1.4.2 Plasma

Plasma is a state of matter formed by the extreme heat that causes electrons to be ripped away
from the atoms,forming a Wouof positively charged ions and electrons. Plasma makes up over
99% of the matter in the observahblmiverseandis the constituat that makes up stars and nebulas,
AGQa GKS 3t 26 FNR M the fludrésdedit ight franFnedn Aigh& Plgsing’ éhla bel y
categorised into two different types, the first of which is thermal plasma, where there is a
thermodynamic equilibrium b®een heavy ions and electronsvhere it can be produced by
electrothermal and electromagnetic launchéf$® Nonthermal plasmas have electrons that are
much higher in temperature than its ions. These types of plasmas can be generated through
continuous and pulsed dc discharges, mweave discharges, inductively coupled discharges and
dielectric barrier discharge$.This report focuses on plasma generated via microwave discharges, as
that is the method used in the synthesis of CVD diamond.

1.4.3 MicrowavePlasma

Microwaves form part of the electromagnetic spectrum, where the type of radiaticlefined part
by its wavelengthwhich is on the same scale as the plasma reactor to be ums€&y/D diamond
growth 2.45 GHzg I ™ §. Banthern@alplasmas can be gerated throughmicrowaves at low
pressurein a microwave plasma reactdn the chamber of the reactoithere is a constant flow of
gases, such as hydrogenethane,and nitrogen.These gases contain a smalimberof ions due to
interactions with radioactiveadiationand cosmic rays. Thus, whem electric field is applied, these

16



ions are accelerated by theefd and colde with neutral gas moleculesionising themand thus
creating more ions and electrons, which are themseb&selerated by the electric field. iBhcauses
a cascade of collisions occur, forming a plasm&®

For an intense electric field to be produced, the microwaves produced are generated at resonant
frequencies that match those of the resonant cavity of tihécrowave plasma reactoMWPR.

There are two different forms of resonant modis microwavesthe TE mode is when the electric
field is orthogonal to the cavity axis, and the TM moaben the magnetic field is orthogon® The
notation used to describe the type efansverse moddT stands for transvese), TNomn, describes

first the symmetry of the electric field, th@ denotes that the field is axisymmetric, i.e., a circular
plasma is formed. The indices,andn, indicate the number of lobes in the radial and axial positions
respectively.

1.4.4 Plasma Induced Hydrogen Dissociation

An increase in pressure serves to decrease the size of the plasma ball, whilst an increase in
temperature serves to increase the size of the plasma. The increase or decrease in the size of the
microwaveplasma can be viewed in terms of its volume, and hence a microwave plasma density
(MPD) d, can be calculated:

Q 0jt“i 1)

Pis the microwave power andis the radius of the plasma baHydrogenmoleculesdissociate in a
hydrogen only plasma only through collisions with high energy electrons to form atomic hydrogen
in a direct mechanism:

O Q00 0 Q 2
Thus, the electron density, plays an important role in the rate tie dissociation of hydrogerk:®’

0 08 3)

where kis the dissociation integral:
0 yi*a QY 8 - - AgPp— @& 4)

me is the mass of the electron,is the dissociation cross section of the excitation process;his a
function of the electron energy, and T, the electron temperature. Higher pressure causes the
MPD,ne, Ty and [H] to increase whilst th& decreases as described in equatibnThis is confirmed

by studying the atomic hydrogen concentration, as at higher atomic hydrogen concentrations in the
plasma ballthe lower the amount of hydrogen incorporation into the diamond filfn.

1.4.5 Plasma Modelling

An objective of thishesis is to predict power outputsr the new Sairem magnetron for when it will
be installed.A new power sourceshould mean a more efficient one, wheness power is lost in
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transmission to the microwave cavitijdore microwave power alterthe plasmas characteristic
properties such a#ts chemisty, MPD and, electron temperature. Thee values carme predicted
usingiterative modelsbasedoff Maxwells equations?

For a plasma tooirm, the electron temperaturemust be high enough for ionisation of the gas
mixture. Fo a typicd hydrogen plasma, ionisation occurs at around 15 0QGvKich has been
calculated usinga Maxwellian distribution function Electron temperare is calculated by
considering the balance of electron heating via the electric fialdd the electron energyoss
through collisions with gas moleculé$

: s Jj EONY (5)

WherebyE is the local field amplitude a, 0 is the momentum transfer frequency of collisions
between gagarticles and electrong is the electron density is the wave frequency'Y is the
electron temperatureN is the gagatrticle densityandll isthe energy loss coefficient (units: energy
xvolume per litre) The lefthand side of the equatiodescribes the power absorption density, whilst
the right-hand side expresses the collisional power lo8y sibstituting 0 Q0 in (5) it can be
gathered that atlow gas pressure%Y is determined by , and at high gas pressures g 0.
When he plasma is ignitedN is large and so more energy is neededgtite the plasma than to
sustain it since N is smallafter the ignition.This explains the observation that plasntas exist at
powerslower than its ignition power.

Atwo-dimensionakelfconsistentmodelallows for a more detailed approach find out about how
the plasma interacts with the electric fielflhe model considers both the axial and radial dimensions
of a cylindrical cavitywhere the EM fields arealculaed from MaxwelR & S |j dehelmic®waies
are modelled considering only the TM modandthe componentsE , H; (radial) andH; (axial) are
zero.Thetime-averaged powedeposition profile is given b¥:

0 66— 180 (6)

WhereCis a normalisation constantso that he volume integral of P adds up total power. TheEM
fields,H, Eand Ve are calculated from Maxwellsurl equations®

1 aA (7)

- @ Rg 8)

KHassuni et al have used theseequatiors to help model hydrogen plasmasfor a variety of
microwave powers and pressug€figure 11).*° The modelsshow that the plasma expandand the
gas temperature increasesith an increase in microwave powewhilst the electron count stays
roughly the samgthese are consistent with equatio2sand 4 Knowing the hydrogendensityover a
range of powers can be used topredict growth rates of diamond film when comparing to
experimental dataandthis is shown in sectio®.2.
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Figure 11 Distributions in theny, ne and T are shown to change as microwapewer changes.
These plots are computed &8 torr.*°

1.5 The Construction of Microwave Plasma Reactors

We have already considered some growth parameters that lead to making high quality diamond.
High MPD is essential in ensuring that higidrogen atom concentration iachieved which can

then lead to high growth ratesA fundamental part of thereactor is the microwaveto-plasma
applicatoras this isthe componentthat defines the amount of energy being sent to the plasma
Thus it cantune the MPD by monitoring the pressurepower, and frequency’! An advantage of
microwave discharges (Mythat the electrodes are not susceptible to erosion duettee negligible
bombardment of ions on the electrode surfa@nd this prevents the chance for contamination of
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the plasmaA mcrowave plasma reactds composed of many partghich converts electricity into
microwases (of the same modejhat are directed intoa cavity to generate a plasmaA general
schemefor the structure of reactors can be seen beldfigure 12).

Cavity Directional

- Wavegwd
Magnetron Coupler —= aveguide
Plasma Eesonant Mode
Cavity Converter

Figure 2: A flow chart showing the pathwagr microwaves plasmgeneration.

1.5.1 Magnetrons

The cavity magnetromas invented in the autumn of 1940, early into the second world wam by
British team, led by Sir Henry Tizdtdlwo physicists named, Henry A. Boot almhn T. Randall
were those who developed the cavity magnetron at the Britianeral Electric Laboratoriyp
Wembley. This technology was sent to the Unites Staveisere it would be usedn highpower
pulsemodulatedradar systemsTwo billion dollars wasnvested intofurther developing the cavity
magnetron and this proved to be crucial in the succesgfat effort by the allies.

The underlying physics behind the functioning of the cavity magnetron is LC oscilldt@h.and C
representan inductor anda capaitor respectively and, whenconnected can actas an electrical
resonator(figure 13). The voltageacross the capacitor drives a current through the inductor (in this
Ol &S A {Qnce the volgeloftthe capacitor reaches zée energyfrom the magneticfield in

the coil induces a voltage whiclauses a current to flow in the opposite directidrhis recharges the
capacitor, and the process repeats itself, only now the initial current flows in the opposite direction
to the first time This oscillationof the back and forth currenfyas a natural frequency to ignd if

the applied current has the same frequenay theO A NXhdwiral @sonant frequency, resonance
will occur If an antenna is placed next to the inductor, the magnetic field of the coil in the L@ circu
induces a current to flow in the antenna, and the resultant voltegeses electromagnetic waves to
be produced.
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Figure13: A diagram showing an LC circtiifThe left red boxs the capacitor, and the coil on the
right is theinductor. Adjacent to the circuit is an antenmaherea magnetic field causesvoltage to
be produced, which in turn radiates electromagnetic waves.

These electromagnetic waves can be harvestdficiently in magnetrons through thermionic
SYAaaAirzyo [SGQa adzll2asS 6S KI @SachrrenGfolv kbiys | y R
the filament heats the cathodeElectrons are releasddom the filament, and if amnode is placeé

around this system, the electron will move towardsTihe acceleration of the electrons towards the
anode producesadiation. However, this process is irigient as the electrons spend little time in

the interaction space (the space between the filament and the anode)a &mgnetis placed either

size of this system (figur#4), and this slows down the electron in the interaction space, making
radiation nore efficient. This system is known as the hull magnetron, but this can be improved even

further when utilising LC oscillations.

Bl MAGNETIC
| FIELD LINE

Figure ¥: This diagram shows a side on view of the hull magnetténmagnetic fields present,
and this affects thgath of the electrons as they move around interaction space before striking the
anode.
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The cavity magnetron, as the name suggests, contains cawdtidshese cause induced currents to
flow around theanode. When an electron strikes the anode next to tavity, electrons in the
anode move across the cavity as to invoke a curféihis current which forms around the cavity
acts an inductor, notice how now we have the components for an LC circuit. The cavity as the
inductor, and theinduced charge at either side of the cavity as the capacifdne axial magnetic

field exerts a force on the radially moving electroasd theytravel to negatively charged areas

GKS OFr@ArAiArsSaod {AyOS (KS&S S tasi) thdRhades arélBushedS A y 3
around, giving energy to the oscillatisrat the resonant frequency of the cavifgquation9, figure

15).#* An antenna is placed on one of the cavitigsich converts the oscillations &lectromagnetic
radiation in the form ofmicrowaves. Since the electrons are constantly moving arounaahéies,

the energy collected from one cavity is the same as all others combined.

0 B )

WhereLis inductance, an€is cacitance.

Figure B: This diagram showtke cavity magnetrort® The arrows whiclmove around the cavities,
denote the flow of electrons. Theshange in direction and strength as the induced charge changes.
The oscillations of thelectronsaround thecavityresonat at the resonance frequency tife cavity.

1.5.2 Directional Couplers

Directional couplers are used as a means to prevent reflective power entering back into the
magnetrons cavity® They are made up of two components, anpary waveguide (port-2), and a
secondary waveguide (port-8) (figure 16). Because of how the coupler is made, there is no
reflection of power between port 1 and 2, and no transmission of power between port 1 and 3 or
between port 2 and 4 since no coup exists. A coupling factor defines the ratio of power levels
between the first and secondary waveguide lines. Thus, a known coupling factor can be used to
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measure the power at the input port by measuring the power at port 4ouigh the following
equations:®

5 pué e (10)
O pmée (11)

WhereG is the coupling factor in decibels (dB)js the directivity (dB), ani,is then port. This is
useful when changing magnetrons and comparing their power output, which is a focus of this report.

Primary Waveguide
Port 1 O—O - > —OO Port 2
Directional
Coupler
Port 3 & — 8 Port 4
Secondary Waveguide

Figure B: This diagram shows how a directional couplerks; to ensure unidirectional
transmission of microwave power.

1.5.3 Waveguides

Waveguidesare a form of transmission line that are used to transport microwave signals from the
cavity magnetron to the reaction vess¢houghminimal loss of energhy restricting thewave to
one direction They are generalljnade from metalgsuch as silverpr alloys of metals have low bulk
resistivity such as bras$he waveguide can propagate TM and TE mailese one conductor is
present. Rectangular, circular, and coaxial waveguides have been prodwaeere the shape
determines the resonant frequency of theavity (Figure17).*” The cutoff frequency,’Q is the
lowest frequency for which a wave will propagate in thaveguide There can be many modes that
the waveguidecan propagate (i.e., T& Tko, TMo1 etc), but this can be troublesomesif there are
many modes are propagating, the waveguide is said tootermoded and this can result in
attenuation. Thus,te dimensions of the waveguide are chosen carefully, sodghitthe dominant
mode propagates (the dominant mode is the mode that has the lowesbifudtequency).
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Figure T: The diagram on the lefthowsthe dimensions for a rectangular waveguidéhe diagram
on the rightshows the dimensions for a cylindrical waveguiNete the change to polar coordinates
when looking at the cifidrical waveguide, whereis at anarbitrary distance to a turning poirdf an
arbitrary wavefunction.

For a rectangular waveguidie the TE modgthe @, is given by

G = — — (12)

n

Where the hollow waveguide is made from a material of permittiv¥itand permeability >. The
dimensions of a waveguide are such that the longége points along the-axis, hence a>b, anu
and n describe the modes of the wavEhe dominant mode is onehere a>h thus the lowestQ
occurs for the Tlmode (m=1, n=0%’

kS — (13

n

Note how there is no Hymode as this would mean that thelectric field componenQ, and the
magnetic field componeriO(from maxwells equationspre zero when m and n are zefb.

For TM modesn a rectangular waveguidethe "Qis TMi1, and this is becaus® and "Oare zero if
either m or n are zero. Therefor&Moo, TMy1, and TMo modes are nopossible. SOQ,;

G = - - (14)

n

This has a higher cuiff frequency than the Tig mode, andso Thy is the dominant mode for
rectangular waveguides.

For circular waveguidespherical coordinates are used as seen in figlifeThe TE modes are

determined by the cubff wavenumber 7QF, = —, where n is the number of circumferential

variations andm is the number of radial § variations anda is the point at whiclOis zero. Theut-
off frequency is:

Q — (15)
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The smallest’ isthe first TE mode to propagate, and this is found to be from the MBkde, which
has a value of 1.841.

The first TM mode to propagate in a circular waveguide is thg idde, where” = 2.405

ho3 — (16)

n

Here,’Q ” j &) and since 2.405>1.841, the dominant mode in timeutar waveguide is TE

1.5.4WaveguideMode Converters

The magnetronat the University of Bristohitially producesa TEo mode which travels through a
rectangular waveguideand thisis the dominant modefor the waveguide systemin a circular
waveguide, the dominant mode B&;, but the mode that has the next lowestt-off frequencyis
the TMo1 mode. TM modes are used imicrowavecavitiesover TE modes because the plasma is
formed over the substrate and not in contact with tel @ walls. @kus, the TMis the desired
mode used in microwave plasma reactoffiere are two problems associated with using the,TM
mode. The first is thalh mode converter is required to convert the.d Ehode to the TN: mode.
Secondly, since th€k; mode is the dominant mode in a circulaaveguide, and the Tpmode is
the desired modethere therefore must be some way tprevent the propagation of the unwanted
modes

Theconverter workghrough first introducing the \ave into acylindricalwaveguidethat has a small
radius from the rectangular waveguid® Thispreferentially selects the TM and TM: modes and
cuts offall other modesConvex slots are introduceat the rectangular waveguidehich supresses
the Tk: mode butallows for the transmission of the TtMmode as seenn figures18 and 19. The
slots affecs howthe microwaves propagate within the waveguitlg altering the distance travelled
Thus the undesirablemicrowave modes cannot resonate with the resonance frequency of the
waveguide, and therefore cannot travel efficientyther groups have used similanethods to the
one just stated where the rectangular waveguidgoised headon to the cylindrical oné® What is
apparent howeveris the use of different frequenayicrowaveswhere 1.75 GHz, 2.45 GHz &5
GHz waves inthe literature have been seeff. Different frequencies require differefyt sized
waveguides, and the solutions of these problems can be modatedputationally using CST
microwave studio.
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Figure B: Twotop viewimages of a rectangular waveguide showing the direction of the magnetic
field when the circular TlEmode is generated from the circular waveguida)this image ishowing
the propagation of the TiEmode in a rectangular waveguide before the conveksshave been
added; (b) another top view image, but this time convex slots have been adide@&; mode
cannotpropagate,and the magnetic field is supressed either side of the Sfots.

----- IR T I_A_' ll!
cmesrraIIrres aaa A A ——
B IR R A A L I
it 20 B IR RS S AL o A A
I R IR o A I
AP N T AR D e T e NI
PRI R IR At atra.
‘i) :V\\ . —————— -
- R @ TR S
Y Py L
X &9 R o o o 2 8
l i P e
2 b e e o o ol
-wd \Na~
oA R B - e e e ot o
e = cer
- PR
-\ Joe e e o ol
o g5 S
[ {
ri Y i
~7 .-~ ’
-p b St
D - -—— B s
o yotauis: | Bt oot o 0 ot
- -
c-y s - R i e
N /-
' . §
' 4 —— b bt
= : B e il
R [ s
T -
I L L - - e e
) % 0 ——
t - - . )
| 3] . . L . ‘.- T
i 1.1 . ’ $ if Ao
- -

(a) (b)

Figure19: Rectangular to cylindricahode convertersshowingtheir respective electric fields when
injectedwith (a) the TM: mode and (b) the TIEmode. The waves were fired from theylindrical

26



port, and the mode that circulates in the rectangular waveguide is the dde and not the Ti
mode*®

1.5.5ResonantCavities

Resonantavitiesare chosen for the constructiosf MWPR for a few reasonsResonant cavitiesan
ignite plasmas muchkasier sincehey are able to hold a higher electric fiakhen exdied at their
resonant frequeng.3® The MWPR to be used in the growth of CVD diamionthis thesisuses a
TMoo: mode (figure 20) that was converted by a waveguide from they;bEhode, and this is made by
ASEX (now called SERéchnotron)®°2 Othertypes of TM modes have been used by other groups
including TMo, TMz1, TMyaey and TM1.5354555¢ The TMp; mode was used by the group at the
University of Ssience andTechnology in Beijingvhere they reportedthat two-inch diameter and
460> Ythick freesstanding diamond was synthesised at 6 kWérowave powerTransverse electric
fields arenot used often in MWPRas theas the field isrormal to the substratewhich means that
the field regions contact the chamber wallsnd the plasma formeds 2 y'l&{in contact with
substrate.
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Figure20: The leftand right images are theespectivecrosssectiors of the distribution of electric
and magetic fields for the TMy; mode in a circular waveguidé.

For the MW energy to be efficiently transmittefom the magnetron to the plasmacoupling
techniques must be usetd do so.A resonant modeeither in the electric or magnetic window must
be exded in which the resonant mode shares a component with the cavity mode that will be
excited.Electricfield coupling can be achieved through using antenasseen in figur@1l for the
TMo12 resonant avity mode®* Magnetic couplingises magnetic loopsr slotson the cavity wallso
inducethe magnetic field to point in the samgirection as the modeof the cavity to be excited.
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Magnetic coupling is limited by its lower power transmission of up to 10@nd thus electric
coupling is the most chosen coupling technique for plasma reactors.

Figure21: Both diagrams illustratéhe direction of the elecic field in the same direction as the
cavitymode field with (right) and without (left) an antenna The electric coupling technique is used
with the TMy2 mode in a cylindrical cavify.

The choiceof dielectric window is an important consideratiovhen designing a resonant cavity
MWPR.The reactor used in the experimental section in this thesis a dielectric windownade of
guartz, which is piezoelectric and has a high temperature resistaibe. need for a window is
obviouswhen considering the electric field in figugd. Without a windowthe whole cavity will
containlow pressuregasand theplasma will be ignited iall the regins of the intense electric field
including thoseproducednear the antenna® The use of a quartz windowacuum sealwhich
separates the atmgpheric pressureambient air, and the antenna from the lepressure process
gasesallows the electric field to be intense in only one regand away from the chamber walls
Hence the only positionwhere a plasma can form is directly above the substrate.

The design pririple for the addition ofa quartz window can be rationalised in figut2 wherebyan
ASEXreactor is shownusing a Thiz mode. This is similar to the cavity used at the University of
Bristol diamond labs, the quartz window reduces the pressutbe chamber and confines the flow
gases, hence a plasma only forms above the substrate and not where tlgseds intense electric
field.
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Figure22: This is a diagram showing the evolution of design forASE€X reactor using a Tivk
mode. The left imagdas the electric field show when no antenna and quartz plate is.UEee
middle image does have those features mentionedth the region above the quartz plate at
atmospheric pressure and that below it at low pressurke right ficture is a model of a 200 mbar
H; plasma3®

Another consideration with regards to theesonant cavity is its shapeExxelia Temex are
manufacturers thatdevelop resonatorsthey offer disk, cylindrical, square anectangularshaped
resonant cavities®” Cylindrical cavities are the most common shaeen in the literatureas they
can supporta wide range of TM modé8Thae are threeMWPR at Michigan State Universityich

all usecylindrical caviesin the TMios, TMbiz and TMo, modes®® Other than those shaped cavities
mentioned,the ellipsoidalcavityhas attracted attention for its ability to both stabilise plasmas more
effectivelyand to withstand greater MWowers®® AIXTRON, a German technology comptiray
was founded as a start up from RWTH Aachimiversity in 1983 were first to manufacture an
ellipsoid eggshaped cavity* The basis for thereation of these cavities was the idea that in an
ellipse, two focal points would be creatathere the strong elecic field would be containedThe
addition of an antenna would block one of these points and thus a spigtena would form at one
end of the cavity (figur@3).
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Figure23: An ellipsoidal shaped cavity produced by AIXTR®HBe are two foci of the electric field
in the TMizs mode shown in the left panel, with the addition of an antenna in the central panel. On
the right panel, a 200 mbar:ilasma is showri®

The frequency of the microwave used influences the deposition afd¢lae diamond.Lower energy
915 MHzmicrowaves can increase the deposition area by up 4k times This makes it more
attractive forcommercial usagé®

1.6 Examples oMicrowave ReactoiSetups

1.6.1 The iPLAS Reactor

A company nantiPLASinnovative plasma systemsjave developed microwavglasma systems

for over 25 years, and a number of research groups across the world have used their technology for
the growth of CVD diamond$Figure24 shows the magnetic flds producedrom a toroidal
waveguide in the TM mode3® Thisreactor has been desigdeso that the waveguide is the same
length as four microwaves, dithe slots @e positioned every half wavelength (hence there are eight
intense regions in redp cross sectional imag@4 b) shows the regions dhe magnetic field at the
point the microwaves are released into the resonant catythe centre the microwaves are
transferred into the cavity2d a), whereatube is used to prevent plasma forming at the 2 (4 Q &
location.The iPLAS reactor haeen used to create microplasna@posited nanodiamond structures
by reactive ioretching and laser nanoablatioof diamond films®® % Theutilisation of the iPLAS
reactor for nanoscaldiamond processes can be owed toritederate power andhe use of alMi,
modewhich makes for ahorter wavelength. This produce a small, hemghericalplasma as seen in
figure 25.
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(@) (b)

Figure 2. Adiagram showing the intensities of the magnetic field from albde in a cylindrical
modeof an iPLAS type reactdrhe right image is a cross sectional pictafe¢he left image and this
can be seen in the four intense regions across the centre of both pictlres

/
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Figure B: These images showhat the iPLAS reactor and the plasma generdoed like. An
intense, hemisphericallasma forns over the substraté®

1.6.2The NIRIM Reactor

The National Institute for Research in Inorganic Materials (NJRiMlapanhave made important
progress involving CVD diamosthce the 19808 The MWPRlesigned by e NIRIM groupvas
made commercially available, atfis allowed research groupscrossthe gldoe to experiment with
plasma CVDThe waveguide systerfincluding the magnetronis sourced from a radio and micro
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frequency technology company called Sairé\ll of the microwave componentssed are part of the
WR340 series by Saireffhe reactor uses a 2.45 GHz rectangularveguide (suitable for aTko
mode), which is attached to a quartz vacuumbti (figure 26). The microwaves pass througin
isolator and an arc deflection¥ f I y 3 ® Jminit¥iseCthe reflected power returning to the
magneron. Three tuning stubsWQ are used to minimise the reflected powdry matching the
impedanceof the discharge tubeThe microwaves pass through a quartz wingdawo a cylindrical
cavity, where a plasma is ignited from free electrons in the gas mixt@ee disadvantage of the
NIRIM reactor 9 that the substrate teperature cannot beindependently controlled since the
plasma engulfs the substraté Ths has consequences when altering fhmver and pressureutput
of the reaction conditionsThesubstrate will havalifferent amounts of contact with the plasntue
to the plasma charigg in size, and thyshere will be an inconsistency in plasma temperature when
growing at different conditions.

735 mm

Figure B: An overview of the NIRIM reactda) Azoomed incrosssectional image athe substrate
holder, (b) Is a sideiew of therector and its important components, and (c¢@mputer image of
the reactor.The lettering sgtem can be summarised in the tatilé&®
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Tablel: Summary of theomponentshat makeup the NIRIM type reactor

Water cooled cavity

Interchangeable chimney

Ceramic sample holder

Reducing cross

Flangefor mating to vacuum components

KF25 cross

Pyrometerand quartz window

2 kW 2.45 GHz magnetron

Isolator and arc detection flange

WR340 waveguide

Tuning stubs

Quartz window

ST |X|<C T T|OMMmMo|I0O|m| >

Sliding shorcircuit

1.6.3 TheSekiASTeXReactor

The SekiASTeX reactodesign(a manufacturerbased inUSA of plasma systemsjleals with the
problems associated with the NIRIM reactorK S LJt | aYIl ok ff K2@SNBER 2 JSNI (
contact wth the microwave cavities walls. This allows for the substrate temperature to be
independently controlled usin@ cooling plate underneath the substrate holder (Fig@@. A
uniform plasma over the substraterisquiredto grow uniform, homoepéxial diamondifm. Hence,

the need to build a device tareate an axisymmetricplasma is essentialo achieve this A
rectangular waveguides used to propagate microwavéasthe Tk mode, andthis is connected to a
switchable cyiindrical waveguidewhere different diameters are availableDifferently sized
waveguides are able to hold differeiiM modes (T, TMy, TMys, are used) an increase itthe
number of radial nodescan be utilisedfor processing larger or multiplsubstrates since a large
plasma can formHigh quality homoepitaxial diamond filmgrown using an AST&€ki reactor
designhas been found to create hillodkee surface$® The ability to use different frequency
microwaves alsajives the ASTeXekian advantage against other reactor designs forementioned.
Decreasinghe miadowave wavelengthto 915 MHz from 2.45 GHallows fordiamond films wth
diameters of 50 mmto growwhen usings0 kW of microwave powe¥
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Figure27: A map ofan ASTex$6eki reactor desigri® A circulator is used to prevent magnetrons from

202

NICROWAVE

MAGNETRON

CIRGULATOR

LOAD
I 210 {242 (344
224 DIRECTIONAL 6AS 0AS
H{E COUPLER sum‘r‘i |‘suvm
[ Lsuee wm!:umsrmz f40 (236
fzzo APPARATUS FLOW GAS FLOW
COTROL CONTROL
HEATER MANIFOLD
POMER
SUPPLY
218 214 216
VACUDN CHANBER BLOWER
222
- 228 —1_2%
TENPERATURE
CONTROL | VENT VALVE E%EHS'T?CFLE
1 250 | .23
L 230 226 [TyRomTLe ] THROTTLE
MueheTs | [ vaLve T CONTROL
| (254 | r234 232
NAGKET VACUUN YACUUM
POWER | | AssiST PUNP
| [suepry | | puwp
|
256
L [ st
CONTROL

being damaged by any reflextt power, by directing the transmission into a dummy load.

1.6.4Summary of other MWPRs

Table 2: A summary of some research groups around the world, the manufacturers of the

microwave plasma reactors, and the details of CVD diamond growth.

Group of | Type of| Substrate| TM Cavity Microwave | Coupling | Characteristics

Researchery MWPR T (°C) mode | shape frequency | method | of diamond
grown

Fraunhofer | AIXTRON | 950 001, | Ellipsoidal| 2.45 GHz | Magnetic| MCD, PCD

Institute for 012, ¢ using

Applied 036 antenna

Solid State system

Physics366%

71

School, of] iPLAS 975 012 Cylindrical| 2.45 GHz | Magnetic| SCDNCD

Physics, ¢ using

University slots
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of

Melbourne

72

Michigan ASEX/SEK] 9501300 | 103, | Cylindrical| 2.45 GHz | Electric | Various

State 013,

University, 202

USA36,49,73

LIMHP, LIMHP/ 800-1000 | 022 Cylindrical| 915 MH, | Magnetic| Small to large

France 36 | PLASSYS 2.45 GHz | ¢ using| area

7273 antenna | deposition (up

system | to 16cm

diameter (at
915 MHZ2)

University | Element 900 001 Cylindrical| 2.45 GHz MCD,PCD

of Bristol Six, td/ Electrc

ASEX

1.6 Characterisation Techniques:

1.6.1 Raman Spectroscopy

Raman spectroscopy is a powerful technique for the characterisartimaradus carbon allotropes
such as diamond, graphite, fullerenes, nanaaband amorphous carbon filnffsMaterials made
mostly out of covalent borglwith small to no dipole moments are perfect candidafes Raman
spectroscopy, whereby tiny changes in the structure can be detextedratelyPeaks of spand sp
carbons can bédistinguished in Raman spectroscopy since they have distinct geakée 3.7 Laser
beans in the visible, neatR or neatUV region ofthe EM spectrumare shone at the sample,
vibrationally exciting thestructure, which puts the molecule into a virtual energy state before a
photon is emitted.Due to inelastic scattering, the photon energy may be higher or lower in energy
than the initial excitationphoton. A Sokes shift is whernthe photonis in a lower energgtate, an
anti-Sokes shiftis when the photon is lower energynd as forRayleigh scattering, there is no
change in the photon energy before and after collision with shenple Thus, for the energy of the
system to be conservethe molecule must move to a new rovibronic state.

Table 3:Common Raman peaks observed in CVD diamond:

Position (crrt) Typical FWHM (cr) Assignment

520 35 first-order siliconRaman peak

11001150 40-80 Could potentially be
transpolyacetylene at grain
boundarieg®

1332 5-10 first-order diamond Raman ling

1345 250 sp? amorphous carborg the D
peak

14301470 80 Could potentially be
transpolyacetylene at grai
boundaries

15201580 100 sp® amorphous carbon the G
peak
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The peaks descibed in tabBecan be show visually throutp the Raman spectra below (figur8).

The FWHM indicates the broadness of the pedlie metric measures the width of the peak at half
of its maximum amplitudeA large G peak indicates low quality diamond due to the precense of a
high amount of spcarbonsfrom amorphouscarbon

\ \ \ | \ *
1100 1200 1300 1400 1500 1600 1700

wavenumber (cm™!)

Figure28: A Raman spectra of C\diamondfilm, grown ona Mo substrate at 820 °C.

1.6.2 Optical Emission Spectroscopy

To understand the plasma chemsitry, optical emission spectroscopy (OES) can provide useful data
that can characterise the composition and intensities of gases inpthema SophisticatedOES
systems can map the whole plasma regishowing how the gamixture changes with distance from

the substrate(known as spatially resolved OESROES))’’ Other systems, such as the onsed in

the OES collected in the experimental section of this report, collects data at a single point in the
plasma, and hence only provides information of the gas composition at a distandemm the
substrate. The microwave powés mostly used on hebttg the gas mixture, excitingztdnd GH,
species (where y =@). High energy H atoms take part in H addition and abstraction reactions which
causesCH to react, forminga variety of other speciesThe distribution of sme of the species
present in the pasma are summarised in figuR® as a distribution of their radial (r), and axial (z),
distances from the plasméd.The intensity of the transitions occuring in a+EH plasma are shown

in the OES in figurg0, and a table of these transitions shown in taBl€® The most intense peak is

the G Q“ O @*“ ) transition at 516.52 nm, which is evidenced by the plasmas strong green
colour when increasing theaethane concentrationTheintensity of the peaks in OES does not relate

to the amount of that species present, but is a facet of the strength ofetleetronictransition
occuring. Thus, OES bestused for qualitative purposes and noa quantitative spectroscopic
method.
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Figure ®: Density distributions of a variety of species that makeadpH/H, plasma(H: flow rate is
300 Sccm, GH= 19 Sccm). In this system, thiertical distance from the substrate to the quartz

window at the top of the reactor is 5.7 cm, and tteactor radius is 6m.””
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Figue 30: OES of a microwave plasmg5% CkH,, 135 Torr and, 3.5 kW microwave powér.

Table 4 Shows thespedes present in plasma, the electronic transition occuring, and the wavelength
of light emitted duringelectronic transition in a GHH, plasma’®

Excited species Electronic Transition Peak position (nm)
CH A'A— XL 431.15
Hy n"=5—-n=2 436.85
C, d’Tlg— a’Tlu 471.55
HP n"=4—-n=2 486.31
C; d*TIg — a’Tu 516.52
C d’Ilg — a’Tlu 563.25
H, 3p'Tu— 2s'%g 602.16
C d*TIg — a’TTu 619.12
Ha n"=3—n=2 656.81

1.7 Aims and Expectations

As previoiusly stated, a MWPR will be used to synthesise CVD diafendhagnetron used dhe

School of ChemistryJniversity of Bristols 15 years past its lifetime and is expcted to have itsst
efficiency.A new magnetronrfade bySairem; model number ISO65K;, WR340B1)being new, is
expected to be more power efficient than tled one. Spthe aim of this report is to predict the
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characteristics of the diamond filgrown under the new magnetrofkirst,to predict the outputs of

the new magnetron, the old magnetron must be ustx grow films under a wide range of
conditions. Powr, pressure, wire thickness, and gas composition are the variables to be changed,
whereby the substrate temperature will be closely monitorégrain sizes, growth rates, surface
morphology, and film quality will then be measured to probe the effectshainging the growth
conditions This will then give a wide enough range of data to predict the effects of higher
microwave poweon the diamond film grown.

Higher powers means that the plasma temperature will be highleus the hydrogen atom
concentrationwill also be higher (according to equati@y Higher hydrogen atom concentation in

the gas mixture is known to increase growth rates, and imprive qualities Therefore, it is
necessary that the predictions for the new magnetron will h&vdactor in how much hydrogen
dissociation occurs under a range of different pressures and powers. Optical emission spectroscopy
will be used to probe the strength of the hydrogen transitions in the Balmer cycle, andwieeran
exrapolate the data toifid out the intensities at higher powers, using literature data as guidance.
Thus, we can use this to find expected growth rates using the new magnetron.

2. Results and Discussion

2.1 Growth Runs Using th&.5 kW ASTeKlagnetron (HSL000)

The first part of the experiment involved growing 15 substrates under various conditidbhe
substrates were thersubject to SEM and Raman spectrosceygyere they were characterised
looking specifically at grain size, growtites sp’ vs sp peaksand surface morphologyStandard
conditions for diamond growth had been set to 1200 W, 150 Tt (4%) Nz (0%) and a 5 nhwire,
where growth times were kept t® hours.

2.1.1 PressureDependency

The pressure of thenicrowavechamber waschangedduring diamond growth whilst keeping all
other variables constantThree different pressures were chosen, 100, 150 and 200. Toe
increase in pressure confines the plasmagre its electron denisty increases as a resul bigher
amount of hydrogen dissociatioifiequation3). As the pressuregises from100 to 200 torr growth
rates jumpto 5t T > Y kK KuND dofp NEFigdne KUNT he reason for theise in growth in rates is
merely a facet of a higher degree of dissociation of hydmas this increases thigequencyat
which they nucleate onto the substrate, along with other hydrocarbon radiédlf00 torr, very
large grains form, reaching an average siz&.88> ¥, the large grainare associatedwith thicker
diamondfilm grown, sincewhen the grains grow upwardshey also growoutwards overlapping
with eachother(figure 32). The SEM imageshowthat at higher pressureshe {111} facedegin to
outcompete the{100}faces which serves to roughen the surfadd 10} grainsalsobecome more
numerous atelevated pressuresjue to the etching rates of{110} surfacesbeing unaffected by
substratetemperature (pressure causes the substrate temperature to rBalMhereasthe etching
rate of {100} facesncreases when temperature doesThe quality othe diamond filmsalso changes
aspressure does. Raman spectra (figd8) show that the most pure diamond film grown is at 150
Torr, since the ratio of the 1332 cinsp peak to thegraphitic,1430-1570 cni?, sp# peakis greatest.
The broad peak from 1430570 cmt is a combination ofhe stretching mode of the C=C bond in
transpolyacetyleneand the G bandrom amorphous carbo®® At 100 Torr, the plasma density is
quite low, limiting the amountof hydrogen dissociatianThus, moresurface CEklunits have a, or
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some hydrogens left unahsicted, leading taa higher degree ofiraphite formation. Thediamond

film grown at 200 Torr has an even lowef:sp’ ratio than at 100 TorrAt high pressure, the plasma
density is very high, leading to largenaunts of atomic hydogen but also elevated levels of
hydrocarbon radicals such &H, CH, &+, etc being producedThis leads to an increase in the
growth rate of larger crystals. Howeverhé¢ activation energy for nediamond carbon species is
lower than that of diamond, hence they are more likley to nucleate and grow leading to the
formaton of graphitic carbonTherfore, the increase in deposition rate of diamoradong with a
higher probability of norcarbon species depositing onto the surfacereases the overall graphitic
content of the diamond film.
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Figure31: This graph shows the dependgnef grain size and growth ratas a function of pressure
Thesubstate temperaturesare shown above the data pointé positive correlation between both
pressure and temperature with growth rates and grain sizes are observed.
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2000x 10 um

Figure32: Ths series of SEM imagetiows the trend ofanincrea® ingrain size with an increase in
pressure.At the top left, the diamond was grown at a pressure of 100 Torr, where small irregular
polyhedra are seerlop right is 150 Torrwhere there is {111} anfl00} faces, witlvery few {110}
faceas. Thebottom left image shows much bigger grains, with more {110} faces than at 150 Torr.
Twinning of grairs are presentin the 150 and 200 torr runsandat 200 torr, the large grais are
shown to be nucleation sigffor {110}and {111)crystals.
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Figure33: These 514 nm visibile Raman spectra show the extent of graphitisatitiamondgrown
at various pressures. At 100 and 200 Torr, the diamond grown shows worse cgiatitythe spisp?
ratio is bwerthan at standard conditions.

2.1.2 PowerDependency

Fourdifferent power regimes were used grow CVD diamond film in a MWPR. Fiasgw power
1000 Wrun producedvery smallgrainsd m ® c 3 anc>ldfv growth rateso M @1 ¢ at 82@ B N
(figure 34). The grains producedere mixtures of smallesquarebasedpyramid{111} grains, and
slightly larger, flat triangulaf100} graingfigure 35). The reason foman unusual amount of {111}
faces, is likely to be greatly influenced by the abrasion prcoess, andridgtation of the silicon
substrate. The abrasion processould be inconistent since its done byiand, where some areas
might be more abraded than othgrleading to differently sized and shaped grains. These would be
more prominent at low film thicknesses since the grains havent significantly overlagguebther

yet, hence at 1000 Wthere are a large variety of shapes and siZEs second six hour rumas
grown under standard conditions, where 1200 W of power was seducing temperatures of 883

°C In this instancgaveragdy sized grain® n ®y PpandIyNE ¢ 0 K NI ( S averegno®rpt > Y K K
when compared to the dataollected across all growth run¥he sirface comprised mainly dfat
triangular grains, many of which have grown adjacent to one anothieere they coalescto form
diamond shapedtructures, this is known as twinningh higher powera 1350 W runproduced the
largest grains and the thicke$ims when varying the power output. This can be put down to
reaching temepratures of 976 °@hich are optimal fohigh growth ratesdue to the fastekinetics

of hydrogen disscoiatiofequation4), as well agasterhydrogen atomand methane adsorption onto

the substrate.The surface isnostly made up off111}facetswith small {100} fads in between the
{111} facets this gives rise to a very textured surfadhe highest poweNHdzy RA Rymei F2f €
upwards trend ofthe greater the power, thgreater the growth rates andrain size. At 1500 W, the
temperature wasl060 °C, thisvas found to banuch too highto producelarge grain sizeand high
growth rates This is due to théncreased etching rates at high temperatures, lingtthe growth
rate, and reducing the film quality, sineerise of transpolyacetylenevasfound in the rivenes at
grain boundarie$® The columnar shape of the grains means that trgstal is growingompletely
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perpendicular to the substrat€ The{111}facets defins the morphologyof the grains, andrery
small {100} facesn top of the columngrow parallel to the substrate
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Figure34: This graph shows the depenaey of grain size and growth rate as a function of the power
output. Thetemperatures of the six hour growth rursge shown on the graph, as higher power is
directly correlated to higher temperatures.
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Figure35: These SEM images show the change in morphologlyeapower is increased from 1000
W (top left), 1200 W fop right), 1350 W lfottom left), to 1500 W ljottom right). An increase in the
number of {111} facets as power increases is due to a rise in substraperature.

Raman data (figur&6) shows that diamond was successfully formed for all substrates grown at
different powers as a sharp peak is seen at 13327¢crindicative of the 4 mode of diamond.

Variable amounts afion-diamondcarbon was formed at different powers, the smallest gpak was

at 1200 W and the largest at 1500 W. The large crystalline graphite peak grown at 1500 W can be
rationalised by its small grains. The sngaiflin sizes are as a result of the etching of diamond, and
instead graphite and transpolyacetylene are deposited in thgsain boundaries. As the power
increases (i.ethe § SYSLISNI (G dzNB0O X GKS &s2andOthidrifeSimRfreqeddsy o6 | Y R
correlates tothe increaseof amorphouscarboncontent produced fronthe favourable deposition of

graphite8!
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Figure36: The Ramardata shows the respective qualities of diamond film grown under different
power conditions.The broad peak ranging from around 14BB70 cm® indicatesimpurities in the

form of graphite or amorphous type carbon. The larger this peak is relative to the diamond peak at
1332 cm', translates to a worse film quality. Thus, the best quality film is found at 1200 W, and the
worse, at 1500 WThe labels indicating the poweatwhich the diamond is grown at are pointing to

the top of the diamond peaks.

2.1.3Methane ConcentrationDependence

The $andard methane concentration for growth was set to 4% (a flow rate of12.5 Scc The
agreement between grain size amglowth rates continugas we see aatrease in bothof these
resultsasthe methane concentration is changed either side of standard growth concentrations (4%)
(figure 37). The reason for the increase growth rate from 26to 4% can be attributed ta larger
amount of methyl radicals being incorporated in to the substrate by the mechanism illustrated in
figure 5. The growth rate drops off at higher methane concentrations, most likely due to higher
graphiteformation from increased etching rates.

However, these observations regarding growth st@pose those found in the literature, where an

increase in methane concentratidmas found to increase growth rates up to 5#CH.%> 83 There
are some inconsistencieghen comparinditerature data to those collecteth this report, and this
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mainly involves the microwave reactor set 0fiaobo Huet al, useda microwave plasma reactat
300 torr, and substrate temperatures of 118Q, in anArdis 300 reactor, capable of producing
microwaves up to 6 k. Reshiet al, kept substrate temperatures at 95%C, whilst using low

pressure at 725 Tort which led them to form mond fim with growth rates atp ® n H

>YK KNI F2I

5% CHH, gas mixture®® The use of different conditions yieldsfferent different plasma densities
which altesthe plasma chemistry. This could be a reason thiey6% growth in this report differs to
the 5% CHas seen in theiterature. Despite thisthere are mitigating errors in the experimental

strategy that potentially might of thrown the resulthe SEMs | & y Q i

ir18y Ay

GKS S

on each substrate, and even if it was, the positioning of the substrate in the reactor could have been
different each time despite centering it using placeffie reason this is an issue is because the
plasma dg & A (0 &
that duringoptical microscopy, the film went in and out of focas the lens moved from the centre
outwards. This is indicative of different thicknesses in the filmoss the substrateesultant from a
non-uniform plasma.
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Figure37: This spectra shows theariation of grain size and growth rate as a result of a change in
methaneflow ratesin the plasma. The agreement between growth rate and grain size can be seen
whereby standard conditions (12.5 Scqmdduces the largest grains.

The Raman data (figur@8) also opposeshe literature data,since the peak for diamond is the
sharpest for the 6% run as its full width half maximum (FWHM) is 7.71, compared to 8.25 and 8.69
for the 2% and 4% runs respectivéd> One theory is that the large and irregular shepgrains

grown at 4% reflects théght generated from the laser, and thus its intensity is redudeaman
spectrempy was repeated two other times to make sure that there were no errors in data
collection, but the results were more or less the safigerature datasuggests that ashe methane
concentration is increasethe FWHM of the 1332 chpeak increase®: & So, if going by the

46



literature, the6% run is the anomalous data point, altigh the use of different reactor set ups and
slightly differentreaction conditions could ofroduceddifferent results What is quite odd is that
the SEM pictures show darker regions for the 2% and 6% film than at 4%, indicatinggnégitére
content & expected. Also, for all the other growths, the 4% run is in line with all the other results
i.e.when changing the power, the Raman and SEM data follow the treseisin figure 34, 35, 36,

and this indicates that the % and 6% @wths ae anomalous The broad pealkanging from
1430~1570 cr, again is a result of a mixture ofranspolyacetylene and amorphous carbon present
in the diamond film.
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Figure 38 These series of Raman spectra shomwow film quality changes with an increase in
methane concentrationn the microwave plasma. The FWHM are 8.25, 8.697ant cm' at 2%, 4%,
and 6% respectively.

Taking a look at thesurface of the diamond film shows some obvious differencesgiowing
diamond at different methane concentrations. Tbieange in grain se either side of the 4% growth

is quiteapparent however this is just a facet of increashitkness. The more signifciant difference

of the surfaceare the characteristic shapes of the grains themselkégire 39(a) is film grown at %o
methane where twinningof irregularly shaped {100} grains is observé&teres a mixture of {100},
{110}, and {111} facets, giving no distinct surface morphol®ggre is an musualprominence of
striationsthat are present in some of therystals figure 40), these aredue to highgrowth times,
where the grains overlap eachother, creating these mitdges.However, the 2% growthas more

of these ridges than at any other growth condition, this coulddbe to insufficient methane levels

A lack of methyl radicdbrmation reducesompletesurface nucleationhence the grainR 2 y Qi I NP &
uniformly, forming the striationsThe 4% methane run is at standard conditions andescriptionof

the film has beerincluded in previous discussioregarding power and pressure. What is appararent
however is thepresence ofarge, defined111} facetsat 4% which at 20and 6% seem much harder

to come by.The film gown at 6% is more like the 2% film than the 4% film. The grains are smaller
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and have more undefined shapes than at 2%, this is a rekaltgpeater amount of layering, where
the grains grow over eachothereating irregular shapes.
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Figure39: SEM images of diamond film grown a} %,and p) 6% CH:H.. These pictures are at
methane concentrations-/- 2% of the standard methane levels, in which they show highly similar
surface morphologies.

Figure40: A close up SEM image showiag unusual strutural defect at 2% methane. These
described astriations or micreridges
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Optical emissition spectrocopy (OES) provides useful data regarding the gas composition of the
plasma formedas well as the intensities ebme of the electronic transitions occuringthe species
present. There are observedgaks(figure 41) at 387,430,437,471,486, 516,557,563, 656nm
labelleda-j. The 5 vibrational modes fp= +2 +1, 0,-1, -2) correlating to the €Swan systenare
laballedc, d, f, g andi respectively which arise from electronic transitions*{(d y 3f ,).2* Thepeaks
labelleda, b and h are from emissions by CHYBH ¥ UOCH (A ¥ -0 I 4 Théemiksions at
different wavelengths suggests that there are multiplechanisms in the désciation of Ckl These

are byelectron impact fragmenting the molecule into GH H, and by dehydrogenatipmvhich
explains the formation of CHwo further peaks are attributed to atomic hydrogen transitiomsat

486 nmis fromthe M NJ y & j @t 65@ nhdis florgf tRe M (i NI yTEe péaks2ejating to
the Swan banglhave a clear trend, the greater the methane concentration, the greater the intensity
of the peak The peaksrelating to the Balmer series are very similar across the methane
concentratons, since the change in hydrogen concentration as a result of elevated methaneitevels
very small.

—2% CH,
1200 ~ ‘ — 4% CH,
. —6% CH,
1000 -
800
600 - J
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Figure4l: The OES shows the change in intenisty wizedifferent gas mixture of #HCH, is used to
form amicrowave plasma. The labelg are those of significance which relate to the &van band
the Balmer series, and other species undergoing electronic transitiahe visible region.
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2.1.4Nitrogen dependence

It was discussethat a small amountof nitrogenadded to theplasma atmosphereould increase

the rate at which diamond grows-igure42 agreeswith the literature, and a plateau regionf the

growth rate is expected to follow at higher nitrogen concentratidisThis is the first timethe
growthratesandd NI Ay &A1 S R2y Qi. TRedier gran sidek 8bsedvédat§herii NB y R
nitrogenlevelscan be rationalised by thim quality. As the nitrogen flow rate is raised, the more
graphitic thefilm becomessince there igreateramount of nitrogen incorporation into the films

(figure 43) ¢ where more nitrogenincreases the preference for $parbon formation.Smaller grains

are alsoformed by nitrogen reacting with carbon to forcarbon nitride, which can inhibit diamond

growth on the surdce®
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Figure42: This graph shows the dependencendfogen on grain size and growth rate.

There are distinct differrences in the surface morphologies when varying the nitrogen concentration
even by small amounts. The SEM images in figdishows how the addition of nitrogen causes the
crystals to grow preferentially in the {100} plane over the {110} and {111} dirediomigh nitrogen
concentations, thedesire for diamond to grow soley in the {100} plane is so higit,the resultant

film is incredibly smoothThe transition to {100} films is obvious when looking at the 0.30 Sccm
growth, where {100} facets are seen at the top of the {110} and {111} crystals. This observation
proves thatnitrogen increases the growth rates in the {1@bjection, which is in agreement with

the literature?
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Figure43: This grah shows the Raman shifts with an increase in nitrogen flow rate measured in
Sccm. Thgreater the nitrogen concentration, the lower the3gpeak and thehigher the sp peak,
showing that the quality of the films decreasasnitrogen concentration increases.
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Figure44: These SEM images shows the change in surface morphology as the nitrogen flow rate is

increased.Topleft (0 Sccm)bottom left (0.15 Sccm}pp right (0.30 Sccm), andottom right (0.45
Sccm) The surface becomes smoother as nitrogen flow rate is increassd {100} facets grow
more quickly.

OESdata was collected for a range of nitrogen flow rates to besv the plasmagas chemistry
changesthrough a change in nitrogen concentratigiigure 45). The only significant change the
OEScomes fromtheCH (BB Th ¥ 0 G NJ y & A (A Zns inticatesathatrthe @ddition of
nitrogen increases the production of CHdpgme pathway, and this could be a contributing factor in
the increase in growth ta of the diamondfilm. The plasma is hot enough to dissociateiMo N
atoms atomic nitrogen can then cause methane to dissociate through collisiins:Chll'y /s + H

+ N If this repeats itse|]fN + CHIHN + CH + H occurs, resulting in higlegels of CH, which explains
the OES data.
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Figure45: OES data for nitrogen flow rateanging from 0 to 1 Sccin a4% ChlH, plasma.Theonly
significant change as a result of higher nitrogen flow rates is itCHéB Th ¥ 0 G NI yaAdAiAzy |
cm™,

2.1.5 Effect of Wire Thickness

A spacer wire is use separate themolybdenumdisc (that holds the substratefrom the cooling

plate during diamond growth in the M/PR A thinner wiremeans hat the substrate will be closer to

the cooling plate and thus the substrate tempature will be lower. A thicker wire has the opposite
effect, where the substrate will be further away from theoting plate and closer to théot plasma,
causing the substrate temperature to risg0, 2.5, 5 and 8 ml tungsten wire were usachere the

unit, ml, is milli incheg1/1000 of an inch)Two independent variables are changeecause othe
spacer wire used, the first is the substrate temperature, and the other is the distance the substrate is
away from the plasma.

Without the use of a spacer wir¢ghe growth rate was extremelsiow at0.21>m/hr, andvery small
grains were producedd 921 >m? (figure 46). The small grainare a result of a low growth rafend
the morphology of the crystals grown are largely down to ¢mentation of thesubstrates surface
from the abrasion procesés the spacer wire increases in thicknées substrae temperature rises
An increase in substrate temperatuie what causes the growth rate timcrease,and this is
correlated to the grain size as previously discusg#¢dB ml, the wire is so thick that the substrate
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temperature is1020 °C which is toohigh forhigh quality diamond film to be growsinceetching
rates of atomic hydrogen anagp® carbon speciebecome toofast This explains the drop off in
growth rate but not the increase in grain size. The grain s@dinues to increase drause the
substrate is closer to thplasma ball, where the density of species is grealdrerefore, species
important in diamond growth saturate the surface more effectivednd sobridging between grains
canoccur, owing to larger grainseingformed. Raman spec# for the run at 8and 2.5ml show a
small sharp peak at 1150 cmvhich is trangpolyacetylene(figure 47).”® This represents that either
side of the standard wire thickness (5 mf)e substrate temperatures are neayptimal for good
quality diamond film.For the 8 ml growth, the poor film quality is indicated by the existence of
structural defects in the formof step edgegfigure 48).
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Figure46: This graph shows the variatiangrain size and growth rate as the wire thickness is being
changed
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Figure 47:These Raman spectising(a) 2.5 ml, and (b) 8 mwire, show the presence of nen
diamond carborin the diamond films. The small sharp peak at 115¢,camd the broader peak at
1430~1600 cr is indicative of transpolyacetylene and graphite.
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Figure48: This 2000 x SEM image shatws diamond film grown using an 8 ml tungsten spacer wire.
A wide range of grain sizes are obserwsth amixture of surface morphologiesvhere mostgrains
containstep edges.

For more images and data regling all the samples growmsge the supplementary information
section.

2.2 Diamond GrowthPredictions using the Saire@MP G3 Magnetron System

After diamond growth using the old Asté&eki magnetrorsystem the nature of the filns grown
under a wide range ofeaction conditions is now knowrThe previous experimentsave given a
considerable amount of date predict howthe diamond grown under the sammnditions differs
when using the new magnetron setup. The magnetron to be implemented is manufactured by
Sairemthe model number is GMP G3, and can produce microwaves BfkW, with a frequency of

2.45 GHuzt is expected that the new magnetron is far more energy efficient than the old one, and so
at the same microwave powers used, higlseibstrate and plasmé&emperatureswill be reached.
Higher temperatures cause a gter amount of hydrogemlissociation, where hydrogen atoms are
known to increase growth rates. Thus, as the new magnetcan generatehigher power
microwaves, higher growth rates can be achieved if the substrate temperature can be maintained at
optimal levels, which was found to be around 8860°C

At standard growth conditions, 1200 W of power is ysaad for the old magnetron, this produced
substrate temperatures of 883C. When switching to the new magnetrothis temperature is
expected to be highe perhaps around 950C. This means that the diamond produceding the
Sairem magnetrorshould look more like the 1350 W growth run on the Asteactor. A more
precise insight into what governs the diamond figrown can be determined from the OES data
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