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SUMMARY

Effect of swift heavy ion irradiation and annealing on the microstructure and migration
behaviour of implanted Sr and Ag in SiC
BY
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Faculty of Natural and Agricultural Science, University of Pretoria

Supervisor/Promoter: Prof. B. Malherbe
Co- supervisorProf. T. T. Hlatshwgo

Silicon carbidehasbeen used in many applications in the electronics industry and material
sciencs. In the nuclear power generation, SiC is used as the main containment layer in the
construction of fuel particles of the Generation IV nuclear reactors for thaimoent of
fission products (FPs). SiC perfaswell in the containment of most FPs during operation
temperatures up to 100Q. However, silver (Ag) and strontium (Sr) have been able to escape
the fuel particle at temperaturkegher thanl000°C. The escape of Ag and Sr out of the fuel
particlehas given birth to the extensive research domihe transport properties of Ag inGi

and the study of structural properties of SiC as used in fuel particles.

This thesis is divided into two parit first, we study the structural changes in polycrystalline
SiC implanted at room temperature (RT) with Ag and Sr ions before and after&kHtion
at room temperature and the effecaohealing The study alsinvestigats the effect of SHI

irradiation and the annealing on the migration behaviour of Ag and Sr in SiC.

The implantations were performed as follotve 360 keV silver (Ag) ah360 keV strontium

(Sr) ions were implanted separately into silicon carbide at room tempet@atftuence of
2x10cm?. Some of thesenplantedsamples were irradiated by swift heavy ions (SHle
samples weré¢hen characterizetly the use ofseveral techniques to determine the damage
createdn SiC by the ion bombardment process, the distributions of the silver and strontium

ions and the effestof SHI irradiation on these distributions. The irradiated andradiated
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but Ag or Siimplantedsamples were isochronally annealed in vacuum at temperatures ranging
from 1100 eC to 1500 eC in steps of 100 UC

Raman spectroscopgchniquewas used to study the structure of all sets of samples (i.e.
irradiated and wirradiated samples imghted with Ag or Sr) before and aftire vacuum
annealing process Scanning electron microscopy was used to monitor the surface
modifications after each annealing cycle. The migration behaviour of silver (as well as
strontium)in the irradiated and umradiated but implanted sgles before and after each

annealing step were investigated by Rutherford backscattering spectrometrytéBtiBtEjue

Raman results showed that implantation of Ag (as well as Sr) into SiC at room temperature
caused the disappearance of characteristic SIC Raman peaks, an indication of an amorphized
layer of silicon carbide. Irradiation of the-emsplanted SiC withl67 MeV Xe ions at room
temperature to fluences of 3.4%t@m? and 8.4x1& cm? caused partial reappearance of
rather broader SiC Raman characteristic paakisaing some recrystallization of the initially
amorphized layer of SiC. This partial recrystallinatof the SiC layer was caused by the high

electronic energy deposition by Xe ions irradiation at 167 MeV.

A full recrystallization of the silicon carbide was observed resulting in the appeafaihee
characteristilRaman peaks of Si€r un-irradiated but implanted samples annealed at 1100
°C. For SHI irradiated SiC samplemnealedit 1100 °C showed poor recrystallization with a
abroad SiSi peak and € peakThe differences in recrystallization between the irradiated and
un-irradiated loit implanted samplewas due to impurities (e.g. Ag or Sr atoms) within the
substrate. Moreovetheresults showed that the longitudinal optical (LO) phonon mode of SiC
for the unirradiated but implanted sample had a significantly higher intensity cexhpathat

of the SHI irradiated sampleBhis suggestethat the uArradiated but implanted sample had

on average, larger crystaitempared to the irradiated samples. The differences in the average
crystal sizedetween irradiated and tdmadiated butmplanted samples was dueth® fact

that the initial surface/layestatesof SiC were in different before annealing, i.e. the un
irradiated samples were amorphous while the irradiated samples were composed of crystallites
that were randomly orientated ian amorphous matrix. After annealiirgadiated and un
irradiated but implanted samplssquentially up to 1508C, two peaks appeared at 1350 and
1580 cmt correspading to the D and G bands in the Raman spectra, which are more dominant
in all the carbormaterials. The presence of the D and G peaks indicates the presence of a
carbon layer on the sample surfaces after annealing aPC500e free carbon on the surfaces
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was due to thermal decomposition of SiC causing the sublimation of silicon, thug ladree

carbon layer on the surface.

The average crystal sizes were determined from the SEM images of the irradiated and un
irradiated Ag or Simplantedsamples, all annealed at temperatures from 1100 to 1300 °C. The
average crystal sizes were not determined forrthdiated and wirradiated but implanted
samples annealed &400°C and 1500 °C due to the absence of distinct crystals and the
presence focarbon and some crystal clusters on the surfddesSEM results agreed with the
Raman results which showed that annealing ofithieradiated but implanted samples resulted

in large average crystal size compared to the irradiated samples anneabrdhe same

conditions.

For room temperature Ag implanted samples, isochronal annealing showed a slight migration
of implanted Ag towarsl the surface, accompanied byskght loss of Ag after the first
annealing cycle (i.e. 110®C). However, annealing ¢hSHI irradiated samples at 1180

resulted in significant loss of about 42% and 54% of implanted Ag in both the SHI irradiated
samples at fluences of 3.4%t@m? and 8.4x1& cm? respectively. This was due to the
presence of a large number of pores in the surfaces of the SHI irradiated samples as compared

to the implanted but uimradiated samples.

The diffusion coefficients for the irradiated samples at fluences of 34em® and 8.4x18
cm? annealed at 1108C were found to be 2x18 m?s and 3.2x18° m%s, respectively.
However, there was no measurable diffusion for Ag ifirtadiated but implanted samples
which is obviously below our detection limit of #om? s*. These resultsndicated that

bombardment with swift heavy ions enhanced the diffusion of Ag in SiC.

Migration of implanted Sr was already taking place at 1100 °C in both irradiated and un
irradiated but SimplantedsamplesThe unirradiated but Simplantedsamples annealed at
1100°C showed a strong migration of Sr towards the surface accompanied by a significant loss
(of about 25%) of implanted Sr. In the irradiated samples, Sr mi@iards the surface and

into the undmaged bulk after annealing at 1200 This migration was accompanied by minor

loss of about 3% and no loss of implanted Sr for the samples irradiated at'3@wf@and
8.4x10*cm? r especti vel y. -ikadiatel bld Simpiadedsamgdies whicm
exhibited pores on the surface showed high loss of Sr as compared to the irradiated samples
which did not show any pores on the surface. Therefore, the different amounts of retained
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strontium after annealing were due to the difference irasarstructure of the sampl@he
urrirradiated but Smplantedsample retained about 25% of Sr after annealing up to 4500
while no Sr was retained in the4810 cm? and 3.4x18 cm? irradiated samples after
annealing at 1300 and 1480 respectiely. From these results, it is quite clear that Sr loss was

favoured in the irradiated SiC structure.
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CHAPTER 1
INTRODUCTION

1.1 High Temperature Gascooled Reactors (HTGR)

High-temperature gasooled reactor@HTGRS) are part oBeneration IV reactsrwhich are

being considered for generating electricithesereactors operate at temperatures of up to
1000 °C. Safety in these reactorsie of the most significant considerations. The Pebble Bed
Modular Reactor (PBMR) is a relatively new design in nuclear power plants which has been
proposed as the HTGR design for South Africa and China [Mal08]. Apart from the PBMR,
there are several desig of HTGRs pursued by researchers in different countries such as the
USA, Russia, Japan, The Netherlands, etc.

A key feature of the PBMR is the fuel used in the reactor, theakbed Tri-Isotropic(TRISO)

fuel particles, see Figure 1.1 [Berl0, MalO& amwwl]. This particle consists of a small

spherical UQ kernel of approximately 0.5 mm diameter, which is encapsulated by four
chemical vapour deposited (CVD) layers. The first layer is a porous carbon buffer layer which

i's 95 em t hi c krecoillngfisson pradycts (FPS) and acaomreodates internal

gas buildup. The other three layers are the inner pyrolytic carbon (IPyC) layer, SiC layer and
outer pyrolytic carbon (OPyC) |l ayer. The | Py
barrierto mostnonmetallic FPs and reduces tensile stress in SiC layer [Berl0, Han03 and

Mal 08]. The silicon carbide (SiC) | ayer of =z
FPs. An outer pyrol yti c thclapraeotsSiQ fORygetnal | ayer
mechanical and chemical interactions and helps to reduce stress in SiC [Nic02].

For the PBMR fuel design, about 12000 of fuel particles are then imbedded in a graphite matrix
to form a pebble with a diameter of about 60 mm [www1]. These peblel@ssarted from the

top of the core in the reactor and circulate from the top to the bottom until they have reached
optimum burn up. These particles are designed to keep the fission products (FPs) within the
particle. Several studies found that the coal@tygrs are not so effective in retaining some of

the gaseous and solid fission products, e.g. Krypton (Kr), Xenon (Xe) and Silver (Ag), Cesium
(Cs), Strontium (Srat temperatures higher than 10@[www?2]. These fission products are
detectedutside the TRISO particlBecause the temperature inside the coated fuel particle is

higher than the operating temperature, the temperature range of interest for diffusion of these

1l Page


https://en.wikipedia.org/wiki/Generation_IV_reactor

FPs is from about 800°C to 1600°C, the latter being the estimated témn@eharing accident
conditions.These FPs which escape from the TRISO particle can lead to personnel being
exposed to them during maintenance of the reactor. Radioactive FPs, with the associated
radioactivity, can be taken into the body by consuming fadidand liquids, by inhaling
radioactive gases, or by absorption through wounds in the Bkarefore, retention of the
radi oactive FPs within TRI SO particle 1is
health and the environment. Since SiC isrtien FPs diffusion barrier in TRISO particle, it

is important to study the mechanisms of migration behaviour of FPs in SiC.

FUEL ELEMENT DESIGN FOR PEMR

- 5mm Graphite layer

4 _ Coated particles imbedded
- in Graphite Matrix

__—Pymiytic Carbon 40/1000mm

~Silicon Cartide Banmer Coating 25/1000mm
~Inner Pyrolytic Carbon 40/1000mm
___-Porous Carbon Buffer95/1000mm

Dia. 0,92mm 0
TRISO
Dia.0,5mm

Coated Particle Uranium Dioxide
Fuel Kernel

Dia. 60mm

Fuel Sphere

Figure 1.1: The TRISO fuel particle for a pebbbed reactor consists of a 0.5 mm
sphere of U@ surrounded by a porous carbon buffer, an inner layer of isotropic
pyrolytic carbon, a barrier layer of SiC, and an outer layer of isotropic pyrolytic

carbon. Taken from [www1].

1.2 Silicon Carbide

Silicon Carbide (SiC) crystal structure was understoddng time ago, but the diffusion
mechanism of FPs is still a mystery. SiC has a Mohs hardness of 9.5 making it one of the
hardest naturally occurring materials known. SiC has physical and chemical properties such as
extreme hardness, high temperature ftgphigh thermal conductivity, radiation resistance,
small neutron capture crasections, etc. [Bus03, Fuk76 and Wen98]. The hardness of SiC is

due to the short bond length between Si and C atoms which is about 1.89 A and results in high
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bond strengthpau03, Har95] Due to its strong chemical bond energy, SiC has a good
resistance against chemical attack including a high corrosion resistance. SiC has many
applications in the abrasive industry due to it is properties and mechanical strength at
temperatues even above 1000 °C [Pir93]. Also, SiC has the ability to maintain or keep most
of its properties over a long period of time (i.e. dimensional stability), and under specific
condition such as neutron radiation. SiC sublimates at temperature around2804a also it

has been noted that it star tand$HO[Bedle, til®3hp o s e
Because of its good properties, SiC is used as the main barrier for FPs in TRISO patrticles. The

normal operating temperature of the modern HTG&Raround 950°C [Saw00, Verl2].
According to Malherbe [Mal13], SiC should be a reliable diffusion barriemfustof the FPs

during normal operating temperature.

Silicon carbide isa binary compound with the same number of silicon and carbon atoms. The
basic structural unit of SiC is considered to be covalently bonded, with an ionic contribution to
the bonds of about 12 %, due to the difference in electronegativity between the silicon and the
carbon atomThe fundamental structural unit of Si€a tetahedron, either SiCor CSk as

shown in Figure 1.2. The carbon atom can be at the centre of the tetrahedron surrounded by
four silicon atoms or silicon atom at the centre of the tetrahedron surrounded by four carbon

atoms.

S1

S1

(a) (b)

Figure 1.2: Tetrahedralsilicon carbide structure, (a) one carbon and four silicon

atoms and (b) one silicon and four carbon atoms. Taken from reference [Zs005].

The SiC compound exists in more than 200 structural forms (i.e. polytypes) [Dau03]. These
different poytypes form because of the difference in the staking sequence of identical atomic

planes. To describe these different polytypes in more details, the Ramsdell notation is used,
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which can be explained in the following notation: The cubic (zinc blende) &i€wsk is used

as the basis which requires three layer, first layer is named A and second is named B and the
other C (see Figure 1.3), and is known as 3C according to the nomenclature of Ramsdell
[Ram47]. These three layers are placed according to apémsed atomic plane as shown in
Figure 1.3. In the Ramsdell notation, the number of layers in the stacking direction (before
repeating the sequence) is combined with the letter representing the Bravais lattice type, for
example, hexagonal (H), cubic (C) dhombohedral (R) [www1]. The hexagonal and cubic
polytype stacking sequence are shown in Figure 1.3.figuse shows the 2¥$iC, 3GSiC,

4H-SiC and 6HSIC with 3GSIC being the cubic polytype. In this project the polycrystalline

3C- SiC wafers from Vdéy Design Corporation® were used.

Layer B

LayerC

4H
Layer C Layer A
ZH Layer € Layer A LayerC
w Tl
%

Layer B Layer B Layer B
X Layer A y Layer A
N 4 .

Figure 1.3: A schematic representation showing the common SiC polytypes and their

iy el

Layer B

@@@@@:

=

b

stacking sequence [Chi06].

1.3 Radiation damage in SiC

Radiation damage in Sias been studied widely thelast few decades. For reviews of the
topic the reader is referred to [Kat06, Mall3, Sne07, Web00, Wen98 and Wes96]. Study by
McHargueet al. [McH93] showed that SiC is easily amorphized by ion implantation of low
energy iongi.e. in the order of few hundred keV) at room temperature irrespective of the ions
implanted. They also found that the accumulation of the radiation damage is approximately
linear with the ions fluence until amorphization of SiC occurs. Study by HeterfHob97]
showed that implantation of very light ions (i.e."H@ato SiC results in the production of
strongly disturbed but still crystalline layers in SiC. Westhl.[Wes95] implanted Gaons

into SiC at an energy of 230 keV with various fluenead temperatures. Their study shows
that, implantation at 80 K for fluences above 1¥18n?2 and at 300 K for ion fluences of

between 2x18 cm? and 3x1&* cm?, results in aramorphization of SiC [Wes95]. However,
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for implantation temperatures of 5K3and higher for ions fluences of about 1316m?,
amorphization of SiC was avoided. As reported in a comprehensive review by Malherbe
[Mal13] and references therein, the ion implantation at 300 °C (573 K) does not amorphize
crystalline SiC although darga is introducedn this study, 360 keV silver (Ag) and strontium

(Sr) ionswereimplanted separately into SiC at room temperature and fluences of up 6 2x10
cm?,

Annealing out of the radiation damage in $i&been reported in many publications. Most of
these studies used ion beam techniques such asckB®eling [Fri09, Frill, Hall10, Hall2,
Hall2a, Kat06, Vis1ll and Wen98] and elastic recoil detection analysis (ERDA) [Jia02, Jia07]
to study the radiation damagvolution and annealing. Other analysis technithabhave also

been employed to study the radiation damage evolution and annealing such as transmission
electron microscopy (TEM) [Kat06, Sne98, Sne99 and Wen98], atomic force microscopy
[Cap99]; scannig electron microscopy [Fri09, Frill, Hal10, Hal12 and Hall2adioptical
vibrational spectroscopies (IR, PL, Raman, etc.) [Hob97, J&@19, Wen12].

McHargue et al. found that if the damage level is less than that necessary to produce
amorphizationthe damage is annealed out in the temperature range of 200 °C to 1000 °C
[McH93]. However, if an amorphous SiC layer is produced, a small amount of epitaxial
regrowth occurs at the amorphous/crystalline interface at temperatures below 1400°C. Audren
et al. found that SiC is also easily amorpdil by 300 keV Cs ions [Aud07]. Their studies
showed that 360 keV Cs ions implanted into SiC to fluences of'6xh®’ resulted in an
amorphous layer extending to a depth of approximately 150 nm below the surfdesfdrdt
backscattering combined with channeling (RBS/C) studies showed that the annealing of the
damage in the implanted SiC started at around 600 °C, beginning from the amorphous layer
and bulk substrate interfa¢dud07]. Some appreciable recrystallization of amorphous SiC
layer was only observed at temperatures above 960 °C, with roughly 50% of the damage
annealed at approximately 1300 °C.

In this study, as mentioned above, 360 keV Ag and Sniensimplanted separatginto SiC

at room temperature and fluence of 2¥1@w2. Previous studies by Friedlaed al. [Fri09,

Fril2a and Fril3], have shown that implantation of 360 keV Ag ions into SiC produced an
amorphous layer up to a depth of 260 nm and implantation anSrat 360 keV produced
amorphous layer up to 240 nm. In these studies, Ag and Sr ions of fluencé @wtavere
implanted into SiC wafers at room temperature. A preliminary annealing for 2 h at 960 °C of a
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sample implanted with Ag at room temperatusaitied in very little epitaxial regrowth starting

from the amorphous layer and bulk substrate interface [Fri09]. For a sample implanted with Sr,
annealing of this sample at temperatures of 100f0P6G hourscaused an epitaxial regrowth

from the amorphousrystalline interface, resulting in a relatively stable polycrystalline surface

layer of about 180 nm thickness [Fril3]. Similar results were obtained previously by Audren

et al. [Aud08] where iodine ion was implanted in SiC to fluence of 2.7%&8n?. An

amorphous layer initially extending to a depth of 250 nm, showed some recrystallization on
annealing at a temperature of 1000f&6€30 min The studies by Audreet al.[Aud08] and

Fridland et al. [Fri09, Frill, Fril3] suggest that the recrystallizatadnthe amorphous SiC
starts around 900 AC. Annealing temperatur es:
are required to transform disordereeCSbonds into the ordered 3&IC structure [Wes96]. In

this study, Ag and Sr were implanted separately palycrystalline 3€SiC samples and then

all samples were annealed under vacuum at te
of 1 @05 heu The results of the radiation damage evolution and annealing of Ag and

Srimplanted SiGre presented in chapter 6.

1.4 Diffusion of silver and strontium in SiC

As mentioned in the second paragraph in section 1.1, during normal operation, TRISO patrticles
retain most of the radiological important FPs with the exception of strontium (Spimn

(Eu) and silver{t°"Ag) www?2]. 11°"Ag is a strong gamma emitter with a relative long-half

life of about 253 days [Dem12]. Radioactive isotopes of Sr can pose important radiological
health concerns if released from reactors [Pet03]. This is dite thhemical similarity to
calcium, which causes it to be deposited in bones. This makes silver and strontium key FPs

whose transport properties in the TRISO particle need to be investigated.

For over four decades, scientists have investigated the roigiahaviour of Ag in the SiC.
Extensive studies have been performed to explain the transport mechanism of Ag, including
out-of-pile release measurements from irradiated TRISO fuel [Bul84, Bro76, Mer09 and
Nab77], and ion implantation to investigate silkehaviour in SiC at high temperature [Fri09,
Hall2, Hall2a and Mac04]. For the last 12 years, the nuclear material grbwJoiversity

of Pretoria's Physics Department has been working on a systematic study of fission product
elements diffusion in SiCThis has led to several publications of the work on the diffusion of
silver [Fri09, Hal10, Hal12Hes19, strontium [Fril2a, HesH), iodine [Fril0, Frill], cesium
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[Fril2b], and xenon [Fril4]. Studies by Friedlartl al. [Fri09, Fril2a] showed that the
diffusion of Ag and Sr in SiC is mainly due to implant induced radiation damage. There are
other factors which can enhance the migration or diffusion of fission products in SiC, e.g.
damage introduced into SiC by high energy fission products [Gir89, Gie®96, Lhe94].

In order to understand the transport of silver and strontium through SiC coatings, the effect of
swift heavy ion irradiation (SHIs) on these FPs must be clarified (i.e. which has not been

thoroughly investigated).

A fission reaction occurfin the kernel inside the TRISO particle) when a uranium nucleus
interacts with a slow neutron and adsorbs the neutsa® Figure 1.4. The uranium nucleus
then becomes unstable and splits into smaller nuclei, releasing energy of about 200 MeV and
two orthree neutrons [Kop04]. This energy is of the same magnitude as the SHI energies of
167 MeV which was used in this study. SHI ions lose most of their energies firstly via electron
excitations and later nuclear stopping. The energy loss of SHIs as thesséréhrough SiC

layer can cause changes in the structure of SiC. The effect of the SHIs on the structure of SiC
hasbeen studied in many publications [Hall5, Hal16, Kal07, Zin00 and ZinO2jtrredrated
un-implanted SiCthe phase transition and amorphous latent track formation by SHIs were not
observed in SiC even up to the practical upper limit of electronic stopping power for SiC, Se =
34 keV/nm [Kal07, Zin00 and Zin02]. For the greplanted SiC samples (i.e. implantaad

then irradiated by SHI), it was found that the SHIs caused recrystallization of an initially
amorphous SiC layer [Hall5, Hall6]. These structural changes in thenpented SiC
samples by SHIs might influence the migration behaviour of FPs in SSCexéensively
reviewed in references [Hon11] and [Mal13], the microstructure of SiC can affect the migration
behaviour of Ag or other FPs. Recently, some studies have investigated the migration
behaviour of different FPs in SiC after SHI irradiation. Ngmaiion of implanted I, Kr and Xe

in SiC has been detected after SHI irradiation at room temperature and@t[B0@08, Hall5

and Hall6]. The effect of carbon irradiation was studied in aipgdanted SiC with Ag ions
[Len16]. Based on the literatureeviewed there are no studies reportedtiom effect of
annealing on the migration behaviour of Ag and Sr in the implanted and then SHI irradiated
SiC.
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Figure 1.4:lllustration of a uranium fission reaction. Taken from [wwwa3].

In this thesis the effect of ion implantation, swift heavy ion (SHI) irradiation and annealing on
the structure of polycrystalline 386iC and migration behaviour of Ag and Sr was investigated
using Raman spectroscopy, scanning electron microscopy (SEM) Rariterford
backscattering spectrometry (RBS). For this, silver (Ag) and strontium (Sr) were implanted
separately into polycrystalline 38iC substrates. Some of these samples (i.e. SiC implanted
by Ag and Sr) were irradiated by SHIs. All samples were #memealed under vacuum at
temperatures ranging from 1100 t abtairled &® e C
presented in chapterad@dshow that SHIs has an effect on the migration behaviour of Ag and

Sr in silicon carbide.

1.5 Research Objective

The aim of this thesis was two parts. It was first to investigate structural changes in room
temperature Ag and Sr implanted polycrystalline SiC after SHI irradiation at room temperature.
Raman spectroscopy was used to study the microstructtine sémpes (i.e. irradiated and
urnirradiated but Ag or Simplanted samples) before and after vacuum annealing at
temperatures between 1100 and 1500 °C. Scanning electron microscopy was used to determine
morphological changes after these treatments. Althouglimtgeation of silver (as well as
strontium) in SiC has been thoroughly investigated over several decades, there have been very
few ones on the effect of SHI on this migration. It is known that SHI irradiation affects the
microstructure of the substrate [89, Gir90, Hall5, Hall6, Lev96, Lhe94]. The
microstructure of the substratan again affect the diffusion behaviour. Consequently, the
thesis also qualitatively investigates the migration behaviour of Ag and Sr in SHI irradiated
and unirradiated sampled-or this purpose Rutherford backscattering spectrometry was used.
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1.6 Outlay of this Thesis

Chapters in this thesis are organized as follows: Chapter 2 disdif§gs®n theory Chapter

3 ion implantation, Chapter 4 analytical techniques used infltésss, Chapter 5 experimental
procedures in details, Chapter 6 presents and discusses the results of this study, Chapter 7
summarizeshefindings and conclusion and Chapter 8 is a summamgséarch outputs from

this work.
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CHAPTER 2
DIFFUSION

The atoms in a crystal lattice oscillates about a fix position, which is usually its lattice site. The
atom can change its lattice position & ffossess enough potential energy to overcome the
barrier between its initial position and the final positibhe phenomenon of material transport

by atomic motion from a region of high concentration to a region of low concentration is known
as diffusion [Cra75]. Anet flux results when there are more atoms that are randomly moving
from a region of higher conceation to a region of lower concentration. Therefore, the

diffusion transport is stronglgepenénton the concentration gradient of the material.

2.1 The Diffusioncoefficient

Fickbds first | aw [Jefidifusibgpartelesastnesusch awayaas toreduee f | u
the particles number density.e. concentration(C); that is, the particles move froaregion

of higher concentration to a region of lower concentratieae Figure (2.1). The particles can

be atons mol ecul es, or i ons. Fickds first | aw

be expressed in one dimensian a

v ©

(2.1)

wherelJ is the flux ofparticles (i.e. diffusion flux) and @umber density (i.e. concentration).

The negative sign in equation (2.1) indicates that diffusion is occurring in the opposite direction
to the increase in concentratiobiffusion is a process which leads to an ecpadion of
concentration. The factor of proportionalify, is denoted as the diffusion coefficient or as the
diffusivity of thespecies considered.

The diffusion flux ) is expressed in number of particles (or moles) that flow through a unit
area per unitime and the concentration in number of particles per unit volume. Therefore, the
diffusion coefficientD hasthe dimension of lengtper time andn our measurementsears

the unit hm? s'Y].
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Figure2.1:1 | l ustration of Fickés yrst | aw

In mostsystems where diffusion occurs, the concentration changes with time, and this changes
equation (2.1) and a new law therefore needed’he changen the concentration (C) with
time isexpresseh y Fi ckdés second | aw in equation (2.

equation (2.1).

Iii"- "

Il

i _'J A

Figure 2.2: A differential volume element in a bar of cressctional area A. The
impurity fluxesentering and exiting the volunaee denoted by: and } respetively.
Taken from [Cam96].

In Figure (2.2) Aisthe crosssectional area shown adar. From Figure (2.2), if we take two
crosssections separated by a distadgethe flux through the first crossectionJ; will not be

the same as the flux through the second esestion (il J;). Then

S — (2.2)
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As Ji 4 the concentration of the diffusing particles in the small volume element of the bar
should change. Since the numbeingpurity atoms in the volumelement ighe product of the

concentration and the differential volume eleméntdy, the continuity egation is then
0 »- 00 U 0 & (2.3)

Equation (2.3) can thus be written as

— — (2.4)
We can substitute equation (2.1) imtguation (2.4) to yield [She89]:

— o — 00— (2.5)
If the diffusion coefficienD is assumed to be independent of the position, then the continuity
equation (i .e. Ficknas second | ow) can be wri

— od 00— (2.6)
For an isotropic medium, in three dimensions
as

— O 0 (2.7)

In a limited temperature range the temperature dependence of diffusion coefdgjent(ven
by an Arrhenius equation [Sha73]:

D =Doexp— (2.8)

whereEa, is the activation energy,is the Boltzmann constaridp is the preexponential factor

andT is the absolute temperature in units of Kelvin.

2.2 Evaluation of the diffusioncoefficient
Severaimethods of evaluating the diffusion of impurities in diffeneraterialscan befoundin
[Hei0O5andCra75].

In this work, as will be discussed in more detail in ion implantation in sectioth8.Byplanted

profile is usually verynear a Gaussiafunction This is due to the statistical nature of the
collisions between energetic impinging ions with the substrate atoms [Mall7]. In this study,

the diffusion of silver in silicon carbide after annealing at temperatures ranges from CLOQ o
1300 eC (to be di s cfoundte e Fickian. Tohsalye tthe diffufo) , wer
coefficientD for the Fickian diffusion at the above annealed samMatherbeet al.[Mal17]

derived a solution to the Fick diffusion in equation (2ds)anoriginal Gaussiamprofile with

projected rang&, and range stggling aR, - see equation below
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6, o Qon —— (2.9)

Here, 3 is the depth below the surface. The

with annealing time is given by the equations (2.10) and (2.11) below

b o Z_ 0 7 poie—=—0 m 7’7 p
Yy Yy Yy
ol —on (2.10)
Yy Yy
and

o~ - Il
11 Y ‘Q (b Il\ Y]
- 1T Y, I 7 Y]

Qp 0 g 2(2.11)
11 e M_ Y]
11 p Qi Q—V 1
u Yy Yy U,

There argwo extreme case®irf the parametek in the above equatiotk= -1 represents the

case of a perfect reflecting surface, whe 1 represents in the case of a perfect sink at the
surface of the substrate. Because our implanted species (Ag and Sr) are deep implants in SiC
andhave low vapour pressure, these implanted atoms will immediately sublimatethelyen

reachthe surface of SiC. Therefore, we ugedl in this study.

To measure the diffusion coefficients at the different annealing temperatures, a software
package (i.eMATLAB program) was written irhouse to fit our data and extract diffusion
coefficients. As will be discussed in chapter 6 some of diffused profiles exhasiyatmetric

peaks (i.e. not Gaussiafhose profiles could not be fitted to equation (2.10).

2.3 Diffusion Mechanisms

The diffusion in crystals takglace due to the presence of defects. Therefore, for diffusion to
take place an atom must have enough energy to be able to break the bonds with its neighbouring
atoms ananove to a new site, whichiche a defect or empty sif€he defecstructure includes

point defects such as vacancies amigrstitials (Frenketpairs) as well as planatefects
(dislocation or stacking faults), complex defects (defect resulting from clustering of point or

planar déect) and grairboundariesDefectstructure plays a role in the diffusion mechanism

19| Page



and it is very important to understand it. Therefore, in this section the three major diffusion
mechanisms namely: vacancy, interstitial and high diffuspéiy)mechanims, are discussed.

A discussion of thethermechanisms igivenin reference [Hei05].

2.3.1 Vacancy Mechanism

The unoccupied lattice sites in a crystal are a type of point defect which is known as vacancies
[Cal07], and it plays a role in the diffusiaf impurities. In the vacancy mechanism [She89],

the atom in a crystal will interchangs position with theneighbouringvacancy. When this
happens, thatomwhich has moved leaves/acancybehind. Therefore, during tmeovement

of theatom thevacancy seeni® have also moved or jumped in the opposite direction of the
atom (seeFigure2.3). In this figure, the solid circle and dotted circle represent the atom and
vacancy respectively, while (a) and (b) illustrate the position before and aftifftision.

OO00O0 OO000O0
OCx>00 OCO0O0
OO0O00O0 OO0O0O00O0

(a) (b)

Figure 2.3: Schematic representation of the vacancy diffusion mechanism: the dotted
circle represents a vacancy, the opsrcles represenatoms, (a) and (b) shows the

positions before and after diffusion respectively.

2.3.2Interstitial Mechanism

In interstitial diffusion (shown ifrigure 2.4) [Cal07] an atom migrates from one interstitial to
another without displacing any of the lattice atoms. An interstitial atom can be either smaller
or bigger or the same size as the latsms. In general, the interstitial diffusion is faster than

the vacancy diffusion since there are many more interstitial sites than vacancy sites. And also

the bonding of interstitials to the surrounding atoms is normally weaker.

A related diffusion medmism is known as interstitialcy diffusion [Sha70, She89] and is shown
in Figure 2.5. In this case, the interstitial atoms have approximately the same size as the host
atoms. These interstitial atoms can move into another normal lattice site by pushaigt®ne

nearest neighbour lattice atoms out of a lattice position into an adjacent lattice site.
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Figure 2.4: Interstitial mechanism, (a) before and (b) after an interstitial diffusion.
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(a) (b)

Figure 2.5: The process of interstitialcy mechanism, (a) befared (b) after

interstitialcy diffusion took place.

2.3.3 High diffusivity paths

Vacancy, interstitial or interstitially diffusionsaliscussed abovis temperature dependent.
These diffusion mechanisms are known as volume diffusion. In the high diffusivity paths, the
mean jump frequency of atoms at dislocations loops, grain boundaries, or surface is much
higher than that of the same atomailattice postion. Therefore, this diffusivity is higher in
thesemechanismsThese kinds of diffusion can take place in the polycrystalline material,

similar tothe material used in this study.

The diffusion in polycrystalline material is a more complex procesgalties fact that these
materials are composed of a large numbesrgétallites whoséas differensize, shape and
composition distributionsHere, the grain boundary diffusion can rarely be decoupled from
lattice or volume diffusion as the diffusion spexcan also leak from the boundary into the
lattice and vice versa Therefore, the diffusion of impurities/atoms can occur along volume,

grain boundaries and surface in polycrystalline materials [Poa78].
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2.4 Analysing diffusion coefficients

There areseveral analytical methods to determine impurity diffusion coefficients in different
materials.Some of these analytical methods are discussed by Heitjans et al. anétRdate
[Hei05, Poa78]. In this thesis, Rutherford backscattering spectrometry (RBS) was used, which
is one of the ions beam analytical techniques. RBS is discusdethilin chapter 4. In general,

RBS is used in materials sciences to determine thetsteuand composition of materials. This
done by measuring the backscattered charged particles of known incident exphgy (

particleswereused in this study) from the specimen of interest.
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CHAPTER 3
ION IMPLANTATION AND ION IRRADIATION

lon implantation is widely used in the fabrication of semiconductor devices and in different
material doping processes [Larl2]. It can be explained as the penetration of ions into the
material, whereby the ions collide with the host material leading tmtisdoosing of energy

and eventually coming to rest inside the material. The energy is lost through inelastic and elastic
collisions with the target atoms. When this technique is used, it is important to be able to predict

the final distribution of theoins in the material.

Irradiation by swift heavy ions (SHIs) is slightly different from normal ion implantation, due

to the difference in the energy of ionSHIs have large energies in the range of MeV to GeV,
while ion implantation energies range frdid to 500 keV. SHIs also lose their energy via
inelastic and elastic collisions with the target atoms until they come to rest inside the material.
The differences between SHIs and ions implantation, the final distribution of ions within the
substance, ioenergy deposition and the contribution of atomic collisions (nuclear stopping)
and electronic excitations (electronic stopping) which will be discussed later. The final ion
distribution can only be calculated if all the processes involved until the iossdomest inside

the material of interest are clearly understood. Hence this chapter describes the most important

processes that occur during SHIs and ion implantation.

3.1 Stopping Force

The theory in this section is discussed in all the standarblo@is and review papers in the

field such as [Was07 and Wil173Jhe energy loss of ions within the material is the factor that
affects the final distribution of ions and defects. The stopping force depends on the type and
energy of ion and on the propettief the substrate material. The stopping foBégometimes
termed as stopping power) of a target is definethasnergy loss per unit path length at a

particular deptlof the particle due to its interactions with substrate atoms.

The transfer of energy from an energetic ion to the material can be divided into two independent
processes, namely nuclear energy loss and electronic energy loss. The nuclear energy loss is
cawsed by elastic collisions between the ion and nuclei of the atoms in the material/ substrate.

The electronic energy loss is caused by inelastic collisions between the ion and electrons of the
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target atoms. These two kinds of stoppioge are described isections 3.1.1 and 3.1.2. The
stoppingforce(S) is equal to the sum of both nuclear stopgorge(S,) and electronic stopping

force(&). The stoppindorcecan be written as:

S= —= — + — (3.1)
wheren ande represent nuclear and electronic stopgorgerespectively.

From the equation (3.1), the stopping cross section can be determined by dividing the total
stoppingforce Sby target densit\:

0 -=— — (3.2)
whereuvis the stopping cross section.
Theactualdistance travelled by an ion before finally coming to rest in a target material is called

the range of then. The mean total range of the ion®(average total range of the ioresn

be calculated by integrating the energy loss

Y= - — j (3.3)

where'Y is theaveragedotal range of the ionandO is the incident ion energy. The range of

ions will be discussed extensively in section 3.4.

In nuclear stoppingprce, the elastic collisions between the projectile ion and the target atoms
result in a transfer of a large amount of energy and momertttiva projectile ion to the target
atoms. Thiscan causea significant change in the ion directions within the target and
displacements of target atoms from their lattice positions. As mentioned above, in the case of
electronic stoppindorce, the slowingdown of the charged ion is due to inelastic collisions
between the charged ion and electrons in the material.

The stopping force depends on the type and energy of the particle/ion and on the properties of
the substrate materight low ion energies the mlear stopping dominates, while at high ion
energies the electronic stopping dominates. In electronic stofguicg the direction of the

particle (i.e. ion) effectively does not change, and the path is almost completely a straight line
(i.e.heavy charged particles are much more massive than electrons; therefore, such heavy ions

are only slightly deflected by the electrons of the atorms)auclear stoppindorce the
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particle/ion interacts with a nucleus of the target atoda significant @viation from the
initial direction of the particle may occur. The different regimes in energy loss is shown in
Figure 3.1. In Figure 3.1, the three energy regignisandH are representing the low energy
region, intermediate and high energy region repely. At low energies which are below the
critical energy Ec) (shown in Figure 3.1), nuclear stopping is the dominant stopping
mechanism. Ahigherenergies (GEc), the electronic stopping starts to dominate and reaches a

maximum then decreases at tleey high energy region or Betliddoch regia. In thel region,
3133060 | in | region 318306 and in theH region3:>>30 (%’ , where3;, and 3o are
represent the velocity of the ion and Bohr velocity respectively Zamglthe atomic number

of the ion. In this studywe are interested in the low and intermediate energy loss regimes as

will be discussed later in section 3.1.2.

I

I Bethe-Bloch
| region
I
I

Y

Figure 3.1: The nucIearCJ. and electronicll stoppingforce as a function of the ion

energy E. Redrawn from reference [WasO07].
As mentioned above, the electronic stopdimge reaches a maximum and decreases again at

the high energy region which is described by Bélexh equation [Bet30] where the ion has

a very short time to intact with the target atoms due to its high velocities.
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3.1.1 Nuclear Stopping

In this energy loss mechanism, the charged patrticle losersetgy through a series of elastic
two-body collisions with target atoms. Thus, this scattering willlégcribed by the potential
between the charged ion and target atom. In the case ebhezudlision, the colliding ion will
backscatter from the target atom due to the repulsion between the colliding ion and target
nuclei. In this case, the interatomictgatial between the two positive charges of ion and the

target atom can be represented by equation (3.4) below

V(i =——07 - (3.4)

whereZ; and Z; are the atomic numbers of the ion and targspectivelye is the electron
charge,r is the interatomic distance is the permittivity of free spacand - is the

screening function which depends depending on the electron density distribution in the two
atoms [Gna99]The interatomic potentials for a many number of atomic pairs have been
calculated using the Hartré®ck method [Zie85].

The elastic collision between the energetic ion of nviisand target atom of masé, results

in the transfer of kinetic enerdlyfrom the energetic ion to the target atom. This transferred
energy can be calculated using equation (3.5) below. The kinetic efi¢icgn(be calculated
from the conservation of energy and momentum. From equationT3s5}alculated from the
atomic massesf the projectileM: and the target ator, projectile/ion energyEs and
scattering angle-in the centre of mass system [Was07]. The scattering aAglthe angle at
which the incident particle/ion scatters from the target aldra kinetic energyT) is generally

given as

OEI- (3.5)

and in the laboratory system [ThoG&

Al & (3.6)
In the laboratory system, an elastic collision between the ion and a target atom is shown in

Figure 3.2. In this Figure, the elastic collision caused the deflectibh ahdM2 with angles

relative to theM: original trajectorypf —andd, respectively.
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Figure 3.2: Collision trajectory between ion Mof initial energy b and the target

atom M (initial), causing M to move with energy-&and the deflected Mvith reduced

energy k.

Knowing the interatomic potential, it is possiblederive the average nuclear stoppfogce
Sy which defines the average energy that is transferred by each nuclear collision if thepatrticle
initial energy isEo. S can be calculated by integrating the energy trarisféerh— of a nuclear

collision event over all possible impact paramebeizie88].

S=¢ . YOO Qe ——0O OET- 06Q® (3.7)

3.1.2Electronic Stopping
In the electronic stoppinfprce, the slowing down of an energetic ion when it penetrates the
material is caused by the inelastic collisions between the ion and the target electrons. During
this process, the energy transfer from itwe to the target electrons is more complicated
compared to the nuclear stopping discussed in the above section. The processes facilitating this
transfer of kinetic energy from the ion to the target electron have been investigated for many
years [Zie85]. hese include the excitations and ionization of target atoms and excitations,
ionization or electroitapture of the incident ion. The energy loss process is usually divided
into three parts based on the ion velocity with the Bohr velosity a

30=Q/< (3.8)
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wherevpis the Bohr velocitye is the electron charge ards the reduce®® | anck 6s const
i n whi c Kg". Asshowrain Fgure 3.1, the L region deals with the low energy region,
where the (10564 ewél de‘riamrd(yjs dar silver and strontium ions is
2.8x10 cm/sand 2.5x18cm/srespectively. At 360 keV ion energy, silver and strontium have
an initial velocity of 8x10cm/sand 8.9x10cm/sr e spect i vel y , wdtdi' ch is |
At these ion velocities, the ion cannot transfer enough energy to electrons that areweuch lo
in energy than the Fermi level. Thus, in this region only electrons in energy levels close to the
Fermi level are contributed in the inelastic energy loss process. In this low energy region, the
electronic stopping has been calculated by assuming &leetron gas with a densjtyThen,
the electronic stopping of a charged particle can be written [Lin%4

S=_00F &0 "Qw (3.9)
where& is the electronic stopping, is the stopping interaction function of the particle (ion)
of a unit charge with velocity. Z; is the atomic number of the incident ion, ans the electron

density of each volume element of the taxd)ét

The second regn of the energy loss process deals with theadled intermediate region,

where the ion velocity, is almost equal too ¢’ . In the second region of the energy loss

model, the patrticle (ion) is partly ionized and the electronic stopping reaches it maximum

(Figure 3.1) For swift heavy ions irradiation, h € | afor xenon ions is 3.14 x 1@m/s At

167 MeV ion energy, xenon has an initial velocity of 1.57 %c@/s which is close to the

val ued'af 3

The third region in the model (H region in Figure 3.1) is described by the-B&ible equation

[Bet30] for very high velocities, where the ion velocity is now given by the conditien 3o

¢! . The electronic stopping in this region is proportionabt@nd isgivenas

U= [ 1 1p 1 R (3.10)

whereme is the mass of electromn the velocity of the projectileh is the velocity of the
projectile divided by the speed of lighit £ v/c). 0j & is the shell correctiof, is the density
function due to dielectric polarization of the stopping medium at very high kinetic energies,
andl is the mean excitation potential which is defined theoretically [Karag84]

I iIGB Qi To © (3.12)
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wheref, is the corresponding oscillator strengths for target at@mandEn are the ground

state and the possible energy transitions respectively. Many models have been used to estimate

|. An approximationfoti s gi ven by Bl ockds rule [ Bl o33]:
|=(10eV) 2 (3.12)

In this thesis, we are interested in the low and intermediate energy loss regimes depicted in
Figure 3.1. The low energy regime is for the implantation of silver and strontium of 360 keV
into SiCand intermdiate energy regime for the Rutherford backscattering spectrometry (RBS)

whi ch usi npartde t®émedsard/thelmplanted ions in the SiC. In our RBS system,
t hedl af orparitleis 3.5 x1Dcm/s At 1. 6 Me Vparticle hase initar gy, U

velocity of 8.77 x 1&cm/s  whi ch i s «c| a®'e. As roentioneceaboyene u e o f
swift heavy ion irradiation of xenon ions with 167Me\o SiC is in the intermediate energy

loss regime.

3.2 Energy loss in compounds

For the work presented in this thesis, we used SiC as a substrate for the ion implantation and
SHIis irradiation. The energy loss discussed in the above sections is for a target consisting of
one element. This section will discuss the energy loss behawionulti element targets or

compounds.

The binary compounén B is composedf two different elements andB. The collisiors

between ions and component target are still considered to be independent encounters taking
place one at a time. Therefore, that stopping of an ion penetrating the compound can be
found using a simple additive rule. This rule is known as the Bragg rule [Bra05] where the
stopping cross section of elemekhtndB are written ad% and (F respectively. So, the total
stopping crossection is given by Bragg rule [Bra05] and shown in equation (3.13) below.

- =a- - (3.13)
wherem andn are the relative molar fractions of the compound consisting of elerAemtd
B.

Deviations of the energy |l oss from[zie88 Br agc¢
This is due to the chemical and physical state of the material. Otherwise gtlhgesuimes that

the projectile iortarget atom interaction is independent of the environment [Tes95]. Marked
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deviations of the order of 102%0% from the Bragg rule have been observed in experimental

results for the stopping maximum for light organic gasassyell as solid compoundghe

deviations are especially evident when there are large differences between the atomic masses

of the constituents such as in the case of oxides and nitrides of heavy Die@®3. [These

deviations led to the developmentiofh e 6 Cor e and Bondsd6é model
correcting for the chemical state of the compound [ZieBB]le c omp ou n docsis st opp
estimated from the measured values of 114 organic compduarttiss modefor the stopping

of ionsin compoundsit is assumedhattwo contributionsare involved These are the effects

of the nonbonding core and the bonding valence electrons. To determine the CAB correction,

the bond structures of the compound must be known.

3.3 Energy Straggling

An energetic ion moving through a substrate loses its energy via many interactions with the
medi umdés at oms. The discreteness of such in
means, that identical energetic ions with same initial energy when entering the medium will

not have the same energy after traversing the same thickgeaxstiie same medium. This

phenomenon is known as straggling [Fe186].

In the electronic energy loss, the straggling is derived fromBlbeh-Bethe equation [Boh48,
Fel86] discussed in equation (3.10). Thisalled Bohr straggling is given by:

=GO OQE (3.14)

where is the variance of the average energy loss of a projeaftée passing a target
thicknessx. The distribution of the energy loss which arises from many independent collisions
becomes approximately Gaussian when the energy loss is small compared to the incident
energy [Fel86]. Therefore, the full width at halfximaum (FWHM) of energy loss distribution

is then given bffWHMs = 2Ug T E , whereqs is the standard deviation. The Bohr theory

of straggling has been extended by Lindheirdl. [Lin53] to include corrections for energies

where the assumptions may notuyadid. In a compound target, the total energy straggling is
found by a Ilinear additivity rule in a simi/|l
Tes95].
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3.4 Range and Range Straggling
The mean total distance travelled d&xyergetic ios with initial energyEo from the surface of
the material to the point whetigey stop is called thmean total rangBr. The mean total range

Rr was given by equation (3.3) above.

During the energy loss processes, the statistical fluctuation of interactions and multiple
scattering ofinion from the target atonisad tozigzags in the ion's patffhe phenomena of
statistical fluctuation of interactions cassens with the same in#él energy to be implanted at
different deptB. Therefore, by taking all these factors into accountathge of an ion igiven

by equation (3.15) below.

R=Ba (3.15)
whereR: is the range of an ion ands the length of an individual sections of the ion moving
through a target medium (see Figure 3.3). iiteantotal range of the ions (i.averageotal

rangeRy) is given by

Y (3.16)

whereRy is the mean total range of the ioRsis the range of an ion amds the number of the

incident ions.

Figure (3.3)showstwo charged particles moving through a material, i.e. one partitheav

low incident energy to simulate the implantation ion and another with high incident energy to
simulate the swift heavy ion irradiation. The path of the ion Wighigher incident energy in
matter is nearly a straight line in the beginning due éatednic stopping, while at the end,
(after loss of most of h e i o n énsrgyktherioa foliows a zigzag path due to nuclear
stopping. The low energy ion takes a shorter path with large defleclibastraight distance
(which is perpendicular to ¢htarget surface) from the target surface to where the ion comes to
rest, is referred to as the projected raRgef the ioni see Figure 3.3. Due to scattering of the
ion in its interactions with the substrate atoms, projected r&yées(always smaller than the
range of an iorR.. Furthermore, multiple collisions between an ion and the target atoms will
cause an ion to deviate from its original path, mgkt to spread oufThe average of all the

ion ranges and ion projected rangeseghe terms ion range and projected rang®,, for a

particular substrate and ion with a specific initial energy.
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Figure 3.3: The projected range jRand the total range R for incident ion with low

(top figure) and high (bottom figure) energytamget material.

The implanted profile is usually very near a Gaussanepresertlin Figure 3.4which also
showsR,, FWHM and aR,. This is due to the statistical nature of the collisions between
energetic impinging ions with the substrate atoms [Mallfi¢ concentration of incident ions

as a function of deptkis given by [HicO7]:

6w 6Q 7 (3.17)
whereaR;, is the standard deviation of the distribution (range stragglRg} the projected
range andC, is the maximum concentration value/height in Gaussian ion distribution which is

given by [Agu88]:
n
y

) (3.18)

where the iorfluenceis? (ion/cn?), N is atomic density of the substrate. The range straggling
is defined by:

YY - @Y 8w (3.19)
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The average depth of the implanted ions is called the projected Rpjgeend can be estimated
by:

Y - 0wl 0Q® (3.20)
The FWHM of the implantation profile can be calculated from the standard deviation (i.e. range
straggle &Ry)): FWHM = 2 (aR,)/icT E. Our strontium and silver implanted depth profiles
were found to be near Gaussiaee Figure 3.4. The implanted distribution of 167 MeV Xe
ions is too deep to be determined by our RBS measurement conditions (see section 3.5). The
other moments in a geraimplantation profile such as skewness and kurtosis can be obtained
by equations (21) and (322) r especti vely. Skewness, 02, me a
a distribution. The skewness of a profile can has a positive value if the distribution has an
asymmetric tail extending towards more positive values, and if the opposite occurs the

skewness will have a negative value.

P . (321)

P . (322

I is the kurtosisnddescribed as the contribution ion distribution profile tail over the flatness
of the profile shape. For a perfect Gaussian profile, the skewness and kurtosis should equal to
zero and 3 respectively.

Strontium and silver depth profiles are shown in Figure (3.4). THenpgnted Sr and Ag
depth profiles were fitted to an Edgeworth distribution using the Genplot fitting function
program to obtain the projected rangg)(range stragglingdp, skewnessof and kurtosisf).

The Edgeworth distribution is expressed as:

6o 6w ” (323)

Qw p - 5 o3 g ® 5— c (3.24)

For Sr profile the skewnegso=)0.1, kurtosiq b=)2.93, projected rang&{) = 146nmand
straggling( &@R= 40nm, while for Ag profile peak the skewnegsa=)0.4, kurtosi§ 0b=)2.8,
projected rangeRp) =114.6nmand straggling sgR= 43nm.
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Figure 3.4: The final distribution of implanted strontium and silver ions as function
of distance in the material, which is obtained experimentally by RB&S projected
rangeR, pr oj ect ed rp amdghe fulbwidth atdaif maximgm (BYRAM)
and their values are indicated in this figure. Values were obtained by fitting the as

implanted Sr and Ag spectrum depth profile with a Gaussian distribution.

3.5 The distribution and simulation of implanted andirradiated ions

The final depth and distribution of ions in the implanted target is dependent on a large number
of factors. These factors include the io0onoés
incident angle, properties of the substrate/anggd material such as atomic number and mass

of atoms forming itand itsmicrostructurgGib75]. The crystallinity and temperature of the

target and fluence of implanted ions play an important role in the final distributions of ions
[Gib75].

It is important to use a Monte Carlo program to simulate the ion implantation or swift heavy
ion irradiations before performing it experimentally. This program gives an idea of what to
expect in the experimental results. Here, we will discuss the computer simulationzd

before the implantation of strontium, silver and swift heavy ion irradiation of xenon into silicon

carbide.

In this thesis, we used the SRIM software (whédtased on a Monte Carlo simulation method)

to calculate the interaction of iongith matter. The Stopping and Range of lons in Matter
(SRIM) [Ziel3] software was developed to determine the ion range, damage ranges and
distribution of the damage in the implanted material. Also, SRIM detestheeangular and
energy distributions of lskscattered and transmitted ions in amorphous targets. As the SRIM

software assumes the target to be amorphous, the calculation of SRIM software does not
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considered the channelling of bombarding ions. SRIM has an error of approxima@dy 5
[Ziel3]. The dficiency of SRIM is achieved bthe fact thathe program does not take into
account the structure nor dynamic composition changes in the material that is caused by the
ions penetrating it. When performing the calculations, SRIM assumes the following:

Binary collisionsi.e. ignoring the influence of neighbouring atoms.
Recombination of atoms with vacancisslso neglected,;
The electronic stoppinfprceis an averagd fit from a large number of experimental
stoppingforcedata of various elements;

1 The interatomic potential used in nuclear stopping has a universal form which is an
averaging fit to quantum mechanical calculations from the experimental data;

1 This program considers the target as an amorphous material.

Figure 3.5 shows the SRIM [Ziel3] results of 360 keV strontium (Sr) and of 360 keV silver
(Ag) implanted in SiC. The experimental results of Sr and Ag depth profiles from RBS (the red
profiles) are included for comparison. The estimatgulantation deptldistribution ofSr and

Ag ions from SRIM (the black profile see Figure 3.5) is near a Gaussian distribution with
projected rangeR,) of 138nmand 109hmfor Sr and Ag respectively. The bottom of Figure

3.5 showing the energy loss profiles (i.e. electronic and nuclear energy loss) of Sr and Ag ions
implanted separately into SiChe electronic energy loss is higher at the surface but reduces
as it enters @eper into the target, while nuclear energy loss increases. As mentioned above,
this due to the fact that the ion energy decreasiepesetratesleeper into the target, resulting

in increased nuclear energy loss. Table 3.1 below showing the experifRRe R, O and b
values of Sr and Ag implanted separately into SiC at room temperature with SRIM obtained

values.

Table 3.1.The experimental ppR2 and b values of Sr and Ag
at room temperature with SRIM obtained values

Projected Range Skewness Kurtosis

range (Rp) | straggling (P R) (2) (b)
SRIM simulation (Sr) 138 nm 38 nm 0.03 2.79
As-implanted profile (Sr) | 146 nm 40 nm 0.1 2.93
SRIM simulation (Ag) 109 nm 28 nm 0.06 2.79
As-implanted profile (Ag) | 114.6 nm | 43 nm 0.4 2.8
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The discrepancy in the projected ranges calculated by SRIM and the one obtained from the
experimental data (see Table 3.1) was about 5.5% and 4.9% for Sr and Ag respectively (the
experimentalR, was larger than the one by SRIM). However, the projectedesang Ag

profiles (as well as Sr profiles) from RBS and SRIM are effectively in agreement with each
other becausef the experimental error (about1®%) for depth profile. Another important
aspect follows from the values of the third and fourth momestssttewness and kurtosis) of

the Ag and Sr asnplanted profiles. They show that these profiles are very near to a Gaussian

profile. From equations (31) and (3.2), it follows that a perfect Gaussian profile the

skewness o9 = 0 a ntbe EtdgeworthkiunctionoTsd-asplabtedwvaluds of o r
2 = 0.1 and b = 2 .nP3 afnotre dSrv aplrucefsi loef aon d= &s. 4
are near to the ideal Gaussian pr anfplanted v al u

proflesisnear | 'y symmetri c belcabus<e oca <o Ov.abl uies bgeetnwee
give a fairly symmetric profile. A positive
behindR,. The fact that the Sr and Ag-asplanted profilesarenearly Gassian is important
for this study because it means that to determine the diffusion coeffizigom annealed
samples/profiles, the solution to the Fick diffusion equation for an initial Gaussian profile by
Malherbeet al. [Mall7] can be used. From Tab&1, there is a discrepancy between the
projected range straggling calculated by SRIM and the one obtained from the experimental
data. This discrepancy in the projected range straggling between our RBS results and SRIM
simulation can be attributed to somssumptions made in the SRIM program (as mentioned
above) such as:
1 The SRIM program assumes only binary collisions and the effects of neighbouring
atoms are neglected.
1 The SRIM program considers the target as an amorphous material with random atom
locations. Thus, the properties of the crystal lattice are ignored.
1 The recombination of vacancies and interstitial atoms resulting from bombardment

processes is neglected the SRIM program.
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Figure 3.5: Results of SRIM 2010 calculations for strontium (360 keV) and silver
(360 keV) implanted on 38iC. A typical strontium and silver depth profile (red peaks)
measured by RBS is also included on the top figure.bbtiem figure shows the

electronic and nuclear energy loss for strontium (360 keV) and silver (360 keV) ions.

Figure 3.6 shows the SRIM results of Xenon (Xe) ions irradiated in SiC at energy of 167 MeV.
These results showed that the Xe projected rangendr@3e mwhich is too deep to be
determined by our RBS measurement conditions. In this energy (i.e. 167 MeV), the electronic

energy loss is higher at the beginning, while the nuclear energy loss increases as the ion gets
deeper into the targétas showrat the bottom of Figure 3.6.
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Figure 3.6: Results of SRIM 2010 calculations for xenon (167 MeV) irradiated on
3C-SiC. The bottom figure shows the electronic and nuclear energy loss for xenon (167
MeV) ion.

3.6 Radiation Damage
The transferred energy lay energetic ion or moving ion to the target atom result in a damaged
crystal lattice. This due to the destruction of the lattice structure by ion implantation. To

destruct the lattice structure in a substrate, an energetic ion should transfer suffergyte
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the target atoms to displace them from their lattice sites. The minimum amount of energy that
is required to displace a lattice atom from its original position is called displacement energy
(Eq) (i.e.to create a vacancy site in the latticetloé substrate). In this study we used silicon
carbide as a substrate, where the displacement energies for silicon and carbon are 35 eV and
20 eV respectively [Dev0l]. The defects introduced into the crystal structure dioming
implantation are known asdition damage. In crystals the defects are categorized as point
defects, planar defects, volume defects or linear defects [Nas06]. The amount of radiation
damage produced during implantation depends on some factors such as type of ion, kind of
target, impantation temperature and implantation fluence. If the damage is beyond a certain
point in a target material, it will cause the formation of an amorphous Ryang the ion
implantation a disorder is produced by each incident Tterefore, increasinthe ion dose

leads to an increase in the disorder until all atoms have been displaced and an amorphous layer
(over a depth oR,) is generated [Nas06].

Radiation damage in SiRasbeen studied widely in last few decades [Kat06, Mal13, Sne07,
Web00, Wen98 rad Wes96]. Studies by McHarguet al. [McH93] showed thation
implantation at room temperature easily induces amorphization in silicon cexgdet low

ion energiesn the order of few hundred kHelectronvolts irrespective of the ions implanted

However, studies by Hobest al. [Hob97] showed that implantation of very light ions (i.e.

He") into SiCresults in the production of strongly disturbed but still crystalline layers in SiC.

At |l ow ion implantat i oYonspdramd theradiation dareagecano n  f |
be limited to the formation point defects, dislocation loops, stackinisfand localized
amorphous zones [Nag75]. Naguib and Kelly, [Nag75] also state that, complete amorphization
can be obtained when i o¥topd§iensperentiinsthisistady,t he r @
silver and strontium ions were implanted separdtety SiC atroom temperature ta fluence

of 2x10*% cm2. Ag and Sr ions implantation result in amorphization of the near surface region

of SiCas presented in chapter 6. It is also shown that the radiation damage (i.e. defects) play a
crucial role in the transport of Ag and Sr in SiC.

Annealing out of the radiation damage in SiC have been studied widely by using several
techniques such as; RBBannelling [Fri09, Frill, Hall0, Hal12, Hall2a, Kat06, Visll and

Wen98], elastic recoil detection analysis (ERDA) [Jia02, Jia07], atomic force microscopy
[Cap99]; scanning electron microscopy [Fri09, Frill, Hal10, Hal12 and Hall2a]; transmission

electron nicroscopy (TEM) [Kat06, Sne98, Sne99 and Wen98] and optical vibrational
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spectroscopies (IR, PL, Raman, etc.) [Bri09, Jia07, Hob97, Wen12]. The radiation damage
evolution and annealing were discussed in more details in chapter 1 and reviewed in reference
[Mall3].

The dfect of swift heavy ion irradiation on thaystalstructureof unimplanted (i.e. virgin)

and preimplanted (i.e. implanted and then irradiated by SHI) SiC have been shown in many
publications Bac13, Ben06, Ben08, Ben08pnl4, Debl4Hall5, Hal1l6, Kal07,Skul4,
Sor06, Sorl2, Zin00 andin02]. For unimplanted SiC (i.e. not initially implanted but only
irradiated by SHI), the phase transition and amorphous latent track formation by SHIs were not
observed in SiC even up to the practical upipeit of electronic stoppindorcefor SiC, Se =

34 keV/nm [Kal07, Zin00 and Zin02]. Studies by Zinkieal. [Zin00] suggest that the high
resistance of SiC to track formation may be due to it is high thermal conductivity. Investigations
on the creation foradiation damage in SiC by SHI irradiation and the annealing of radiation
damage retained after implanting different low energy ions have recently been reported
[Aud08, Bacl3, Ben06, Ben08, Ben@pnl14, Debl14, Skul4, Sor06, Sorl2]. These studies
seem tagreethat SHI irradiation leads to point defect production in SiC and partially restores
crystallinity in heavily damaged SiC. Epitaxial regrowth of the amorphized layer from the
amorphous crystalline zone-¢awas also observed. This phenomenon is knasvswift heavy
ion-beaminduced epitaxial recrystallization (SHIBIEC) and occurs due to electronic energy
deposition by SHIs and thermal spikes. The thermal spikes are caused when SHIs transfer their
energy into the target electrons. This depends oerbegy transferred i.e. electron stopping
force Studies by Hlatshwayet al.[ Hall5 and Hal16] showed that the recrystallization of an
initially damaged and amorphous polycrystalline SiC layer resulting in randomly orientated
nanocrystallites after SHigadiation at room temperature and at 360To explain the results

the thermal spike model was proposed [DebIBEse previous studies gave less attention to
the effect of SHI irradiation on the migration of initially implanted fission products. # thi
study, the effect of SHI irradiation and annealing on the migration of Ag and Sr implanted
separately into SiC is investigated. The results presented in chapter 6 have showrstikt the
irradiation of the asmplanted SiC resulted in limited recrysiadition (i.e. reduce the radiation

damage) of the initially amorphized SiC.
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CHAPTER 4
ANALYTICAL TECHNIQUES

The effects of swift heavy ions (SHIs) irradiated in polycrystallineS8C implanted with

silver and strontium were investigated. The diffusi@haviourof silver and strontium in
polycrystalline 3CSiC and the structural changes due to the SHIs irradiatere also
investigated using Rutherford backscattering spectrometry (RBS), scanning electron
microscopy (SEM) and Raman spectroscigayniquesin this chapter, the analytic techniques

are discussed and described in sections 4.1, 4.2 and 4.3.

4.1 Rutherford backscattering spectrometry (RBS)

Rutherford backscattering spectrometry (RBS) is an ion beam analytical technique which is
usually used tayuantitatively determin¢ghe componewtof thin layers orthe near surface

region of solids. This analysis involves a very simple principle where energetic ions are
projected towards a target and then backscatter at a particular angle where they can be detected
by specific detector. Therefore, the RBS techniquessdban the analysis of the energy of the
backscattered ions (helium ions (Hé our case) from the material of interdst this thesis

the material of interess polycrystalline 3€SIC with silver or strontium implanted on it.
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Figure 4.1: (a) RBSequipment at the University of Pretoria, (b) Geometry of the RBS
experiment [Gol96].

4.1.1 Components of Rutherford backscattering spectrometry
Rutherford backscattering spectrometry contains three systems namely: accelerator, scattering

chamber andetector system. In the accelerator, charged particl€$ éifegenerated by a RF
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source and accelerated to high energies by applying a huge potential difference across the
accelerator pipe. The Van de Graaff accelerator was developed in the beginh@®p diy

Van de Graaff. In this accelerator a high potential difference is built up and maintained on a
smooth conducting surface. This done by the continuous transfer of positive static charges from
a moving belt to the surface, degure 4.2 (a). The beis made of silk or other high dielectric
material. The ion source is located inside the tvglage terminal. lons are accelerated from

the source to the target by the electric voltage between thevbiglye supply and ground
[Chu78]. In this study,ite Van de Graaff accelerator at the University of Pretoria was used.
The energy of Heions that used in this study was 1.4 MeV and 1.6 MeV. The maximum
voltage of this accelerator is 2.7 MeV. Schematic diagrams of the accelerator and the scattering

chambe are shown irFigure 4.2 (b) and 4.2 (c) respectively.

To deflect the ion beam into either beam line 1 or line 2 there is a dipole magnet in front of the
Van de Graaff accelerator. Hence, it acts to separate a beam according to their energy and mass.
Thedifferencebetween line 1 and line 2 is that the line 1 it has a chamber which work below
room temperature, while line 2 is working at room temperature. In this study, line 2 was used.
The slits are used to focus and guide the beam into the chamber and to produce a
monochromatic beam consisting of one species (i.e. helium ions) with a specific energy. Inside
the chamber, there is a collimator which is used to shape the beam into a specific size befor
interaction with specimen, ségure 4.2 (c). The size of the ion beams is affected by the size

of collimator. The thre@xis goniometer system which has a precision of°drD2ach of the

angle settings, is connected to a stainfdesl sample holdeburing the inelastic interactions
between the Heions and target atoms, secondary electrons are generated. These secondary
electrons can falsify the measurements. They can be suppressed by applying a negative voltage

of 200 V connected to a rirghapectlectrode in front of the target.

The backscattered alpha particles beam (BS. Bearhigure 4.2 (c), are detected by a Si
surface barrier detector operating with a reverse bias of 40 V. The output charge signal of the
detector is then fed into the paeyplifier where it is integrated into a voltage signal that is
proportional to the backscattered ion energy. The voltage signal is amplified by the amplifier
and digitized by an analogue to digital converter (ADC) inside the +chdihnel analyzer
(MCA) and stored in the computer connected to the MCA. Outputs of the-ohahnel

analyzer consists of counts (of backscattered ions) vs. the channel number spectrum. The
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number of backscattered particles at®l@&r our experimental setp) is called the yield hile

the channel number is proportional to the backscattered energy.
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Figure 4.2 (a):A schematic diagram of a Van de Graaff accelerator [www1].
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Figure 4.2 (b): A schematic diagram showing the Van de Graaff accelerator and

beam lines of the University of Pretoria.
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Figure 4.2 (c): A schematic diagram showing the side view of the scattering chamber

and detector system of Van de Graalff accelerator of UniversRyatbria.

4.1.2 Details of Rutherford backscattering spectrometry

Rutherford backscattering spectrometry is a dominant ion beam analytical technique in thin
films science. This due to the ndestructive nature, simplicity, identification power,
possibilty of simultaneous mukelement depth profiling with good depth resolution. As this
technique depends on the detection of backscattered alpha particles, the detector is placed at
angles between 9@ 180 with respect to the incoming bedmseeFigure 43 for the definition

of the angle. The backscattered yield vs. channel number is measured if only the backscattered
alpha particles are detected. Therefore, it is possible to collect information about masses and
the depth distribution of the target elerteeinf the stopping power, kinematic factor and
scattering cross section of the ions are well understood. All the above factors are discussed

later in this chapter.
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Figure 4.3: A schematic diagram showing the RBS experimental setup at the

University of Petoria.

4.1.3 Kinematic factor

When an ion beam hits a solid target, energy is transferred from the incident projectile ions to
target atoms. This process is described by kinematic equations describing an elastic collision
[Kenl12]. In a classicalwo-body elastic collisions e e Fi gur e 4. 4-particlbe bacl
(O) can be calculated by using the conservation of energy and momentum:

¥
0 =00 2 '0 (4.1)

whereO andO is the energy of the incident and backscattered particles respeadiivelpd

O are the masses of -partihle and theatdrgetsaiomn,ig thepkmeniaticc | e (|
factor (the ratio of t hisintidert dnergyddforeescattedng)p ar t i
and —is the scattering angle. The scattering angi@and the recoil angle are defined as

positive numbers with the arrows as shown in Figure 4.4. All quantities refer to a laboratory
system of coordinates. When the incoming particle collide with a target atom, the target atom

then recoil s fr om i espectitotheincicert beamee¢ Fegura4.4. angl e

From equation (4.1), the energy of the backscattered pai@dle#n be calculated using the
kinematic factor0. The kinematic factoK is the ratio of the energy of the backscattered
particleEs, to thatof the incident particl&, (i.e. Ex/ Eo). The kinematic factak depends only

on the mass ratid /0 and on scattering angleas indicated above. In equation (4.1), the
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plus sign is taken when the mass of the projediilg {s less than that of ¢hmass of the target

atom ( ), otherwise the minus sign is taken.

Ei1

Eo

Figure 4.4: Schematic picture of elastic scatterings lind Mc are the masses of the

incident ion and recoiling atoms, respectively.

4.1.4 Depth scale

The incidentprojectiles collide with atoms in the target at different depths. Recoiled particles
with different energies will therefore be detected [Chu78]. From the setup of the experiment
(see Figure 4.5) we can calculate a relation between energies of detecteatiactd particles

and their original depth.
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KE:

Figure 4.5: A schematic diagram showing the backscattering event of an alpha
particles and its energy loss from depth x. Recoiled particles, from the target surface,
have the largest energies. The incidenj@ctiles and recoiled particles loose their
energy when traveling through the target. From the energies of the detected particles

their depth of collision can be calculated.

The energy of the incident alpha particle in the Figure (4.5) above is giEyn Eseinitial

energy of the incident alpha partiétgereduces td just before the backscattering because the
particle loses energy moving through the substrate. The b#ekedgparticle at depthloses

more energy on its way out of the target and eventually the energy reduces to the exit energy
E:. Therefore, the backscattered alpha particle from the substrate surface will have a higher
energy (i.eKEy) compared to onedekscattered from dep#i.e. E1). This is due to the two

body elastic collision (mentioned in section 4.1.3) between the alpha particle and substrate

atom on the surface compared to the medtlisions at deptx.

The energy lost by the alpha partiole its way into the target particle is givenEas E while
the energy lost on its way out is givenka® EE:. Assuming that the energy lost={(dX is
constant over each path, the energy of the backscattered alpha particle aisiépth given
as [Chu78]:

V0 0 —— N — — £6F0 (4.2)
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where6i n6 and O6out 6values 6@ @Q calomg the lneardcandrostwaed ipdth,
00O is the energy of the blscattered alpha particles at the surface atoms of the target, while
'O isthe energy of the alpha particle backscattered from the atom atdepth
The difference betweds, andKEo is aE:

aE = KEo -Ex (4.3)

Then equation 4.3 can written as:

aE = [S] x (4.4)
The energy loss factor that contains the relationship between energy anthftepthtion is
represented by [S]. Where [S] is given by

[S]= — — Q¢ — — £060 (4.5)

The depth resolutidn @f the RBS at deptkis defined as the depth interval that corresponds
to the total detected ion energy spréad, whereOis the energy of the alpha particle
backscattered from the atom at deqth

ux #H[SJuE (4.6)
wherg O is the energy spread and often called the energy resoli8ias,the stopping factor
and is defined above in eqiat (4.5). The energy spread of the detected ions is affected
by several factors such as: (I) ion beam energy distribution, (ll) ion beam collimation and
focusing, (lll) ion elastic and inelastic scattering within the sample and (IV) the detection of

backscattered ions

The resultant energy distribution may be obtained as a convolution of energy distributions
resulting from the all factors mentioned above. When these distributiorGaaissian the
resultant ion energy spreadd can be approximateby the full width at half maximum
(FWHM) of their convolutionand calculated by summing quadratically the FWHMs of all

components.

170 B1O (4.7)

4.1.5 Scattering cross section
As mentioned in section 4.1.4, the elastic collision between the projectile and the target atom
can result in a backscattering event. The average differential scattering cross section is used in

RBS to express the probability of a backscattering event grigcular solid angle. The
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differential cross section is defined by the number of particles recorded by a d&gotdhé
solid angle (Y) per number of incident part.
for backscattering is givem ithe equation (4.8) below [Chu78]

, = 8 (4.8)

whereQOis the energy of the projectile immediately before scattering (see Figurg:4<Hhe
atomic number of the projectile with mads, Zis the atomic number of the target with mass
Mo, ,, is the differential crossection in the laboratory systegis the electronic charge anfl

is the scattering angle.

The total number of the backscattered projectiles registered by the detector can be written as:

6 ,Y0OU (4.9)
The total number of incident particles (Q) is determined by the time integration of the current
of charged partickeincident on the targeA is the detected particles bythed e c t or . I f
Y are known (0 is the differenti al Cross sec

the number of target atoms per unit atéggatoms/cni], can be calculated from equation (4.9).

4.1.6 RBS calibration
The incident energs of 1600 keV and 1400 keV were used together with the corresponding
channel numbers of silicon and carbon to perform the energy calibration of the acquired RBS
spectra. The corresponding kinematic fackrdf the elements on the surface was multiplied
by the incident beam energkof to obtain the surface energy valu&Etq). These surface
energy KEo) values were then plotted against the surface energy channel position of the Si and
C elements. A graph with a linear fit of energy of Huvattered Hevs the surface channel
number was plotted. This fit can be represented by a linear equation:

0O aw (4.10)
where m and c are the energy conversion factor (in keV/ch) and the offset jm€kp¥ctively.
This linear fit equation is used to obtain the energy to channel function which determines the
location of the peak edge of the elements from the RBS spé&h&anergy calibration curve
obtained for this study is shown figure 4.6. Fronthe straight line in Figure 4.6, the energy
conversion factor (m) was calculated as 3.075 keV while the offset (c) at channel zero is 34.9
keV.
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Figure 4.6: The energy calibration curve.

4.2 Scanning electrommicroscopy (SEM)

The history of electron optics started in 1925, when Busch showed that an-elagtretic

field could be used to focus electrons. In 1924 his contemporary, de Broglie, postulated the
wave nature of the electrons. Later, Ernst RuskaandM&nol | (i n 1931) <con
lens formula experimentally and the idea of an electron microscope began to grow. Finally,
Knoll and Ruska built the first working Transmission Electron Microscope (TEM) in 1936.

But it was realized that TEM could not bsed to investigate all kinds of samples, like the
topography of bulky samples cannot be imaged. This led to the introduction of a new class of
electron microscope, the scanning electron microscope (SEM). In 1935, Knoll was the first one
who suggested theeanning electron beam device. The first scanning electron microscopy was

built in 1942 by Zworykin with a resolution of 50 nm. Finally, in 1963 Pease and Nixon built

the first prototype of a highesolution SEM that is able to reacm@ resolution, whic was
commercialized in 1965 by Cambridge Scientif
[Oat02].

In scanning electron microscopy, an electron beam is scanned across a sample's surface and
variety of signals are generated when the electrons inteithcthe sample. The interaction of

the electrons with material is discussed in more details in section 4.2.1.
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4.2.1 Interaction of electron beam with materials
In this section, we review briefly the physics of electron beam interaction with matter. Figure
4.7 shows the number of different particles that are produced when the electrons interact with

the sample.

Incident electron beam

backscattered electrons
Xorays

Auger electrons Secondary electrons

v

Sample

Transmitted electron

Figure 4.7: A schematic diagram showing the rawhich are emitted when an

energetic electron hits the sample.

Electronmatter interactions can be classified into two classes

a. Elastic Interactions

In this interaction, no energy is transferred from the electron to the sample. As a result, the
electron éaves the sample with its original enef@y. The electron trajectory within the
specimen changes because it deflected from its path by coulomb interaction. Here, the
backscattered electrons)(are generated by an elastic collision between an incoming electron
and nucleus of the target atom. The elements with higher atomic numbers will produce more
backscattered electrons. Therefore, a sample composed of two or more elements differing
significantly in their atomic number, will produce an image showing great contrast of the
elements despite a uniform topology. For example, in the image formed by these electrons,
strontium or silver will appear brighter than Si and C of SiC because of highereZ. Th
backscattered electrons can also be used to form electron backscatter diffraction (EBSD) image

which is useful in the determination of crystallographic structure of the sample [Cha86].
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b. Inelastic Interactions

In this interaction, a part of the energy thatelectron carries are transferred to the specimen.
The result is the generation of:

1 Secondary electrons

These electrons are the results of the inelastic collisions between the incident electrons and the
electrons of the target atoms. Secondary electrsually have energies of less than 50 eV and

are used to form the image of the surface topography of the sample in SEM [Kyktégh.

These electrons are generated along the inci
electrons generated fronvary shallow depth from the sample surface (within 5 to 15 nm) are
detected: the others are absorbed in the sample owing to their low energy.

1 Auger electrons

Excitation caused by the primary electron beam can create inner shell holes (in low energy
levels). Outer shell electrons (in high energy levels) then move to fill up the holes in the lower
levels. This creates an energy surplus in the atom, which can be corrected by emitting an outer
(lower energy) electron (Auger electrons) or by the producticanoxX-ray. Auger electrons

are emitted from the near surface region of the sample. Therefore, the signals resulting from
Auger electrons can be utilized for chemical analysis of the sample surface [Zha09} The X
rays signals are also used in chemical ati@rization of the sample by using a technique
commonly referred so as dispersiXeaays spectroscopy (EDS).

The volumes involved in the production of backscattered electron, secondary electron and X
rays, form into a shape that ranges from oval to a sgroie within the specimerseeFigure

4.8 (a) and (b). This shape is called an interaction volume and depends on the following three
factors: electron energy, the atomic number Z of the target and the angle of incidence for the
electron beam. Higher emgr electrons penetrate deeper into the sample and generate a larger
interaction volume as compares to the less energy eleetserd-igure 4.8 (a). A sample with

high atomic number Z stops or absorbs more electrons and causes a small interaction volume.
Theangle of incidenceof the electron beam: the greater the angle (further from normal), the

smaller the volume.
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Figure 4.8 (a): Interaction volumes of the incident electron beam (white) in compact

samples (grey) depending on electron energy and atomic number Z.
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Figure 4.8 (b): A schematic diagranof the interaction volume in a compact sample
and theorigins of detectable signals.
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4.2.2Componentsof Scanning Electron Microscopy

The cold field emitter (CFE) relies purely on the high applied field (i.e. electric field) to cause
electrons to tunnadut of the cathode wire. The CFE has its name because CFE sources are
operated at room temperature. Then the emission of electrons is only a factor of the voltage
applied between the cathode and the anode. Cold field emission requires that the cathode
surface must be atomically clean. This is done by having the CFE in an ultrahigh vacuum.
Before the operation, the tip is flushed clean by heating it for a few seconds to a temperature
of about 2500 K. This cleaning process shortens the lifetime of the elQittee a tip is usually

only flashed once a day, the useful life of a CFE is very long. The advantage of the CFE is the
virtual source size of-8 nm, which requires little demagnification to obtain a 1 nm diameter

probe.

In the thermionic emission, tHeee electrons are emitted from the surface of a metal when
external heat energy is applied. Since the thermal field emitter (TFE) is operated at elevated
temperatures, the electrons emission in TFE is found to fall in the intermediate region between
field emission and thermionic emission [Tabl2]. This elevated temperatures during the
operation of TFE has the advantage of keeping the tip clean and reducing the adsorption of

gases on the tip.

Apart from CFE and TFE mentioned above, the third type of theedimission sources is the
Schottky field emitter (BE). The SE is the type fitted on a Zeiss Ultra 55 field emission
scanning electron microscope (at University of Pretoria's Laboratory for Microscopy and
Microanalysis) which was used in ttggudy. The SE source is operated at high temperature
(i.e. 1800 K) in an ultrahigh vacuum. Schotfigld emitters are made by coating the (iip.
tungstenwith a layer of zirconium oxide (Zr Zirconium oxide is deposited on the tungsten
tip in orde to reduce the work function of tungstdn.the Schottky emitter, the ultrahigh
vacuum aids its longerm stability, prevents poisoning of the Zr€athode, and maximizes

brightness.

Modern advanced microscopy work requires SEM systems with a statieelgun. The
stability of an electron gun is a measure of how constant the electron emission is per unit time.
Schottkyfield emitters ($E) are the most stable sources with a beam current stability of about
1%/h.
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From the above paragraph, the stabilifiy an electron gun is a key aspect of electron
microscopy. There are three major types of electron guns: the tungsten filament, Lanthanum
hexaboride (LaB and field emission. The three types of field emissions (CFE), (TFE) and

(SFE) are discussed abova.the tungsten filament, the electron emission requires electrons to

gain enough energy to exceed the work function of the filament (4.55 eV for tungsten). In a
filament this is provided by thermal processes (i.e. thermionic emission), which is whgtungst
filaments for electron sources operate at >1
resistance of current in the filamefithe Lanthanum hexaboride (LgBfilament is also a

thermal filament (i.e. thermionic emission). However, itrisre efficient than the tungsten

filament due to its lower work function.

The electron beam energy spread is the spread in electron energies leaving thé'seurce.
energy spread describes the different energies of the individual electrons in the befeid The
emitter guns offer a smaller energy spread{0.3 eV) as compared to LaBun (i.e. 1.5 eV),

while it is 3 eV for the tungsten hairpin gun. This high energy spread (3 eV) for the tungsten
hairpin gun can result in chromatic aberration, wherdo#sen is slightly less focused due to

these energetic differences. Since the field emitter guns have the lowest energy spread of about
0.3- 0.7 eV, it is the best option (from the three guns mentioned above) to get high resolution

images in SEM systems.

A series of electromagnetic lenses and apertures are used to guide the electron beam into the
specimen and focus the beam of electrons on it. The apertures control the final electron beam
size (probe size) on the specimen. The probe is scanned acrgasntie, and the signal is
produced (i.e. secondary electrons and backscattering eleca®dsscussed in section 4.2.1).

These signals are detected and amplified before being displayed on the monitor.

A secondary electron detector attracts thoseeseattelectrons and depending on the number

of electrons that reach the detector, registers different levels of brightness on a monitor. As
seen in Figure 4.9, for perpendicular incidence, the illumination region is uniform around the
axis of the beam whehe surface is flat. In the flat surface, only secondary electrons activated
near the surface can escape. Any secondary electrons elsewhere in the interaction volume (see
Figure 4.8 (a) and (b)) will be captured or absorbed in the sample before theyayzeoesg

to their low energy. More secondary electrons can escape the sample surface on edges or the
protrusion and spherical shapes than in flat areas. The tilt effect and edge effect are among the
contrast factors for secondary electrons, both as @tres sample surface morphology.
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Therefore, effects of topography on the generation of secondary electrons give form and outline
to the images produced by the Secondary Electron detsetFigure 4.9. Secondary electrons
preferentially flow to and aremitted from edges, protrusion and spherical shapes of the
sample. This resudin the edge, protrusion and spherical shapes apgdarghter see Figure

4.9. Similarly holes on the surface will result in a lower yield of secondary electrons due to less
electrons which can escape from the hole (as seEigime 4.9). This will result in a hole

being darker on the monitor.

.L‘;l;’; \\l o lfq'
e 2 TE @ilm

Protrusion Spherical Edge Hole

Real surface Secondary electron image of same
surface

Figure 4.9: A schematic representation of the edge effect of SE with different surface

conditions Taken from [www?2].

In this study, a highiesolution Zeiss Ultra 55 field emission scanning electron microscopy
(FESEM) operated at 2 kV under vacuum was used. ThBERE usesa Schottky field
emission gun. The Zeiss Ultra 55 is contains three systems namely: SE (secondary electron)
detector, BE (backscattered electron) detector and-EmsnSE detector. In this study, the in

lens SE detector was used-léms SE detgtor is highly surface sensitive. Thsdue to the

small penetration depths and smaller scattering volume of low energy electrons. FESEM was
used to study the SiC surface before and after ion implantation, swift heavy ion irradiation and

annealing. Theesults are discussed in chapter 6.

4.3 Raman Spectroscopy
Raman spectroscopy is a technique based on the inelastic scattering of monochromatic light,
using a laser source. The inelastic light scattering in a substance means that the photons in the

incidert light transfers their energy to molecular vibrations. These photons with elBergy
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interact with a molecule, and they can be either transmitted, reflected or scattered at the same
energy. Some of the incident photons will be scattered at optical frequencies that differs from
their incident energies, (i.e. inelastic scattering). Thisgwess is known as the Raman Effect.

The frequencies of the scattered photons are shifted up or down (i.e. have higher or lower
frequencies compared to their initial frequency) in comparison with original monochromatic
frequency. This shifting gives iafmation about rotational, vibration and electronic energy of

a molecular or crystal structure. This means that the Raman spectra will be different depending
on the material és mol ecul ar structures. Rama
of materials (solid, liquid and gaseous). It can also be used for probing the molecular structure
and any changes induced in the material. In this research, Raman spectroscopy is used to study
the SiC structure before and after ion implantation, swift heavyrradiation and annealing.

Figure (4.10) showed three different form of laser light scattering, namely Rayleigh scattering,
Stokes and anfstokes Raman scattering. The Rayleigh scattering is an elastic scattering,
which is strong and has the sameajfrency as the incident beain . Raman scattering has

frequencies of , where’ is the vibrational frequency of a molecule. This lines of
(¢ " )and ( ' ) are named the Stokes and &Btibkes lines respectivelysee Figure
(4.10). Theefore, in this spectroscopy we measure the vibrational frequéngyaé a shift

from the incident beam frequency {.

A modern Raman instrument consist of four major components which is: a) excitation source
(Laser), b) sample illumination system digtht collection optics, c) wavelength selector (filter

or spectrophotometer), d) detector (array, CCD or PMT) [Jiall]. A sample is normally
illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or near infrared (NIR) range.
Scattered lightis collected with a lens and is sent through an interference filter or

spectrophotometer to obtain Raman spectrum of a sample.

Due to the weakness of the Raman scattering, it is very difficult to separate it from the dominant
Rayleigh scattering. Therefr sensitive mukichannel detectors like Charged Coupled
Devices (CCD) are used to increase the sensitivithe Raman scattering. To improve the
sensitivity of the Raman instrument to the Raman scattering, notch filters are also used. Notch
filters areused to transmit both Stokes and &tihkes Raman signals while blocking the
Rayleigh scattering (which mentioned above) from reaching the detector. A schematic diagram

of the Raman setup is shown in Figure 4.11.
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Figure 4.11: Schematic diagram showing the different components of a Raman

instrument. Taken from [Odul7].

In this study, Raman analyses was done using a T64000 HBeripke spectrometer system

from HORIBA Scientific, Jobin Yvon Technology. The 514.3 nm laser line of a coherent
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Innova® 70C series Allaser (spot size ~ 2 um) with a resolution of 2'dmthe range of 200

cmiti 1800 cmt was used. The measurementse obtained in a backscattering configuration

with an Olympus microscope attached to the instrument (using an LD 50x objective). The laser
power was set at 1.7 mW. An integrated triple spectrometer was used in the double subtractive
mode to reject Raylgh scattering and dispersed the light onto a liquid nitrogen cooled
Symphony CCD detectoiThe Raman spectra were recorded under these conditions and
normalized to have the same scale. The Raman spectra SiC before and after ion implantation,

swift heavy im irradiation and annealing are presented in chapter 6.
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CHAPTER 5
EXPERIMENTAL PROCEDURE

The migration behaviouwf silver and strontiugstructural changesf 3C-SiC andits surface
modification after ion implantation, swift heavy ion irradiation and annealiage been
investigated. A set of samplegere implanted wh low energy ions (i.e. in order of hundred
keV), and the other set of samples were both implanted and then irradiated with swift heavy
ions (i.e. in order of hundred MeV) in order to study the material behaviour entirenment
Thesample analysis & done usinRutherford backscattering spectrosc@BBS), scanning
electron microscopYySEM) and RamaspectroscopyechniquesThis chapter discusses the
sample preparatioprocesses

5.1 Samplepreparation

The starting materials for this study were polycrystallineS3C wafers fromvalley Design
Corporation®(made up of predominantBC-SiC crystallites). Before implantation and swift
heavy ion irradiatiorof the SiC wafers, the SiC wakemicallycleaned. The SiC wafer was
sequentially cleaned using acetone, methanol, trichloroethylene, 10% hydrochloric (HCI) acid
and 10% dilute hydrofluoric (HF) acidfter each step the samplgere rinsed in dénised

water The deionised water was blown awanging nitrogen gagicetone removes most of the

oils and organic residues, which appear on SiC surface. Unfortunately, acetone itself leaves its
own residue. Therefore, after cleaning by acetone, the SiC was immersed in methanol for 10
minutes to remove thacetone residue. Trichloroethylene was used to remove the fingerprints
or other heavy residue on the SiC wafer surface and acts as a further cleaning solvent. 10%
HCI acid was used to remove ionic and metallic contamination from the surface of SiC. 10%
HF was usedemove the natural oxide layer from SiC wafer. Then,cleaned SiC wafers

were sent for implantation

After implantation, discussed in section 5.2, the wafer was cut into 5x5samples with a

rotary diamond saw, and cleaned with acetimemove contamination on the surfaces that
was introduced during the cutting proceBlse size of the samples was chosen to suit the RBS
and SEM analyses experiments. Some of the implanted samples were irradiated with swift
heavy ions, discussed in secti. After irradiation with swift heavy ions the samples were

also cleaned witlacetonegde-ionized water and methanol to wash off the glue used to fix the
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samples to the sample holder (i.e. the glue was used during the process of ion irragiation

secton 5.3). Thesamplesboth asmplanted and irradiatedvere analysed using RBS, SEM

and Ramarspectroscopy techniqubsfore and after annealing. Figure (5.1) depicts the typical

processes of sample preparatzmd analysis

Chemical cleaning

!

Implantation

v

Curfing

v

Chemical cleaning

l

Trradiation

Annealing and analvses

l

o ————|

Chemical cleaning

Figure 5.1: A diagram showing the typical process of sample preparaaod

analysis

5.2 lon implantation

Implantation of two radiologic} significant fission product elements namely silver and

strontium in SiC were performed for the various investigations in this study. These

investigations includedearsurfacerecrystallization of the amorphous implanted lay&t-(

SiC) and the diffusion behaviour of silver and strontium inSC atvacuum annealing

temperatte above than
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The implantations for this studyere done at the Institut fir Festkorperphysik, Friedrich
SchillerUniversitat, Jena, Germany using 400 kV implanter Romeo. The ion beam setup of all

the accelerators and beam limesshown in Figurg5.2).
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Figure 5.2 lllustration of the ion beam laboratory at thimstitute of Solid State

Physics Friedrich-SchillerUniversitat, Jena, Germanyaken from [www1].

The silver (°°Ag*) and strontium &Sr") ions were implanted separately into tv@€-SiC
wafers This implantation was done at an energy of 360 keV with a fluence of%eri8 at

room temperature. The flux was kept below*Idn?s? to avoid beam induced target heating

of the sampleReducing théheating of the sample during the implantation welluces the
probability of simultaneously annealing some of thguceddamage Since polycrystalline
samples were used, the channelling effect during the implantatidre neglected due to the
differentorientationsof the crystals. Thus, the samples barorientatect any angles. In this
study, the angle ohcidenceof the ionswassetahangl e of 7e rel ative

implantations were done at an average vacuum 6PE0)

5.3 lon irradiation

The irradiation of swift heavy ions in this study was performed at The Joint Institute for Nuclear
Research, Dubna, Russia using-100 FLNR cyclotron. The xenon ions (%8 were
irradiated at room temperature with fluence8.d&134cm? and 84x10“ cni2 with anenergy

of 167 MeV into themplanted3C-SiC samplesTo reduce heating, the ion current was kept at
0.5 ¢ A a nedwetelibed vatlaanmpaionductive glue to the sample holden beam

homogeneity over the samp|esarfaces was achieved by use of@iBensional bearscanning
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system The irradiations with swift heavy ionSHIs) were performed to investigate the
structural changes fapom temperatur&Hils irradiated polycrystalline SiC comparedute
irradiated(i.e. only implanted) SiCRaman spectroscopy and scanning electron microscopy
were used to study ttsructural changeand surface modification of both samples before and
after thermal annealingprocess The effects of the SHIs and annealing on the migration
behaviour of silver and strontium implanted in Si€re also investigated using RBS. The

annealing conditions ohe samples are discussed in section 5.4 below.

5.4 Annealing of the samples

For the annealing cycles, the implanted and irradiate&i8® samples were placed inside

glassy carbon crucibles. In this study, all samples were subjectsddioronal vacuum
annealing from 1100 eC to 1500 eC in steps o
10% mbar. The annealing was performed in a high temperaameum computecontrolled

Webb 77&g r aphi te furnace with a maimplaniedsamgles mper a
were annealed in separate crucibles. This was done to prevent cross contamination. Also, the
crucibles were covered with lids made in glassy carbon to avoid contaminatiorsahtpkes

with any contaminant in the oven. The contamination of the annealing samples with any other
elemental residues that may be stuck in the furnace walls is very possible since the furnace is
used by different researchers for various studies.\Wakb77® temperature is controlled by

a Eurotherm 2704 controller which is connected to a thermocouple as well as a pyrometer. The

t hermocouple can measure the temperature up
measure t he temper average \@luesobtiee pyeométdr and thegn@couphen
readings is taken for a temperature ranging

annealing.
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Figure 5.3 shows the curreracuum pressum@nd a typical heating and cooling curves for the

furnace as a functioof time. Before each annealing cycle, the oven was evacuated to a pressure
in the 10" mbar rangé see Figure 5.3 (dAs shown in Figure 5.3 (a) and (b), degassing was
eC f
at or below the 1®mbar region as well as to reduce the total pumping time. The degassing
to 370 eC (Figure
temperature controllingetup by the manufacturewhich resulted inhe initial large current

perfor med

temperatureovershotf r o m

at

200

200

e C

or one

hour t ogiskepsur e t

5.3

and fluctuations as shown in Figure 5.3 (c). During the annealing process the vacuum pressure

increases from 10to 10® mbar due to the increased degassing by the high initial current. The

heating rate of the oven was prograndmea t

it heat ed

up

t o

a

s el

20 eC/ min.

ected

temperature

After switch

(i . e

hours) and then stayed there for the set annealing time, i.e. 5 hours. A current of about 28 A

was measwd in the beginning of the heating process (seen Figure 5.3 (c)), which later dropped

to 0 A. The current was dropped to O A to reduce the overshooting above the set temperature
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(as mentioned above, temperature songehichhoot f
was performed at 200 eC, the current increa:¢
inside the oven to the selected temperature
during the desired annealing temperature for 5h. At the eadn@aling time, the current was

turned off and the system cooled down (see Figure 5.3 (a) andil{e)yWVebb oven cooling is
approxi mately givéew by Newtonbdés cooling

T(t) = F exp¢Zt) (5.1)
Since the cooling rate can be found by the time derivative of the decrease in temperature, then

the equatiorf5.1) can be written as:
— O @DBO o (5.2)
wher T and t represents the temperature and time respectively, F and Z are constants. For the

our Webb77furnace system, the andZ has been determined by fitting data of the cooling
curve which can be found in Haltshwayo [Hal10].

To remove the samples fratme ovenafter the oven completely cooled down and reach room
temperature, the vacuum was brought dowswitching off the turbo pump (i.e. high vacuum
pump) still pumping with the fore pump\rgon gas waseakedinto the chamber to break the

vacuum completely and bring the pressure to atmospheric pressure.

5.5 Measurement conditions

The samples wergharacterized biRBS, Raman spectroscopy and SEM in order to investigate
the migration behaviour of Ag and Sr atite structuralchangesof SiC before and after
annealing The measurement conditions of RBS, Raman spectroscopy and SEM are discussed

in this section.

5.5.1 RBS measurementonditions

Theirradiated and wirradiated butmplanted SiC samplesere analysed using Rutherford
backscattering spectroscopy after every annealing. The RBS spectrum of the samples was
obtained using 1.6 Me\l}particlesin the Van de Graaff accelerator at the Univgrsif

Pretoria. Throughout this study, counts versus channel number were obtained by collecting a
total charge of 8 OC per run. The sample ti
detector was placed at a enabtfebaopastelesygt er e

The analysing beam was collimated to a spot of 1mm in diameter and the beam current was
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kept at 15 nA to avoid piep effect and overheating of the target sample-uileccurs during

the process of detecting backscadteparticles when the time response of the detector system
is not fast enough to separate the individual eventbe detector due to the high rate of
encountered events. Therefore, in the-ppeeffect, two events may end up being recorded as

one eventwhich will falsify the measurements by giving high current from the detector.

5.5.2 Raman spectroscopy measurement conditions

The structural changes of SiC samples as a result of ion implantation, swift heavy ion
irradiation and annealing were studieiing Raman spectroscopy. The resulting Raman spectra

of SiC samples after ion implantation, SHIs aadnealingwere obtained at a visible
wavelength (514.3 nm). The Raman spectrometer was a T64000 series Il triple spectrometer
system from HORIBA ScientificJobin Yvon Technology Vi | | eneuve .dhk®Ascq,
514.3 nm laser line of a coherent Innova® 70C seri€slaser (spot size ~ 2 um) with a
resolution of 2 cr in the range of 200 cmi 1800 cm! was used. The measurements were
obtained in a backscattering configuration with an Olympus microscope attached to the
instrument (using an LD 50x objective). The laser power was set at 1.7 mW in order to avoid
sample heating. An integrated triple specteten was used in the double subtractive mode to
reject Rayleigh scattering and dispersed the light onto a liquid nitrogen cooled Symphony CCD
detector. To ensure a true representation of the irradiated amadiated but implanted SiC,
multiple spectravere taken at different spots on the sample.

5.5.3 SEM measurement conditions

Surface modifications of the silicon carbide samples as a result of ion implantation, SHIs and
annealing were investigated by hig¢solution Zeiss Ultra 55 field emission scanning electron
microscopy (FESEM) at the University of Pretoria. The analysiseo$urface for the irradiated

and unirradiated but implanted SiC was done with beam energy of lhkins SEM images

of the sample were taken before implantation, after implantation, after implantation and SHI
and after every heat treatment to investigall surface changes due to these treatménés.
working distance was kept between 2321 mm throughout this work. Magnifications of 1um,

10 um and 200 nm respectively were used, and their resulting micrographs were compared.
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CHAPTER 6
RESULTS AND DISCUSSION

The effect of ion implantation and swift heavy ion (SHI) irradiation on the polycrystalline 3C
SiC structure was investigated using Raman spectroscopy, Ruthdrémicscattering
spectrometry (RBS) and scanning electron microscopy ($&WpiquesSilver and strontium

were implanted in separate polycrystalline-SiC samples. Some of these samples (i.e. SiC
implanted by Ag and Sr) were irradiated with SHIs. All skeapvere then annealed under
vacuum to temperatures above the melting point of silver and strontium. The samples before
and after annealing were then analysed using RBS to study the diffusion behaviour of Sr and
Ag, SEM and Raman was used to analyse tlteg sarface structural changes induced by

implantation, irradiation and annealing.

6.1 Effect of Ag ion implantation, Xe ion irradiation and annealing on the structure of
polycrystalline SiC and the effect of these structures on the migration behaviour éfg

The results in section 6.1 whle discussed in detail in subsequent sections. The effect of 360
keV Ag" and 167 MeV Xébombardment on silicon carbide structure was investigated using
SEM and Raman spectroscopy and reported in section 6.1.1. Section 6.1.2 will discuss the
effect of annealing on the structure of irradiated andrnadliated but AgmplantedSiC. The
effect of swift heavy ion irradiation and annealing on the migration behaviour of Ag in SiC
will be discussed in section 6.1.3. Lastly, section 6.1.4 will compare the migration behaviour

of Ag in irradiated and uirradiated implanted SiC with th@evious resu#t

6.1.1. Effect of Ag and Xe ions bombardment on the structure of polycrystalline SiC

Figure 6.1 (a) shows a comparison between the depth profile of 360 keV silver implanted into
SiC at room temperature and the SRIM [Zie13] simulated profile. The réasparforming

SRIM simulations was to compare the theoretical and experimental results and showing that
the projected rangdRf) value fromthe experimental results is almost in agreement with that
from the SRIM program.

The other reason for performing BRsimulations was to calculate the displacement per atom
(dpa) caused by Ag ion implantated in SiC at an energy of 360 keV. The ion fluence was
converted into displacements per atom (dpa) using equation (6.1) below [Hal17]:
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wheren is the ion fluence; is the theoretical atomic density of silicon carbide (9.64%%10

atoms/cm) and—V is the vacancy per ion ratio from SRIMiel3].

Figure 6.1 (a) shows the displacement per atom (dpa) produced as a result of Ag ion
implantation at an energy of 360 keV and fluence of 2%@@r2. The SRIM simulation was
carried out considering the silicon carbide density of 3.21 Yj/equivaent to 9.641x 1%
atoms/cm. As was discussed in chapter 3 (i.e. section 3.4), in order to extract the four moments
(i.e. projected rangB,, range stragglingR,, s ke wn e s s bpof theredperiknentalt o s i s
profile, an Edgeworth function was fitted ttee asimplanted profile. A comparison between

the four moments of the two Ag profiles was given in Table 3.1 showed in chapter 3-The as
implanted profilewassignificantly broader than the SRIM profile, as also shown by the range
straggling values. Thexperimental projected and range straggling values for the room
temperature implanted silver were 114.6 nm and 43 nm, respectively. WhiRg dimel p R

values calculated by SRIM were 109 nm and 28 nm, respectively. There is a discrepancy
between thé&, andgp Rvalues calculated by SRIM and those obtained from the experimental
data. The discrepancy in the projected ranges was about 5% (the experiRp@rdallarger

than the one by SRIM). The two projected range values are effectively in agreement with each
other because the experimental error (abeli0%) for depth profile. The reason for the
difference in the experimental and theoretical (obtained divBRalues can be attributed to

some assumptions made in the SRIM program which were discussepier 3

Figure 6.1 (b) shows the Xe depth profilglculated by SRIMand the dpa profile due to Xe

ions irradiation with energy of 167 MeV. Displacemenrgrgnes of 35 and 26V for Si and C
respectively were used in the simulation [Web04]. If one assumes the minimum dpa to cause
amorphization SiC is 0.3 dpa [Web98], it is quite clear that the implantation of Ag will result
in an amorphous layer of about 1&® and that the Xe iordid not amorphized SiClhe as
implanted SiC samples were then irradiated with 167 MeV Xe ions. From Figui® 6tiq

clear that the amorphous region inimplanted SiC will be extensively exposed to large
amounts of energyaposition(~20 keV/nm)due to electronic energy loss of the penetrating

Xe ions.
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Figure 6.1 Depth profilesof (a) 360 keV Ag ions implanted in silicon carbide at room
temperature compared with SRIM ion distribution aidplacement per atongb)
SRIM simulated profiles ofe ions of 167 MeV irradiated into SiC, the relative atomic
density is shown in black, displacement per atom (dpa) in blue and electronic energy

lossin red.

Relative atomic density shown in Figure @)above is the ratio of the density of silver inside
SiC to the density of the Si€ubstrate. For this study the density ofSIC was taken to be
3.21 g.c?, equivalent to 9.641x*datoms/cm. The counts of Ag atoms inside SiC obtained
by RBS were converted into relative atomic density (%) by first calculating the silver density
inside SiC. This was achieved by taking into consideration the impléntatte { ) in cni?

unit, the total silver counts\jj in counts unit, count per channehy in counts unit and the

depth resolutiond) in cm/channel unit [Hal10].

n

" — (6.2)
Thereatfter the relative atomic density (RAD) % was determined by taking the ratio:
YO — pmm (6.3)

where” is the atomic density of SiC (i.e. 9.641%48toms/cm).

TheRaman spectra of the uimplanted (virgin) SiC360 keV Agimplanted and SH(i.e. 167

MeV Xe ions)irradiated samplesbtained at 514.3 nm laser wavelengthsirewn in Figure

6.2. For the vigin sample, sharp and well resolved peaks of the signature transverse optical
(TO) (wavenumber 794 crb) and longitudinal optical (LO) (wavenumber 964 ¢)BC-SiC

peaks at positions are observed. In addition, peaks of high wave numbers (>1808lom
appear with weak intensity. Two peaksR520 cmi! and D1710 cm?, respectively, are
second order peaks of T@dI15,Win94], which further indicate the good crystalline quality
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of 3CGSIC films. Implantation of Ag into the SiGat room temperature resulted in the
disappearance of characteristic SiC Raman peaks between 700 to 10@0dcappearance of
a broad peak due to-Si vibrations at around 510 cmThis was accompanied by the damaged
SiC band at around 800 crand GC vibrations around 1425 chThese changes indicate the
amorphization of SiC layer after Ag implantation. As shown in Figure 6.1 (agatbhelated
amount of dpa due to Ag implantation is higher thanrtieimum dpa required to cause

amorphizatiorof SiC (i.e. 0.3 dpa), therefore amorphizatiohSiC wasexpected.

— Virgin/ un-implanted

As- implanted

Irradiated at 3.4 210" cm™?
Irradiated at 8.4 310™ cm?

1.0 4

0.8 §
0.6

0.4

Normalized Intensity

0.2

e i oumay s e
Raman shift (cm™)
Figure 6.2 Raman spectra of the virgin SiC (virgin), implanted with 360 keV Ag ioRs (as
implanted),implanted with Ag then irradiated with 167 MeV Xe ions to fluences of
3.4x10* cm? and 8.4x10% cnmi?.

Irradiation of Ag implanted SiC with Xg167 MeV) ions at room temperature to fluences of
3.4x10* cm? and 8.4x18 cm? caused the partial reappearance of broad SiC Raman
characteristic peaks at around 775 and 895 with the SiSi (around 525 cr) and GC
(around 1433 cn) peaks still pesent. The lower intensity of-C peak for irradiated samples

at 8.4x16* cm?is probably due to increased absorption of the Raman scattered light which is
caused by the highly damagedddonds [Sor06]. This indicates that the irradiation at fluence
of 8.4x10* cm? caused more damage irR@CbondsThe appearance of the broad characteristic
SiC peaks afteXe irradiation indicates some recrystallization of the initially amorphous SiC
layer. Similar recrystallization of SiC implanted with different iornter@SHlIs irradiation has

been reported previously [Hall5, Hall6]. This partial recrystallization of the initially
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amorphous SiC layer is caused by the high electronic energy deposited by Xe ions irradiation
at 167 MeV (see Figure 6.1 (b)), which inducesnsonucleation and growth of SiC
nanocrystallites within the amorphous/damaged layer [Hall5]. During the bombardment
process the SHIs transferred their energy into the target electrons which cause thermal spikes
depending on the energy transferred i.e.tedeic stopping power (Se). The thermal spike
model in SiC layer was explained extensivieéfore[Ben08 Deb12].

Toulemondeet al.[Tou00] showed that a penetrating ion induces transient lattice heating (i.e.,
thermal spikes), which may exceed the melting/sublimation point of the host material. This
occursmainlyduring swift heavy ion (SHI) irradiation events, where inelastic intenas with

the host material can locally produc&K fihot
Empirical data and models have shown that such electron temperatures coupletdémtbe
system to produce exceedingly high lattice temperaturesOf]o For SiC in particular, the
recrystallization of the amorphous SiC after SHI irradiation was reported in several studies
[Ben09, ZhalY. Multiple studies have demonstrated Shdluced annealing in SiC for
electronic energy depositions exceeding 10/key and some as large as 33 keV/nm [Ben09,
Bacl3. Moreover, Zhanget al.[Zhal5] reported a threshold value of 1.4 keV/nm, whereby
defect annihilation in SiC was observed. In this study, as shown in Eidufie), theelectronic
energy depositions byH® was exceeding 20 keV/nm which is much higher than the threshold
value reported by Zhang [Zhal5]. Therefore, the annealing of initially amorphous SiC layer
resulting from the high electronic energy depositions induced by 167 MeV Xe ions, caused a

partialrecrystallization of this amorphous layer as shown in Figure (6.2).
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Figure 6.3 SEM micrographs of the Si€urface. Low magnification images of (a) the as
received, (b) asmplanted with Ag, (c) implanted with Ag then irradiated with 167 MeV
Xe ions to a fluence &4x10 cmi? and (d)implanted with Ag then irradiated with
167 MeV Xe ions to a fluence 8f4x10* cm?2 (ad), (bd), (cd)
corresponding high magnifications SEM images.
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The SEM micrographs of therimplanted, Ag implanted and irradiated Ag implansadhples

are shown in Figure 6.3. The SEM image of theeggived sample showedalshing marks

(Figure 6.3 (a) and (ad6)), which disappeared

in Figure 6.3 (b) and-implanted SiC whhfeatureless dompared o f
to the virgin sample, which exhibited polishing markise disappearance of polishing marks

in RT asimplanted SiC surface is due to swelling of the SiC caused by the formation of
amorphization $ne98. This confirmed the amorphization of SiC as revealed by SRIM and
Raman analysis in Figure 6.1 and 6.2.

Irradiating the Ag implanted samples at room temperature with Xe to fluendesxaf* cnr

2 and 8.4x16* cmi2 shows no major changes on the samples surface compared to the as
i mpl anted as seen in Figure 6.3 (focirradiatedl c 6 )
SiC samples in Figure (6.2) showed partial recrystallization of the Rh@anted SiC, one

would expect to see some crystallinity in SEM images of the irradiated SiC surface. The
inability to see changes in the irradiated samples compaesimplanted sample meatisat

the random crystallites in irradiated samples are below the SEM detection limit.

6.1.2 Effect of annealing on the structure of SHI irradiated and usrradiated SiC

The SHI irradiated andr-irradiated but Agmplantedsamples were sequentially annealed in
vacuum from 1100 to 1501 in steps of 100C. Raman spectra t¢iie samplesannealedat
1100°C are shown in Figurg.4). In order to analyse thabtainedRaman spectra, the baseline

of the spectral lines was corrected using a linear background correction. Raman spketra of
samplesannealecht 1100°C showed the reappearance of the characteristic SiC peaks which
were not present before annealingsee Fyure (6.2)). The unirradiated but Agmplanted
sample showed full recrystallization (which was amorphous before annealing &CIi1(3@e
Figure (6.2)) resulting in the appearance of Raman characteristic peaks of SiC as shown in the
virgin SICT (see Figure (6.2) This was due to the annealing out of radiation damage (i.e.
radiation damage which produced by Ag implantation at room textyse) after annealing at
1100 Fog @e irradiated SiC samples, the transverse optical (TO) phonon mode at
approximately 794 chi and the longitudinal optical (LO) phonon mode at 964*@ppeared

in the same positions as the virgin SiC andirtadiated but Ag implantedsamples. Both
irradiated samples showed poor recrystallization with a abro&i [Btak at about 545 ¢in

the GC peak at 1520 cthfor the sample irradiated &4x13* cm?, while the irradiated
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sample aB.4x10* cm? showed higly disordered @C peaks at 11GA800 cm?. This poor
recrystallization of the irradiated samples is due to the amount of impurity (i.e. concentration

of Ag atoms) within the substrate (i.e. irradiated)SiCa f t er anneal i ngpe at 11
discussed later in thisection.Furthermore, the S$i peak at about 545 chin the SHI

irradiated SiC samples indicate that these samples cdreaisilicon atom$Ech95], which

can be one of the impuritieAs mentioned above Figure 6.2, beformealing, the irradiation

at high fluence (i.e. at 8.4x¥0cm?) caused high damage in@bonds as compared to the
irradiation at low fluence (i.e. at 3.4x%@m?) which showed less damageddbonds. After
anneal ing at 1 itr&dtedeugto the fluence Sfdxh@* cne? showed more

recovery in the damaged-C bonds as compared tioe onerradiatedto fluence of 8.4x1%

cm?. The highly damaged-C peaks (1104800 cm?) for the sampleirradiatedat 8.4x106*

cm? shown in Figure (6.4) have disappeared after further annealing at higher temperatures of
1200°C, 1300 eC and 14 0-0peakCThiawad accomumamezl 8y acgegudar C
decrease in Ssi peaks as a result of the formation of mor&€3ionds. Therefore, annealing

the irradiated sample at temperaturesof 1200 1300 e C and Zedddely e C <c a
(i.e. less defects) of the SiC crystalline structdilee SiC structure studied by Raman after
anneal ing at 1200 ¢eC, 1300 eC and 1400 eC v

chapter.
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Figure 6.4 Raman spectra of SiC implanted with &lgroom temperature then annealed at
1100 °C (unirradiated- 1100°C), implanted and then irradiated with 167 MeV Xe ions
to fluences 08.4x10" cn? and 8.4x13“ cm?and finally annealed at 110C.
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Liu et al. [Liul0] studied the 3CSiC nanocrystal (NC) solid films by using transmission
electron microscopy (TEM) and Raman spectroscopy. They found that, as theeGesize
increases, the LO phonon intensity increases in the Raman specte® (mede property of

SiC is strongly crystasize dependentfFrom Figure (6.4), the LO mode of SiC for the-un
irradiated but Agimplantedsample at about 964 ctrhad asignificantly higher intensity
compared to that of the SHI irradiated sampldss suggests that the imadiatedbut Ag
implanted sample hasaverage larger crystals compared to the irradiated samples. These
variations in Raman intensities were accompanied by an increase in the FWHM of the SiC
Raman prominent peak (i.e. LO mode at arourdl®6?) from 9.4 cmt (virgin) to 10.6 crmt

for un-irradiated but Agmplanted 14.5 cmt and 18.8 crit for irradiated samples to fluences

of 3.4x16* cm? and 8.4x1€* cm?, respectivelyFenget al.[Feg16] found that the structural
defects in SiGeduced the phonon lifetime, and hence caused a broadening of phonon Raman
bands.Thus, the increase in the FWHbBf the SIC Raman prominent peaidicates the
existence of some kind of disorderir@ang et al [Oial3]suggestedhat thebroadening in
thefull width at half maximum (FWHM) of the SiC characteristic peskdue to the decrease

in crystal size of SiCThe FWHM of the unrradiated but Agmplantedsamples was narrower
compared to the irradiated sampbdter annealingThis suggest that annealingf the un
irradiated samples at 1100 °C resulted in larger crystallites ostesgural defects in SiC
compared to irradiated samples. Th®) mode in the irradiated SiC samples to a fluence of
8.4x103* cm? has the lowest intensity atargest FWHM which indicates that this sample has
the smallest crystal size comparedtte samples irradiated to a fluence3ofx13* cm? and
urrirradiated but AgmplantedsamplesThis is rather surprising, since the irradiated samples
had already paially recrystallized after irradiation while the dimadiated sampléi.e. the
sample implanted with Agwas fully amorphousTherefore, the recrystallization due to the
annealing at 1100 °C imradiated and wirradiated but Ag implantedamples was tferent.

This might be due to the difference in impurity concentrat{pasconcentration of Ag atoms)

in theirradiated and wirradiated but Agmplantedsamples.

The unirradiated but Agmplantedsamples retained more than 98% of Ag (i.e. from the initial

Ag concentration) after annealing at °€100 eC
resulted in less Ag retention of about 58% and 46% of the implanted Ag in the irradiated
samples at flences of 3.4x10 cm? and 8.4x18 cm?, respectively (see Figure 6.11s
mentionedearlier, the SiS i peak in the SHI irradiated Si

indicatal that these samples contain free silicon atoms [Ech95]. The presence of tBe free
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atoms mightbe one of the impurities inhilmig the recrystallization of the SHI irradiated
samples. Irgeneral, impurities usually retard the recrystallization process and inhibit crystal
growth [But51, Hir60].However it has been reported that Ag assists the recrystallization of
SiC in the TRISO particlgGenl4]. In a study by Gergf al [Gen14], TRISO particles that

had a thin film of silver trapped between two SiC layers were used to investigate the driving
force for silver migration through SiC coating Also, both thermodynamic calculation of the

SiCi Ag system and wetting behavior of Ag on SiC have been examined to explain the chemical
reaction between SiC and Abheir stu¢ showsthatsilver penetrates throughe SiC coating

in the TRISO particle, which was thermally treated at 1800 °C. Silver was found to wet SiC
grain boundariesgind large recrystallizatioof SiC took place at theeaction interfacbetween

silver and SiCMoreover, silver was found insideet newly formed SiC grains.

The resultresentedy Genget al [Genl14] are in agreement with our observations, where
the unirradiated but Agimplantedsamples (which retained more than 98% of Ag after
anneal i ng showed lariyeOr€cryspalization SiC as compared to irradiated samples
annealed in the same conditions (which show poor Ag reteintisentioned above). Since the
microstructure of SiCanhave an influencen the diffusion of the implanted fission products

in SiC [Mall13, Hon11], studying the structure of irradiated andreediatedout Ag implanted

SiC after annealing is very important.
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Figure 6.5 SEMmicrographs of samples annealed at 12300Low magnification images are
shown of (a) usirradiated samples(b) samplesrradiated with 167 MeV Xe ions to a
fluence of3.4x10 cm? and (c)samplesrradiated with 167 MeV X@ns to a fluence
of8.4x10“cm2The corresponding high magnificati
and (cd).

The crystallization observed by Raman spectroscopy in Figure 6.4 was also evident in the SEM
images shown in Figure 6.5. After implantation the surfaces were featureless, as is typical of
bombardment induced amorphous SiC layesse Figure (6.3). As cdre seen in Figure 6.5
(a) and (ad), -irediated but Agmplantedsamplds eesultied in long thin
crystals growing in random directions. However, this micrograph also shows saradler
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randomly shaped crystals present on the surface. Ttaees of the irradiated samples (Figure

6.5 (b)), ( cohsiste@dfpates &nd iyreguleghap@d cjystals. The difference in the

surface structure between the irradiated amdirradiated but Agmplantedsamples is due to
thedifferencein the recrystallization mentioned abo@omparisorbetween the SEM results

in Figures (6.3) and (6.5), and the Raman results in Figures (6.2) and (6.4), cleadyhstiow
annealing the irradiated and-uradiated but Agimplanteds a mp | es at 1100 eC

recrystallization of amorphous SiC.

In this study, the average crystal sizes were determined from the SEM images in Figure (6.5)
which were obtained from the irradiated andiwadiated but Agimplantedsamples, &l
anneal ed . &otensard thad theecystals were selected randomly, five straight lines
were drawn randomly across the images in Figure (6.5) and the sizes of individual crystals
along these lines were determined and averaged. The crystal sizeasmsed with respect to

the scale of the SEM image (i.e. 20@). Since the surface of tirradiated but Agmplanted
samples showed | ong thin crystals growing I
average length and width of the long thin caystveremeasured andreshown in Table (6.1).

The surfaces of the irradiat e donwinedppreses®d, ( Fi g
the average pore sizes were also determined with respect to the scale of the SEM image (i.e.
200 nm) and shown in Tablé.1 From Table 6.1, the crystals in the-inadiated but Ag
implantedsamples (i.e. long thin crystalsddan average lerly of about 22mwith average

width of about 40vm. Both the irradiated samplaadaverage crystal sizes of less tid@mm.

The samples irradiated tdflaence of 3.4x18 cm? showed a largeaverage crystals size (i.e.

82 nm) compared to the samplesadiated to a fluence &.4x103* cm? which hada smaller

average crystals sizef 59 nm. The difference in average crystal size between samples
irradiated at different fluences is believed to be significant, as the thle Table 6.1 refers to
thedistribution of the crystal sizes and not to the uncertainty in the avaiageverage pore

size of thesampledrradiatedto afluences o0f8.4x13* cm? (i.e. 27nm) waslittle bit larger

compared to the average pore size in irradiated samples atefdrg&4x164 cm? (25 nm).

The difference in average pore size between samples irradiated at different fluences is clearly
not significant due to a larger uncertainty value (£16) given in Tabl€6rhparison between

the results in Table (6.1) with the Raman results (in Figures (6.4)) clearly showadahgile

irradiated toat fluence o0f8.4x13* cm? had smallest average crystal size after annealing at
1100 eC compared t afluenbesoBidxld*amd?iared urrddiakedbup | es a

Ag implantedsamplesannealed in the same conditiofbe differences in the average crystal
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sizes between irradiated and-iaradiated but Agmplantedsamples as shown in Table 6.1

could bedue to the difference in the recrystallization of these samples after annealing them at

1100 shoWweda Bigure (6.4).

Table 6.1:Average crystal and pores sizes determined from SEM images for irradiated

anduni rradi ated Si C annealed at 1100
Sample Average crystals size (nm)
Un-irradiatedi 1 1 00 e C Average crystal length| Average crystal width
(nm) (nm)
229+140 41+10
Average crystal size (hm) | Average pore size (nm)
Samplesirradiatedat 3.4x16* cm? i 1100| 82+38 25+16
e C
Samplesirradiatedat 8.4x16* cm? i 1100| 59+36 27+16

e C

e C.

This difference in the grains size betweermadiated and irradiated samples can be explained

by the final grain size equation belo®b9§:

whereAgi s

N

the final

grain

(6.4)

S i z & the fihase growth vateand 6 s

is rate of nucleation per unit amorphous area whkagethe thicknessf the amorphous

layerandrn is the steadistate nucleation rate. Equati®ér provides a quantitative relationship

between grain size, nucleation, and grain growth. From this equation, it is apparent that the

intuitive argument that grain growth can be maximized by minimizing the nucleation rate is

correct (i.e. large grain siz&d) will be formed when nucleation rate { ) is minimized).The

final grain size Ag) is inversely proportional to thate of nucleation per unit amorphous area

N i . Since theurrirradiated but Agmplantedsamples were amorphous befarmealing as

shown in Figure (6.2) and (6.3), the final grain si&e)(would be larger compared to the

irradiated samples which were composed of crystallites that were randomly orientated in an
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amorphous matrix before annealimtp]15, Hal16] Thereforethese differences in the average
crystal sizes werdue to the fact that the initial surfaces/layers were in different states before
annealing, i.e. the uimradiated samples were amorphous while the irradiated samples were
composed of crystallites that reerandomly orientated in an amorphous matrix [Hall5, Hal16].

The SiC structure studied ISEM and Raman after annegin at 1200 e C, 1300
eC will be discussed |l ater in this chapter.
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Figure 6.6 Raman spectra of SiC implanted with Af room temperature and then

sequentially annealed up to 1500 °C. The spexthee SiC samples initially implanted
with Agand then irradiated with 167 MeV Xe ions to fluence8dx10* cni? and
8.4x10 cm? and thersequentially annealed up to 1500.°C

The Raman spectra of the Ag implanted SiC samples with and without SHI irradiation after
sequential annealing up to 1500 are shown in Figure (6.6). In both the-mradiated and
irradiated samples, the two peaks appeared at 1350 and 153&®mesponding to the D and

G bands which are more dominant in all the carbon materials. TDep€ak at 1520 cth

(which represent tnseconebrder Raman lines of crystalline SiC [SorO@]xhe unirradiated

and irradiated samples annealed at temperatures from 1200 t6Q49Gtill present after
anneal i ngbutittpartiblly Mdérgedyi® G peakat 1580 cm'. The presence dhe D

and G peaks indicates the presence of a carbon layer on the sample surfaces after annealing at
1500°C. This result of decomgsition of SiC leaving a thin carbon layer on the surface is in
agreement with vacuum annealing of polycrystalline SiC a0 28JBer1d. The difference

in the D and G peak intensities showntlte Raman spectra of thetirradiated but Ag
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implantedand irradiated (which implanted first then irradiated by Sidihplesfter annealing

at 1500 tedefecsdertity em@tban layer formed on the surfaces of these samples
[Saill] The LO mode of SiC for the dinradiated but Agmplantedsample at about 964 ¢cm

1 had a slightly higher intensity compared to thiathe SHI irradiated samples. This suggests

that the urrradiated sample hasyaverage larger crystals compared to the irradiated samples.

The FWHM of the ufrradiated but Agmplantedsampleswas narrower compared to the
irradiated samples (10 chior unvirradiated but Agmplanted 10.4 cm' and 10.6 cr for

irradiated samples to fluences of 3.4¥1€m? and 8.4x1& cm? respectively). Based on the
discussion on Figure 6.4his suggesthat annealing the uinradiated samples at 1500 °C
resulted in larger crystallites or less structural defects in SiC compared to irradiated samples
annealedunderthe same conditiong.he difference in the average crystals size between the
irradiated and norirradiated but Agmplantedsamples after annealing sequentially up to 1500

eC can be proven by calcul ating .Howeverivier age
very difficult to measure the average crystal sizes from the SEM images becaesathptes

are mostly covered by the carbon | ayer after
samples at high fluencesee Figure 6.7 (c) below).

The SEM micrographs of both irradiated andimadiated samples after sequentially annealing

up to 1500°C are shown in Figure 6.7. The -imadiated surface was composed of larger

crystals while the irradiated was composed of finer crystals. A comparison between Figures

6. 5(bd) and 6. 7(bd) shows that the cnystal.l
annealing temperature. The increase in temperature increases the mobility of atoms leading to
the increase in average crystal size, in line with crystal growth theory [But51, Hir60]. Some of

the crystallites were protruding more than others. Obviousiy,effect was more visible on

theuni rradi ated samples with their | arger crys
law (i.e. the preferential growth of a crystal surface with a lower surface energy compared to

another surface with a higher sacé energy) [Wul01, Ber12].

In addition, thermal etching can play a contributing role at this temperature for all the samples

[ Ber 12] . As can be seen from Figure 6.7 (b,
irradiated sample after annealing &00 °C shows fewer and smaller pores as compared to
those annealed at | ower temperaturneelsThd see F
same explanations for crystal growth as used abmvéne unirradiated but Agmplanted

samplesare applicald her e. Figure 6. 7(a) and (ad) sho
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between the SiC crystallites and clusters with few and very small pores on the surface after
annealing at 1500 °Qhis carbon material on the surface of SiC after sequentially annealing

up to 1500C was also observed in Raman and RBS spectra in Figures 6.6 and 6.8 respectively.

. i . A A

Figure 6.7. SEM micrographs of irradiated and tirradiated samples after sequentially

annealing up to 1500C, Low magnification images are shownsafmples(a) un
irradiated, (b) irradiated with 167 MeV Xe ions to a fluenc@ @10 cnmi? and (c)
irradiated with 167 MeV Xe ions to a fluence8afx10“ cni?. The corresponding high

magnification imagesareshow i n (adé), (bé) and (cd).

Figure 6.8 shows the RBS spectra of SiC (botdiated andin-irradiated but Agmplanted
samples) after sequentially annealing from 1100 to 2600r 5 hours in steps of 10C. The
Ag peaks are not shown in the three spectra. Arrows in Figure 6.8 indicate the Si and C surface
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channel positions. Spectra look the same before and after implantation, irradiation and
annealing from 1100 to 1400C. Annealing these samples at 158D resulted in the
accumulation of carbon on the SiC sample surface where the RBS spectra showed a higher
(than normal) count on the edge corresponding to the carbon surface. This was accompanied
by the shift of the Si surface energy channel positions torl@mergy channel positions
indicating the presence of a carbon layer on the SiC surfaces. The free carbon on the surfaces
was due to thermal decomposition of SiC causing the sublimation of silicon thus leaving a free
carbon layer on the surface. The decosion of implanted SiC layers has been reported
previously [Fri09, Hall2, Berl12] to occur at temperatures above 1400°C. The decomposition
of SiC observed after RBS analysis at 1%0@orrelates with Raman results (Figure 6.6) which
showed the appearancéthe D and G peaks at this temperature and with the SEM image

shown in Figure 6.7 (a) and (ado).
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Figure 6.8: SIC RBS spectra of irradiated and -uradiated samples before and after
sequentially annealing up to 150Q. (a) Unirradiated, (b) Implanéd with Ag then
irradiation with 167 MeV Xe ions at room temperature to a fluen®4f10 cni?.

(b) Implanted with Ag then irradiation with 167 MeV Xe ions at room temperature to a

fluence oB.4x10"cm?.
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6.1.3. Effect of SHI irradiation on the migration behaviour of Ag in SiC

Migration behaviour of Ag implanted into SiC was investigated after irradiation and sequential
annealingusing RBS. As shown in Figure 6.9, no migration of implanted Ag was observed
after SHI irradiation.Similar results have been reported for other implanted fission products
and SHis irradiations [Aud08, Hal15 and Hal16].

800 " 1 " 1 " 1 " 1 " 1
Un- irradiated

Irradiated at 3.4 310" cm”

Irradiated at 3.4 310" cm”
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400

Counts
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. . T . T . T > ; v
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Figure 6.9: Ag depth profile from wirradiated and irradiated samples

Silver depth profiles of irradiated and -uradiated samples after sequential annealing at
temperatures ranging from 1100 to 1800for 5 hours are shown in Figure 6.10. Figure 6. 11

shows the retained ratio of Ag which was calculated from the totaksfgietd of Ag after

annealing, divided by the counts of theimplanted sample. From Figure 6.11,cén be
observedhat annealing the SHI irradiated samples at ’M@esulted in significant loss of

about 42% and 54% of implanted Ag in both the Skdidiated samples at fluences of 3.4%10

cmi?2 and 8.4x1&* cmi?, respectively. This was due tbe presence of pores in the surface of

t he SHI irradiated samples as shown in Figu!
pores in SiC have been reported in previous works [Hal12, Mac04]. The work by MastlLean

al. indicated that silver moves thugh nanepores in SiC as the possible migration path

[Mac02, Mac03, Mac04]. Further loss of Ag was observed in the irradiated samples after
annealing at temperatures from 1200 to 1A00This was due to small pores as showed in

Figure 6.13 and 6.14he Ag peak shifted towards the surface after annealing at 3@p0

probably due to thermal etchingtheSi C sur face [ Hal l12]. At 1500
accompanied by a further shift of the Ag péaee Figure 6.10 (b) and (c) towards the surface.

92| Page



This shift is due to the thermal etching of SiC which studieddyder Berget al. [Berl12]

who found that the thermal etching of SiC started at 1200 °C and increase when annealed at
1500 °C.

The unirradiated but Agmplantedsamples showed small loss of Ag of about 3% (see Figure

6.11) due to the very few and small pores that appeared on the surface (see Figure 6.5 (a and
aod)) . Therefor e, t hesikerirthearradgiatet and uradiated bsit o f r €
Ag implanteds ampl es aft er a weree gu¢ io nthg difeerencelil €ufacee C
morphology of the sampleghese results agree with the work done by Ktral.[Kim15] who

found that Ag transport depends on the microstructure of SiC (such as SiC gramusheajze,

the presence of free silicon, nao@cks, etc.).
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Figure 6.10:RBS Aglepth profiles for irradiated and uimradiated samples before and after
annealing. (a) Ag depth profiles for dmadiated samples. (b) Ag depth profiles for
irradiated samples with Xe at room temperature to a fluen84efL0* cm?. (c) Ag

depth profies for irradiated samples with Xe at room temperature to a fluence of
8.4x10% cm?,
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Figure 6.11: The retained ratio of silver in irradiated and 1imadiated samples before and

after sequential annealing up to 156D.

Slight migration of implanted Ag toward the surface (see Figure 6. 10(a)), accompanied by a

loss of Ag (see Figure 6.1Wasobservedifter annealing at 110C for urrirradiated samples.

After annealing at 1200C, the Ag profilein the unrirradiatedbut Ag implantedsample
broadenedand there was loss of about 5% of the Ag. Such symmetric broadening of an
implanted species is characteristidafkian diffusion [Mal17].This broadening became more
pronounced at 1300C and about 12% of implanted Ag was lost from the initial Ag
concentationimplantedn SiC. After annealing at 140C, theAg profile peak shifted towards

the surface by about 30n (without any broadening) from the Ag profile peak position in un
irradiated samples anneal ed at d4abowl@22%Gf. Thi s
implanted Ag from the initial Ag concentration implanted in i@ to the small pores

observed on the SiC surface (see Figure 6.12 (c)). The shift of Ag profile peak after annealing

at 1400°C might be due to thermal etching of SiC. Mdrart 76% of Ag was lost compared

to asimplanted Ag concentration after annealseguentiallyup to 1500°C. The significant

loss of Ag is attributed to the escape of Ag via pores in the surfaces ofithadiated but Ag
implantedsamples (see Figures 6.5, 6.7 and 6.12) aided by sublimation into the vacuum during
annealing [ Hal 13, M d af helsilver préfite towasde the sarface antdh e s |
subsequent loss of Ag is due to material (SiC) being removed from the surface (i.e. thermal
etching) as a result of annealing. The Ag profile peak further shifted towards the surface by 20

nm from the Ag proile peak positioninuim r r adi at ed sampl es anneal e

e C, the shifting of the Ag profile peak tow
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asymmetric peak of Ag in the sample annealed at 36{6ee Figure 6.10 (aphichis due to
substantial loss of silver from the SIiC substrate through the surface. This will reduce the

concentration on the surface side of the silver profile.

The small loss of Ag in the dmradiated samples and the high loss of Ag in the irradiated
samples aftesnnealing at 1108 were due to different structures in the annealedradiated

and irradiated samples. Annealing theiwadiated samples at this temperature led to the
formation of rather large grains with the presence of very small pores whialengnthe
irradiated samples produced fine grained structures with the presence of large(se®es
Figure 6.5). The presence of large pores in the surface of the irradiated samples led in high
amount of Ag loss. From these results, it is quite cledrAlgareleasing is favoured in the

irradiated SiC structure.
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Figure 6.12: SEMmicrographs of usrradiated samples sequentially annealed at 1200
1300°C and 1400°C. (a), (b) and (c) low magnification of tirradiated samples
annealed at 1200C, 1300°C and 1400°C respectively.The corresponding high
magnification images are shown(ina ¢ ) , (bdé) and (cd) .
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Figure 6.13: SEM micrographs of irradiated samples at 3.46¢ cmi? and sequentially
annealed at 1200C, 1300°C and 1400°C. (a), (b) and (c) low magnification of
irradiated samples at 3.4x1) cm? annealed at 1200C, 1300°C and 1400°C
respectivelyThe corresponding high magnification images are shownané ) , ( b d)

(co) .
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Figure 6.14: SEM micrographs of irradiated samples at 8.4Xt@m? and sequentially
annealed at 1200C, 1300°C and 1400°C. (a), (b) and (c) low magnification of
irradiated samples at 8.4x1 cm? annealed at 1200C, 1300°C and 1400°C
respectivelyThe corresponding high magnification images are shownané ) , ( b6 ) ¢

(cd).

Raman spectra of the umadiated and irradiated samples after sequential annealing at 1200
°C, 1300°C and 1400C are shown in Figure 6.15 (a), (b) and (c) respectively. The Raman
spectrashows further narrowing of the TO and LO modes for all the samfiés narrowing

of FWHM indicates more recovery of the SiC crystalline strudtideie to annealing at 1200

°C, 1300°C and 140C°C. Furthermore, the LO mode of SiC for the-itmadiated but Ag
implantedsample at about 964 chinad a significantly higér intensity compared to that of the
SHI irradiated samples annealed at 12001300°C and 1400C i see Figure 6.15 (a), (b)
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and (c), respectively. This suggests that thermadiated but Agimplantedsample has an

average larger crystal compared te thradiated samples.
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Figure 6.15: Raman spectra of uirradiated but Agimplantedand irradiated SiC
sequentially annealed up to (a) 1200 °C, (b) 1300 °C an#i4@0 °C.

The average crystal sizes were determined from the SEM images in Figure 6.12, 6.13 and 6.14
which were obtained from the irradiated andmadiated with Agmplantedsamples annealed

at 1 21XB@0°Cear@l,1400C. Since the surface of tirradiated buAg implantedsamples
annealed at 1200 eC showed | ong thin crystal
(ad) ), the average | ength and width of the
Table (6.2). The surfaces of the irradiated sasFigure 6.13 and 6.14) contained pores, so,

the average pore sizes were also determined with respect to the scale of the SEM image (i.e.
200 nm) and shown in Table 6.2. From Table 6.2, the crystals in theradiated but Ag
implantedsamples annealedt 1200 eC (i .e. |l ong thin cryst
317nmwith average width of about 5Im. The average crystals size in-uwradiated but Ag
implanteds a mpl es anneal ed at 1200 eC | drradiated ger t |
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but Ag implanteds ampl es anneal ed at 110The ipcfeasd imee Ta
annealing temperature increases the mobility of atoms leadargriorease in average crystal

size, in line with crystal growth theory [But51, Hir60]. Theerage crystasizes were not
determined from the uimradiated but Agmplanteds a mp |l es anneallédd@°Cat 130

because of the unclear crystals and presence of some crystal clusters on theissdaces
Figure 6.12 (b) and (c).

The irradiated samples had average crystals sizes of less tham BBe samples irradiated to
afluence of 3.4x18 cm? showed a larger average crystal size (i.ea®pas compared to the
samples irradiated to a fluence®#x13* cm? which had a sniker average crystals size of
77nm( al | 1200 e C) . thdsé @btained gsing t s

Ramantechniquegin Figures (6.15 (a)) which showed that the irradiated samples at fluences

anneal ed at
of 8.4x10* cm? with low intensity of LO mode indicates a smaller average crystal gifter

annealing at 1300
compared to theamples irradiated to a fluence &#x13* cm? and annealed in the same
conditions. Thereforegs the average crystal size increases, the LO phonon intensity increases

in the Raman spectra.

Table 6.2:Average crystal and pores sizes determined f&EM images for irradiated

andunri rradi ated Si C annealed at 1200 eC and
Annealing Un-Irradiated Irradiated samples at Irradiated samples at
Temperatures 3.4x10*cm? 8.4x10*cm?
Average Average Average Average Average Average
crystals crystals crystal size pores size crystal size pores size
length (nm) width (nm) (nm) (nm) (nm) (nm)
1200eC 317489 51+12 86+37 2245 77+34 21+9
1300€eC - - 88+30 2249 84+33 20+8

6.1.4. Themigration behaviour of Ag in SiC as comparedto previousresults

The diffusion coefficientd) of Ag in irradiated and unradiated SiC was estimated from

fitting the depth profiles (after annealing) to a solution of the Fick diffusion equation for an

initially Gaussian profile [Mall17]. The diffusion coefficieaf Ag in SiC was calculated for

the irradiated samples annealed at 1&D@nd urirradiated samples annealed frd200 to
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e C ,(fluercé af 3.4<Hnemd shosvediadargerd i at e

average crystals size (see Table 6.2) and high intensity for LO mode (see Figure 6.15 (b)) as
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1300€C, as shown in the FiguBel6.The diffusion coefficients of Ag in the irradiated samples
anneal ed f r omcolinotlbe dteomingl.5TRIHIsdge @ the fast migration of
implanted Ag out of the surface leaving a too low concentration of Ag after annealing at 1200
e (Also, the diffusion coefficient of Ag was not determined initradiated samples annealed

at 1400 and 1508C due to asymmetrigrofiles (i.e. not Gaussian).
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Figure 6.16: A campilation of reported diffusion coefficients of silver implanted into

polycrystalline SiC. The references of the data are given in the text.

The diffusion coefficients determined in this study are shown in Figure 6.16 and compared
with previous studies on diffusion of Ag in SiC [Fri09, Frill, Gerl5 and Len16]. The diffusion
coefficients of 6.7x18' m?s and 1.6x18° m%s were obtained for then-irradiated but Ag
implanteds ampl e after annealing at temperatures
hours. These data agree with the work of Friedland ardockers [Frill]. The authors
investigated the diffusion of silver in polycrystalliBC-SiC and reported the diffusion
coefficients of Ag after annealing at the temperatures of 1200, 1300 and 1400 °C was 4.7x10
2 m?/s, 1.5x16° m?s and 1.2x186° m?%s, respectively. The agreement in our work with
Friedlandds [ Fr imérhdchanissn ofrdéfdsibnemithiisrihg grainhbeundars
diffusion as described by Fickian diffusion equation adapted in Malherbe code [Mall17] used
to calculate diffusion coefficient in this study. The effect of swift heavy ion irradiation was

evident as theliffusion coefficients obtained for the irradiated sample is higher than the un
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irradiated but Agmplanteds a mpl e. At 1100 eC, the irfadiate

cm? and 8.4x1& cm? has diffusion coefficients of 2x#3 m%s and 3.2x18° m?s,
respectivel y. However, after annealing at
coefficient for Ag in unirradiated but AgmplantedsamplesThe two sets of dateportedoy

Lenget al [Len1@q are particularly interesting in the contexttbis study. They investigated

the diffusion of 400 keV Afjimplanted at 300 °C to a fluence of 5 *4fn?. Some of the
implanted samples were pireadiated at 950 °C with 3.15 MeV*&ons to a fluence of 1.1 x

10 cmr? and the diffusion coefficientsfor the irradiated and uinradiated bti implanted
samplesvere also measured. This temperature of 950 °C is above the threshold amorphization
temperature for SiC bombarded with heavy ions in the energy range b#AD0keV Mall13].

As can be seen from Figure 6, Hiffusion coefficients for the latter sampleen also higher

than the Ag implanted samples (i.e-inadiated samples). This is in agreement with the results

of this study and indicates that bombardment with swift heavy ions enhances the diffusion of
Ag in SiC.

6.2 Effect of Sr ion implantation, Xe ion irradiation and annealing on the structure of
polycrystalline SiC and the effect of these structures on the migration behaviour of Sr

The results in section 6.2 whle discussed in detail in subsequent sections.€effect of 360

keV Sr and 167 MeV Xébombardment on silicon carbide structure was investigated using
SEM and Raman spectroscopy and reported in section 6.2.1. Section 6.2.2 will discuss the
effect of annealing on the structure of irradiated andrmadliated SiC implanted with Sr.
Lastly, tre effect of swift heavy ion irradiation and annealing on the migration behaviour of Sr

in SiC was investigated using RBS and discussed in section 6.2.3.

6.2.1. Effect of Sr and Xe ions bombardment on the structure of polycrystalline SiC

Figure 617 (a)shows a comparison between the 360 keV strontium implanted depth profile
and the SRIM [Ziel13] simulated profile. Theiagplanted profile in Figure 671(a) is slightly
broader than the SRIM profile, as also shown by the range straggling values. The experime
projected and straggling range for strontium implanted into SiC at room temperature were 146
nm and 40 nm, respectively. While tReandg Rvalues for Sr implanted into SiC calculated

by SRIM were 138 nm and 38 nm, respectively. The differenceeirptbjected range was
about 5% (the experimentg) was larger than the one by SRIM). Also, the discrepancy in the

straggling range was about 5%. The projected and straggling ranges calculated by SRIM and
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the one obtained from the experimental data arect¥kly in agreement with each other

because the experimental error (abct080) for depth profile.

Figure 6.17 (a) also shows the displacement per atom (dpa) produced as a result of Sr ion

implantation at an energy of 360 keV and fluence of 2&0@r. The dpa was calculated by

using equation (6.1). Figure 6.18) (shows the Xe depth profile calculated by SRIM and the

dpa profile due to Xe ions irradiation with energy of 167 MB\splacement energies of 35

and 20eV for Si and Crespectively were used in the simulation [Web04]. Assuming that the

minimum displacement per atom (dpa) of about 0.3 dpa is enough to amorphize SiC [Web98],

it is quite clear that implantation of Sr will result in an amorphous layer of about 205 nm from

the surface anthat theXe ionsdid not amorphize SiC. The @splanted SiC samplesere
then irradiated with 167 MeV Xe ions. From Figure(h) |,

region inthe asimplanted SiC will be extensively exposed to large amountsnefgy

it 6s

c |

ear

t hat

deposition(~20 keV/ nm)due to electronic energy loss of the penetrating Xe ions. This SRIM

simulation will help in the explanation of the Raman results in Figur&)(6elow.
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Figure 6.17: Depth profilesof (a) 360 keVSrions implanted in silicon carbide at room

temperature compared with SRINNn distribution and displacement per atongb)
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SRIM simulated profiles ofe ions of 167 MeV irradiated into SiC, the relative atomic

density is shown in black, displacement pemnatdpa) in blue and electronic energy

loss in red.

Relative atomic density shown in Figure Bdbove is the ratio of the density of strontium
inside SiC to the density of the SgDbstrate. For this study the density ofSIC was taken
to be 3.21 g.cm, equivalent to 9.641x*®atoms/cm. The counts of Sr atoms inside SiC

obtained by RBS were converted into relative atomic density (%) by first calculating the silver
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densityinsie Si C. This was achieved by taking
in cni? unit, the total strontium countbl) in counts unit, count per channdhy in counts unit

and the depth resolutioDd) in cm/channel unit.
" — (6.5)
Thereatfter the relative atomic density (RAD) % was determined by taking the ratio:

YO @ — PTT (6.6)

where” is the atomic density @iC (i.e. 9.641x 1% atoms/cri)

The Raman spectra of the Si@rface after Sr implantation and after SHI irradiation to different
fluences are shown in Figure 6.18 where theénuplanted (virgin) sample has been included
for comparison. The Raman spectruntled unimplanted SiC shows the characteristic main
Raman paks of SiC which discussedamrevious section (see Figure 6.2). Implantation of Sr
into SiC at room temperature resulted in the disappearanite oharacteristic SiC Raman
peaks(i.e. the transverse optical (TO) phonon mode at approximately 794 and the
longitudinal optical (LO) phonon mode at 964'érandthe appearance of a broad peak due
to SiSi vibrations at around 525 ¢imThis was accompanied by the damaged SiC band at
around 800 cm and GC vibrations at around 1425 dmThese changeidicate the
amorphization of the near surface region of the SiC substrate after Sr implamtatgimown

in Figure 617 (3, the calculated amount of dpa due to Sr implantation is higher than the
minimum dpa required to cause amorphization SiC (i.edpa3, therefore amorphization of
SiC was expected.

— Virgin
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Irradiated at 3.4 310" cm”
Irradiated at 8.4 210™ cm?
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Figure 6.18 Raman spectra of the virgin SiC (virgin), implanted with 360 keV Sr ions (as
implanted),mplanted with Sr then irradiated with 167 MeV Xe ion8uencesf
3.4x10* cm? and of 8.4x 10" cni?.
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Irradiation of the implanted SiC with X@67 MeV) ions at room temperature to fluences of
3.4x10* cm? and 8.4x16* cm? caused the partial reappearance of broadcBitacteristic
Ramanpeaks at around 780 and 900 twith the SiSi (around 525 ¢y and GC (around

1425 cm') peaks still present. The appearance of broader characteristic SiC peaks indicates
some limited recrystallization of the initially amorphous SiC layer. Similar recrystallization of
SiC implanted with different implanted ions after SHIs irradiation has eg®rted previously
[Hall5, Hall6]. Inthoseprevious studies, transmission electron microscopy (TEM) and Raman
spectroscopy were used to study the strattohangesf the asimplanted SiC after SHis
irradiation Theyfound that, the recrystallizatiaf the initially amorphous SiC was due to SHI
irradiation causing the formation of randomly oriented crystallites embedded in amorphous
SiC. The similarities of the reported Raman results with our current Raman results suggest that
our irradiated amorphouSiC layer was also composed of randomly oriented crystallites

embedded in amorphous SiC.

Figure 619 (a) and (ad) s h o wsrecé&vEdi.eminplanmed)rSECp hs o f
wafer. The surface had only some polishing marks (labelled P) observed-muie 6.19§

and bod) simpanted SiC swfaca (gmradiated). The asnplanted sample surface

was featureless apart from some dirt (bubbles) with the polishing marks (less pronoLimeed).
reduction in the visibility of polishing marks in RiEimplanted SiC surface is due to swelling

of the SiC which occurred by amorphizati@®@np98. This resultis in agreement witisRIM

and Ramaranalysesn Figure 6.X and 6.B respectively. The polishing markse faintly

visible in both the irradiatedasnples (to dluence of 3.4x18 cm?2 and 8.4x16* cm?) shown
inFigure6.8( ¢ and c¢c6) and (AdthaRaman dpéctra for eradmtecIC v el vy
samples in Figure (68} showed partial recrystallization of the RT-iagplanted SiC, one

would expect to see some crystallinity in SEM images of the irradiated SiC surface. The
inability to see changes in the irradiated samples comparedrnpksited sample means that

the ramlom crystallites in irradiated samples are below the SEM detection limit.
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Figure 6.19: SEM micrographs of the CVBIiC surface. Low magnification images of (a) the
asreceived, (b) asmplanted with Sr, (c) implanted with Sr then irradiated with Xe ions
to a fluence 08.4x10 cmi? and (d)implanted with Sr then irradiated with Xe ions to
a fluence of8.4x10" cni®. (abd), (bd), (cd6) and (do)

magnifications SEM images.
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6.2.2 Effect of annealing on the structure of irradiated and usirradiated SiC

Raman spectra of irradiated anditmadiated but Simplantedsamples after annealing at 1100

°C are shown in Figure 0. In order to analyse the Raman spectra obtained, the baseline of
the spectral lines was corrected using a linear background correction. Annealing the samples
at 1100°C resulted in the reappearance of Raman characteristic peaks of SiC-ifradiated

but Srimplantedsamples fully recrystallized resulting in the disappearance-8f &hd CC
peaks.The irradiated samples poorly recrystallized resulting in the appearance of Raman SiC
characteristic peaks with a broadSipeak (at about 545 cthand aC-C peak (at 1520 cH)

still present.
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Figure 6.20: (a) Raman spectra of SiC implanted withgbroom temperature and annealed
at 1100 °C (unrradiated- 1100°C), implanted and then irradiated with Xe67 MeV)
ions to fluences @.4x10 cm? and 8.4x10* cnm? and finally annealed at 110,

(b) longitudinal optic (LO) phonon peaks for all samples.

Un-implanted (i.e. virginBiC gives Raman scattering from a transverse optic (TO) phonon at
approxinmately 794 crht and a longitudinal optic phonon (LO) at 964'értsee Figure 69).

At 1100°C, the observed TO and LO peaks positions feirtatiated sample were in the same
positions as those of the virgin SiC. For the SHI irradiated samples, it can be observed that two
distinct TO and LO peaks of SiC were both quite broadnaadower intensiies compared to

the unirradiatedbut Srimplantedsamples. Fenget al.[Feg16] found that the structural defects

in SiC reduced the phonon lifetime, and hence caused a broadening of phonon Raman bands.
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Thus, the increase in the FWHM indicates the exesteaf some kind of disordering.
FurthermoreQianget al. [Oial3]suggesthat thebroadening in th&ull width at half maximum
(FWHM) of the SiC characteristic pealsdue to the decrease in crystal size of. Hdm

Figure (620), the LO mode of SiC for the umradiated but Simplantedsample at about 964

cmit had asignificantly higher intensity compared to that of the SHI irradiated samples.
suggests that the drradiated sample has on average larger crystals comuetfeel itradiated
samples. The LO phonon at 964'érshifted down to 962 chhand 961 crit for the samples
irradiated to fluences of 3.4x¥@&m? and 8.4x18& cm? respectively, which was probably due

to the tensile stress caused by the defects in lattices [Wen12]. Generally, the tensile stress
increases with decreasing the grain size [Sch91]. Riehtat. [Ric81] suggested that the
phonon confinement model is correlated to the observed changes in the crystal size. They also
found that the shift inhie Raman peaks toward lower wavenumbers is due to the small crystal
size in the investigated material. Therefore, for irradiated samples, shift in the LO Raman peaks
towards lower wavenumbers is due toghmall crystallites which formed within the amorpiso

region of SIiC. A larger shift toward loweravenumbersppeared in the irradiated sample to a
higher fluence (8.4x20cm) indicating smaller crystallites as shown in Figudfh). These
variations in Raman peak shifts were accompanied by an increase in the full width at half
maximum (FWHM) of the SiC Raman prominent peak (i.e. LO mode) from 94\dngin)

to 11.6 cmt for urvirradiated, 11.8 cmthand 19.6 cnt for irradiatedsamples at fluences of
3.4x10* cm?2 and 8.4x1& cm? respectively. The FWHM of the diradiated sample was
narrower compared to the irradiated samples. This confirms that annealingitrediated

but Srimplantedsamples at 1100 °C resulted in largeystallites compared to irradiated
samples annealed in the same conditions. This is rather surprising, since the irradiated samples
had already partially recrystallized after irradiation while thertadiated sample was fully
amorphous. Therefore, thecrystallization in these samples are different. Thdue to the
difference in impurity concentrations the irradiated and wirradiated but Simplanted

samples.

Annealing the usrradiated but Stmplantedsamples at 1108C resulted in poor Sr retention

of about 75%. SHI irradiated samples retained more than 97% of Sr (i.e. from the initial Sr
concentration) after annealing at 1100 eC.
recrystallization process and inhibit crygieowth [But51, Hir60]. The impurity can be Sr. The

irradiated samples (which retained more thar
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poor recrystallization compared to theiamdiated but Simplantedsamples annealed at same

conditions (whickshows poor Sr retentidnmentioned above).

200nm

Figure 6.21: SEMmicrographs of samples annealed at 1200Low magnification images
are shown of (a) uirradiated, (b) irradiated with Xe to a fluence ®#x10' cni? and
(c) irradiated with Xe to a fluence 08.4x10* cm?. The corresponding high
magni fication i mages are shown in (ad),

The cnystallization observelly Raman spectroscopy in Figure 6.20 is also evident in the SEM
images shown in Figure 6.2After implantation the surfaces were featureless, as it is typical
of bombardment induced amorphous SiC wafers [Mal13]. As can be seeniflara 621 (a

and ad), a n nireadidtedbutgSriropfanteddamplesirasulted in crystal regrowth
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and recrystallization competing with each otheventually resulting in a polycrystalline

surface layer witlpores in it. There are some changes orsthréace of the irradiated sample

at low fluence (i.e3.4x10* cn?) after annealing at 1164 while there ar@o major changes

on the surface of theample irradiated at higher fluenge. 8.4x13* cm?) after annealing at

the same temperature (see Figure 6. 1T8e ( ( c6)
featureless surface of the samples irradiadedigher fluence(i.e. 8.4x10% cm?) after
annealing at 1100 gn@llericysthilitesan teesurfack astcompagedtoa v e
samples irradiated to lower fluendeéhis in agreement with the Raman results in Figure 6.20,
whereLO peak in the irradiated samples at fluencd.di103* cmi? has larger shift toward

lower wavenumber and increase in the FWHM which indicating smaller crystallites.

This difference in the grains sibetween usirradiated and irradiated samples after annealing
(showed in Raman and SEM results in FiguresQ(@2d 6.21)) can be explained by the final
grain size equation (see equation 6.4). Equation 6.4 shows thiahgrain size Ag) is
inversely proportional to theate of nucleation per unit amorphous atea . Since theun
irradiated but Simplantedsamples were amorphous before annealing (see Figurg &8
final grain size Ac) will be larger compared to the irradiated samples whielecomposed

of crystallites that were randomly orientated in an amorphous matrix before annealit, [
Hal16].

The nanecrystallites intheirradiated samplesihri gur e 6. 21 (b and bd) ar
clearly visible after annealing these sam@e4200°C as can be seen in Figure 6.22 (b and

béd) and ( c armpadresappgared ol the surfackroonpagison othe results in
Figure 6.21 (b and bd) and)( canand cc d)ndand )Fi
increase in temperature which increases the mobility of atoms led to the increase in average

crystal size, in line with crystal growth theory [Bat Hir60].
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200nm

Figure 622 SEMmicrographs of samples annealed at 1200 Low magnification images
are shown of (a) uirradiated, (b) irradiated with Xe to a fluence ®#x10 cm? and
(c) irradiated with Xe to a fluence 08.4x10* cnmi?. The corresponding high

magni fication i mages are shown in (abd6),

The average crystal size oftheiur r adi at ed sampl e anneal ed at
anneal ed at 1200 eC wer e deFiguems.2d aub.2Z r o m
respectively. To ensure that the crystals were selected randomly, five straight lines were drawn
randomly across the images in Figures (6.21 and 6.22) and te@&iadividual crystals along

these lines were determined. The crystal size was melasiite respect to the scale of the

SEM image (i.e. 20@im). Since the surface of irradiated andiuadiated samples (Figure
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6.21 (a and aé) and Figure 6.22 ((b, boé) an
also determined with respect to teale of the SEM image (i.e. 28&n). The average crystal

and pore size for the irradiated anditadiated samples are listed in Table (6.3). From Table

(6. 3), at -irradated saniples havie Ergeun erystals (aroundmdas compared
tothecrystals in the irradiated samples which ¢
(c, c6)) due to the inability of mnEMeseo det
nanocrystallites on the samples irradiatedfiieences of 3.4x1¥ cm? and 8.4x1& cm

clearly appeared after annealing at 120€C ( see FKi(duyr e 06 .apabnale ( c , C
average crystal size of about 67 and 56 nm respectisgg Figure 6.22 and Table 6The

differences in the average crystal sizes betweaeadiated and wirradiated but Smplanted

samples as shown in Table 6.3 is due to the difference in the recrystallization of these samples

as mentioned above in Figure (6.20). Furthermore, these differences in the average crystal sizes

it also couldbe due to the fact that the initial surfaces/layers were in different states before
annealing, i.e. the uimradiated samples were amorphous while the irradiated samples were

composed of crystallites that were randomly orientated in an amorphous matrix, [Hall&).

Table 63: Averagecrystal and pore sizes determined from SEM images farradiated
Si C annealed at 1100 eC and irradiated Si

Name of the sample Average crystals (nm)

Un-irradiatedi 1 1 00 e C Average crystal size (nm) | Average pore size (nm)
44122 1948

Irradiated samples at 3.4Xf@m? i 1200| 67+35 28+15

e C

Irradiated samples at 8.4>xf@m? i 1200 56+26 31+18

e C

After annealing the irradiated samples at 1200 the Raman spectra showed increased
narrowing of the TO and LO mode peaks of Bidicatesmorerecovery (i.e. recrystallization)

of the SiCcrystalline structure due to annealing at 120@s seen in Figure&83.At 1200 e C,
the samples irradiated tdlaence of 3.4x18 cm? had a large average crystals size (see Table

6.3) and high intensity for LO mode (see Figure 6.23) as comparesl sartiples irradiated to

a fluence 0#8.4x13* cm? and annealed in the same conditions. Thsghe average crystal

size increases, the LO phonon intensity increases in the Raman spectra.
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Irradiated at 3.4 3 10"~ 1200 °C
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Figure 6.23: Raman spectra of SiC implanted with & room temperature then
annealed at 1200 °C (dinradiated - 1200°C), implanted and then irradiated with Xe
ions to fluences @.4x10" cm? and 8.4x13* cm?and finally annealed at 120.

The SEM micrographs of both irradiated andimadiated but Simplantedsamples after
sequentially annealing up to 1380 and 1400°C are shown irFigure 6.24 and Figure 6.25
respectively. The micrographs show that the SiC crystallites increased witkitlee increase

in annealing temperature, in line with crystal growth theory [But51, Hir60]. The crystal growth

|l eads to coalescence of crystals as shown i
pores/openings appeared in the SHI irradiated samplas seen i n Figure 6.
Figure 6.25 (i.e. annealed at 14) the average crystallite size became slightly larger with

fewer and smaller pores compared to the samples annealed at lower temperatures. In contrast,
these pores were largenda clearly visible in the uirradiated but Simplantedsamples
annealed at 1100 AC (Figure 6.21(a ané ao))
(Figure6.24 b and bdé) and (c and c¢cb6)). The same e:

also applicable here.
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Figure 6.24: SEMmicrographs of samples annealed at 18C0Low magnification images
are shown of (a) wirradiated, (b) irradiated with Xe to a fluence #x10* cm? and
(c) irradiated with Xe to a fluence 08.4x10* cnmi?. The corresponding high

magni fication i mages are shown in (aéd),
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