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Abstract

Alumina particles were successfully cahtevith silicon carbide $iC) layers in a
microwave plasmasssted spouted bed reactbtethyltrichlorosilane (MTS) was used as
precursor for the SiC deposition reactiand argon served as both carrier and plasma gas
The microwaves were guided froamgenerator along a rectangular waveguiflequartz

tube was moued between two support flanges and positioned perpendicular to the
metallic waveguideA graphite nozzle was inserted irttee bottom of the quartz tube to
bring about the spouting action of the b&dmetallic grid wadnstalled atthe top of the
tubeto prevent particles exiting the reaction zoReocess parameters under investigation
were enthalpy, pressure and the hydretgeMTS ratio. The design of experinmés (DoE)
followed thatof a BoxWilson 3-dimensional central compositesign (CCD), covering

wide range of experimental parameters, within the capability of the syBkenmeasured
growth ratesrangedfrom 50em/ht o 140 €& m/ h, wi t hroma9sls dep
g/(h-m?) to 331 g/(h-m?). Response surfagaethodology RSM) andanalysis of variance
(ANOVA) yielded 3D surface contour plots for navigating the design space, and the
models indicaté the most signitiant ternto bepressure

Characterisationtechniques forthe SiC layersincluded scanning electm microscopy
(SEM), transmission electron microscopyEM), X-ray diffraction XRD) spectroscopy

X-ray photoelectron spectroscopyRS), energydispersive Xray (EDX) spectroscopy

and Fouriertransform infrared KTIR) spectroscopy These techniquesssisted in
developing a colour chart as well as a similar morphological chart used to indicate the
change in morphology of the layers throughau2D design spaceHigh enthalpy and
pressure values tended to proddeaek-coloured layersoften accompanied by carboich
deposits. XPS characterisation also indicated the presence of organosiliconghékely
remnantof unreacted opartially-reacted MTS compoundsndedded in the layers. It is

evident that within the design space, theropt region for SiC deposition requires high
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enthalpy (-5 MJ/kg) and pressure (60 kPa), with reasonable hydroggo-MTS ratios

(~ 5:1). The quality (i.e. crystallinity, particleize, SiC ratios) of the layers appears to
improve at these conditiongat the expense of decreased deposition r&amauer
Emmett Teller (BET) analysisndicated gpore size distributioshowing the majority of
poresizesto bebelow 20 nm, classifttas mesoporoukleat treatment of the particlas (

air at1 000°C) yieldedan increasedxygencontentwithin the layerslikely a result of
oxidation of the Si and Si@®y contrast, the chlorine content decreased, indicative of the
organosilicon reaadns forming volatile hydrogen chloride HCI). SEM images
demonstratedhat the layer boundaries became sharper and more defined after heat

treatment.

A 2D finite-elementmodel was developed to assist in investiggthe effect of the plasma
parameters othe SiC deposition mechanishimited access to computing power remgai
careful consideration and simplification of the modehile still successfullycouping
relevantphysical processes, such as laminar flow, heahsfer plasma chemistryand
chemial vapour depositionQVD) processesSome experimental observationgre
successfullypredictedby the model, such abétotal volumeof the quartz tube occupied
by the plasmaone gas temperatureguring operatiorf~ 1 000°C), gas velocities< 2 m/s
to 12 m/s), andhe effect of a SiC layegrowing on thereactor walls.Other esults
comparable with literature values include the electron densiti€9@x 10'° m3) and
energies (~1.22 eV).The deposition ratesn the particlesvere not in agreementith
experimental results, likely due tsenplified MTS decomposition mechanism, as well as

the use of a temperature dependent sticking coefficient.
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1 Introduction
1.1 Background

The physical and mechanical properties of silicon carbide @Mour itsapplication in
high power and high frequency electronics as well as high temperature techndlpgjes
The material is receiving increagconsideratiorfor useas a nuclear ceramic due to its
excellent mechanical properties, and dimensional stability under irradidtian low
neutronabsorption crossection (25 % that of zirconiurrbased alloys)invokes
classification as proposed replacement material for zirconium albaged fuel cladding

in light water reactorf3]. The hgh-temperature mechanical performance of silicon carbide
(SIC) is an important factor contributing towards its use as a fission product barrier in tri
isotropic (TRISQ fuel, shown inFigure 1.1, and its consideration ashast material for
high level radioactive waste immobilisatipt].

Pyrolytic carbon

SiC

- Pyrolytic carbon

buffer
kemel

Figure 1.1: Layer composition oT RISO fuel particls [4].

The current standd method for TRISO fuel fabrication involves chemical vapour
deposition (CVD) in a fluidised bed furna¢®]. The synthesis reaction is shown

Equation (1.1) andhas been extensivetgported in the literaturi®-8].

#  3H#A O 3E®@ o (#d (1.2)



Many dfferent manufacturing methods for the creation of SiC partiatest layershave
been reportedincluding carbothermic reductiof®], pulsedlaser depositiorfPLD) [10,
11], solgel preceramic polymer§l2], and microwave heatingl3, 14] Additionally,
numerousplasmaemabled chemicalapour deposition (PECVD) techniqubave been
reported for the deposition of S[C5], induding inductiveradio-frequency (RF]16-18],
directcurrent (DC)thermal[19], low-pressure microwave plasmpX] and microwave
plasmaenabled chemical vapour depositioMW-PECVD) [21, 22] Among these
techniques, MWPECVD has produced promising resyizt8-24], and provides economic
advantages suds decreased energy requirements and reduced equipment fof2piints
Microwave plasmas have also been used for the synthesis ofnamdlibemalssuch as Si
[26], M0S and WS [27], WOz [28] and Zn and Zn@R9]. In combination with this plasma
technique, fluidisedand spouted bed reactors haveo gisoducedpromisingresults for
deposited coatingsn particleg30, 31]due to the added advantage of high mass heat
transfer rates, anaigh bulk temperaturg82].

1.2 Problem Statement

Next generabn hightemperature reaatqHTR) designsequireoperating temperatures
over 1 000 °G emphasisg the importance obbtaining detailed knowledgef the SiC
depositionparameterand consequentlthe layer propertie§33]. The current standard
method for TRISO fuel fabricatioantailshigh-temperatureCVD inside a fluidised bed
furnace[5]. This proventechniqueprovidesstable andtonsistentesults butdemands a
high-energy inputin orderto deliverthe temperatesrequiredfor MTS decomposition,
yielding crystalline SiCVery few studies have investigated the possible advantages of SiC
layer growth in a MWPECVD spouted bed reactor, compared to traditional synthesis

methods.



1.3 Objective

In this stugy, a microwaveplasmaenabledspoutedbed reactor was used for thresitu
synthesis and deposition of SiC layers onto alumina spheres in order to investigate MW

PECVD as a viable alternative deposittenhniqueor high quality SiC layers.

1.4 Experimental Scope

MTS wasused as precursadueto its advantageous carbémsilicon ration of 1:1and
argon served as bofitasma and carrier gas. The effect of hydrogeAVITS molar ratio
(H2:MTS) was investigated, as well as the effect of reaatesqure and enthalpy on the
deposited layer charteristics.A bed size of 50 pebbles was used per experimental run,

and a 3Dcentralcomposite experimeal designvas followed.

1.5 ThesisOverview

Chapters2, 3 and 4summarise the relevaliterature Chapter antroduces some relevant
elementary plasma physiattempting to elucidate the key plasma terms and jargon for
the reader.The chapter also highlights some design considerations for microwave
components and reactor desig@hapter 3is a bief introduction to silicon carbide,
highlighting its history, material properties and synthesis methods. The decomposition
kinetics of MTS are also briefly discussé&thapter 4conclude the literature with a brief
introduction to spouted bediesgn and applicationsas vell as the current tierature on
MW-PECVD spouted bed reactors.

The experimental setup, method, design and characterisation equgmmdescribed in
Chapter 5.The results and discussion are reported in Chaftexhich includes
experimental measurements, such as rdap®siion rates, and statistical anadgsThis
includes the ANOVA analysis and surface contour pld&yer and morphology

characterisatioras well aelemental and crystallographic analysgbapter7 presents a



2D model representative of the physisatup ad attempts to simulate the conditions
present during an experimental run usirgpaventional finiteelements software package
The final conclusions and recommendations are reported in Cl&g@@mmarisig the
key findings of this experimental studyg well asthe necessary work to be undertaken in

futureinvestigations
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2 Plasma & Microwave Technology
2.1 Introduction

The goal of this chapter is to familiarise the reader with the relevant aspptasmaand
microwave technologies as well as introduce the commethods and mathematical
descriptions needed for microwave plasma mautelisome key terms and definitions are
first described in Sectiof.2, followed bythe most common plasr@nemicéd reactions
descibed in Sectior.3, which are expanded upon in Appendix A.brief overview of
various plasma sources is given in Section tbdowed by a brief introduction into the
core concepts of microwave components and design in S@ckiofheoverall modelling
and simulation methd for plasmas is described briefly in Sectio6 followed by a more
specific description of microwavdgsmamodellingin Section2.7. The domain equations

are expanded upon in Appendix®lasma diagnostics are dissed in SectioB.8.

2.2 Plasma Definitions & Terms

As temperature increamesesedcttad else o gnart u et
systens. A solid lattice changes to less tighbound liquid movements, which further

changes to unbound gas moleculgsverned by collisions. The gas phase further changes

to a collection of charged ions and trau particles which behave differently from the
atomically neutral counterparts. The latterknown ashe plasmastateand it is often

pointed outthat over95 % of the visible universe is in the plasma state. In physics and

engineering, a plasma must conform to three main conditsdjs

f Quasineutrality ¢ é ¢ );
ionisation of thegas 6 © © Q; and
exhibition of collective behaviour i.e. the motions dependoth local-and remote

conditions.



2.2.1 Plasma Temperatures

A gas in thermal equilibrium contains particles of all velociti@s é&nd follows a typida
Maxwell-Boltzmann distribution, described by Equati@rilj and shown visually ifigure
2.1.

P. .
=0
N6 OAGD S—

= 2.1
o (21)

Here, QF s Bol t z ma,mnsdnsasscYis a mrtaraetet based on the mean kinetic
energy of the particles indicated jin Figure2.1, ando is a constant retad to number

density,&, given by:

6 & — 2.2)

In Figure2.1, E is the maximum electron energy aBds the average electron energy
[35].

Wumber of molecules

|
Emp E Energy

Figure 2.1: Typical shape of a MaxweBoltzmann distribution funain.
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The width of this distribution isharacterised by a constant value fégn Equation 2.1),
and this is whatemperaturerefers to in plasma physicgigure 2.2). Plasmas can have

different temperaturedor different specigse.g. electron temperature, ion temperature,
neutral partick temperaturegach described by a Maxw@bltzmann distribution.

300 K
0.0007

0.0006 -
0.0005 - 600K
0.0004

1000 K
0.0003

f@w)/sm-1

0.0002

0.0001

0 T I T I T T I T 1 1
0O 05 10 15 20 25 30 35 40 45 50

v/10° m s™!

Figure 2.2: Maxwell-Boltzmann distributions at different constant temperatl8éjs

In three dimensions, the average kinetic energy of particles is given by Eq@aiijon (
a.
O - QY (2.3)

It is customary in plasma physics to give temperatures in terms of energyusnadly
electron volts (eV), wére:

pA6 pprna p» pmrn*1 01 AO
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The properties of a plasma vary with electron density and temperature. These parameters
change, based ohd type of energy supply and the amount of energy traedf¢o the

plasma. A plasma is considered to be in local tlhelymamicequilibrium (LTE) when the
electron temperatures are close to the heavier particle temperatures. LTE also requires
chemical reations to be governed by collisions only and not by radiatieegsses, that
collision phenomena have to be micavessible, and that diffusion time must be sufficient

for particles to reach equilibriuf37]. LTE requires higher collisionalkehanges, higher
densities and higher pressures, and hence requires higher power delivered to the plasma
[37].

Numerous plasmas exist far from thermodynamic equilibrium-¢(hermal), however, and

are characterised by miplle temperatures related to diféat plasma particles. This can

also be described as a departure from the Boltzrdestmbution patterns for the density

of excited atoms. It is, however, the electron temperature in particular that often differs
significantly from that of heavier partet[37]. Non-thermal plasmas are usually generated

at low pressureasndlow power levelsThermal plasmas are usuatiyaraterised byhigher
electron densitieswhereas notthermal plasmas are more selectiffewer electron
densities) These characteristics affect the engineering aspects and application areas of
thesetwo types of plasmas.

2.3 PlasmaChemical Reactions

Reaction rges are affected by reaction cressctions, probabilities and electron energy
distribution functions. The reaction rate is a result of integration of the reaction cross
section over the relevant distribution functi@3]. The most relevarglementary plasma

chemicalreactions are discussed here.

11



2.3.1 lonisation Proceses

lonisation is a key process in plasma chemistry and entails the conwaraiutral atoms

or molecules into electrons and positive ions. In electroneggases with high electron
affinity (e.g. @, Ch, SFs, UFs), negative ions are also formed. igation processes are
subdivided into five different groups, and are briefly described in Appendix A. Electrons
are the first to gain energy from electric fields due to their low mass, and transmit the
energy to other amponents through collisions. This ezgy is used for ionisation,
excitation and dissociation processes. Rates are therefore dependent on the number of
electrons with adequate energy to initiate a reaction. This is described by means of the
electron energylistribution function (EEDF) whichsi the probability density for an
electron to have a particular ener®y35]. The EEDF strongly depends on the electric

field strength (and hence electron temperature) as well as gas composition in the plasma.

The average electron energy can be determindeigoation (23). In most plasmas
varies betweeth eV and 5 eV. lon energies can also be described byegedistribution
function, and at low pressures they are often similar to the Maxwellian distribution function

above, with ion temperaturéy, close to thgas temperaturéy [35].
2.3.2 Elastic & Inelastic Collisions

Elementary processes can generally be divided into two categories: Elastic and inelastic.
During elastic collisions the internal energies do not change, the kinetic energy is
conserved, and it results in only geometric scatteringdistribution of kineticenergy.
Inelastic collisions, however, change kinetic energy into internal energy. Thesssesc

can be described by six collision parameters, reported in Appendix B.

12



2.3.3 Coulomb Collisions

Electronrelectron, electromion and ionrion scattering processeseamll classified as
coulomb collisions. Energy transfer between these particles during elastic collisions is only
possible in the form of kinetic energy. The fractionpf energy transferred from particle

0 to particled is given by:

a G
L (2.4)

For electron collisions with heavy particlés, L & and theredre the fraction of energy
transferred is very smalr (~ 10%). Thereforeonly electronelectron impact allow for

significantenergy transfel35].

2.4 Plasma Sources

Excitation frequenciemfluence the behaviour of theectrons and ions a plasmaand the

different plasma sources can be classified according to the excitatior3@¢ide

1 Direct current (DC) discharges
1 radio frequency (RF) dischargesd

1 microwave discharges.

Figure2.3illustrates the occurrence of some plasma sources with varying frequency.

13



Only electrons follow

] oscillations of electric - ]
Electrons & ions follow Similar behaviour as

i : field. lons only affected y ;
oscillations of electric field previous regime.
by average temporal

values of local field.

1 kHz 10kHz 100kHz 1MHz 10MHz 100MHz 1GHz 10GHz

| | | | | | | |
| 1 | | | I >

Direct current/low frequency Radio frequency Microwave

Figure 2.3: Electron and ion behaviour with frequency raragaptd from[37].

2.4.1 DC Discharges

Plasma in DC dischargese generally created in closed discharge vessels using interior
electrodesNumerous types of dischargean beobtained by varying the applied voltage
and discharge curref@8, 39] Different types of DC discharges are categoriseBigure

2.4.

The pulsed mode DC discharges htheeadvatages of higher operating power, additional
performance control and more homogeneous film deposjB86h The pulsed power

supply, however, is more complex in design and affects reproducibility of the pf8¢pss

14



Direct Current Discharge

A

Continuous Mode Pulsed Mode

Arc Plasma Pencil-like Corona DBD Microplasma

Current- Transferred
carrying

Figure 2.4. Classification of DC plasmas.

2.4.2 RF Discharges

Plasmas can be generated at high power laxgig) RF discharges. Despite tihegher

cost different types of RF discharges are gaining incregsopgilarity due to the absence

of directcontact between the plag and electrode(dylany of these discharge systems are
electrodéessandtherefore electrodeelated problems are not a major condei®|. The

RF electric field interactions with the plasma can be either inductive or capatitiee.
inductively coupled plasma (ICP) is éexl and maintainedsinga coilin close proximity

to a gas streamHigh-frequency electric current is passed through coil, where a
magnetic field is induced along the axis of the discharge tube. The resulting electric field
accelerates the electroasd thus maintains the plasif&]. Alternatively, @pacitively
coupled plasmas (CCPs) generate higher values for theiefegtts than ICPs do. As in

a capacitor, the electric field is now the pairp effect. These higher electric field values

15



make it possible to generate AbME plasmas that are used in material treatment such as

electronicq440].

2.4.3 Microwave Discharges

Microwave systems areleetrodelessand the same principle applies to all variations.
Microwaves are guided along the system, through some form of metallic waveguide, and
transmit energy directly to the plasma gas electrons. Whereas RF discharges operate with
wavelengths of appximately 22m, microwave plasmas are sustained by electromagnetic
waves in theentimeterange, which is comparable to the size of the physical sySt&m

This form of plasma generation will be discussed further in the following sections.

2.5 Microwave Components & Design

Transmison lines, such as waveguides, and their corresponding cavities represent
significant aspects itmany practial radiefrequency systems. In this section the
fundamentals of waveguide design will be introduced, as well as their electromagnetic field
propagation characteristics. Also, the significance in varying geometries (rectangular and
cylindrical) will be disaissed and compared, and ultimately the design and characteristics
of their corresponding cavities. This process includes discussions-off ¢tgquencies,

atteruation constants and quality factors used to describe cavities.

2.5.1 Transverse Eletromagnetic Modes

Electromagnetic field configurations are knoasmodes Analysing these fields within

any region is dependent upon solving the Maxwell field equations in a coordinate system
appropriate to the region. For any particular problem varieeld £onfiguations, or
solutions, exi st that satisfy the wave eq
conditions[41]. In several regions of practical importance, such as waveguides, the
dimensions and fieldxcitation only allow for a single mode capable of propagd#idh

As a result, the electromagnetic field mbst points m space is characterized by the

16



amplitudes of thisone dominant mode type. The three general modes are Transverse
Electromagnetic (TEM), Transverse Electric (TE) and Transverse Magnetic (TM). In the
TEM mode both the electric and magnetic deelare perpendicular to the direction of
propagation, however nEM solutions exist for hollow rectangular waveguif#3]. TE
modes are characterized by the conditions

O (2.5a)

0 T (2.5b)

Here O andO are the electric and magnetic fields in ¢hdirection(seeFigure2.5) [44].

In contrast, TM modes are characterised by

O (2.69)

0 T (2.6b)

2.5.2 Rectangular Waveguides

Waveguides are used to transfer electromagnetic power efficiently from one point in space
to another. Typical guiding structures areowh in Figure 2.5. The choice of guide

structure is usually tunction of

1 The operating frequency;
1 the power transfer load; and

1 the percentage of transmission losses that can be tol¢tdied

17
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Figure 2.5: Various waveguide structurg$4].

Consider a rectangular cross section waveguiille dimensionsi and ¢y illustrated in

Figure2.6.

Figure 2.6: Cross section of a typical rectangular waveg(4idg.

For the rectangular waveguides, the TE mode expmressire a function of cudff wave

number, Q.

— aR ripkk88 (279

or
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"Q - . —
¢'MT @ W

are  miplgls (2.70)

Herel is thecritical plasma frequencgy is perneability,T is permittivity, "Qis the cut
off frequency,andd e are indices that only allow for discrete solutions®wdue to the
physical boundaries of the waveguide walls. From Equ&Bidiit is evident that fot

¢ mithe value ofQ becomesrt, and is therefora trivial solution[45]. It also implies that

no TEM mode can propagate thréug hollow metallic waveguide.

The values ofQfor different combinations ofi and¢ but fixed values of it fdand®
determine the cubff frequencies and the order of existence of different modes aove
Table2.1 shows the TE mode cuff frequencies for various combinationséfande for
a rectangular waveguide with cressctional dimension®= 86 mmandaw= 43 mm The

values of and‘ weretaken for air.

Table 2.1: TEmwncutoff frequencies.

a € Q
(GH2z)
1 0 1.74
2 0 3.49
0 1 3.49
1 1 3.90
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At a frequency o2.45 GHz, only the Tk mode can propagate and is calleddbeninant
mode[45]. Using a similar method it can be shown that for rectangular wavegibles

propagation modes are also possibleyéver TE modes are always domint].

2.5.3 Power

The fieldspropagating through the waveguide have a corresponding power associated with
them([41], given by

o
e = 2.8
P (2.8)

where0 is the power associated with a {fEhode] is the propagation exponentjs

the impedance, anal  is a constant given by

o . T=- o pmnVim (2.9)
and;  is given by
p ENE m

For an aiffilled rectangular waveguide witth= 86 mmandc= 43 mm the maximum
power that can be tramstted at 2.45 GHz in the waveguide before air breakdownrsccu

Is determined by:
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p (2.12)

For awave propagating in air, and assuming a perfect dielectric=(377 and]

yg v T p 1 ), the maximum power that can be transmitted is:
0 15.5% 10° kW
2.5.4 Attenuation

Many good conductors exist, suchrastals, although attenuation alygaoccurs due to
ohmic losses in the waveguides. This iscacted for by the addition of an attenuation
coefficient,| . To determine the ohmic losses associated with the conducting walls is a
complicated task, but is pppximated using a perturbatial method, the derivation of
which can be found elsewhdrl]. For a TE mode, the attenuation coefficient is givgn b

cY

S:l £

T "Q a 0w £ 0
1)

Q

o]
Sl S

-
w-p

where'Y is the surface resistance of the waveguide walls, giyen b
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Yo (2.14)

where,, is the electrical conductivity, and is the skin depth of the waveguide walls

operating at frequencf and is given by:

| — (2.15)

Using Equatior(2.13) for a TEzo-mode wave traveltig through an aluminium waveguide

with dimensiongd= 86 mmand®= 43 mm the final attenuation coefficient is:

| &) ¥dp m Np/m

The total dissipated power per unit length can then be described by:
0 ¢ @Q (2.16)

where0 is the power at some reference poiait (1) andd is the distance from the
reference point. Assuming = 1 000 Wand takingd = 1 m the dissipated power is

determined to be:

0 uvg A

This is a total power dissipation 0f57 %over the length of the waveguide (assuming a
length of 1 m), an almost negligible effect compared to the total forwarded power. For
much longer waveguidéa> 10 m) however, the power dissipation becomes iastegly

relevant, and should lm®nsderedduring the design procedure.
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In the case of a lossy dielectric material filling the waveguide, an additional attenuation
coefficient is introduced, . If the waveguide is only filled with air, however, this

codficient is assumed to be neglug [41].

2.5.5 ResonantCavities

The microwave resonator fumghs in the same way as a resonant circuit, where stored
energy is transferred between an inductor and a capacitor which store magnetic and electric
energy, respectively. A microwave resonator cavity only storesrkig)g spatially while
exchanging eledat and magnetic enerd46]. Microwave cavities can also be consted
from closedoff sections of waveguides and coupling to the cavity resonator occurs through
a small aperture, or a small probe or I¢4p]. These resonators are described in terms of
their quality factorp, given by

. 001 ARAOCU

113

0 Qe (2.17)

which isproportional to volume and inversely proportibio surface. Typicab factors
range in the order of 00to 10 000[41].

2.6 Modelling & Simulation of Plasma Processes

Plasma processes contain a mixture of fluid mechanics, reaction engineering, physical
kinetics, heat transfer, mass transfer, and electromagheticy. This complex interaction

of various plysical processes greatly increases the difficulty in accurately modelling such

a rigorous system. Computer simulations have greatly decreased the time needed to
produce relevantesults andave become an impant tool to understand the effects and

consegences of multiphysics interactions.
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Two simulation methods are generally used for plasma processes, namely-padgtle

(PIC) and fluid simulations. A brief comparison of the two methods is showalle?2.2.

Table 2.2: Comparison of two main plasma simulation methods.

Particlein-cell (PIC) Fluid simulation
Accurate Suitable for higkpressure plasmas
Time consuming Non-local effects not important
Tracks paiitle trajectories Uses driftdiffusion approximation
Resolves spaeand time dependant Faster than PIC simulations

velocity distribution functions without

prior assumptions

Commonly used to study letemperature Uses macroscopic properties (edgnsity,
plasmas mean velocity)

Solves moments of Boltzmann equatio

Physical parameters are difficult to measure in experiments, but can be obtained in
simulations more easily. Despite the progress in recent decades with regard to plasma
simulations, computednal limitations still require approximatis. Most plasma chenal

systems today are simulated using fluid modelling software (e.g. COMSOL®

Multiphysics).
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2.7 Microwave Plasma Modelling

Microwaveassisted plasmas rely on the phmoisation mechanism (Appdix A) where

seed electrons are generatecbtigh the collision benergetic photons (2.45 GHz) with
neutral atoms. Collisions with the seed electrons subsequently result in other ionisation
and/or dissociation processes. Microwave generators, particoiaggetrons operating in

the GHz frequencyange and with poweugplies operating betweerk¥V and 2 kW, are

able to maintain LTE microwave discharges from low to atmospheric pred8&ies
Various possibilities exist through which the electegmetic energy in the dischargem

be coupled with the plasma, theost typical of which is through waveguidddasma is
ignited and maintained inside a tube, usually quartz, that passes perpendicular through the
rectangular waveguide and is transparentelectromagnetic waves. Any interaction
between the propagating weend the plasma rd&iin both dissipation and reflection of

the wave. Roughly half of the incident microwave power is dissipated in the plasma, one
quarter is transmitted, and anothquarter is reflected. To increase the coupling
effectiveness, the n@mitted wave can breflected backwards, resulting in the formation

of a standing wavgt0].

A microwave plasma is mathematically described through the complex interactions of drift
diffusion (electron @mnsport), heavy species transport, electrostatics and electromagnetic
wave equations. Theidh-frequency electric fields and their associated losses are
computed via a complex plasma conductivity, and the absorption of electromagnetic waves
Is realised though a complex electrical conductivity. The diffusion and velocityors®of

the gasses @ually argon and hydrogen) and their accompanying dynamic viscosities, are
additionally calculated via a computational flow dynamic interface, described by flwid flo
equations. Heating of the gas is calculated through the Boltzmabi BEd the heat

equaions. Dependent variables include the electric field components, electric potential,
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electron density, and electron energy density. The domain equations for tus \aespects

of microwave plasma modelling are described in Appendix C.

2.8 Plasma Diagnostics

Various diagnostic techniques exist for the characterization of plasma systems. Most are
determined by electron and gesmperatures antend to be quite complex messg

processes. Some general ones are discussed briefly in tharigleections.

2.8.1 Spectroscopy

Spectral diagnostics are based on measuring the intensity of spectral lines of emunskion
absorption spectras well as the continuous spectrum. Spectral emission lines can be used
for the determination of the temperature fjpeo via Boltzmann plots.
TheBoltzmannmethod allows for the calculation plasma temperaturesdpressures
calibrated emission coetiients of the spectral lines are available, which is not always the
case[48]. Emissivity spectra can be obtained by Abel inversion of intensity spectra
measured from a thin plasma slice perpendictdathe plasra axis. From measured
emissivity spectra, spatial and temporal distributions of plasma temperatuneiraber

densities of plasma species (atoms, ions, and electrons) can be ofzt8]ned

Species concentration at the periphery of a plasma object catetbemined from
absorption lines. Absorption lines are obtained in a background of a continuous spectrum
and are characterised by the t@hsorption valu¢50]. The continuous spectrum of lew
temperature plasmas forms due to recombination of the eleemndnion and the
deceleration of the electron in the ion field. Plasma and electron temperatures can be

determined from this method and do not riegjthat LTE exists in the plasni@0].

Other diagnostic techniques include determination of the veldastyibution type of

excited particles from spectral measurem@v@$, measurement of gas temperature from
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Doppler broadening of spectral ling®], and determining the eleotr concentratin from
the Stark broadening of the spectral lif&3).

2.8.2 Probe Measurements

The electric probe is a snhahetalic electrode placed in the plasma and used to determine

its characteristics. It usually measures theiastipere Y-1) characteristics of the system.

The system normally includes a measuring probe, a reference electrode and a voltage
source. This methoaf plasma diagnostics, however, faces a number of difficulties which
restrict the advantages of the method associated 8 apparent simplicity{50].
Measuremets become complicated whtére mean free path, , of charged particles is
smaller or equala the charactestic probe size. In this case, the electric probe starts to
disturb the examined plasma significantly ie thcinity and this affects the concentration

of charged particles in this regi@s0].

Also, in the presence of chemical reactions, wheredigt or other coatings grow on the
probe surface or when the dimensions of the probe decrease as a result of esrifagats

layers, deviations can occur from the normal operating regime of the[p@be

2.8.3 Thermocouple

For nonrequilibrium plasmas at low praggs, the thenocouple is often used to determine
the gas temperature as well as thermal effects of the recombinationeaciivation

reactions on the surfa¢g®0]. Two design variats of the thermal probe include

1 A thermocouple coated (or not) with a dielectacreen, and temperature is
determined through the measured value of electromagnetic frequerdes

1 athin wire with two leaebuts, and temperature is determined by the change of

electrical resistance of the wire.
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2.8.4 Langmuir Probes

The Langmuir probeRigure 2.7) is usel for low-temperature plasmas to measure the
plasma density, electron temperature and the plasma potential. The design consists of a
barewire or metal disk, which is inserted into a plasma and electrically biasiedespect

to a reference electrode tollect electron and/or positive ion currents. The probe is used

to obtain thev-I characteristics of the profmasma systerfbl].

W= P

Figure 2.7: Langmuir probe from ESPion.

2.8.5 Enthalpy Probes

The enthalpy probe is a device introduced into the gas flow in order to measspe tific
enthalpy, temperature and composition of plasma. The methods of measurement and the
design of the enthalpy probes are greatly vai®©4l The tube can also act as a pitdie

for velocity measurementsgigure 2.8 shows a compé&on of the different temperature

regimes where various plasma diagnostic techniques are more appropriate.
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Figure 2.8: Measuring regimes of variouglasma diagnostic techniques.

2.9 Summary

Microwave pasma gstems are described via complex interactions between photons,
electrons and heavier particles such as ions and neutral atoms/molecules. Knowledge of
some introductory plasma definitions atedms is therefore important for understanding

and predidhg micowave plasma behaviour. In this chapter, the fundamental concepts of
plasma and microwave physics and terminologies were discussed, including key
definitions, the fluid description of a @iaa, and the numerous plasofemical reactions
governed lirough electron impacts. Microwavassisted plasmas rely on the photo
lonisation mechanism where seed electrons are generated through the collision of energetic
photons with neutral atoms. Colliswith the seed electrons subsequently result in other
ionisationand/or dissociation processes. Knowledge of microwave components design is

cruci al to allow for opti mal Acouplingo
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system to ensure that sesddctrons are continuously produced in sufficient numbdrs
includes the design aspects of rectangular waveguides, along with their dominant
propagation modes and eoff frequencies. Various diagnostic techniques exist for the
characterization of ptama systems. Most are determined by electron and gas temperatures

and tend to be quite complex measuring processes.

Modelling of plasma systems is simplified using fhsichulation methods, as opposed to
PIC-simulation methods which require more proceggower. Even when applying the
fluid-simulation methodnodelling of a microwave plasma is a complex task and requires
powerful modelling software, such as COMSOL® Multiphysics. A microwave plasma can
then be described mathematically through the complexractions of drift diffusion
(electron transport), hegvspeces transport, electrostatics and electromagnetic wave
equations. The diffusion and velocity vectors of the gasses (usually argon and hydrogen)
and their accompanying dynamic viscosities, additionally calculated via a
computational flow dynamic interfa¢ described by fluid flow equations. Heating of the

gas is calculated through the Boltzmann EEDF and the heat equations.
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3 Silicon Carbide: Properties, Synthesis& D eposition

3.1 Introduction

In this chapter, the materiptoperties and characteristicsQiC are presented, along with

various synthesis methodsrrently being investigated s hort hi st ory of ¢
is given in Section 2, followed by a brief disussion of its various crystalline forraad

their accompanying defecitis Section 3.3and Section 3.4, respectiveljhe largescale

productiolm met hods of Si C are discussed in Sec
physical properties in Section 3.Bhe thermal decomposition of an organic precursor

(MTS) to form SiC is discussed in Section 3.7, and special note is made of microwave
synthesis o6iC in Section 3.8 to distinguish it from microwave plasasaisted synthesis.

Some plasmassisted synthesis theds are accordingly discussed in Section 3.9, and the
chapter concludes with a short introduction into the nuclear properties of SiC ianSecti

3.10.

3.2 History

Jons Jacob Berzelipisest known for the discovery of silicon (S§asmost likely the first

person to synthesizesilicon carbide (SiC)in 1824, when he published a paper
hypothesisinga chemical bond between silicon (Si) and carbon (C) in one of the samples

he produced2]. Edward Goodrich Achesowould laterdiscovera crystalline product
characterised by high hardnessfractability and infusibilityby mixing coke and silica in

afurnace. Achesoncalléd i s p raordbuccrtumMdcumo and gaMME it tFh
[2]. By the end of the centuryHenri Moissan found natural SiC in the Canyon Diablo
meteorite in Arizona, USAgiving rise to thanineral nane for siliconcarbide: moissanite

[52]. Around the same timécheson patented a method for making carborundum on an

industrial scalenow calledthe Acheson process.
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In 1955, aifferentcrystal growthmethodwasdiscoveredoy JA. Lely, similar to that of
the Acheson process. Withis method, the crystal purity and properties could, to some

extent, be controlled, #éging to renewed interest in Si@hd its applicationp2].

3.3 Crystalline forms

A brief summary of the numerous SiC crystalline forms and layer defects was previously
reported elsewheri®3] by the author of this documerntowevera brief summary is still
presented here.

Silicon carbide hagpresentedcan endless array of stacking sequences with-dao&red
cubic(FCC)and hexagonal being the most comrfa4]. In 1944, NW. Thibault proposed
that cubicforms of silicon carbide benamedbetaSiC ( £5iC), and that the hexagonal
varieties that occur be groupedadishaSiC( {3iC). Someobjections to this nomenclature
arosedue to its failure t@onform to phase diagram practidée nomenclature, however,

has provedjuite convenientand is still sed today55].

A more specific nomenclatudescribing tle crystallinestructuress given in the form XY,
where X is the number of layers before the sequence repeats itself, dastribeshe
structure of the crystalvith C for cubic, H for hexagonal, and fier rhombdiedral.An

exampleis presented irigure 3.1, with the only cubicSiC polytypeas 3GSIiC, which
has the stacking[2sequence ABCABCEé
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| [007] (i)

Figure 3.1: i) BCC unit cell and ii) stacking sequer{&é].

The simplest hexagondkscture that can be built is 2H, showrFigure3.2, which has a

stacking seqguence of ABABE

Figure 3.2: i) Hexagonal unit cell and ii) stacking sequefifs.
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3.4 SiC Layer Defects

Two major defects, referred to as micipps and stacking faults, create significant
problems and debate. Three main processes have been shown to lead to the formation o
micropipes, the first being the bunching together of numerous screw dislocations to form
a sinde largescrewdislocaton. At this point, it becomes energetically favourable to create

a hollow core in theentreof the structure. The second and third e®af micropipe
formation are through vacancy condensation at a helical dislocation and thysteyin s
contamination, where particles are trapped in the growing cifgtebtacking faults are
formed when the stacking sequences are disturbed, illustratadure 3.3, resulting in

degradation of bipoladeviced?2].
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Figure 3.3: Stacking fault§56].
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3.5 Commercial production of SiC

3.5.1 Acheson Process

Most SiC powder iscurrently manufactured using the Acheson process. The resultant
powderconsists ofarge particle sizea n d = moeICdueyto tHé very high temperature
regimes (between 1 600 °C and 2 500. “I3)e reaction used during the Acheson process

is given in Euation(3.1) as

3[E ot 3E#C#/ (3.1)

The furnacalimensions are oftemp to 25 m long, 4 m wide d m high producingSiC
crystals which aresubsequentlymilled and purified to obtain a commere@iadeSiC
powder [52]. The powder often underges different sintering mechanisms to produce
different SiC materialsfor different application§57]. The Acheson procesxcasionally
includes sawdust and salt in lesser amquanesaing channels that help impuets escape
andfree chorindo react with metal impurities that become volatle Most mmmercialy
availableSiCis manufactured from a mixture sifica, sand and some form of carbeith

a lowashcontent The reactions energyintensive, and onljnitiates above 1 500 °(55].
Primary SiC formed under conditioabove 1 200C is alwaysb-SiC which is stable up
to 2 100 °C and begins to transform monotropically-&8iC slowly atl 800°C. It changes
to the alpha structure rapidly and completely a#0R°C. The percentage d-SiC
converted toU-SiC is usually in the order of % [55]. Even thaigh hesereported
temperatures and conversidesad to varyn the literaturea typical SiC phase diagram is
shown inFigure 3.4 [58], indicatng the silicoarich and carboirich deposition regimes.
These phase diagrams generally do not consider the precursor composition, deposition

pressure, or hydrogen content.
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Figure 3.4: TheSi-C phase diagran®8].
3.5.2 Sublimation growth

During the late 1970s, the seeded sublimation grangéthodwasreportedoy Tairov and
Tsvetkov[1]. Unlike the Acheson processhich operatesinder uniform temperatures,
this method introduced materid transportthrough the use ofa thermal gradient.
Application of this method enabled increasgbwth rates andllowed seeds of larger
diameters and lengths be produced The technique isn most instancessed today to

manufacture SiC wafers. Typigahrameters that affect crystal growth rate and quality are
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seed temperature, source temperature, temperature gradient between seed and source, and

ambient pressurd].

3.5.3 Epitaxial growth

Epitaxial growth is achieved by modifying the sublimation method by having the source
and substrateeparated by a small gap of approximately 1.mhe growth is caied out
close to equilibrium in this arrangement. The substrate is thermally etched before
sublimation begins. This makes it possitid grow, at low rates, thin horepitaxial layers
on 6Hand 4H with residual impurity concentration. This method is usadly for device

fabrication[2].
3.6 Physical properties

Silicon carbide is widely used as an abrasive in grinding, cutting and polishing glasses and
sharpening stones. & also used in the manufacture of porcelain, refractoci,durnace
linings and emery paper. The compound is also usasgmiconductor technolod$9].

Some of the physicalrpperties of SiC are summarised in the following section.

3.6.1 Density

Experimental measurements place the density of SiC in the rangk66ig&cn? to 3.28
g/cn, depending on thgolytype. Most of these measurements were obtained usiag X
data and calcating the density’, using Equatior{3.2).

T0 W

” R (3.2

Here 0 w is the molecular weight of SiGpis the volume of the unit cell (i.e. the cube

of the lattice parameterfor3@) i s Av o0 g a d raod? s the rumer of formula
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units in the cell Table 3.1 gives density values for different polytypes near room

temperaturgl].

Table 3.1: Densities for different crystisthe forms of SiC

Polytype Density Temperature

(g/cn?) (K)
2H 3.214 293
3C 3.166i 3.210 300

6H 3.21171 3.24878 300

3.6.2 Lattice parameters of SiC

The X-ray diffraction technique is the most commonly used method to determine the lattice
parameters for SiCTable 3.2 gives the values at near room temperature fdednt

crystalline structurefl].
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Table 3.2: Lattice parameters for SiC polytypes.

Polytype Lattice Parameter Temperature

(A) (K)
3C O TPV WE 297
2H W a8y oo 300
O LT YT
4H W a8 OT 300
W pBILVO
6H W oFYymne 297
® pBPXO
15R O pHWP 300
| poJwT
21R W p@Yo 300
| wJ ey
33R W ¢TI 300
| ¢®J ep
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3.6.3 Thermal conductivity

Silicon carbide is an attractive semiconductor material with highly suitable properties for
high-power, highfrequency and highemperature applications. The actual value of the
thermal conductivity can vary withopytype[2]. Some typical values abom temperature

are given infable3.3.

Table 3.3: Thermal conductivity of SiC at room temperat{tg

Polytype Thermal Conductivity
(W.mriK1)
3C 32
4H 37
6H 36
6H (Na = 5x10° cnt® at 300 K) 23.1

The values othermal conductivity’Q, typically follow a trend in the form of Equation
(3.3) [1].

~

Q 8y (3.3)

whered and C areonstantand”Yis temperature

3.6.4 Physical properties of SiC polytypes

Descriptions of the physical properties of bulk SiC can easily be found in the litddgture

2, 60, 61] The various crystalline forms, howeyeliffer in their physical properties by
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varying degrees, depending on the specific polytype. These values are scattered in the
literature, but are easily obtained in literature revig#s64], and are summariséa Table
3.4.

Table 3.4: Physical properties of SiC polytypg2].

Property Polytype
3C 2H 4H 6H
Hexagonality(%) 0 100 50 33
Stackingorder ABC AB ABCB ABCACB

Lattice constant a 0.43589 to 0.30753 to 0.3070 to 0.3073 to
(nm) 0.43596 0.3081 0.3081 0.3081

" (glcny) 3.215 3.219 3.215 3.212

3.7 Methyltrichlorosilane

SiCmostly occurs as a single compound with an equal number of silicaagreh atoms.

The use of methyltrichlorosilan€HzSiCls), also known as MTS;onsequenthyhas the
advantageous Si:C ratio of 1:1, and serves amglecomponent sourcéor the SiC

product MTS is usually diluted with a carrier gas such as hydrogen, although the pyrolytic
decomposition of MT&an reslt in the breaking ¢ the StC bonds resulting in the
formation and deposition o€arbonrich [65] or siliconrich deposits[66-68]. The
deposition of these additional substances can be avoided under controlled conditions, such

as the addition of nitrogen to remove frdesn [69]. Dengetal. [70] showed thas total
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of 226 species coultieoreticallybe involved in the CVD preparation of SiC from MHS
mixtures, and examined #hequilibrium concentration distribution of the systehmeir
calculations indicated that the optimal depositioe mp e r a tSiCrisé 480 K as thie
deposition of graphite is miniahat this temperaturét was also implied that some species,
such as SiGH, CH, SiG and SiC, play important roles in the mechanisms of the
reactions and that#( 3 H #0 #( 3 H #could be a favourable decomposition
reaction Their work also predicted that carbon deposition can be reduced with increasing
Ho:MTS ratios Similar work by Wanget al. [7] predicted that the predominant initial
decomposition reaction is given by Equat{8m), as achlorineradicalattacks dnydrogen

atom on the MTS molecule.

# 3B# #P # 3B# (#1 (3.4)

Experimental investigations undertaken by Papasouliotis & Sotiféhas a hotwalled
cylindrical reactor, at temperatures from 573 K 7B K, indicated that deposition rate

and stoiclometry varied markedly with the distance from the reactor entr@asilence

time). The combined dependence of the deposition rate on temperaturestamdelin the
reactor proved to be more complex, passing through one or two maxima along the reactor
length.This was concluded to be due to the compositional changes in the gas phase with
increasing residence timwith silicon-rich deposits favoured at low residence times and
low temperaturedt was also found that an increase in HCI concentration supprtbese
deposition of siliconbut canultimately supress thdeposition of SiGs well, given high
enough concentrationghis is explained thermodynamically through Equa{id®) [71]

with anactivity-based equilibrium constant close to unighich allows suppression of Si

deposition with relatively low quantities of HCI.

3H# ( O3Ec( #I (3.5)
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A proposed SiC deposition routé?], represented by Equatiof3.6), has arequilibrium
constant orders of magnitude largerrnthiha of Equation(3.5), requiring much larger
guantities of HCI to hinder the deposition of SiC.

3&#?#( O 3E#c ( #1 (3.6)

Zhanget al.[73] invedigated the effect ofurfacearea to volume rati¢—), temperature

and residence time on the deposition of SiBey found at low— ratios, two deposition

rate maxima were presenmtith increasing tempetare, similar to [6], followed by a
constant increase in deposition rafiéh increasing temperatur€his pattern waattributed
to temperatureelective deposition of Si and Sigigh initial deposition rates of Si and its
preferred deposition rate at 900, likely contribute towards the first maxima, witivo

different processes of SiC deposition accounting for the remainder of theTthenttend,
however, can be supressedi gty by increasing the- ratio sufficiently. The authors state

that this tendencysidue to a change in deposition chemistry, rather than a depletion of the

gas phase.

Loumagneet al [74] found that the thermal dependence of SiC deposition could be

categorised into thresomains namely

I. T <850 °C, where deposition is thermally activatad the kineticaregoverned
by chemical reactions

ii. 850°C<T<950°C, where the deposition kinetics are still controlled by chemical
reactions, buindicated dower activation energyand

. T >950°C, wheremasstransfer controls thkinetics.
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These domains also influence the effect of MTS apg@adttialpressuresand the authors
derived kinetic data for thehemically controlled domainsSone et al [8] showed
experimentallythat growth rates of SiC CVD from M are limitedby surface reactions
at lower temperatures, and lmyasstransfer at higher temperatures, with the critical
transition occurring approximately 300 °C.They concluded that the SiC growth rate is
controlled by the rate of GHinolecules adsbed on Si sitettempts at deriving ratals
and reaction constants include that of Mousavigbail.[75], who proposed a series of 15
reactions resultingh CH4, CHzClI, SiCk, CH:SICl> and HCI as the major product&able
3.5 summarises some of the parametric ranges and resulting growth ratesridahed i
literature arranged by ascending pressérenore comprehesive list can be found in Ref.
[76]. The results are scattered, indicating the complex mechanisms involved in SiC

deposition.
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Table 3.5: Summary of pametric ranges and growth rates in the literature.

Source Temperature  Pressure Ho:MTS Growth Rates
(K) (kPg

Mousavipouret al. 825-977 1.33- 16 - Kinetics only

[75]

Denget al.[70] 300- 2000 6 4:1.4 Equilibrium
compositions only

Chinet al.[65] 1423-1873  8.71 66.7 0.3t0 40 257 720 pm/h

Rezniket al.[66] 1173-1373 90 1:4 071 130 mg/h

Zhanget al.[67, 73] 1073-1373 100 4:1 07 120 mg/h

Papasouliotiset al. 573-1273 101.3 7-20 07 141 mg/min

[6]

Soneet al.[8] 1450- 1650 101.3 - 0.017 4 pm/h

Federef77] 1498- 2048 101.3 45:1t0 5:1 0.2171 4.01pm/min

3.8 Microwave synthesis

SiC can be producetrough the direct solidtatereaction of its constituents (Siand C) in

a microwave fieldThis method does not utilise plasma chemistry, only microwave heating.
Satapathet al.[13] determined the optimum parameters for @€ phase formation ia

2.45 GHz microwave fieldln less than five minutephasepure SiCwas formedat
temperatures up tb 300°C, yielding submicronsizedSiC particles, shown ifrigure3.5

[13].
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Figure35: SEM mi cr o gSiCoppwiers spnthesiBed using a 2.45 GHz

microwave field13].

Similarly, Moshtaghiounet al. [14] reportedthe synthesis of & nanopowders using
carbothernt reduction of asilica precursoin a 2.45 GHz microwave field -SEC was
produced at 1 200C after five minutes of microwave exposuyglding particle sizes

from 10nmto 40 nm[14], shown inFigure3.6.

Figure 3.6: TEM micrographs f -Si@ particles after carbothermic reduction of silica

in a microwave field14].
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3.9 Thermal vs. PlasmaEnabled CVD of SiC

3.9.1 Chemical vapour deposition

AmorphousSiC powders have begroducedby Kaveckyet al.[78] throughthe chemical
vapour deposition (CVDf areaction mixture consistg of SiHs and CH: in avertical
tubularflow-reactor operating between 9800 and 1 25CC. The resultingpowders were
characterised byarticlesizes ranging frortO0 nmto 200nm and agglomerate sizes below
300nm [78], shown inFigure3.7.

Figure 3.7: Micrograph of SiC obtained through C\[28].

Even smaller partle sizes were obtained by &t al.[79], at temperaturdsetweer850°C
and 90C°C from liquid carbosilanes. Particle sizes ranged betweemband 70 nm and

are shown irFigure3.8.
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Figure 3.8: SEM micrograph of SiC naparticles fronCVD of liquid carbosilanef79].

Structur# investigations have been undertaken byiNaiseret al. [68] who deposited
siliconrrich SiC layers. They foundhat H:MTS ratios greater than 3 yieldedicon-rich
layers, wheh also affected the colour and morphology of the layéng et al. [65] used
inductionheated substres$ in a quartz tube vacuum system to investigate the structure of
chemical vapour deposited SiGubstrate temperature, chamber pressure and gas
compositionwere found to influence the morphology of the layers, and the author
produced a phase diagram rmegentative of the changing morpholegywcess
relationshipsDepasits at low temperatuse moderate presswand low H:MTS ratics
werefound to be fine grainedit very high temperatures and:NTS ratios, large single
crystals were observet@he authoralso reported that highoHATS ratios, high pressures
and low temperatures yielded silicanh deposits, whereas low pressures, loywMI'S

ratios and high temperatures yielded carbioh deposits.

3.9.2 SiC Coating in Fluidised Beds

SiC forms an integral padf the TRISO-coated fuel particle, and is often deposited
fluidised bedconfigurationsFederel[77] found that the optimum temperature range for
SiC deposition in a fluidised bed, using MTS as precursor, wags1 1 675 °C, and
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Ho:MTS ratios > 20In a pyrolytic deposition process for applying a mlagiercoating to

a kernel of nuclear fuglGrahamet al. [80] used &fluidised bed consistg of 150-grain
batch of UQ kernels with diametera ppr oxi mat eA prefeBed €oatirggm.
temperature for the multayer coatingvas set at 1 630C andsuitably structured pyrolytic
carbonwas laid down at a temperatusgthin 50 °C of the deposition temperature $iC

to minimise thermal stress formatiohhe multi-layercoating technology was also applied
in the Pebble Bed Modular Reactor (PBMR) project, which utiliS&iand pyrolytic
carboncoated particles of enrichddO. encased in graphite to form a fuel sphere
pebbk, resemblinga tennis ball[81]. Initially, during the fuel fabrication processsmall
beads oenriched UQundergo a géhg and calcification procege produce uraniuruel
kernels. These kernels aresubsequentlyplaced in a fluidised bed CVD reactor,
conventionallyusing an argon enviroment at atemperature obver 1 000°C. For the
PBMR fuel particles the first depositedlayer was a porous carbonlayer, which
accommodates for any mechanical deformation that thenuty haveundergme during
the lifetime of the fuelThis layer was followed by a thin coating gbyrolytic carbon,
followed by a layer 08iC, followed byan additionalayer ofpyrolytic carbon. Theethree
layersactedas anmpenetrable barridor the immobilisation ofadioactive decay products
[81]. The final particlesvere eachapproximately 1 mm in dmeter, andl5 000 of these
fuel particleswere then mixed with a graphite phenol powder amessed intdarger
spheres approximate0 mmin diameter. A additionallayer of highpurity carbonwas

t hen added -t welf @r ano me i na@ mabwete pressed,sisterddandn g s
annealed toenhance hardness and durabiljgl]. The multilayer spheres and fuel

elements are shown Figure3.9 [81].
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Figure 3.9: Multi-layer spheres used in PBMR fuel elements.

3.9.3 PlasmaSpraying

Plasma sprang is part of thermal spraying, a group of processeghich finely-divided
metallic and normetallic materials are deposited in a molters@emimolten state on a
prepared substrate. The thermal plasma heat source (DC or RF discharges), with
temperatues over 8 000 K at atmospheric pressure, allowstler melting of most
materiak. Powdered materials are injected in the plasmadiR¢harges) or the plasma jet

(DC arcs), where particles are formed, accelerated and melted, or partially melted, before
they flatten and solidify onto the substrate (forming lamellae or sg&2§)Figure3.10

represents the basic concepts behind the techyiolog
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Figure 3.10: Plasma spray technologg?2].

A group of researchers at the University of Alabama have shown thamg 88D ard
CHs as starting materials, Si€an be synthesised by plasma spraying. This results in SiC
powders with average sizes of less than 100 nm, along withlilderenicrostructure$33].

The SiC is formed through the reaction shown in Equg8aof).

3E #( O 3E#c¢ (/ (3.7)
3.9.4 Arc plasma

Ishizakiet al.[84] repored a direct method for the production of carbide powders using
the arc plasma methaglith methaneasprecursor. They produced SiC, titanium carbide
(TiC) and tungsten carbide (WC) powders with géetsizes ranging from 2@mto 40 nm
[84]. Inoue et al. [85] also produced SiC powders usiageplasma irradiation, with

methane and silicon as precursofiglding particles with sizes between athand 40 nm
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[85]. Using silca and CH, Taylor and Pirzadf86] produced ultrafine SiC powders using

a nontransferred arthermaitplasma reactor.

3.9.5 Inductively coupled plasmas

Inductively-coupled plasmad@P9 are also capdle of producingsubmicronsized SiC
powders.Hollabaughet al. [87] developed aadiofrequency RF) plasma systenthat
made use of an induction codnd was themtilised for the production otiltrafine and

ultrapure SiC powderd.he resulting iges rangedrom 10 nmto 20 nm shown inFigure

3.11
pA” ;

Figure 3.11: SiC nanoparticles produced through an BEyBtem[87].

Guoet al.[88] reportedon the formation of SiC powders through the reactiogl@hental
silicon andCHas in an induction plasma. The resulting powdensistecbbfamik t ur € o f
a n dSiCh with sizes ranging from 4@mto 60 nm. It was also found that the plasma gas
composition had an influence on the proportionscofstalline phase$88]. A TEM

micrograph of the resuftg powderds shown inFigure3.12.
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Figure 3.122 A TEM micrograph of SiC produced in an induction plag8&].

Other examples of SiC powders produced from ICPs incliab®nteet al. [89], who
demonstrated how the use of ICPs allows for the production of large amounts of SIiC
nanopowders from bulk SiC powders well aKo et al.[18], who used other organic

precursors in RF inductively coupled plasmas to synthesise SiC nanopowders.

3.9.6 Direct-current plasma sysem

Nancsized SiC powders have been prepared udiregtcurrent(DC) plasma systems.
Zhu et al. [90] published a paper on the synthesis of SiC nanopowdexd5 kW DC
plasma reetor and eithesilicon tetrachloride$iCls) or MTS as precursoil he resulting
particleswere characterised ®jzes ranging from 15 nm to 60 rf@0]. Similarly, Oh et
al. [91] produced SiC sing a DC plasma torch and Si@lith CHa. The resulting powder
wascharacterisetb beb-SiC, with smalla mo u n t-SC aad freeltarbopresent in the
powder The average size of tparticleswas estimated to be less tHEID nm[91], shown
in Figure3.13.
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Figure 3.13: TEM micrographs of SiC produced through a DC plasma syféin

3.10 SiC as a nuclear ceramic

A major concerrfor any ceramic component within the vicinity of @anergetic radiation
source, is the effect oadiation damage. A single alpha decay can resultli@G0 atomic
displacements within the crystalline la#, significantly affecting the structure and
properties of the ceramic, and inducing defects andsy@2]. Additionally, the generation

of dislocations, ang with the buildup of helium atoms, may lead to swelling of the
ceramic, resulting imcreased internal stresses and crack®3j . This is also of concern
with regards tdhe immobilsation of radioactive waste, where one management strategy
involves the chemical immobilisation of the radio nuclides into the structure of a stable
solid (often a ceramic)This immobilisation stategy is also implemented in composite
fuels, which consisof a fissile phase dispersed in an inest+fuel matrix designed for
high-temperature applicationén example of such a composite fuel is thestructural
isotropic (TRISO) coated fugdarticle. These particles are utilised in pebbled high-
tempeature reactors (HTRs), and are envisaged for Generation IV BRsIn these
TRISO particles, the actinide fuel is distributed in thousands of small spheaitizles

[94]. Kernels are coatkby CVD in a fluidised bed using MTS and hydrogen gas. An
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interstitial layer consigtg of SiC is deposited, which acts as the main barrier for fission

product diffusion, e#ctively acting as a smalbad-bearing pressure vesgePp].

SiC-fibre-reinforeed SiC (SiC/SiC) composites aralso of interest in fission and fusion
applications due their ability to retain high strength at temperatures greater th@ACL 50

in oxidising environmentsin addition to their damage tolerance, SiC/Si@nposites
exhibit stabilising behaviour under irradiated conditions, high concentration of defects
acting as sinks for migrating defects, and an inherently low activatimdecay hegi92].

Every rose has its thosnhowever, as these SiC/SiC compasdeme with a number of
challenges such as their thermal conductivity, gase@rsmrutation rates, hermetic
behaviour and joining technologh®5]. For lossof-coolant accidents(LOCA), the
hydrothermal corrosion and steam oxidation of SiC become important factdrare

currently under investigatio96].

As discussed in Sectidh7, low-temperature CVD deposits of SiC are ofée&eompanied
by the presence of free silicorhesesilicon-rich layers are characterisby inferior high
temperature strength and creep propertigger permeability to metallic fission products,
and are subject to recrystallisation undegh-temperature conditions, inducing pore
generatior{76]. Additionally, the formation oflifferent isotopes of Si in the Si€ystal
structure due to irradiation, affects the integatythe SiC layer. Absorption of a thermal
neuton by the®'Si isotope leads to the formation®dP through betalecay. Theesulting
phosphoous within the SiC matrix makes the material britdad undesirabl§76, 97]
With regards to grain sized, is expeted that nanocrystalline materials will have a
significant impact on the radiation resistanattributed to the migration of defects to the
grain boundary sinkf98, 99] Some irradiation results of firgrained € 100 nm) SiC
hinted at an improvement in radiation resistadd®]. It is therefore important to obtain a

stoichiometrically idealnanocrystallineSiC deposit for use in nuclear applications.
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3.11 Summary

The history ofSi C6 s dadnd apmicateon igdicates it is a relatively young material,
with variousapplications in electrags, abrasivesand nucleabasedndustries due to its

ideal physical properties8Vhen SiC is deposited as a layer/coating, the resultapépres

and polytypesvary depending on the deposition pressure, temperature and hydrogen
concentrationThe dependence on these parametespitmamptedchumerous studies within

the literature focussed at optimisation of the layer quédityspecific purpses Different
synthess and deposition techniques are under investigation, including numerous plasma
enabled CVD method€onventional SiC coatings, however, are deposited using fluidised
bed technology, e.g. the fuel fabrication process dsethg the BBMR project.Nuclear
applications of SiC require stoichiometrically ideal, nanocrystalline SiC deposits, as

silicon-rich deposits have detrimental effects on the layer integrity.
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4 Spouted Bed Reactor Design, Operation & Modelling

4.1 Introduction

This chapter focuses on the design considerations and applications of spouted bed
technologiesand concludes with a shoxverview of spouted bed coating technology,
narrowing the fieldo plasmaassisted spouted bed reactors. Section 4.2 provides a brief
introduction to the physical processes involved with spouted beds, as wdle as
requirement$o be meto enable and maintain tlspouting actionThis is followed by the

cone and inledesign considerations for optimal spouting conditions in Section 4.3, and
the effect of soliG properties on spouting is discussed in SectionThd.effects of gas

flow rates and betdepth are liewise discussed in Section 4.5, followed by a few exasnp

of industrial applications in Section 4.8he chapter concludes with a focus on microsvav

plasmaassisted spouted bed technologies found in the literature in Segtion 4.

4.2 Introduction to Spouted Beds

Consider avessel filled with a bed of coarse pelgs and a gas inlet positioned at the
bottom. If the gas injection rate is sufficiently highe resultinghigh-velocity jetpropels

a stream of particles upwards through a newly formeaWwotlentral core within the bed
[101]. After beingthrust upwarabove the bed level, the particles fallkbaato the annular
region between the vessel wall and the hollow central tve partites then travel back
downwardsin this annularregion, effectively forming aountercurrentflow system,
consisting of an upward flowing gas stream and downwardilgpwolid bedThis system

is termed a&pouted bednd is presented graphicallyfigure4.1t.

L An informative CFD model of a spouted bed can be viewddkas://youtu.be/yHf6FOMiamY
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Figure 4.1: Visual representation of a spouted bed mechanic, witlwarrepresenting

the flow direction, adapted from R¢101].

Requiremerd for spoutinginclude definite ranges of gas velocity, solid density and
diameter, as well as vessahd inletconfiguratiors. Varying these conditions can result in
transitions from a static bed configuration to that gbaused bed, to #uidisedbed (and
transitions inbetween)[101]. These transitions are represented graphically using phase
diagrams for specific configurations, an example of which is givEigure4.2 for wheat.
These phase diagrams indicate that a given solidgas andvessel configuration, there
exists a maximum spoutaled depth’O , beyond which the spouting action is replaced

by poorfluidisation (bubbling or slugging)
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Figure 4.2: Phase diagram for wheat, wi¢h = 3.2 mm to 6.4 mmQ = 15.2 cmand
0O =1.5 cm[102].

Fluidised beds differ from spouted beds in that fluidisation involves the passage of gas
through part of the bed without inducing much movement, whereas a spouted bed requires
agitation of the entire bedhis is broughaboutthrough the gas jet which enables intimate
contactbetweenthe particles and the gaSpouting actionglsousually requie particle
diameter,Q p mm, below which fluidsation becomeslominant The total frictional
pressure dropg0 , across a spouting bed is also approximatel§620wer than that of a

fluidised bed101].

An additionalrequirement for the spouting action is the minimum spouting velduity,
requiredto maintain the spouted state, dadlependendn the bed geometry as well as the

solid and fluid propertiesVarious correlations exist to predi€¥ for various bed
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configurations, an example is given by the Mat@ishler equation[102] in Equation
(4.2).

y 2 0 90 " 4.0)
o © Z

Here,Q is particle diametefQ is the column diametef) is the inlet diameterQis the
gravitationalacceleration/Ois the bed height. is the solid density, ant is the fluid

density.
4.3 Cone and Inlet Design

The conical section at the bottom of the vedsallitates the flow of the solid particles
from the annulus into the gas jet. Thagoids a stagnant region in the lower cornérhe
vessel should a flat base be usédr the case of a very steep conical angpouting
becomes unstable as the entire bed tends to be lifted by the gas Stheasoidé
properties appears to affebetprecise cone angle neededdffective spouting, however
for most materials the ideal conical angle is prescribepptoximately40° [103, 104]
The inlet design also affectd as well aghe stability of the spouSome designs include
a constricting orifice at the narrow end of the careapipe protruding a short distance

above the inlet surfad&05]. These design concepts arewhan Figure4.3.
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Figure 4.3: Cone and inlet design considerations.

4.4 Solids Properties

The mnimum particle diameter necessary for spouting operation is generaltgdjas 1
mm, however it has been shown that spouting action can be aclieevedaller sizes
should the constraint be met which requires thagj#isenlet diametemot exceed 30 times
the particle diametef106], although this relation does not scale up w&Hisumingall
other variables constant) the effect of particle diameter and bhdight on spouting

velocity[101] can be given by

Y o (4.2)
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Particle size distributiofavours uniformity for spouting stability, as a low permeability
with wide ranges of particle sizes tenddistribute thegas flow, rather than produce the
required jet actionThe addition beven a small amount of fines to a uniformly sized bed
can eady impair the spouting actigrand the addition of larger coarse patrticles to a bed of
finer materialhassimilar effects[107]. It is noted, however, that the limit$ the particle
size distribution on the spouting action faiely wide, with some beds still satisfactgri

spouted up to an eightfold size spread and particles up to 3 cm [WG&%e

The effect of particle density appears to be miniméh warious materialbeing spouted
without any indications implying that limits exist which would preverdiging entirely
[101]. It is evident that article shape anslurface characteristics have much larger effects
on the spouting stabilitfl01]. The effects, however, prove difficult to evaluate as shape

and surface characteristics are not easily defined.

4.5 Gas Flow Rate & Bed Depth

In shallow beds, where- < 3, a gas flow rate high above the minimum rieeg flow rate

for spouting results in an undefined spout shdape movement of the solids in the region
above the bed become chaotic, however, the downward motion of the particles in the
annulusremains unchanggd02]. The maximum spoutable bed depth, on the other hand,

is controlled by three diirent mechanisms causing instabilities beyond certain upper
limits. These mechanisms are defined as the fluidisation of annulas,sdtioking of the

spout and growth instaltiles brought about by hydrodynamic conditi¢ph81].

4.6 Applications

A popularapplication of spouted betchnologyis the drying, heating and cooling of
granular solidsThese solids include agricultural produ(sy. wheat]109], wood chips
[110] and polymeric materiald11]. One major advantag® this drying technique iste

wide temperature gap between the hot spout air and the bed, which avoids thermal damage
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to the particlesAnother industrial application of the spouted bed is granulfitib?, 113]
wheremillimeter-sized partiles are grown from seed granules, in a ldbyelayer process.
Often this is achieved by injectirg precursor liquid or gas into the bed along with the
spouting gasThe advantages of this technique, compared to a fluidised or fixed bed, are
generallythe production ofrounder,smoother,and hardergranules,and avoids the
problems of agglomeration gfarticlesonto each other and the reactor walBther
applications includenergyvalorisationfrom wastg114], tabletand particlecoating[115,
116]andsolids blending117].

Of particular interesto this studyis the use of spouted bed re@s for the coating of
nuclear fuel particlewith pyrolytic carbonand SiC New generatiotHTGRsmake use of
TRISO coated nuclear fuel particlesvered witha carborgraphite fuel body. TRISO
coatings consist of folgequentially depositddyers of pyolytic carbon an&iCaround a
uraniumoxide or carbidkernd, aftera series of batcteposition processe¥he TRISO
coatings are the primary containment structure in the HTGR reamtaeptandrequire

high uniformity andstructural stabilityf118, 119] Using spouted bed technologies, a bed

of fuel particles is spouted along with an appropriate hydrocarbon at high temperatures
[120-123].

4.6.1 Plasma SpoutedFluidised Beds

A plasma spouted bed reactor is fitted with a plagjaaerating torch at the conical bottom
section, and the spouting action is generated by the plasma jet[®@3ell24] The
advantage of this setup the high temperatures attabie by the particles as thegome

into contact with theail-end of the plasma. A notable disadvantage is the radiative and
convective heat losseduring operation.The efficiency of such a reactor is usually
determined by the rates at which heat, mass and momentum are transferred based on
plasmaparticle inteactions.Due to the highplasmajet velocities, the particle residence

times can be very shipand the resulting energy transferred to the particle can be quite low
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(less than 36) [125]. The following methods can be adopted to improve the overall heat

transfer efficiency69]:

1 Reducion in plasma jet velocity
1 increase in plasma volume
1 increase the wall temperature to reduce radiative lpasds

1 improved flow patterns of solids throughout the system to improve residence times.

Plasma jeheated reactors afavourably considered fouse incoatingapplicationgdueto
the ultrahigh temperature regimes necessary forsurface deposition. Plasma
spoutedfluidised beds are considerecdh favaurable choice for bulk production of coated

particles [32].

A DC plasmaspoutediuidisedbed was applied wardsthe granulation of spherical alloy
grains from metal poder mixturesisng two auxiliary injection nozzles located below the
nozzle. Granulation of FAIl powders was found to be feasible inladboratoryscale
plasmaspoutediuidised bed setud126]. Circulating spout/fluidised bed reactors have
proven to be an efficient option for successful operati@@\id procesesto produce ultra

fine powdersas summarized by Sayaimoorthy[32].

4.7 Microwave PlasmaenabledSpouted Bed CVD Reactors

Plasmaenabled chemical vapaor deposition(PECVD) techniques are often used foeth
deposition of thinfilms at low temperaturesKarcheset al. [30] generated aolw-
temperature plasma inreger tube by coupling microwaveepresented ikigure4.4. As

a model application, NaCl crystals were coated with a thin silicon oxide film and the

deposition ratewereobtained up to 1 kg/mif80].
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Figure 4.4. Experimental setup used by Karcletsl.[30].

A similar setup was used by Borer and von R{#t7] wher thin SiO films were
deposited on salt and silica gel particles by PECVD with a microwave plasma source
integrated in the riser tube of a circulating flsetl bed reactor. Ehresulting reactor
provided high deposition rates and good precursor conversion efficiency. The films
deposited revealed a dense and coherent film morph¢l@3gy. A different variation on

this design is that of Tap and Pordda8] for plasmaenabledsynthesis and coating o
granular solid materialsising a microwave plasma cavity and a CVD caviwhere
microwave radiation is used to heat the granular maténahs shown thatie interaction

of the fluidised particles with the microwave field influences the ignitma stability of

the microwave plasm#& a significant degree[128]. Matsukataet al. [129] applied a
microwave plasma amn excitation source of reactive gases, and alumina and silicon were

used & bed materials. The hydrodynariehaviourof the plasmebubblingfluidisedbed
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wasstudiedand the field of plasma generation was investigated optidtyas concluded

that heterogesous CVD on the surface of particles may occur in this refti9.

Shin and Goodwirj31] reported diamond growth on particles irlidised bed reactor
using MPECVD. Si and Sifpowders are used as seed particles withoaitreatmentand
good quality diamondwas reportedn both theSi and SiQ particles Bayeret al.[130]
presented the coating of a significant amount of particlesfinidised bed undelow-
temperature plasma conditions using PECVDBe low-temperature plasma fluidised bed
technique can be used tbin-film deposition (e.g. Sie) TiN, TiC, TiO, anddiamondlike
carbon),as well asnon-coating processes (e.g. plasmeacling, sterilization, activation,
hydrophobic or hydrophilic finishindB2].

Chunget al. [131] successfully agped amicrowave plasma jet, combined with a spouted
bed, -Ad203 celtblyst preparationlhe experimental setyghown inFigure 4.5,
consisted of a quartz glass tuge = 27 mm,&= 370 mm) and anozzleinlet (Q = 9 mm)

inclined upwardly a60°. The plasma was generated by a microwave generator under
atmospheric pressure and injected to spout the particles from the bottom of the spouted
bed. A mixture of Ar and KHwas used athe plasma gas.

A countercurrent flow system, consisting of an upwéaiving gas stream and downward
flowing solid bed is termed spouted bedRequirements for spouting include definite
ranges of gas veldg, solid density and diameter, as well as vesseld inlet

configurations.
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Figure 4.5: Experimental setup using a MW plasma jet for particle treatid&af.
4.8 Summary

Design requirements include cone and inlet specificatisalid$ properties, gas flow
rates, and bed deptWarious applications o$pouted bedechnologiesnclude drying,
heatng and cooling of granular solidand, of particular interest, the coating of nuclear
fuel particles with pyrolytic carboand SiCwhere a bed of fuel particles is spouted along
with an appropriate hydrocarbon at high paraturesSpouted beds are ofteembined

with plasmabased coating technologies, with the added advantage of high particle
temperaturesPECVD techniques are often used for the deposition of thin films at low
temperaturespsually achievedthrough microwave dischargesVarious experimetal
studies using microwave plasreaabled CVD are reported, and show promising results

for particle coating applications
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5 Experimental

5.1 Introduction

In this chaptertheflow calibratian-curves are first presited in Sectiob.2, followed by a
short description of the equipment and apparatud dsgngthe experiment in Section
5.3 The design of experiment (DoE) is thgimenand describeth Sections.4, explaining
why the specific DOE was chosérhe experimental method/procedisgresented point
wise in Sectiorb.5and the chaer concludes with Sectidn6, with a shortisting of the

characterisation equipment utilised.

5.2 Calibration

The gas volumetridlow-ratesthrough the Aalborg rotameteveere calibragéd using a
Gilibrator® Il system,and the resulting calibration curves are reported heline flow

rates were set afrious values on the rotameters, and the corresponding flow rates were
measuredandread off the electronic Gilibrator® systeffhe plotted points all showed
some dgree of curvature. Since only interpolation between the points was used for the
obtainingof the actual flow rates, a seceddgree fit was used to increase the accuracy of
the interpolationsThe calilvation curve for the argon flowing through the spaugiven

in Figure5.1.
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Figure 5.1: Argon calibration curve (spout).

Accordingly, the argon flow rate sweeping through the MTS container wasadilstated
as wel as the hydrogen flow rat@nd the resulting curgeare given in Figure 5.2 and

Figure5.3.
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Figure 5.2: Calibration cuve for the argon flow rate through the MTS container.
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Figure 5.3: Hydrogen flow rate calibration curve.
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The MTS mass flow rate was calibrated by measuringhihage irMTS masdor various

argon flow ratesThe resulting curve is reportedfigure5.4.
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Figure 5.4: Calibration curve for the MTS mass flow rate.
5.3 Equipment/Apparatus

The experimental setup consistefla commercial microwave source from Electronic
GmbH & Co. (model no. PGEN2450/1B55KW2AIW). The equipment included a51

kW power supply with MOS-ET amplifier, a microwave generator operating at 2.45 GHz
and a watecooled magnetrgras presented frigure5.5. Subatmospheric pressures were
achieved using an Alcatel 2010l akstage rotary vane pumghe microwaves were
guided from the generator along a rectangular waveguide fitted with three stub tuners and
a slding short. Atransparengjuartz tube, with inside diagter 20 mm and length 300 mm,

was mounted between two support flanges, and positioned perpendicular to the metallic
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waveguide between the stub tuner and the sliding short. The support flanges ad@aserv

in- and outlets to allow flow through the plasmane. A graphite nozzle was inserted into

the bottom of the quartz tube to bring about the spouting action of the bed. The nozzle was
designed with a conical angle of°4&nd an inlet diameter of 1.5rm A metallic grid was

inserted into the top flange pwevent particles exiting the reaction zone.

Reactor

Outlet I
I 1 ] |_| ,-|-|-|-|-|I
Quartz Tube :ij
ﬁ EE: EH] Microwave
@t ' m Waveguide Source
Flange Support )
Pillars > ﬁ < Spout and bed
' |
LI |_| I
1 Reactor Tube
Reactor Inlet Support Flange
Cooling Air
Inlet
-3
Sliding A = _
Short - g[:z I-, N\ ,
Glass Capped Tuning Stub

Viewing Port
Figure 5.5: Physical layout of reactor assembly.

Argon and lydrogen flow rates were regulated using Aatbostameters. MTS was fed

into the reactothrough the sweeping action of an additional argon stream diverted through
the MTS container. The MTS vaporisation assembly consisted of a 250 mL borosilicate
glass ja equipped with a lid containing an inlet aodtlet port. The argon inlet line was
placel above the liquid MTS level, enabling diffusion of MTS into the argon stream. The
rate of MTS mass diffusion into the argon stream was calibrated through a seues, of

at various argon flow rates. After pasgithrough the reaction zone, the exitirag gtream

76



was fed through a Ca(OFQcrubber to remove HCl and any unreacted MTS from the waste
stream before entering an extraction system. A valve at the reactor exit allowed for easy
control of the reactor presre during operation. The schematic repnéstion of the
complete experimental flow path is showrFigure5.6.

- Ventilation
Ca(OH), % P
Bed - Vacuum

Pump
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A 5 e e
I- Reactor ] thTq'—\Cuuling Water
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> Argon & Waveguide @/7

-

—

MTS container|
Iner)

Figure 5.6: Schematic representation of the flpath of the experimental assemdh:

flow indicator, PI: pressure indicator, PRV: pressure relief valve, V: valve)

MTS served as precursor material9®.0 % a/a) obtained from Meré&k Co. Inc. Argon
and hydrogen gas cylinders were obeairirom African Oxygen Limited (Afrox) with >
99.9 % purity.The alumina spheres (Microbit Leonardo Microbeads) had a size
distribution of G = 1.5mmto 2.5 mm, and a total bed massapiproximately 1 g (50
spheres) was used per experimental Tine spout design is stvn inFigure5.7, and was
placed at the bottom of the tube (belthe plasma zone). Particles were then spouted

upwards through the plasma and fall back down.
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H=10 mm

¢=1mm

Figure 5.7: Spout design and bed height.
Using Equation (4), and substitutingO 10 mm” 1.66 kg/nd,” 3 950 kg/m,
Q 2mm0O 1mmandO 20 mm the minimum spouting velocity waketermined

to be"Y 0.8 m/s

5.4 Designof Experiments

The experimental parameters are showiable5.1. The design of experimés (DoE)
was of a BoxWilson 3dimensional central composite design (CCD), covering a wide
range of experimental pareeters within the capability of the system. This CCD comprises
of an imbedded factorial design with a centre point that is surroundadytyup of 'star

points, represented iRigure5.8, to allow forestimation of tke curvature. These star points

are at a fixed distangce  ¢'Q", where'Qis the number of factofd 32].
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Figure 5.8: 3D centralcomposite DoE.
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Table 5.1: Experimental Parameters.

EXxp. Spout MTS H2MTS Power Pressure
No. velocity flow (mol:mol) (W) (kPag)
(L/min)  (g/h)

1 6.35 7.32 2 700 -50
2 6.35 7.32 8 700 -70
3 6.35 7.32 5 1000 -60
4 6.35 7.32 5 1000 -80
5 6.35 7.32 5 1000 -60
6 6.35 7.32 5 1000 -40
7 6.35 7.32 5 1000 -60
8 6.35 7.32 5 500 -60
9 6.35 7.32 8 700 -50
10 6.35 7.32 2 1290 -70
11 6.35 7.32 8 1290 -50
12 6.35 7.32 2 700 -70
13 6.35 7.32 8 1290 -70
14 6.35 7.32 10 1000 -60
15 6.35 7.32 5 1500 -60
16 6.35 7.32 0 1000 -60
17 6.35 7.32 2 1290 -50
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5.5 Method/Procedure

Stable operation of the plasma system can be difficult to maintain, especially during the

introduction of MTS vapour into the system. The following procedure was followed to

minimise perturbances to the system as much as possible:

1.

The vacuum pump is firgwitched on, andhe pressure of the system is reduced to
approximately 10 kPa absolut&ith the valve above the reactor-8vin Figure 5.6)

fully open.

The argon flow rate through the spout is at#id and increased to 6.35 L/min, which
increases the absolute pressure to approximately 15AtRAis point the spouting
action of the alumina pebbles is fully developed.

The microwave gegrator is initiated at 1 000 W, and the microwave plasma usually
initiates shortly after-ailure to initiate is often an indication of an atmospheric leak, or
contamination from a previous run.

At this point, hydrogen gas is introduced into the systetineatequired flow rate. The
system isleft unchanged for 30 5 minutes to allow for pressure stabilisation and
cleaning of the alumina pebbées s u (réme\ah ef snoisture etc.)

The valve (M3) is now slowly closed until the desired pressure in thetoeas
achieved.

The argon flow through the MTS iisitiated, and the valve allowing flow of MTS into
the reactor (V1) is opened slowlyo allow for equalisatin of thepressure in the MTS
container (P#¥4) with that of the reactor inlet pressure-®|

During the experimental run, the alumina spheres darken in colour, and a black/brown
powder deposits on the inner wall of the quartz tube.

The sphereare collected after runs, and the powddlushed from the tube walls using

acetone. The acetomeevaporated in a fume hood, and the pow@eescollected.
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5.6 Characterisation Equipment

High-resolution scanning electron microscopy (SEM) waopeed on the particles using

a Zeiss Ultra Plus Field Emission Scanning Electron microscopes (Carl Zeiss, Germany)
and transmission elegon microscopy (TEM) was performed using a Phillips 301
instrument. Elemental mapping and enedigpersive Xray spetroscopy (EDX) were
performed using a Quanta 200 3D SEM with an Apoll&iXcon Drift Detector (SDD)
Powder Xr ay di ffraction ( XRD) was conducted
diffractometer using Co ifadiation. The peak assignments were made using the databases
supplied from the instrumemanufacturer. Xay photoelectron spectroscopy (XPS) was
conducted using a Thermo ESCAlab 250Xi instrument, and verified with the PHI 5000
Scanning ESCA Microprobéelhe peak deconvolutions were applied with assistance from
the operators using the data retion software package PHI MultiPak v9, using Gaussian
Lorentz fits. Optical photographyf the particlesvas undertaken using a Nikon D7000
camera with AFS Nikkor 18200mm lens.Fourier Transform Infrared Spectroscopy
(FTIR) was performed using a Bruk@27 Tensor spectrometeBrunauer Emmett

Teller (BET) analysis was performed usind/icromeritics TriStar 3000 Surface Area and
Porosity Aralyzer.Finally, thermgravimetric analyses (TGA) were undertaken using the
Hitachi STA7300 instrument at the Unigély of Pretoria.

5.7 Summary

The mass flow rates of MT&nd argon werealibrated,and thecalibration curves are
reported.The experimental setup and apparatus are listed and described along with a
schematic representation of the flow paflhe materials(argon, hydrogen, MTS and
alumina particles) purities are also reportétie experimental esign followed a 3D
centralcomposite desigrwith pressure, enthalpypower)and hydrogen concentration as

experimental parameter&achstep of the experimental rusireportedsystematically.
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6 Results & Discussion
6.1 Introduction

In this chapterthe experimental results and accompanying statistical analysdissare
reported The results haveeen published133] in the open literatureDeposition and
growth rates are reported 8ection 6.2, as well dhe apparent kinetics of the deposition
reaction. Section 6.3 presents the surface contour plots, and a brief disofiss@trends
presented by them. This is followed by the Analysisvariance (ANOVA) results in
Section 6.4.This chaptercontinues with assummay of the SiC layer characterisation
results, and expands on previously published refl®3]. Section6.5 focusses on the
morphology and colouring of the layers, using optical photograplySEM techniques.
This is followed by a brief look at the particle sizesng TEM imaging in Sectiof.6.
The elematal compositions are investigated in Secton utilising EDX, XPS, TGA and
FTIR analyses. The crystallographic structure isulised in Sectio®.8 using XRD
techniques, followed by surface area and porosity investigations in Sé@&idfinally, a
short discussion is presented thre effect of heat treatment on the deposited layers in
Section6.10

6.2 Experimental Results: Deposition and Growth Rates

The system enthalpy® , which applies to all the gaseous components present in the

system (argon, hydrogen and MTS), was calculated usingtieg(6.1).

(6.1)

Here,0 is the forwarded powep, is the reflecteghower, and) is the total mass flow
rate.Themeasuredleposition rates and growth rates@ireenin Table6.1. The depositon

rates reported in g/hwere determined bthe mass differences of the ppiales before and
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after runs. Théayergrowthrates r e p o r tweem caiculated oy mbasuring the layer
thicknesses on calibrated SEM micrographs. Using two independent methods has the added
benefit of reducing possible measurement errors. Mbasired results appear to be in
relative agreement with higher masgpdsiton ratescoinciding withhigher layer growth
rates. It should be noted, however, thating preparation for SEM characterisation, the
particles areembeddedin an organic resinwhich often damages the SiC layer, making
accurate layer thickness measuretaevary slightly Depending on the operating
conditions, themass deposition rates varied from 0.012 g/h to 0.208 g/h, and the layer
growth rates/ariedfrom 50¢ m/t o 1 4 OTheclowér kalues do not coincide with the
same experimental poirduggestinghat thevariousdeposited layers do not necessarily
consist of identical compositiorss morphologiesThis postulationis confirmedas the

chapter progresses

Table6.2 reports the mean, standard deviation and 95% confidence intervals for both the
mass deposition measurements and the layer growthDateso the various measurement
methods used, care was take restrict the significdrfigures of the reported values to the

lowest amount confidently measured.

The kinetics of the deposition mechanism were further investigated by repeating an
experiment for varying run times, while keeping the operating paeasn@nstant. Seven
runs wee completed, varying from 3 to 40 minutes, and for each run a new batch of
alumina spheres was used. The expentadeparameters were set to that of experimental
point no. 3 (the central point). The results are shown graphicalygure 6.1, which
indicated that two regimes are present with regards tetiaage indeposition rate|n
contrast to the expected outcome ofamstantdeposition rate. A possible explanation
entails a change in plasma enthalpy duriagherun, brought about by the additional

deposition of SiC on the quartz tulvalls.
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Table 6.1: Results of depositiorand growth rate measurements.

Exp. Deposition  Dep Rateper Layer Run Growth
No. Rate Surface Area Thickness Time Rate
(g/h) (9/(h-nv)) (Hm) (s) (Hm/h)
1 0.035 55.7 18.2 1304 50.2
2 0.060 95.5 17.1 1208 51.0
3 0.090 143.2 26.9 1200 80.7
4 0.208 331.0 47.2 1198 141.7
5 0.078 124.1 32.2 1216 95.3
6 0.116 184.6 24.3 1204 72.6
7 0.119 1894 36.4 1200 109.3
8 0.030 47.7 17.5 1199 52.5
9 0.029 46.2 24.7 1200 74.2
10 0.180 286.5 36.0 1200 108.1
11 0.060 95.5 25.1 1200 75.2
12 0.060 95.5 26.2 1200 78.5
13 0.012 19.1 23.9 1199 71.6
14 0.067 106.6 23.9 806 106.7
15 0.090 143.2 22.5 1198 67.5
16 0.030 47.7 29.5 1201 88.5
17 0.077 122.5 24.7 1200 74.0

86



Table 6.2: Statistical functions of the measured deposigomwthrates.

Deposition Rate Growth Rate

(g/h) (em/h)
Mean 0.079 82.2
Stnd Dev. 0.051 23.3
95% Confidence 0.024 11.1

This layer of 8 could potentially hinder the penetration of microwaves into the plasma
[134, 135] an effect which is worsened with timendh appears to stabilise after
approximately 10 minutesSome studies have shown that growdtes become constant
after 1 minute[8], however this isot in full agreement with thexperimentally observed
pattern.
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Figure 6.1: Experimentally determined deposition rate regimes of thed§gosition

mechanismat the central point (Exp #3).
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6.3 Contour Plots and Optimisation

The effects of the vging parameters on thaepositionr-and growth ratearerepresented
using 3D surface contour plots, shownFigure 6.2. These plots were generated using

guadratic polynomials the form of Egation(6.2).

GO bh Ao GO OOd MOe MO O 6O 6 E  (8.2)

wherew represents enthalpgy represents HMTS mokr ratio, andd represents system
pressureThe plots shown here represent pressure$0ftkPag (a & d);60 kPag (b & e)
and-70 kPag (c & f).The values for the coefficients are givenTiable 6.3 for the nass
deposition and layer growth rates, respectively. An additional term, also shdvaibla
6.3, was added to each polynomial to improve overall fit with minimal effect on the overall
shape of the curves.

Table 6.3: Values for polynomiatoefficients.

Add. Term 6

I
I
I
I
I
I
I
I
€

Response @

Mass Dep. 0.459 2.34E3  -0.037 0.021 0.023 -2.52E3 -1.39E3 -0.013 -246E3 133E4 6 OO 5.04E4

Growth
Rate

645.7 -380.1 2588 1350 -1.162 -8.089 0.318 50.02 -0.270  8.86E3 [EANA 1.038

When considering thsurface contour plotd=igure6.2), it is apparenthat increammg the
enthalpy generally increases the depositenmd growth ratesThis follows the expected
Arrheniustype dependence of Equatidf.1) on temperature, with a broad range of

activation energies summarised in Héf. In this study, increasing the microwave power
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(enthalpy) increased the plasma temperatueddingincreased depositiaates. Likewise,

an increase in HFMTS ratio also resulted in an increase in deposiamd growth rate at

least for most operating conditions. Hydrogen not only provides a more reducing
environment, but likely takes part in the homogeneous decompustotions of MTS at

low temperaturekeading to solid deposition (SiC, Si or [B], described here by Eations

(6.3), (6.4) and(6.5) [136].

# O 3B# ( O38H# (#I1# (6.3)
#( 3#&l ( O3 Eo( #I# (6.4)
c# 3#Il ( O 3#l 3#EI c# (6.5)

From these reactions, SiC is deposited througlakgrs (6.6) and(6.7).

#( 3B 3 E#( (6.6)

3#FI #( O3 E# (#]1 (6.7)

When H:MTS ratios are very higkhough, the deposition rate is negatively influenced at
low pressure setting®.g.Figure6.2 ¢ & f) . This is possibly related to the high energy
demand of hydrogen dissociation aindisation[35], discussed in Chapt& At lower
pressures, the mean free path of théiglas is much larger, and collisions are less frequent.
The plasma is consequently further from thermal conditions, resulting in lower
temperatures, a@h possibly biased chemical reactions. Increasing the hydrogen
concentrationconsequentlyrequires higher energy input, which affects the plasma

enthalpy and reaction rates.
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Figure 6.2: Surface contour plots depicting the effect of varying dpeggarameters
onthe mass deposition rate<(a) and the layegrowth rate (d f).
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This is possibly related to the high energy demand of hydrogen dissociatiomasadion

[35], discussed in Chapt2r At lower pressures, the mean free path of thitgbes is much

larger, and collisions are less frequent. The plasma is consequently further from thermal
conditions, resulting in lower temperaturesdapossibly biased chemical reactions.
Increasing the hydrogen concentratmmnsequentlyequireshigherenergy input, which

affects the plasma enthalpy and reaction rates.

Pressurehy contrastexhibitedan opposite effediy increasing the depositieand growth

rates as pressuredecreases. Thigendseems tcexist for most settings of enthalpy and
H2:MTS ratiosettings although it appears to be much more prominent at high enthalpies.
This trend is likely explained by theedrease in particle collisions associated with
decreased operating pressures. Subsequentlytheomal plasma conditions arise with
operating temperatures belov8Q0 K, which favour the production of silicaith deposits

[6, 25, 67, 122]It is possible that at these conditions, the deposition of Si is favoured,
resulting in an apparent in@se in the deposition raté/ith regards to this experimental
system, however, decreasing the operating pressure also affects the pressure inside the
MTS container. This allows for a slight increase in MTS concentration in the feed stream,
resulting in inceased particle growth rat§l37, 138] It is also possible that decreasing
the operating pessure will exeerbate any potential atmospheric leaks in the system, and
increase the amount of Si@rmed during runs.The quality/composition of the layers
may therefore provide a more accurate explanation of the observed drehdsfurther

investgated inthis chapter

6.4 Response Surface Methodology (RSM) and ANOVA Analysis

The statistical relevance of these resultaswverified by an Analysis of Variance

(ANOVA), which is summarised ifiable6.4 for bothdeposition-and growh ratemodels.
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Table 6.4: Summary of the ANOVA result®r each deposition model.

Model  Model  Lackof Most Least Pred. Ad
eq.
Response fit p- significant  significant R-squared q
. Precision

Fivalue p-Value value term term R'Squared
Mass Dep. 3.07 0.091 0.228 Pressure H2MTS 0.836 -0.926 5.97
Growth
Rat 2.90 0.102 0.450 Pressure H2MTS 0.829 -1.84 7.22

ate

In bothcases, the modelValues are approarty 3, implying there is an approximate 10

% chance that-values this large could occur due to noise. Additionally, the lack pf fit
values > 0.05 indicate thatdte is a nossignificant lack of fit, which is a requirement for

an adequate model. The adequate precisatiresmeasure the signal to noise ratio. A ratio
greater than 4 is desirable. The reported ratios of 5.97 and di2atenadequate signals.

In both cases, the models can therefore be used to navigate the design space; however,

caution is always advised when doing so.

Both models indicatéthatthe most significant terns that ofpressure, which is apparent
from the suface contour plots ifrigure6.2. The least significant terms are those for the

H2:MTS molar ratios.

6.5 Electron Microscopy and Optical Colour Mapping

Ten particles were randomly selected from each experimental run and placedn
adhesive sudce, mounted on a sample holdéhe sampleswere carbon coated and
underwenscanning electron microscopy (SEM) and enalppersive Xray spectroscop

(EDX) characterisation.
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The surface morphologies vary in structaepending on the experimental parters
Micrographs oiine differentsamples are sk in Figure6.3, Figure6.4 andFigure6.5.

The samples shown here inclutte points of highest & lowest pressueathalpy and H
concentration, as well as the center point and two samples that exhibited large deviations
in colour.Representativemagesare shown alow magnification [eft columrs) andhigh
magnification (ight columng to investigate both large scale structures, as well as
individual particle size and agglomeration Some samples became unstable at higher
magnifications due to electron chargingso they were limited toslightly lower
magnificatiors. At 10° x magnification (left column) the morphologiesary fromsmooth
plateadlike features, e.g. Exp #1, tuastspherical(cauliflowerlike) agglomeratese.g.

Exp #3.0ften thelight (electron) scattering appedighter or darkerpossibly due tdhe
positionirg in the SB/, sampleheight, contrast settings etc. At220magnification(right
column) however, these agglomerates appe&ecome moreissimilarfrom each other
The quasspherical structures are still presentsome samples such &xperiment
numbers 1, 3, 68 and 14. Tie agglomerates iexperiments4, 15 and 1@&ppear to consist

of much smaller particles, densely packed toge®e@me samples even produced-like
structures seen in Exp #1Dhesevariationsin nanoscale morphologies could paieally

result in different macroscopic properties of the laymiduding colour.

The images reported are representative of each sample, altidewgitions in the
morphology did occyrlikely due to deviations in the local partigddasma environment,

with gas composition and electron temperatures varying throughout the reactor volume.
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Figure 6.3: SEM micrographs of samm@el, 3 and 4 at low (left column) and high (right

column) magnification.
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Figure 6.4: SEM micrographs of samples 6, 8 and 10 at low (left columnhagid(ight

column) magnification.
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Figure 6.5: SEM micrographs of samples 14, 15 and l@wt(left column) and high

(right column)magnification.
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A change waslso noted in the colour of the final particles between experimental runs,
illustrated in Figure 6.6 and Figure 6.7, similar to the morphological chaag
accompanying the varying operating parametbrsnediately apparent is the unusual

colouration of Exp #4discussed later.

Further investigation gigested that these colours are strongly influenced bgressure

and enthalpy conditions, whereas hydrogen concentration has a neglitgiole & is

expected that the appearance of these colmutke direct result of the underlying
morphological, and possible crystalline structures, inherent in the teg&syers, as well

as their el ement al composi tiaccordinghAcregteln er a |
shown inFigure 6.8. The interpretation of colour differs between observers, computer

monitors and printergnd thereforeaution is advised when interpreting thessults.

Accordingly, the same chart template was used to visually represent the changing
morphologies within the same regions, showkigure6.9 usingSEM micrographs. The
transitions between the regions arestwrp, but rather indicate a gradual change in colour

and morphology as the process parameters are varied.
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Exp #1 Exp #3

Exp #4 Exp #6

Exp #8 Exp #9

Figure 6.6: Optical colours of samples-B.
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Exp #10 Exp #11 Exp #12

Exp #13 Exp #14 Exp #15

o %

Exp #16 Exp #17

..

Figure 6.7: Optical colours of samples 1A7.
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The resulting graphs, in conjunction with the SEM micrographgcaiel that higher
enthalpy values and lower pressures generally result in dardeuaccompanied by
smaller particle sizes (regions VI to IXl)he system also shows denser structures at these
conditions. In coatings, this typically means the deposition process allowsgtoer hi
mobility of the precursors along the particle surface.

In contrast, dwer enthalpy values and higher pressures result in slightly lighter colour
variations accompaniedyldarger quasspherical agglomerates (region$ V). These
particlelike strudures reflecta lower mobility of the precursor along the pele surface

(i.e. high sticking coefficients) resulting in the more columnar and patliteestructures.

The colour variations are likely brought about by varying elemental compositions and/o
microscopic variations in the accompanying morphologicalp.m@he changes in
morphology are explained by the effect of the operating conditiotisecfiim deposition

and growth processes which generate specific morpholddiesemperature of a plasma
system is strongly influenced by the microwave power, anttames link is apparent
between microwave power and particle s{26, 138] When microwave power is
increased, the particle size decreases, which is evident in the different morphologies
presented inFigure 6.9. This result is gpported by theoretical calculations done by
Vennekarp et al.[24]. At lower power, theaeactivity of the plasma results in a smaller
number of nuclei. Molecules formed by the chemical reaction condense in the few nuclei,
resulting inlarger particles. Likewise, at higher power, more nuateiformed, and thus
smaller particle sizes are obtaingd@9]. Pressug, however, has an opposite effect, and
appears to increase the particle sizes as it increases. This correlation is justified when
compared to thiterature[26, 140] where an increased pressure would allow foraased

particle collision probability, resultinip enhanced particle growth.
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Figure 6.8: Colour chart representing various particle colours within the design space.

-30

-40 -

-50 4

-60 -

Pressure (kPa)

-70 -

-80 -

-90 —71 * Tt *r I r fr « I 1 % 1 ' T °
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Enthalpy (MJ/kg)

Figure 6.9: Similar chartshowing the various morphologies throughout the design space.
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6.6 Particle Size:TEM

Particle sizes were probagsing TEM characterisation. The collected powders were
analysed for this purpose; an example is showrignre6.10. The image showcases an

agglomerated particle, consisting of nasiped particles, with sizes logv 100 nm.

Figure 6.10: TEM image of nansized SiC particles.

TEM analyses can be very informative, given the correct instrumentation and operating
knowledge. A more ntepth study of the microstructuof deposited SiC from MTS is
reported elsewhel®6] using hgh resolution TEM micrographs

6.7 Elemental Composition EDX, XPS, TGA and FTIR

Five randomly selectegarticlesfrom each experimental batehere embedded in an
organic resir(Struers Epofix, resin 1)ollowed by grinding and polishing of tiseirface

The thickness of the resin was measured, and the diameter of the particles are known. The
resin was then ground until the thickness was equal to the original thickness minus the

radus of the particlesThis ensured that theass sectins of theparticles were clearly
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visible. SEM micrographs of these cross sections were then used for layer thickness
measurementsas well as elemental mapping using E®Kown inFigure 6.11, Figure

6.12 and Figure 6.13. During elemental mapping, three distinct phases were identified
based on the relative elemental compositidéB®X indicated a silicon/carbon phase
marked asblue (except in Exp# 3 where is was accidentally marked as red during
scanning) however this phase sometimesdentified as a silicon rich layer (alsue).

This discrepancy in the identification isdily brought about by a silicemch or carbon

rich SiClayer. These values should be considered with caution though, as it is well known

that the identification of carbon is somewhat unreliable using EDX techniques.

When consideri ng d. thehigliestand lowesterihalpgl and |
pressue pointssome observable patterns become appatenery low pressure (Exp #4),

the layer appears very thick, as discussed earlier, and is characterised asrgjicbimis

Is in contrast with liteature[65] and the XRD and XPS results reported later indhagpter.

At high pressure (Exp 6) the layer is classified as a Si/C |ayéicating that a higher
carboncontent ispresent than at low pressuf high enthalpy (Exp #15), the layer is
clearly identified as a Si/C layer, whereas at low enthalpy (Exp #8) the layer is much
thinner and is identified as a Si/Al/C/O layer. Thiggests that the layer thicknessmall

sothat the surrounding layers are also detected, and the supposed aluminium and oxygen
content are likely from the alumina particle (yelloahd the carbon content could likely

be from the organic resin layee(), leaving a silicomich laye (blue)at these conditions.

At high HxMTS ratios(Exp #14), a clear Si/C layer is identified. At low:MTS ratios
(Exp #16),the layer is also clearly identified as a Si/C layer, again indicating that H

content has little effect on the elemental comjpmsiof the resulting layers.
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Figure 6.11: Elemental mapping of samples 2, 3, 4 and 6.
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Figure 6.12: Elemental mapping of samples 8, 9, 11 and 12.
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