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In modern nuclear reactors safety is improved by cladding the fuel kernel with chemical vapor
deposited layers of pyrolytic carbon and silicon carbide. Amid these cladding layers SiC is the
primary diffusion barrier of radioactive fission products. During normal operations at about 900 °C
to 1250 °C, the coated fuel particle retains almost all the radioactive fission products excluding
silver (Ag), strontium (Sr) and europium (Eu). Substantial research has been studied on the
migration behavior of Ag in SiC while limited work has been done on the migration behavior of
Sr and Eu in SiC. Moreover, less is known on the migration behavior of Ag in the presence of

other important radioactive fission products in SiC.

In this study, the effects of Ag and Sr co-implanted into polycrystalline SiC were studied. 360 kel
of Ag and Sr ions were individually implanted into polycrystalline SiC, both to a fluence of 2 x
10%® cm™2 at 600 °C (Ag-SiC and Sr-SiC). Some of the Ag-SiC samples were then implanted with
280 keV Sr ions to a fluence of 2 x 101% cm™2 at 600 °C (Ag&Sr-SiC). This high temperature of
implantation was chosen to maintain the crystallinity of the substrate and also the modern nuclear

reactors are premeditated to function at elevated temperatures.

The implanted samples were isochronally annealed at temperatures varying from 1000 °C to
1400 °C in steps of 100 °C for 5 hours. Structural and surface morphological evaluations were
monitored by Raman spectroscopy and scanning electron microscopy (SEM) while the migration

behavior of implanted species were monitored by Rutherford backscattered spectrometry (RBS).



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA
Qe

Both individual and co-implantations retained crystallinity of polycrystalline-SiC with some
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defects. More defects were observed in the co-implanted samples. Annealing the samples caused
progressive annealing of defects and appearance of SiC crystallites on the surface. These
crystallites grew with annealing temperature and their growth was enhanced in the samples
implanted with Ag. Neither migration nor loss of Sr were observed in Sr-SiC samples throughout
the annealing steps. While annealing the Ag-SiC and Ag&Sr-SiC samples affected implants to
shift towards the surface accompanied by loss at temperatures above 1400 °C. Hence the presence

of Ag has role in the migration and the loss of the implanted species.
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Chapter 1: Introduction

1.1 Background

Scientific evidence has shown that slackening climate change revolves around technological
advances geared in improving and using clean sources of energy [1]. There are four methods of
generate electricity: fossil, hydro, renewable and nuclear. In fossil fuel method, the hydrocarbons
such as coal, oil or natural gas are burnt-out to produce energy in the form of heat. This heat is
then utilized to boil water which produces steam that drives the turbines to produce electricity.
However, by burning hydrocarbon fuels, large quantities of carbon dioxide are produced, which is
one of the greenhouse gasses that contribute to climate change [2]. In hydro method, the energy is
generated by stowing water in huge reservoirs behind gigantic dams. Water is released from the
reservoir and streams through a turbine, spinning the turbine which in turn enables a generator to
produce electricity. However, in dry periods the production of electricity can deplete these
reservoirs. The overflowing of reservoirs behind dams in wet seasons, and the abating of the stream
of the river can have a genuine negative affect on the ecology of the region around the dams.
Furthermore, there are only a limited number of sites suitable for new dams [3]. In renewable
method, energy is generated using natural resources to produce electricity, but renewable energy
does not usually produce electricity at a constant and reliable basis. For example, the amount of
electricity generated by wind turbines fluctuates with wind speed; in the event that the wind is as
well powerless or as well solid at that point no electricity can be generated. Solar panels depend
on the quality of the daylight, which depends on the time of day and the amount of cloud cover.

Hence renewable energy is not reliable sources of energy [3].

Each form of electricity generation method has its qualities and shortcomings, however, long term
electricity generation must produce low amounts of greenhouse gas emissions. Nuclear energy
gives reliable supplies of electricity, with no carbon emissions and moderately small amounts of
waste that can be securely put away and inevitably disposed [4]. Nuclear reactors can play a vital
part in assembly the world's ever-increasing demands of clean and reasonable energy [5]. Nuclear
generating power plants can operate for over 60 years. This means that the economy of nuclear

energy generation depends on its capacity to produce vast and uninterrupted amounts of electricity
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for a long time with stable electricity costs. Against the great records of environmental friendly
electricity generation, subsequently stands the fear of a disastrous nuclear accident.

In the modern high temperature gas-cooled reactors (HTGRs) like the pebble bed modular reactor
(PBMR), safety is improved by coating the fuel kernel with carbon and silicon carbide layers. The
typical PBMR coated particle is demonstrated in Figure 1.1 [6]. The fuel particle comprises of an
inner uranium dioxide core with a diameter 0.5 mm surrounded by four successive chemical vapor
deposition (CVD) layers [7]. These are: 95 um inner layer porous graphite buffer layer, 40 um
inner pyrolytic carbon (IPyC), 35 wm silicon carbide (SiC) and 40 wm outer pyrolytic carbon
(OPyC) layers [8,9,10]. This coated particle is about 0.92 mm in diameter. The porous carbon
buffer layer accommodates the change in volume and density of the kernel [10]. IPyC layer acts
as a dissemination boundary for non-metallic fission products (FPs). SiC layer acts as the diffusion
barrier for metallic FPs. Additionally, SiC layer gives adequate structural steadiness amid compact
fabrication [7-11]. The OPyC layer cover the SiC layer and protects it from tensile stress. The
coated particle is identified as the tri-structural isotropic (TRISO) fuel particle [12]. The PBMR
fuel is made up of approximately 15000 of these TRISO particles that are embedded in the 60 mm

graphite matrix.

0.92-mm
coated particle

Silicon carbide barrier coating Inner pyrolytic coating

60-mm Pyrolytic coating Pyrolytic corbon buffer

fuel spheres

)1.Smm fucl kernel

0_5-mm fucl
S-mm : kernel Uranium
graphite Layer dioxide

Coated particles
cmbedded in
grahite mix L g

Figure 1.4: Anillustration of the Pebble Bed TRISO fuel sphere cross-section. Taken from Donald
Gee [6].
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In a nuclear reactor, a thermal neutron reacts with 23U (uranium) isotope to produce an unstable

236, 236y splits or fissions into two different light nuclei called fission products (FPs); 3 neutrons
and a sum of energy is released. The 3 new neutrons are permitted to react with 23U resulting in a
chain reaction. Thus, neutrons are required to sustain the chain reaction. The heat release amid
fission is then transferred into a steam generator by coolant to produce electricity.

Some of FPs are radioactive and need to be kept in the fuel. The release rates of FPs by TRISO
particle during normal operations at about 900 °C to 1250 °C is very low [13]. Under the operation
conditions the TRISO particle retains almost all the important FPs such as: iodine (1), cesium (Ce),
krypton (Kr) and xenon (Xe) with the exclusion of silver (Ag) and strontium (Sr) [11, 12].

The release of FPs to environment can lead to various health hazards. 11°"Ag is a strong gamma
(y) radiation emitter with relatively long half-life of 253 days [12,14], and is produced through
neutron capture by 1Ag. 1%Ag is a stable isotope of low fission yield (approximately 0.03 % for
235U [6]) and its low transformation rate of ordinarily 0.1 % of 1°Ag to *°MAg by neutron capture.
10mAqg can cause genuine issues within the reactor due to its high vapor pressure which might
contaminate the cooling gas pumps and heat exchangers within the cooling circuit. *°Sr is a
radioactive isotope of 8°Sr produced by nuclear fission, with a half-life of 26.5 years [7,10].
Radioactive *°Sr can be released from nuclear weapons and/or during nuclear accidents. When *°Sr
is absorbed in food and water it can create health concerns. It exhibits similar biochemical behavior
to calcium and can replace calcium in the bone and teeth thereby causing cancers of the bone and

bone marrow [15].

1.2 Silicon Carbide (SiC)

1.2.1 Lattice structure of SIC

As mentioned earlier, SiC layer is the main barrier of FPs because of its ability to maintain its
properties at elevated temperatures. SiC is one of the hardest materials because of its strentgth
between Si and C. For all polytypes the distance between the neighboring Si and C atoms is about
1.89 A [16] and the distance between the neighboring C and C atom is about 3.08 A [17]. Some
of SiC properties include: resistance against chemical and abrasive attacks, high thermal

conductivity, high temperature stability and radiation resistance. Additionally, SiC is utilized in

12
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high temperatures, high power, electronic gadgets, light emitters and radiation detectors for
energetic ions [7]. SiC is the proposed material for future nuclear reactors as Si and C have low
neutron absorption cross sections. The core of the TRISO fuel particle does not exceed 1600 °C,
in case of core heat up occurrences, SiC sublimates at temperatures about 2800 °C. Howbeit, some
researchers have noted that SiC starts to decompose at 1500 °C into Si, C, SiC; and Si.C [18,19].
In a TRISO fuel particle the 3C-SiC (P) layer is preferred for nuclear reactors due to its higher

radiation resistance against neutron bombardment than the alpha-SiC [7,20].

SiC is a covalently bonded tetrahedron that can take either of the two forms; SiC4 or CSis. Si is the
center bonded to 4 carbons atoms or C is the center bonded to 4 silicon atoms and 0 is a bond angle

between the two atoms [7].

(b)

Figure 1.5: Tetrahedron showing (a) one carbon bonded to 4 silicon atoms and (b) one silicon

bonded to 4 carbon atoms. Taken from [18].

SiC is a group V-1V stable compound semiconductor that exists in multiple structural polytypes
which depends on the stacking order of the Si-C bilayer [7]. The polytypes can be well-described

as the ability of a crystal to crystallize in many different crystal structures. Out of more than 250

13
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SiC polytypes, the most common are 3C-SiC (B-SiC), 2H-SIC, 4H-SiC, 6H-SiC and 15R-SiC. The
numbers represent the repetition of the Si-C bilayers whereas C, H, and R represent cubic,
hexagonal, and rhombohedral crystalline Bravais lattice varieties [7]. 3C-SiC is the only one with
a cubic crystal structure. Atoms in 3C-SiC prearrangement are closely packed. Ramsdell notation
is utilized to depict in detail the polytypes of SiC. The Ramsdell’s notation is applicable to
distinguish all closed-packed structures. The 2H-SiC unit cell is composed of A and B layers
stacked as ABAB... the symmetry is hexagonal (Wurtzite) while the 4H-SiC is two times longer
than the 2H-SiC, its stacking sequence is ABCBABCB...it consists of an equal number of cubic
and hexagonal bonds. The 6H-SiC is three times longer than the 2H-SiC and its stacking sequence
is ABCACBABCACB... [21]. 3C-SiC has the stacking sequence of ABCABC.... of the face
centered Bravaais lattice. This crystallographic structure is known as cubic (zinc-blende) [30]. The
15R-SiC is made both the cubic and the hexagonal bonds [7]. Its stacking sequence is given as
ABCACBCABACABCB... These types are demonstrated in Figure 1.3.

(a) (b) (c) (e)
[0001] 4H 6H
! [111]
[1-100]
[11-20]
Wurtzite Zinc-blende
structure structure

POINIPNDTNIE FPNIP»BNHNBDY
1 1

Figure 1.6: The stacking sequence for SiC polytypes in the 1120 plane. (a) 2H-, (b) 4H-, (c) 6H-,
(d) 15R- and (e) 3C-SiC. Taken from [8].

14
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1.3 Previous studies of Ag and Sr migration behavior in

SIC
In order to attain a reduction of fission product releases from TRISO particles, it is vital to study
the fundamental mechanism by which the FPs migrate through SiC. Extensive work related to

migration behavior of Ag in SiC has been reported [9,12,14,19,23-31] while limited work has been
detailed on the migration behavior of Sr in SiC [28,32,33].

A study by Friedland et al. [14] investigated silver (Ag) diffusion in polycrystalline and single 6H-
SiC. Intheir study, Ag of 360 keV was implanted at room temperature (RT), 350 °C, and 600 °C.
With samples implanted at 350 °C they observed a strong diffusion of Ag after isothermal
annealing at 1300 °C for 10 hours in both polycrystalline and single crystalline SiC. This diffusion
was attributed to implantation induced radiation damage. No additional diffusion took place in the
6H-SIC samples when they further annealed at this temperature for 80 hours, while in the
polycrystalline-SiC diffusion was considerably reduced. They described that the diffusion
reduction in polycrystalline-SiC could be due to grain boundary obeying Fickian diffusion. They
further performed isochronal annealing of polycrystalline SiC up to 1400 °C. They concluded that
Ag diffuses along the boundary grains at temperatures above 1100 °C in polycrystalline SiC [14].
Another study by Hlatshwayo et al. [9] on the annealing of silver implanted into 6H-SiC showed
that Ag implanted at room temperature created amorphous layers from the surface while samples
implanted at 350 °Cand 600 °C retained the crystal structure. They further observed that
annealing the room temperature (RT), implanted samples at 1300 °C for 10 hours caused

broadening of the Ag profile. The authors concluded that Ag started to diffuse at 1300°C.

Malherbe et al. [24] studied the SEM analysis of 360 keV Ag ions implanted at room temperature
(RT) and at 600 °C were vacuum annealed from 900°C to 1600°C. They observed that with
modern scanning electron microscopy coupled with in-lens detector systems, it is possible to detect
crystal defects. At room temperature (RT) they observed voids spread out in the implanted layer
whereas at high temperature implanted 6H-SiC was observed to retain crystallinity [24]. A study
by Shrader et al. [23] on Ag diffusion in cubic SiC showed Ag to diffuse towards the bulk of SiC.
The diffusion of Ag impurities in bulk of 3C-SiC was studied using ab initio methods that are

based on density functional theory. The authors reported that Ag defects consist of Agc, Agsi,
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substitutions, Ag interstitials, and Ag-vacancy defect complexes. In their study, Ag was identified

in defect cluster and found on the silicon sub-lattice site [23].

Friedland et al. [32] also investigated the influence of radiation damage on strontium and iodine
diffusion in silicon carbide [32]. Sr diffusion in SiC was observed after hot implantations and the
diffusion of Sr was dominant during initial stages of post implantation annealing. They also
reported grain boundary and volume diffusion of Sr was observed at high temperature. Sr during
isothermal annealing could not be detected due to the grain boundary and volume diffusion.
Friedland et al. [33] observed trapping of implanted Sr into the bulk but released by defects at
different temperatures [33]. Another study on Sr diffusion is reported by Abdelbagi et al. [28].
Their work was based on samples that were implanted with 360 keV Sr ions at room temperature
and irradiated with 167 MeV Xe ions to a fluence of 3.4 x 10* ¢cm~2 and 8.3 x 101* ¢cm~2. The
migration of Sr was observed in both irradiated and un-irradiated samples. The samples implanted
with Sr and un-irradiated retained Sr at 1500 °C while the irradiated samples in both fluences no
Sr was retained after annealing at 1300 °C and 1400 °C. Also the authors observed decomposition

of SiC in all samples after annealing at 1500 °C [28].

1.4 Motivation of this study

Fission products co-exist in a nuclear reactor hence their synergetic effects need to be investigated,
giving understanding in the migration behavior in SiC. The migration behavior of Ag and Sr have
been investigated without taking into account the effect of the other FPs. However, few researchers
have investigated the synergistic effects of either Ag or Sr with other FPs. Few studies have been
reported on palladium (Pd) and Ag [18], iodine (1) and Ag [18,35] and Ruthium (Ru) and Ag [36]
into SiC (which has not been thoroughly investigated).

A study by Lauf [34] on the interaction of silver and palladium with silicon carbide in fuel particles
[18] showed that Ag and Pd attack the SiC layer of fuel particles. The Pd attack on the SiC
increases as the annealing temperature was increased. As samples were annealed, Ag appeared to

migrate more rapidly than the attack of Pd on SiC [34].

Hlatshwayo et al. [35] co-implanted iodine and Ag ions into 6H-SIC at room temperature (RT)

[35]. 360 keV of both I and Ag ions were single and co-implanted into 6H-SiC at room temperature
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(RT). Co-implantation of the ions caused amorphization of the 6H-SiC matrix from the surface.

Annealing the amorphous 6H-SIC at 1500 °C for 30 hours caused epitaxial growth from the bulk
damaged interface. lodine assisted Ag in its retainment in 6H-SIC at high annealing temperatures
[35]. Kuhudzai et al. [18] also investigated the synergistic effect of iodine and silver ions co-
implanted in 6H-SIC [18]. Annealing the sample at 1500 °C for 30 hours demonstrated that the
presence of iodine has a synergetic effect in retaining Ag in SiC. lodine role was observed by the
authors to enhance the recrystallization of SiC during annealing which played an essential role in
the immobilization of Ag. The authors used the atom probe tomography (APT) which enabled
them to observe a clear spatial association clusters of Ag and I. The authors concluded that the
retention of Ag is due to I. O’Connell et al. [36] investigated the role of Ru and Ag implanted in
the SiC. The researchers observed that Ru aided the migration of Ag in SiC [36].

In this study, the effects of Ag and Sr ions co-implanted into polycrystalline silicon carbide were
studied. The outcome of the current study is vital in understanding the migration behavior of these
FPs in an environment that closely resembles nuclear reactor environments. Ag and Sr ions were
co-implanted into polycrystalline SiC at 600 °C. The co-implanted samples were then annealed
from temperatures rage 1000 °C to 1400 °C in steps of 100 °C for 5 hours. The structural evolution
and surface morphology were monitored by Raman spectroscopy and scanning electron
microscopy (SEM). Rutherford backscattering spectrometry (RBS) was used to monitor the

migration behavior of implanted species.

1.5 Outlay of the Dissertation

The remaining chapters of this dissertation is structured as: Chapter 2 gives description on
diffusion theory. In chapter 3, discussion of ion implantation. The characterization methods are
discussed in chapter 4. Sample preparation is described in chapter 5. Chapter 6 presents and

discusses the results. Chapter 7 gives conclusions and future studies.
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Chapter 2: Diffusion

Diffusion is the movement of atoms from a region of high concentration to a region of low
concentration [1]. In solid materials, atoms are continually vibrating approximately to their lattice
site. For an atom to move about its lattice site it must have adequate energy to break the bonds
with its neighbouring atoms [1]. The random movement of atoms results in a flux of atoms from
regions of high concentration towards the regions of low concentration. This net flux of atoms
depends on the concentration gradient.

2.1 Diffusion mathematics

It is important to recognize how quickly the atoms move from a region of high concentration to a
region of low concentration. Fick’s first law states that the net flux of atoms is directly proportional
to the concentration gradient [2]:

ac

X

where, J is the mass flux; mass flow from high concentration to low concentration, D is the
diffusivity or known as the diffusion coefficient. Diffusivity depends on diffusion mechanism,

temperature of diffusion, type of crystal structure, concentration of diffusion species and crystal
imperfections. Z—i is the diffusion gradient and C is the concentration of the diffusing substance

[2]. The negative sign in Equation (2.1) indicates that the flux direction is from high concentration
to low concentration while the concentration gradient is from low concentration to high
concentration. The concentration gradient changes with time in the steady state diffusion and is
described by Fick’s second law. Fick’s second law states that the rate of compositional change is
equal to diffusivity times the rate of change of the concentration gradient [2]. Considering the

continuity equation in Equation (2.1) and the diffusion to be in the positive x direction then:

ac a ac a%c
=2(p%)=p3z (2.2)

In 3 dimension, Equation (2.2) is written as:

= = DViC (2.3)
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In a limited temperature range, the temperature dependence of the diffusivity is given by Arrhenius

equation [2.4]:

Eq

D = D e ks (2.4)

where, D, is the proportionality constant that is independent of temperature, and E, is the

activation energy, T is the absolute temperature in units of Kelvin and kz is Boltzmann’s constant.

2.2 Mechanism of diffusion in solids

Diffusion mechanism in solids helps in understanding the physical changes and behaviour of the

material. This section discusses the main diffusion mechanisms in solids.

2.2.1 Vacancy mechanism

All crystals have unoccupied lattice positions called vacancies. These vacancies are created when
the solids are formed. They occur naturally because of thermal vibrations. Self-atoms can move
from one site to another if there is enough energy for the atom to overcome activation energy and
if there are vacancies present for the atom to move into [3]. An example of a vacancy mechanism
is shown in Figure 2.1 (a) and (b) where in this case we have B (grey) atoms with similar size as

A (black) atoms. The B (grey) atoms can migrate to the nearest vacant site.

® 0 0 © e ©®© 0 O
® O ® ® © @

® 6 06 6 © O O 0,

Figure 2.1: Schematic representation of the vacancy diffusion mechanism. The empty space
represents the vacancy and the grey and black circles represents atoms. (a) and (b) shows the

positions before and after diffusion respectively.
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2.1.2 Interstitial mechanism

Interstitial diffusion is a diffusion mechanism in which impurity atoms move between the host
atoms and occupy space outside the normal lattice position. In Figure 2.2, the interstitial atom (the
small B (grey) atoms) are relatively smaller than the A (black) atoms. B (grey) atom moves from
one interstitial position to another interstitial position in all possible neighbouring positions
making use of the gap between the host atoms. However, the interstitial atom cannot make a direct

move to jump the A atoms (black) [4].

.C;i;o.

Figure 2.2: Interstitial mechanism (a) before and (b) after an interstitial diffusion

2.1.3 Dislocation and Grain boundary

Dislocation and grain boundary are one and two dimensional defects respectively. Both these
defects are fast diffusion paths. Grain boundaries are found in polycrystalline solids; they are the
interface between two crystallites. They can act as sinks and a transport pathway for point defects.
Dislocations are usually extra incomplete planes within the lattice structure. Examples of
dislocation are screw, mixed and edge dislocations. Dislocations occur when stress is applied to

the matrix i.e when annealed at high temperatures.

2.3 Diffusion in polycrystalline SiC

A crystalline solid is a solid material whose ions, molecules or atoms are arranged in definite
repeating patterns in three dimensions forming a crystal. Polycrystalline SiC solid is composed of

many single crystalline 6H-SiC regions that vary with size, shape and orientation. The crystalline
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regions are called grains and the separations between the grains are called grain boundaries [5].

The material compositions in polycrystalline SiC make diffusion more complex. Diffusion species

can migrate via grain boundary and certain crystalline defects such as dislocations [6].

Schism Between
Grains
(Grain Boundary)

Well-Ordered
Structure ——

()
: O Silicon Atom \ a
=0 Bond Between
== Bound Electrons

a. Polycrystalline Silicon b. Single-Crystal Silicon

Figure 2.3: Illustration of (a) polycrystalline and (b) single crystalline. Taken from [9].

2.4 Evaluation of the diffusion coefficient

There are many ways of evaluating the solution of the diffusion Equation (2.2). Crank [7] discusses

in the book entitled “The Mathematics of Diffusion” the variation of boundary conditions [7]. They

all require the measurement of the implanted species profile. In this work, no diffusion coefficient

of implanted species was evaluated. This was due to the fact that Rutherford backscattered

spectroscopy (RBS) could not separate Ag and Sr co-implanted into SiC. This will be discussed in

chapter 6.
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Chapter 3: lon implantation

lon implantation is a process in which ions are accelerated into a material thereby changing the
physical, chemical or electrical properties of the material. The ions directed towards the material
collide with the host atoms thus losing their energy and eventually halt at a certain depth within
the target [1]. The ions lose their energy via elastic and inelastic collisions within the material.
This process is utilized in semiconductor device fabrication and in material finishing, as well as in
material science research. When using this technique, the prediction of the ultimate dispersal of
ions within the material is vital. This is accomplished when all the processes included are
understood and ions inside the target material come to rest. Subsequently, this chapter depicts the
vital processes that happen amid ion implantation.

3.1 Stopping power

The energy loss within the material is the element that affects the final distribution of ions and
defects. Tesmer et al. [2] define the stopping power (S) as the average energy loss (E) per unit

path length (x) of the particle due to the interactions with the target atoms [2]:

_dE
5= (3.1)

x in Equation (3.1) is the length from the surface of the target to where the ion come to rest within

the target.

When energetic ions penetrate a material they lose their energy via two major processes that are
independent of each other called the electronic stopping and the nuclear stopping. The nuclear
stopping is due by elastic collisions between the projectile ion and target atom in the host material.
The electronic stopping is caused by inelastic collisions between the ion and electrons of target
atom. These two aspects are discussed in sections 3.1.1 and 3.1.2 respectively. The sum of these

two energy loses can be mathematically defined as [3]:

s= (), * (@), 2)

The subscripts n and e represent nuclear and electronic stopping respectively.
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From Equation (3.1), the stopping cross-section can be determined by division of total stopping

power S and density N:

where, ¢ is the stopping cross-section.
Equation (3.2) can be written as:
1 (dE 1 (dE
=[-3@), )+ ).
Thus, e = g, + &

where, €, and g, are the nuclear and electronic stopping cross-section.

The penetration length R of the incident ions with incident energy E,is given by integrating the

energy loss [3]:

Eo dE _ 1 (Eo dE
R=1"5=wh'"@, (33)

Figure 3.1 shows the nuclear and electronic stopping as a function of ion incident energy (E).

Bethe-Bloch

region

Figure 3.1: The nuclear, &, and electronic, ., stopping power as a function of ion energy, E.
Taken from [4].
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2
In Figure 3.1 there are three energy regions: L, the low energy region where V, < V,Zs, the

intermediate region, I, where V; = VOZE, and the high energy region, H, where V; > VOZ; V, and
V, are the velocities of the ion and the Bohr velocity respectively while Z is the atomic number of
the ion. The nuclear stopping is dominant at low energies whereas the electronic stopping is
dominant at high energies. Above critical energy, E., electronic stopping starts to dominate after
reaching a maximum and then losses energy in the high region. At the high energy region, the ion
has a very short period to collide with the targeted atoms due to its high velocities. The low and

intermediate energy loss is detailed in subdivisions below.

3.1.1 Nuclear stopping

Nuclear stopping is a phenomenon whereby charged particles lose their energy via elastic collision
with the target atom. The charged particle is strongly deflected and lattice atoms are knocked out.
When an implanted ions interact with the target atom the cations are repelled by the positive cores
of the target ions through Coulomb potential. The Coulomb potential between two nuclei is given

by [5]:

Vo(r) = Shale (3.4)

4TIEQT

where Z, and Z, are the atomic number of the implanted ion and of the target particle, respectively,
€, IS the permittivity of free space, r is the distance between nuclei and e is the electronic charge.

Since these particles are close to each other the Coulombs potential becomes [5]:
V() = V.o (%) (3.5)

where, @ is the screening function for the Coulomb potential, a, is the screening length and 2 is
called the reduced radius. Both the screening potential and screening distance are used to model

elastic collision processes to testify the requirement for both small and large impact parameters.

A theoretical description of the collision is illustrated below in Figure 3.2 which depicts that the
implanted ion with mass M, (black) at velocity V; collides with a stationary mass M,. The collision

between the masses is elastic. This means both kinetic energy and momentum are conserved.
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M — 11

Figure 3.2: A typical nuclear elastic collision between the initial momentum of M and stationary

target atom of M2 and the final momentum of the M; and M,.

Considering the problem from the centre of mass frame we obtain [2,5]:

_ _AM M, . 2 (0 _ . 28
T = RITAY E,sin (2) = TnaxSin®; (3.6)

T is the transferred energy, 6, is the scattered angle. The energy, T, is lost by the projectile to the
atom and it depends on the scattered angle. The maximum transferred energy, T4, OCCUrS in a
head-on collision (8 = m) and when the projectile and the atom are of equal mass. The rate of the
energy loss due to collision per unit path length is the sum of energy loss multiplied by the
probability of an occurrence of the collision [3]:

&= (5 =N [ Tdg (3.7)

dx )nuclear 0

En is the nuclear energy loss, N is the number of target atom per unit volume and do is the
differential cross section. Due to the conservation of energy of the collision, the transferred energy

causes the stationary atom recoils at an angle, 6 and this damages the lattice site [2].
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3.1.2 Electronic stopping

Electronic stopping is whereby an excited ion impinge the material and lose energy via inelastic
collisions with targeted electrons. The energy transferred from the ion to the target electrons is a
complex process because it arises from complex methods. A few of these processes have been
researched and studied by Ziegler et al. [7]. The energy loss process is usually partitioned into
three parts based on the ion velocity with the Bohr velocity as shown in Equation (3.8):

vy =< (3.8)

where, v, is the Bohr’s velocity, e is the electron charge and # is the Plank’s constant. In Figure

3.1the L region deals with the ion’s velocity V; < VOZZ/3. The VOZZ/3 for silver and strontium ions
is 2.8 x 102 €M/ and 2.5 x 10° €™/ respectively. At 360 keV ion energy silver and strontium
have an initial velocity of 8 x 107 €™ /s and 8.9 x 107 €™/ respectively, which is less than actual
value of V,Z ?/3. In the L region, no sufficient energy can be transferred to the electrons that are
lower in energy than the Fermi level to energize to vacancy. In calculating the electronic stopping
for the L region, a thickness p is assumed for a free electron gas [8]. Thus, the electronic stopping

cross section can be written as [9]:

g = [1(v, p)(Z(v))ZpdV (3.9)

where ¢, is the electronic stopping, I is the interaction stopping function of the ion of a unit charge
with velocity v. Z, is the atomic number of the incident ion, and p is the electron density of each

volume element of the target dV/.

In the H region in Figure 3.1 is described by the Bethe-Bloch equation for high velocities that is

given by the condition V; >> VOZZ/3. The electronic stopping in this region is proportional to Z,*

as given in Bethe-Bloch equation [10]:

g, = AL [y (D) 4 g (L) - g2 - £ -9 (3.10)

meVy? 1-pB2
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where m,, is the mass of electron, V; the velocity of the projectile, £ is the velocity of the projectile

divided by the speed of light (8 = V/,). Z£ is the shell correction, & is the density function at very

high kinetic energies, and I is the mean excitation potential which is defined theoretically as [11]:
Inl =%, fu,ln(E, — E,) (3.11)

where f,is the corresponding oscillator strengths for target atoms, E,and E,are the ground state

and the possible energy transitions respectively. An estimate for I is given by Block’s rule [12]:

[ =(10eV)Z, (3.12)
The third part is the intermediate region, that is between part 1 and part 2; the region where V; ~
v,z

For the work presented in this dissertation, the important domains are in the low and intermediate
energy loss regions as depicted in Figure 3.1. The low energy region is for the implantation of
silver and strontium of 360 kel into SiC and intermediate energy regime for the Rutherford

backscattering spectrometry (RBS) where using 1.6 MeV a- particles are used to measure the
2
implanted ions in the SiC. The V,Z3 for a- particle is 3.5 x 102 ™/, At 1.6 MeV ion energy,

2
a- particle has an initial velocity of 8.77 x 10° ¢/, which is close to the value of V,Zs.

3.2 Energy loss in compounds

Thus far a target comprising of a single element has been discussed. The energy loss in targets
comprising of multiple elements is presented in this work, that is SiC. This section discusses the

energy loss in compounds.

The total stopping of an ion penetrating a compound A, B,, consisting two different elements A and
B can be determined by additive rule. This rule is known as the Bragg rule [13] where the stopping

cross section of element A and B are written as €4 and sBrespectively. This is shown in Equation
(3.13):

ghxtBy = xed + yeB (3.13)

where x and y are the relative molar fractions of the compound consisting of elements A and B.

32



G
W UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

& YUNIBESITHI YA PRETORIA
Experimentally, the energy loss from the Bragg’s rule have been found to deviate slightly via the

chemical state and physical state of the target. Deviations of the array 10% to 20% from the Bragg
rule have been observed for the stopping maximum for solid compounds. The deviations are
particularly apparent when large contrasts amid the atomic masses of the constituents such as in
the case of oxides [9]. These deviations led to the improvement of the Core and Bonds model
(CAB) with regard to improving the chemical state of the compound [9]. In compounds it is
assumed that the stopping of ions is via two contributions: The impacts of the non-bonding core
and the bonding valence electrons. To determine CAB improvement, the bond structure must be

known.

3.3 Energy straggling

Straggling occurs when an excited ion moving through a material loses its energy by means of
numerous interactions with the target’s atoms, which lead to factual variances. This infer that
identical energetic ions with the same initial energy when penetrating the target will not have equal
energies after passing the same thickness x of the same target [3]. In the electronic energy loss,
the straggling is derived from the Bloch-Bethe equation discussed in Equation (3.10). This Bohr
straggling is given by:

0% = 4nZ,%Z,%e*Nx (3.14)

where QZis the energy loss of a projectile after passing a target thickness x. The distribution of
the energy loss which arises from various independent collisions becomes roughly Gaussian when
the energy loss is small compared to the incident energy [13]. In a compound target, the total
energy straggling is established by a linear additivity rule in a similar way to the Bragg’s rule for

energy loss [2].

3.4 Range and Range straggling
There are different parameters used to quantify the distance that an energetic ion travels in a solid.
These include, range (R), projected range (Rp), penetration depth (X,), and projected range

straggling (ARp). The easiest way to define these parameters is to establish the interaction of a

single ion with a solid material. The implantation behaviour of a single ion can be generalized to
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reflect the implantation behaviour of several ions [15]. Initially the ions in ion beam have the same

energy. When the energetic ion is accelerated inside the solid, the interaction between the primary
ion and the target occur via Coulombic interaction. As a result, if the ion does not backscatter out
of the target surface, the ion lose energy until it’s (almost) zero. Therefore, according to the range
of theory the distance travelled by the ion from the ion beam to the resting position is called the
range (R). The range (R) gives the proximity depth which the ion reaches in the target before

coming to rest.

The range (R) can be calculated using the Equation (3.3) given in section 3.1. The range (R) can
be defined as integrated distance that an ion travels while moving in a material which inversely
acknowledges the stopping power [16]. The ion lose energy over the interval 0 < F < E,, where

E, is the energy of the incident ion beam.

When ions have high energy, their path is straight because the electronic stopping dominates over
the nuclear stopping. As the velocity decreases and the energy of the ion is low, the path length is
a zigzag because nuclear stopping dominates at low energies over the electronic stopping. A
diagram illustrating the path length travelled by a single ion is shown in Figure 3.3. This illustration
discloses that the range (R) is not the same as the projected range R,,. The projected range (R,)
for a single ion is a projection of its range (R) onto its incident trajectory vector. When the beam
is normal to the surface (that is, when 6 = 0°) projected range (R,) is equal to the implant depth
(X;) as perpendicular to the target surface [7]. Statistically, the projected range (R,) is the most

used to define depth for an ion implantation.
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Surface target R \
Incident 1on

Figure 3.3: Illustration of the path of a single ion travelling inside a solid target at an angle not

equal to the surface normal until it reaches a certain depth within the solid target. Adapted and

redrawn from [9].

Figure 3.3 elaborates the range definition of a single ion penetrating through a material. A
collective effect of multiple ions is required by the ion beam process. The range distribution of a
large number of ions is statistical in nature. If there is a low concentration of ions implanted, then

the probability function describing the distribution is approximately Gaussian and written as [14]:

_(x=Rp)*

__ 9 TARp 2
N(x)—\/me 2mARp (3.15)

where N(x) is the ion concentration and @ (i‘m/cmz) is the implanted fluence. The full width at
half maximum (FWHM) of the implantation profile can be calculated from the standard deviation

that is the range straggle (AR,): FWHM = 2 (ARP)VZan [16]. In this work strontium and silver

implanted depth profiles were observed to be near Gaussian. High doses or crystallographic
orientation effects can cause the range distribution to deviate from the Gaussian profile. There are
many cases that may result the Gaussian profile to be skewed because the ion penetrates to depth

that is several times greater than R, [15].
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3.5 Stopping and Range of lons in Matter (SRIM) for

simulation of ion implantation

Stopping and Range of lons in Matter (SRIM) was created by Ziegler et al. [7]. This computer
simulation program is based on the Monte Carlo (MC) technique. The MC technique is based on
a statistical or random nature of the processes that are modelled. SRIM is technologically
advanced for acquiring the ion range, damage range, damage distribution and transmitted ions in
amorphous targets. This program treats all targets as amorphous, thereby neglecting the potential
contribution of channelling or orientation dependent occurrences to range distributions [18]. It is
important to use this program before performing ion implantation experimentally. The MC method
gives an idea of what to expect in experimental results. SRIM was done before the implantations
in SiC.

When the program is running, certain parameters must be selected, that is, the type of the ion, in
this study silver and strontium, the substrate, in this study silicon carbide and the energies of the
ions, which are 360 kel and 280 keV in this study. However, SRIM does not account for crystal
structure of the material which in some cases limits its usefulness. SRIM makes the following

approximations [18,19]:

e Neglect knocked off atoms with the vacancies;

e The target atom sputter if it possesses enough momentum and energy to pass the surface
barrier;

e Influence of neighboring atoms is neglected;

e Simulation of materials with composition differences in two dimensions or three
dimensions is not possible;

e The electronic stopping power is an averaging fit from a large number of experiments;
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Chapter 4. Experimental-analysis technigques

The effects of Ag and Sr co-implanted into polycrystalline SiC was investigated using Raman
spectroscopy, Rutherford backscattering spectrometry (RBS), and the scanning electron

microscopy (SEM). The chapter discussed these techniques.

4.1 Raman spectroscopy

Raman spectroscopy is an analysis technique that irradiates a sample with laser to study the type
and state of a substance from the generated Raman scattered light. It analyses the vibrational,
rotational and other low-frequency modes of molecules. The Raman spectroscopy has no contact
with the sample, it is nondestructive. It analyses the molecular structure, residual stress as well as
evaluate crystallinity [1]. In Raman spectroscopy, the sample is irradiated with a strong
monochromatic light source, in this study laser light which energize the atoms of the sample. The
laser light scatter in all directions. Some of the scattered laser light goes to the detector and the

detector records the Raman spectrum [2].

4.1.1 Detection and analysis of inelastic scattered

radiation
A typical Raman spectrum of polycrystalline SiC is shown in Figure 4.1.
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Figure 4.1: Typical Raman spectrum of virgin SiC obtained in the Raman spectroscopy laboratory

at University of Pretoria.
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Particularly, Raman spectroscopy photons interact with a sample of interest by polarizability of

those molecules. If light interaction with the molecule it only disrupts the electron cloud and
photons will be scattered with small frequency changes due to the small electron mass. When light
is dispersed from the sample most of the photons are elastically dispersed. The dispersed photons
have [3] equal energies. However, a small fraction of light scattered at optical frequencies
exceptional from, and normally lower than the incident photons. This method leading to this
inelastic scatter is regarded as the Raman effect [3]. When a photon interacts with the sample
different scatterings such as: Rayleigh scattering, Raman-Stoke scattering and Raman- Anti-Stoke

scattering are scattered [4].

When incident light interacts with the molecule of the sample an electron in a ground state is
energized to a virtual state and then returns to the same state it was before. This is known as
Rayleigh scattering. In Stoke scattering the electron begins from a ground vibrational state. It is
prompted to a virtual state and then relaxes to an energy state that is higher than the electron’s
starting state whereas in Anti-Stoke scattering electrons begin in a vibrational state that is more
energetic than the ground state. It is excited to the virtual state then decrease back to the ground

vibrational state, which is lower in energy than when it started [1,5,6]. This is shown in Figure 4.2.
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Figure 4.2: Diagram of Rayleigh and Raman scattering process. Adapted and redrawn from [7].

4.1.2 Raman Effect

The Raman effect ascends when a photon is incident on a molecule and interacts with the electric
dipole of the molecule [8]. The electric field of the incident light disturbs the charge distribution
in the molecule and that is how a dipole moment is created. Raman spectroscopy can be used to
discuss the features of the Raman band intensities. Equation (4.1) shows the dipole moment, P,

induced in a molecule by an external electric field, E, proportional to the field [8].
P = aE 4.2)

The proportionality constant « is the molecular polarizability. The induced dipole emits light at
the optical frequency of the incident light wave [8]. Raman scattering occurs because a molecular

vibration can change the polarizability. This change can be described by the polarizability

derivative, £ where Q represents the normal coordinates of the vibrations. The polarizability is

typically different if the field is applied parallel or perpendicular to the molecular axis or in
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different directions relative to the molecule. Nonetheless, for a small electric field, the

polarizability is the same for the field oriented in opposite directions along the same axis,
(u(—=E) = —u(E)) [9]. Thus, the distortion induced in a molecule by an applied electric field
depends on the relative orientation and returns to its initial value after a rotation of 180 °. The

selection rule for a Raman-active polarization requires a change in polarization during the process

of vibration Oa # 0.
q

An oscillating dipole radiates energy at the frequency of its oscillation. The oscillation of the

electric field, E, of the excitation light is given by Equation (4.2)

E = E, cos(wyt) (4.2)
Then, Equation (4.1) becomes:

P = aF = akE, cos(wqt) (4.3)

The molecular polarization usually changes with bond length. The bond length oscillates at the

vibrational frequency. Therefore, Equation (4.3) becomes [10]:

P= [ao + (g—‘;‘)qo A cos(wqt)] E, cos(wot) = ayEq cos(w,t) + qoEy (Z—Z)qo cos(wgt) cos(w,t) (4.4)
Using the identity: cosacosbh = % [cos(a + b) + cos(a — b)].

Equation (4.4) becomes [10]:

P = ayE, cos(w,t) + % (Z_Z)qo q0E, [cos(a)o + wq) + cos(wo — wq)] (4.5)

In Equation (4.5), the first term represents the Rayleigh component, the frequency of the incident
light is the same as the frequency of oscillation. The Rayleigh scattering does not give information
about the molecular vibration. For the second term it is the Anti-stoke component. It oscillates
with the sum of the incident frequency and the frequency of the normal modes. The last term shows
the Stokes component. This oscillates with the difference between the incident frequency and

molecular normal mode frequency [10].
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4.1.3 Raman spectroscopy experimental setup

The experimental setup that was used to collect the data in this work is shown in Figure 4.3. The
samples were investigated by a microscope with a confocal configuration. The excitation source
was the Argon-Krypton laser at wavelength of 514.5 nm of wavelength. The signal is analyzed
by triple monochromator with 1800 gr/mm. The analyzed signal was collected by the charged-
coupled device (CCD) and converts the signals into electrons and then a signal that can be used in

the software. The spatial resolution is about 1 pm of diameter for the microscope’s objective with

apparatus number 0.92.

Figure 4.3: Image of Raman spectroscopy at the University of Pretoria.

4.2 Rutherford Backscattering Spectrometry

In 1911, Sir Ernest Rutherford determined the structure of the atom by using the backscattering of
alpha particles froma gold film, thereby discovering the atomic nucleus. In 1957, Rubin et al. [11]

were the first authors to describe the Rutherford backscattering spectrometry (RBS) as a method
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for material analysis [11]. RBS is a technique used to analyze near-surface layers of solids. It is

mostly used to study thin films, phase change, ion implanted materials, and diffusion. This
technique is based on measuring the backscattered beam of energetic ions, in our case, the alpha
particles (He™) from the material of interest. In this study polycrystalline silicon carbide was single-
and co-implanted with silver and strontium. The energetic He* of 1.6 MeV and /or 1.4 MeV
generated by the radio frequency ion source and are accelerated towards the target. The shape of
ion beams is controlled by the collimators. The target is settled on the sample holder joined ona 3
pivot goniometer system which features an accuracy of 0.02 ° in each of the angle settings [12].
The secondary electrons may misrepresent the analysis. They are repressed by a -200 V linked to
a circular shaped electrode to the fore of the target [12]. Then the solid state detector detects the
backscattered ions from the SiC at an angle of 165 ° relative to the direction of incident beam. The
detected backscattered ions provide different information about the target. Figure 4.4 shows the
diagram of a beam projected towards the target. The RBS is made up of five major components:
accelerator (Van de Graaff accelerator in our case), beam line, analysis chamber, detector and the
data acquisition setup. These components are discussed below.

NUCLEAR PARTICLE
DETECTOR

SCATTERING SCATTERED
ANGLE, 8 BEAM
/ MeV Ha BEAM
e s o
'l
SAMPLE COLLIMATORS

Figure 4.4: lllustration of an ion beam accelerated towards the material. Taken from [13].

4.2.1 Components of the Rutherford back scattering

spectrometry

A Van de Graaff accelerator is an electrostatic accelerator that is connected to high voltage and
low current. It uses a moving belt to mount up charged ions on a hollow metal sphere on top of an

insulated column. A typical Van de Graaff accelerator consists of a belt of motor, a lower pulley,
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lower electrode, a rubber belt, upper pulley, upper electrode and the hollow metal sphere. The

rubber belt is made of a dielectric material running over the lower and upper pulleys. When the
motor is turned on the lower pulley begins a negative charge and the belt builds a positive charge
at its inner surface while the outside of the rubber belt acquires negative charge by induction. The
lower and upper electrodes are in the form of comb-shape rows of sharp metal points. The lower
and upper electrodes are best described as the charger comb and collector comb, respectively [14].
They are positioned near the lower pulley and inside the hollow metal sphere. The charger comb
drains these negative charges to ground and the positive charges inside the surface of the belt travel
upwards. This method of charging is based on the triboelectric effect, wherein simple contact
electrification of dissimilar materials become electrically charged after they come into contact with
one another and then separate [15]. At the top, rubber belt runs over an upper pulley which picks
up these positive charges and retains them. When the negative charges build up on the belt they
are carried down to the lower pulley. As the belt keep running charges accumulates on the pulleys.
Soon the accumulation of charges reaches ionizing intensity and large numbers of positive and
negative charges are generated. Positive charges are transferred to the collected comb and the
negative charges are drained to the ground by the charger comb [15]. In this study the charges
generated are the He* that was produced by a radio-frequency ion source in the accelerator at
University of Pretoria. The maximum voltage of this accelerator used was 2.7 eV and energy of
1.4 MeV and 1.6 MeV was used in this study. The typical Van de Graaff accelerator and the radio-

frequency is shown in Figure 4.5.
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Figure 4.5: (A) a schematic representation of a Van de Graaff accelerator and (B) radio-frequency

ion source. Taken from [16, 24].

The tube pressure of a Van de Graaff accelerator at University of Pretoria must be kept at about
108 mbar so as to diminish interactions amid the accelerated ions and the molecules in the
acceleration tube. If ever the pressure in the tube reaches 10~* mbar, voltage breakdown may
occur [17].

These high energies of 1.4 MeV and 1.6 MeV were employed to accelerate the He™ particles
through the beam line. A beam line focuses and guides a beam of high energy He+ into the
chamber. During analysis the beam was sustained below the current of 15 nA. As the beam of ions
is accelerated towards the target, the collimators determine the shape of the beam cross section

[17]. The target is placed on a sample-holder inside the analysis chamber. The chamber is then
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evacuated to reduce the pressure to 1072 mbar. A turbo pump is utilizing to force down the

pressure to 10~¢ mbar. After measurements the chamber is filled with air at atmospheric pressure.

The backscattered alpha particles were detected by a silicon surface barrier detector operating with
a reversed bias voltage of 41.7 V. The detector is connected to the pre-amplifier where the
backscattered particles are integrated into a voltage. This voltage signal is further amplified by the
amplifier and directed to the digital oscilloscope to display the shape of the signal. The amplified
signal is then digitalized into a multi-channel analyzer (MCA) whereby the amplified signal is
displayed on a computer screen. The RBS spectrum is given by the counts of ions dispersed into
the detector as a function of their ion energy [13]. An RBS spectrum of polycrystalline-SiC co-
implanted with silver and strontium is visually seen in an xy-plane of counts (y-axis) versus
channel number (x-axis). A count is equivalent to concentration and channel is equivalent to
backscattered energy. The surface positions of the atoms are clearly seen in the spectrum where
an atom with high atomic number will appear in high channel number. A flow diagram of the RBS
circuit at the University of Pretoria is shown in Figure 4.6.

Backscattered
. Target currents
ions
Detector Bias voltage,
- 40V —
Current
integrator
Pre-Amplifier
Charge counter
Amplifier — »  Oscilloscope
M ) > Counter
PC

Figure 4.6: A block diagram for the RBS chamber circuit. Taken from [18].
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Figure 4.7: The spectrum of polycrystalline-SiC co-implanted with silver and strontium, with

arrows indicate the surface positions of the elements.

4.2.2 Kinematic Factor

When a collimated energetic beam of ions with mass M; and energy E, impinge on a target, part
of the ions are backscattered. The detector is placed at a backscattering angle (165 ° in this study)
detects these backscattered ions. In the course of collision energy is transferred from the moving
collimated ion beam to targeted atom at rest of mass M, [19]. This collision is elastic and follows

the principle of conservation of energy and conservation of momentum [19]:

Energy:

%Mlv2 = %Mlvz1 + %szzz (4.6)
Momentum:

M,v = Myv, + M,v, (4.7)

Conservation of momentum parallel to the incident beam:
M;v = M; vycos 8 + M,v,cos® (4.8)

Conservation of momentum perpendicular to the incident beam:
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0 = M,v,sinf — M,v, sin® (4.9)
v: velocity of beam particle before collision; v;: velocity of beam particle after collision; v,:
velocity of target particle after collision; M;: mass of beam particle; M,: mass of target particle
and 8 and @ are scattering and recoil angles respectively. The scattering and the recoil angles are

defined as positive numbers with the arrows as shown in Figure 4.8.

Figure 4.2: Schematic picture of elastic scattering. M, and M, are the masses of the incident ion

and recoiling atoms, respectively.

From Equation (4.8) and (4.9), eliminating, @, dependence first, then the momentum of the

target,v,, one finds the ratio of particle velocities that yield the expression:

v +./m?2,—-m?2,sin%26+mq cos @
;1 — Jm?, 1 1 (4.10)

mq+m,

The energy of projectile (m,) after collision is found to be the relationship;

1 2
+(M,%-M,?(sin0)?)2+M, cos 8
M,+M,
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The ratio of the incident energies for m; < m,, where the plus sign holds is:

1 2
E; _ |(My?-M,;%(sin6)?)2+M, cos 6
Ey M{+M,

k =

(4.12)

The kinematic factor, k, is the ratio of the energy E, to E,. If m; > m,, then negative sign applies.
In the current study the summation sign is appropriate because m, > m; and the angle is fixed at
165 ° and this equation can be used to calculate the energy E;of the particle backscattered from

the known surface element [20].
For this study, backscattering angle was 165 °. k has lowest value at 180 ° is given by [21]:

Eq
Eo

k= (u)z (4.13)

mqi+my

Tabulations of k values for this work are shown in Table 4.1. The k values were calculated using
Equation (4.12), where the masses of the targets where mg; = 28, m, = 12,m,, = 108, mg,. =
88 and the mass of the incident particle is m; = 4.

Table 4. 1: Table showing the Kinematic factor k of different target atoms at a scattering angle

6= 165 ° and the backscattered energy.

1 2
E, - (M,? —Mlz(lziztf?;):+M1cose E, = kE,
K,; = 0.5625 E,; = 900 keV
E, = 1600 keV K, = 0.25 E, = 400 keV
K.y = 0.8622 Eug = 1379.52 keV
K., = 0.8336 E,. = 1333.76 keV

4.2.3 Differential cross section

Assuming an ion beam of number Q ions collide with target type of Q,. Some particles backscatter

from atoms of type a and detected by the detector. This is mathematically given by [22]:

Qs = QN,0,dQ (4.14)
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where N, is the real density of atoms a in the target, o, is the differential scattering cross section
and dQ is the solid angle of the detector. The o, determines the odds of a projectile being dispersed
by a target atom through an angle 6 into a dQ placed about 6. If during scattering the interaction
between the incident particle and the target atom is the Coulomb potential, then the cross section,

o is given by the Rutherford formula [24]:

(4.15)

1 2
do _ ©) = (Z1Z2e2)2 4[(m22—m125in20) /2+m2 cos 6]
ao T\ 4E

mzsin46(m22—m125in26)1/2
Experimentally, the number e? =1.44x 1073 MeVem is useful, the energy, E =
1 MeV to 2 MeV He", is the energy of the projectile immediately before scattering and 8 = 165 °
is the angle of backscattering. Z; and Z, are the atomic number of the projectile ion mass of m,

and the atomic number of a target atom of m, respectively.

For a compound target, the composition can be calculated using Equation (4.14). For targets
containing several elements which might produce overlapping peaks, RBS spectra are analyzed by

use of computer simulation, RUMP (Rutherford Universal Manipulation Program) [22].

The incident energies of 1.6 MeV and 1.4 MeV were used together with the corresponding channel
numbers of silicon and carbon to perform the energy calibration of the acquired Rutherford

backscattering spectroscopy (RBS) spectra.

4.2.4 Depth profiling

When incident alpha particles of energy, E, impinge the target material, the particles backscatter
at different energies and at different depths. Some incident alpha particles backscatter from the
target surface having energy, kE,. Other alpha particles penetrate the target to depth x and
backscatter with an initial energy E and then emerges from the surface with energy E, . These alpha

particles that backscatter at depth x have much lower energy than the energy of incidence [24]

The length travelled by the incident alpha particle within the target is [24]:

& 4.16
on() (4.16)

cos 61 - T
X
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and the alpha particles that backscattered at depth x and continuously lose energy when
backscattered is given by Equation (4.17) [24]. Figure 4.9 shows the backscattering event of

particles and energy loss from a depth of x:

Ax E, dE
ot = fK;@ (4.17)
dx

/L,-/

Figure 4.9: A schematic diagram illustrating the backscattering event of particles and energy

loss from depth x. Taken from [16].

The particles that backscatter at depth x lose their energy when they are penetrating into the target

and on the way out of the target after a scattering event. The summation of energy loss of the
particles that backscatter at depth x is obtained by presuming the energy loss Z—i is constant in

both paths the two integrals in Equations (4.16) and (4.17) reduces to [24]:

x dE
cos 64 dx

Inward: E=E,— lin (4.18)
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Outward:  E, = KE =—-2%&| . (4.19)

cos 6, dx

The subscripts in and out refer to values of Z—i along inward and outward paths. Eliminating
energy, E, this is done by solving E and equating the Equations: (4.18) and (4.19)

Kx dE x

cos 04 dx

d
L ue (4.20)

cos 6, dx

KE, —E, =

|in
From Figure 4.9 we can see that:

dE 1

dE
KE, —E, = AE = [Kalm  ax lout Sosso—0)

| ax = [e]ax (4.21)

where, E is the energy of particles backscattered from the atom at depth x [24]. This gives the
depth scale that is linear in the energy loss of the alpha particle. Taking AE to be the energy
difference between the energy of the backscattered particle from the targeted atom at depth x and

the energy of the backscattered particle from the surface of the target [24]:
AE =KE, — E, = [€]x (4.22)

Where [g] is the energy loss factor. Equation (4.22) becomes:

€] = [ Z )+ =L (4.23)

cos 64 dx cos 6, dx

This stopping cross section factor, [£], carries information about the energy and depth information
[24]. Also involves the stopping power of the alpha particle in the target. The further the alpha

particle travels the more it loses energy in proportion to the penetration depth in the target.

4.3 Scanning electron microscopy (SEM)

Human eyesight has some limit to what man can see. Anything below 0.1 mm to 0.2 mm, the
human eye cannot resolve it and requires some sort of magnifying tool. On the basis of producing
images above 0.2 mm to the human eye, a microscope was developed and it has a high resolution
that is used to study and characterize a wide range of materials. The microscope is divided into
two categories, the light microscope and the electron microscope. The dissimilarity in the two
microscopes is that one uses visible light while the other uses focused accelerated electron beam

[25]. The investigation of the surface changes of the materials can be done using both microscopes.
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However, a higher resolution can be attained by using the electron microscopic method because
electrons are energetic and have shorter wavelength than visible light [25]. Therefore, by short
wavelength the diffraction effects to occur are much smaller which in turn help resolve atomic
features ranging from nanometer to micrometer particle size [25]. In this study, SEM was used to
characterize the surface evolution of single and co-implanted polycrystalline-SiC. The SEM was
introduced first by Von Ardenne in 1938 and by 1965 the first SEM instrument came to market
[25].

4.3.2 Fundamental principles of SEM

Behavior in the sample surface after implantation and annealing were examined by SEM. Akhtar
et al. [25] states that SEM is a versatile advanced instrument which is largely employed to observe
the surface marvels of the materials and does not give any internal information about the material
[25]. It does this by scanning a specimen with a beam of energetic electrons in an optical column.
The electrons emitted by the source shoots the sample with its high energetic electrons and interact
with the surface atoms of the specimen and backscattered electrons give information about
composition, topography, morphology, orientation of grains and crystallographic information of a

material.

When using SEM the samples must be electrically conductive to avoid overcharging on the
surface. Overcharging of the sample may lead to poor image and even extreme brightness. Non-
conductive samples like polymers are usually coated with a thin layer of a metal to overcome
charging [25,26]. The samples are mounted on a stage. The basis for SEM is that it works under
vacuum to avoid interaction of the primary electrons with air molecules. If the column was full of
gas molecules the electrons could collide with gas molecules and never reach the sample or the
gas molecules can react with the sample forming a different compound and condensed on the
sample resulting poor quality of the image. Furthermore, the primary electrons emitted from the
electron gun at the top are accelerated at 1 KV to 40 kV range [17]. In the current work, the electron

high tension (EHT) is the potential which extracts and accelerates the electrons toward the anode.

As soon as the primary electrons hit the sample surface, they interact with near surface atoms of
the sample. These electrons have substantial quantities of kinetic energy [25] which is lost inside

the sample by generating several signals. The variety of signals emitted when the primary electron
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collide with the specimen electrons are; secondary electrons (SEs), backscattered electrons (BSEs),
and photons (X-rays) shown in Figure 4.10. These signals are collected by the detectors which are
then manipulated by the computer to form an image. Different signals give different information
about the sample. SEs and BSEs are mostly used signals to create an image. SEs has much lower
energies and indicates sample morphology and topography. They escape from the surface of the
sample when some of the energy is transferred from the primary electrons to the specimen’s
electrons. While the BSEs are referred to as primary electrons that are reflected back from the
atomic surface they also have much higher energies than SEs. They are scattered from the sample
with little energy loss and are able to travel greater depths with the sample [28]. Their energy is
different for every atomic density from which they are reflected. This means that the higher the
atomic density the brighter the image will be. They are useful in giving information about
orientation and arrangement of the atoms. BSEs are mainly useful for showing phases and
composition of any multiphase sample [25]. X-rays are produced by the removal of electrons
within an atom. These x-rays are called characteristic x-rays. Characteristic x-rays are produced
from the transition of electrons when an electron is knocked out of their shell and an electron from
a lower shell must move to higher shell to return the atom to its normal state. Auger electrons are
emitted near the surface of the sample. The excitation produced by primary electrons can create

inner shell pores. An electron from a higher energy levels fall into a vacancy in an inner shell [28].
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Figure 4.10: The interaction of electron beam with specimen and the signal emitted from the

sample. Taken from [29].

4.3.3 Instrumentation

SEM consists of the electron gun, vacuum, and column; condenser lens, scanning coil, objective
lens, sample holder and detector. First the sample is put on a sample-holder made of copper tape

then through the vacuum column.

In the vacuum column there is an electron gun that generates the electron beam. The sample is
scanned by the electron beam. Firstly, the gun produces electrons with a metal which is used as a
filament for emission of primary electrons. The other function of the electron gun is to provide a
stable current in a small beam [25]. There are three types of electron guns [18]: the field emission,
tungsten filament and Lanthanum hexaboride (LaBe). The one used in this study was a field
emission gun scanning electron microscope (FEG-SEM). FEG-SEM is also called a cold cathode

field emitter which requires an ultra-high vacuum condition to avoid contamination with the anode
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below it. The anode has an adjustable voltage from 200V to 300 kV. There is a strong
electromagnetic field between the anode and the cathode which accelerates the electron beam
towards the condenser lens. The condenser lens is the first lens to focus the electron beam towards
the sample [30]. The scanning coils scan the beam of electrons to the sample. The current in the
coils can be increased to obtain a higher magnification. For better focusing, objective lens must be
at a better working distance ((WD) = distance between the objective lens and the specimen) with
the specimen. In this study the WD was in the range of 2.3 mm to 3.3 mm. Because our WD is
small the sample was at a higher position close to the objective lens. Once the primary electrons
hit the sample it produces signals that are mentioned in section 4.3.2. These signals are then
detected by the detector (in this study the analysis of the samples used is the inLens-SE detector)
and converts the inLens signals to an image that is produced by the computer. The inLens detector
is between the scanning coils and the objective lens. Figure 4.11 shows the experimental setup of

a typical FEG-SEM and from the University of Pretoria.

Figure 4.11: Show the FEG-SEM at the University of Pretoria.
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Chapter 5: Experimental procedure

5.1 Sample preparation

In this study polycrystalline SiC wafers from Valley Designed Corporation were used. The wafers
were cut using a diamond scriber into two halves. The implanted SiC samples were cut into
5 mm x 5 mm before further treatment. The samples were then cleaned in acetone to get rid of
residual that might have contaminated during the process of cutting. The samples were boiled four
times for 10 minutes per cycle followed by rinsing them in deionized water. Finally, the samples
were dried by nitrogen gas before implantation.

5.2 Implantation

The cleaned SiC samples were sent to Institut fur Feskdrperphysik, Friedrich-Schiller-Universitat,
Jena, Germany for implantation. One set of polycrystalline SiC wafers was implanted with
360 keV silver ions to a fluence of 2 x 10'® cm=2 (Ag-SiC) and another set was implanted with
360 keV Srions to a fluence of 2 x 101® cm ™2 (Sr-SiC). Some of the Ag-SiC samples were then
implanted with Sr ions of 280 keV to a fluence of 2 x 10'® cm™2 (Ag&Sr-SiC). The flux was

maintained at rate below 10'? cm=2s71.

5.3 Annealing of the samples

The as-implanted samples were annealed from 1000 °C to 1400 °C for 5 hours in steps of 100 °C
under vacuum in the order 10> mbar using a computer controlled Webb 77 graphite furnace.
The samples were placed inside a small glassy carbon crucible before loading into the furnace to
avoid contamination. The furnace was then evacuated to a pressure of about 10~7 mbar before
annealing. The furnace was cleaned by heating at 100 °C for 3 hours. This was also done to make
certain that the utmost pressure in the course of annealing was kept at 10~° mbar. The temperature
was controlled by a Eurotherm 2704 controller that is connected to a thermocouple and pyrometer.
The thermocouple is used to measure temperatures less than 1400 °C and the pyrometer is used to

measure temperatures greater or equal to 1400 °C. The heating rate of 20 °C/min was used. Once
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the annealing was completed the furnace was switched off to let it cool down to room temperature
(RT).

5.4 Raman spectroscopy, SEM and RBS measurement

conditions

As-implanted and annealed samples were characterized by Raman spectroscopy, scanning electron
microscopy (SEM) and Rutherford backscattered spectrometry (RBS). Raman analysis was using
a Jobin Yvon, Horiba© T6400 triple Raman spectrometer which uses Ar/Kr laser line of
514.5 nm. The spot of ~2 um? was used to focus the laser beam and collected by a 50 X objective.
The morphological changes were monitored by a field emission gun (FEG-SEM) at the University
of Pretoria employing a Ziess Ultra 55 with a normal SEM detector and in-lens detector. An
accelerating voltage of 2 kV was used. The implanted species were monitored by using RBS after
each annealing step using 2 MeV van de Graaff accelerator at the University of Pretoria. The RBS
was performed at room temperature using 1.6 MeV of alpha (He) particles. The backscattered
particles were detected by a silicon surface barrier detector (with a bias voltage of 41 keV) at a
backscattering angle of 165 ° with respect to incoming beam. The secondary electrons due to
beam-target interactions were suppressed by a round-shaped electrode connected to —200 V in
front of the samples holder. The output charge signal of the detector was transmitted into the pre-
amplifier. Then it was integrated into a voltage signal. The voltage signal was amplified by the
amplifier then digitalized into a multi-channel analyzer (MCA). The amplified signal was
displayed on a computer screen as counts as a function of their energy. The beam current was kept
at 15 nA to avoid pile-up effect. The incident energies of 1600 kel 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. These different energies were used for calibration.
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CHAPTER 6: Results and Discussion

In this work, the effect of silver (Ag) and strontium (Sr) ions individually implanted and co-
implanted into polycrystalline SiC was investigated. One set of polycrystalline SiC wafers was
implanted with 360 keV silver ions to a fluence of 2 x 101® cm=2 (Ag-SiC) and another set was
implanted with 360 keV Sr ions to a fluence of 2 x 101 cm=2 (Sr-SiC). Some of the Ag-SiC
samples were then implanted with Sr ions of 280 keV to a fluence of 2 x 10%® cm™2 (Ag&Sr-
SiC). In the co-implanted sample, the ions were sequentially implanted, Ag ions being the first to
be implanted then followed by Sr ions. All implantations were performed a 600°C. The as-
implanted samples were sequentially annealed at temperatures ranging from 1000 °C to 1400 °C
in steps of 100 °C for 5 hours. Structural and morphological changes were investigated by Raman
spectroscopy and scanning electron microscopy (SEM), respectively, while the migration behavior
of the implanted species was monitored by the Rutherford backscattering spectrometry (RBS).

This chapter presents and discusses the findings.

6.1 Simulation results

The simulated depth profiles and displacement per atom (dpa) of Ag-SiC, Sr-SiC and Ag&Sr-SiC
obtained using SRIM 2013 [1] are shown in Figure 6.1. The threshold displacement energy 20 eV
and 35el/ were used for carbon and silicon sublattices, respectively [2]. The density of
3.21 g.cm~3 was used for SiC in the simulations. The fluence was converted into displacement

per atom (dpa) using Equation (6.1):

V . -
< ac/ion(cm)xwa x¢(ions.cm Z))

psic(ions.cm=3)

dpa = (6.1)

where, Vac/ion(cm) is the vacancy per atom from SRIM 2013, ¢ is the ion fluence

(2 x 10 ¢cm™2), and pg;c is the theoretical density of silicon carbide (3.210 g.cm™3 =
9.6419 x 1022 atom.cm™3). Individual implantation of Ag and Sr resulted in dpa of about
40 dpa and 18 dpa on the surfaces and maximum of 64 dpa and 44 dpa at 88 nm in Ag-SiC
and Sr-SiC samples respectively. Co-implantation resulted in dpa of about 60 dpa on the surface

and a maximum of 110 dpa at the depth of 88 nm in Ag&Sr-SiC samples. From these results, it
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is quite clear that more defects are retained on the co-implanted samples. If one assumes a critical
amorphization dose of SiC to be 0.3 dpa, both individually implanted and co-implanted SiC will
be amorphized [3,4]. However, all implantations were performed at 600 °C which is above the
critical amorphization temperature of SiC [5]. Therefore, recrystallization in the samples is
expected. Furthermore, SRIM predicted the projected range of about 110 nm for the co-

implantation, which allows the investigation of the synergistic effect of co-implanted species.
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Figure 6.2: SRIM 2013 simulated depth profiles and displacement per atom (dpa) of (a) Ag (360
keV) & Sr (280keV) and (b) Sr (360 keV) implanted into SiC.

6.2 Raman results

Figure 6.2 shows the Raman spectra of (a) un-implanted and (b) Ag-SiC, Sr-SiC and Ag&Sr-SiC
samples. Un-implanted Raman spectrum has main sharp peaks at 768 cm™1,797 cm™! and
962 cm ™! corresponding to transverse optical (TO) and longitudinal optical (LO) Raman modes
of SiC respectively. The broad peaks around 1515 cm™! and 1711 cm™! corresponding to TO
overtones are also visible [6-8]. 3C-SiC has Raman peaks at 797 cm™! and 962 cm™! while
hexagonal 6H-SiC Raman peaks has at 768 cm™1,797 cm™! and 962 cm ™1 [7,8]. Therefore, the
present Raman results show TO and LO at 768 cm™1, 797 cm™?! and 962 cm™1. This indicates

polycrystalline SiC that is composed of both 6H- and 3C-SiC confirming our previous findings
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[9], which indicated polycrystalline SiC that was mainly composed of 3C-SiC with some traces of
6H-SIiC.

&
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Both individual and co-implantation resulted in the reduction of Raman characteristic peak
intensities of SiC accompanied by broadening of LO peak indicating accumulation of defects in
SiC as seen in Figure 6.2 (b) and Table 6.1 respectively. The reduction in Raman intensity was
more pronounced in the Ag&Sr-SiC samples indicating a higher defect concentration in the co-
implanted samples consistent with SRIM predictions. SRIM results indicated higher dpa in the
Ag&Sr samples compared to Ag-SiC and Sr-SiC samples. The defects from these two ions might
have interacted resulting in the formation of complex defects. Interaction of defects resulting in
more complex defects in SiC has been reported in 6H-SiC co-implanted with aluminum (Al) and
Carbon (C) at room temperature (RT) [10] and gold (Au) at 600 K and helium (He) at room
temperature (RT) [11]. In the study of Wang et al. [11] more defects were observed in co-
implanted samples compared to single implanted samples. The critical temperature for
amorphization of SiC is about 300 °C [5]. Above the critical temperature the SiC remains
crystalline with defects. The lack of amorphization in implanted SiC in this study was expected as
the implantation temperature was well above the critical temperature of amorphization of SiC [5,
12].
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Figure 6.2: Raman spectra of (a) un-implanted SiC and (b) individual and co-implanted SiC (Ag-
SiC, Sr-SiC and Ag&Sr-SiC).
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Table 6.1: Shows the full with at half maximum of the polycrystalline SiC virgin and as-implanted
of Ag-SiC, Sr-SiC and Ag&Sr-SiC.

Samples Full width at half maximum (FWHM)
Polycrystalline SiC 109 cm™
Ag-SiC (As-implanted) 125cm™t
Sr-SiC (As-implanted) 129 cm™?
Ag&Sr-SiC (As-implanted) 13.1cm™?

Figure 6.3 shows the Raman spectra of Ag-SiC, Sr-SiC and Ag&Sr-SiC before and after
sequentially annealing at temperatures ranging from 1000 °C to 1400 °C in steps of 100 °C for 5
hours. While Figure 6.4 show the full width at half maximum (FWHM) of the implants before and
after sequential annealing at temperatures ranging from 1000 °C to 1400 °C in steps of 100 °C for
5 hours. Annealing Ag-SiC, Sr-SiC and Ag&Sr-SiC at 1000 °C resulted an increase in the
intensities of the Raman characteristic peaks of SiC accompanied by narrowing of LO Raman
mode, indicating annealing of defects after annealing at this temperature. This increase in
intensities progressed with annealing temperature up to 1400°C in all samples indicating
progressive annealing of defects in the samples. However, this increase in intensities was more
pronounced in Ag-SiC and Ag&Sr-SiC samples indicating enhanced annealing of defects in these
samples as seen in Table 6.2. The presence of impurities such as Ag and Sr are known to enhance
or hinder annealing of defects and crystalline growth in SiC [5,9]. Hence, Ag enhances annealing
of defects in the present study. However, the intensities and FWHM of the samples annealed up to

1400 °C are not the same as the ones of virgin sample indicating some defects remaining.
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Figure 6.3: Raman spectra of the annealed (a) Ag-SiC, (b) Sr-SiC and (c) Ag&Sr-SiC at

1000 °C,1200 °C and 1400 °C.

Table 6.2: Showing the peak intensities of the annealed samples of Ag-SiC, Sr-SiC and Ag&Sr-

SiC at 1000 °C, 1200 °C and 1400 °C

Annealing temperature Peak height intensities
Ag-SiC Sr-SiC Ag&Sr-SiC
1000 °C 330 325 225
1200°C 559 376 315
1400 °C 600 425 579
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Figure 6.4: The full width at half maximum (FWHM) of LO mode of Ag-SiC, Sr-SiC and Ag&Sr-

SiC as function of annealing temperature.

6.3 SEM results

Figure 6.5 shows SEM micrographs of the un-implanted, Ag-SiC, Sr-SiC and Ag&Sr-SiC samples.
The surfaces of the as-received SiC has polishing marks from manufacturing process. These
polishing marks are still visible in all implanted samples confirming the lack of amorphization in
agreement with the Raman results discussed earlier. Amorphization is known to cause
smoothening of the implanted SiC surface due to swelling leading to the disappearance of the
polish marks [13]. Hence the appearance of polishing marks indicates lack of amorphization

consistent with Raman results.
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Figure 6.5: SEM micrographs of as-received SiC, Ag-SiC, Sr-SiC and Ag&Sr-SiC samples.

Figure 6.6 shows the SEM micrographs of the annealed implanted samples. High magnification
micrographs are shown as inserts in Figure 6.6. Annealing Ag-SiC, Sr-SiC and Ag&Sr-SiC
samples at 1000°C caused slight appearance of grain boundaries with polishing marks still present
indicating some recrystallization. The appearance of grain boundaries became more pronounced
with increasing annealing temperature. Annealing the Ag-SiC, Sr-SiC and Ag&Sr-SiC samples at
1400°C resulted in rough surface accompanied by crystallites protruding on the surface that is

surrounded by pores. The Sr-SiC samples had few pores

that are not connected while Ag-SiC samples had large pores that are connected. From these
results, it is quite clear that the presence of implanted Sr in the Ag&Sr-SiC samples acts as an
impurity hindering crystal growth leading to small crystallites and small pores in the SiC

crystalline. Whereas the interaction of the implanted Ag with SiC led to pores. Hlatshwayo et al.
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[13] reported that annealing the room temperature (RT) Ag implanted 6H-SIC at temperatures

above 1200 °C caused interactions of Ag with SiC resulting in deeper pores that provides a

pathway for Ag migration [13].

A SIEL1000; PARIERT i, Ag&Sr-SiC-1000. .
Ag-SiC-1200 SPESICT200 00 AQ&SI-SiC-1200 ..

Ag-SiC-1300 | . SEOiouGsEmEEET | AQ&ST-SIC-1300

Ag-SiC-1400 , SreSiGd 4008 = A Ag&SI-SiC-1400

Figure 6.6: SEM micrographs of Ag-SiC, Sr-SiC and Ag&Sr-SiC sequentially annealed from
1000 — 1400°C in steps of 100°C for 5 hours.

6.4 RBS results

The migration behaviour of implanted species was monitored by RBS after each annealing step.

Figure 6.7 shows the RBS spectra of the as-implanted samples. The arrows indicate the surface
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position energy in channel numbers. The RBS profiles of implants before and after sequential

annealing from 1000 °C to 1400 °C are shown in Figure 6.8. Their retained ratios and peak

positions as a function of annealing temperature are shown in Figure 6.9.
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Figure 6.7: Rutherford backscattering spectrometry spectra of (a) Ag-SiC, (b) Sr-SiC, and (c)

Ag&Sr-SiC. The arrows indicate the surface position of elements.

The as-implanted Ag and Sr profiles of Ag-SiC and Sr-SiC samples are Gaussian distribution as
expected for implanted species [14], while the profiles of implants in Ag&Sr-SiC is bimodal
distribution. The bimodal profile was found to be due to Ag diffusion and forming precipitates
during Sr implantation [9]. Formation of Ag precipitates in Ag implanted SiC at room temperature
(RT) after annealing at 900 °C and 1250 °C was observed by Hlatshwayo et al. [15] and for other

implanted species [16]. In the current study, silver precipitates are observed at implantation
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temperature not in annealing temperatures indicating radiation-enhanced silver diffusion during Sr

implantation.

Annealing the Ag-SiC and Ag&Sr-SiC samples at 1000 °C and 1100 °C caused no change in the
profiles, while the Sr profile shifted towards the surface after annealing the Sr-SiC samples at
1100 °C. The shift towards the surface of Sr in the Sr-SiC progressed with annealing temperature
up to 1400 °C as it can been in Figure 6.9 (b). No loss of implanted Sr was observed after annealing
up to 1400 °C as seen in Figure 6.9 (a). Ag in the Ag-SiC samples and profile of the implants in
Ag&Sr-SiC started to shift towards the surface after annealing at 1200 °C as seen in Figure 6.9
(b). These shifts of implants in Ag-SiC and Ag&Sr-SiC were accompanied by loss after annealing
at temperatures above 1300 °C. About 60 % of implanted Ag in Ag-SiC was lost, about 20 % of
implants was lost in the Ag&Sr-SiC after annealing at 1400 °C as can be seen in Figure 6.9 (a).
Comparing these results, it is quite clear that Ag has a role to play in the loss of the implants in
Ag&Sr-SiC. SEM micrographs of Ag-SiC showed that Ag interactions with SiC results in wider
pores than in the Sr-SiC samples which resulted in the Ag&Sr-SiC samples to have few pores.
This means that Ag in Ag-SiC and Ag&Sr-SiC samples has the influence in the formation of pores

that act as a migration pathway of the implants.

These are important results in nuclear reactors where SiC is used as the main barrier of fission
products. These findings add knowledge on the co-existing fission products in the nuclear core
that Ag plays the role of opening pores in the SiC for the migration of other fission products like
Sr.
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Figure 6.8: (a) Ag-SiC, (b) Sr-SiC and (c) Ag&Sr-SiC. The as-implanted and then sequential
annealed from 1000 °C to 1400 °C in steps of 100 °C for 5 hours.
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Chapter 7: Conclusion and future work

The current study, effects of Ag and Sr ions individually and co-implanted into SiC at 600 °C was
probed. Ag ions of 360 keV and Sr ions of 280 kel were co-implanted into polycrystalline SiC,
all to a fluence of 2 x 10%® ¢m=2 at 600 °C. For comparison, Ag ions of 360 keV and Sr ions of
360 keV were also separately implanted into polycrystalline SiC, both to a fluence of 2 x
1016 cm~2 at 600°C. Implanted samples were isochronally annealed at temperatures varying from
1000 °C — 1400 °C in steps of 100 °C for 5 hours.

Raman spectroscopy results displayed a decrease in intensities of SiC Raman characteristic peaks
indicating accumulation of defects without amorphization in all implanted samples. More defects
were retained in the co-implanted samples. The lack of amorphization in the implanted samples
SiC was expected as the implantations were performed at a temperature well above the critical
amorphization temperature of SiC. While more defects in the co-implanted samples were due to
interaction of defects resulting in the formation of more complex defects. Annealing the implanted
samples resulted in an increase in the characteristic SIC Raman peaks intensity that progressed
with elevating annealing temperature indicating the progressive annealing of defects. However,
the intensities of annealed samples were still lower than those of the virgin SiC sample indicating
some defects remained. Annealing of defects was observed in the Ag-SiC and Ag&Sr-SiC
indicating the effect of Ag on the recrystallization. SEM micrographs of the as-implanted samples
had polishing marks indicating lack of amorphization in agreement with the Raman results. The
annealed SEM micrographs showed that Sr inhibits crystal growth while Ag creates pathways for

the implanted species to migrate to the surface.

RBS results indicated the formation of Ag precipitates in the co-implanted samples due to
irradiation induced diffusion during Sr implantation. Annealing resulted in the loss of implants in
Ag-SiC and Ag&Sr-SiC at temperatures above 1300 °C pointing to Ag as a role player in the loss
of the implants. This loss was found to be due to Ag interacting with SiC resulting in the formation

of pores that act as migration path for implants.

These are important results in nuclear reactors where SiC is used as the main barrier of fission
products. In such environment, the role of Ag in the migration of another fission product need to

be taken into consideration. However, in a nuclear reactor different fission products interact with
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SiC. In the present study Ag was implanted first followed by Sr. In future it could be interesting

&
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to consider a case were Sr will be implanted first then followed by Ag. This mechanism could for
instance aid to improve the formation of pores in SiC. Finally, similar investigation will be
performed at an atomic level using atomic probe tomography (APT), secondary ion mass
spectrometry (SIMS) and X-ray photoelectron spectrometry (XPS).to get more insight of chemical
identities, chemical state and composition of the solid surface and near the surface of the sample.
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Chapter 8: Appendix

The work presented in this dissertation has made to publications and conference presentations. A

synopsis of the outputs is listed in section 8.1 and 8.2.

8.1 A publication in peer reviewed journal

T.T. Hlatshwayo, N. Mtshonisi, E.G.Njoroge, M.Mlambo, M. Msimanga, V.A. Skuratov, J.
H.O’Connell, J.B. Malherbe, S.V. Motloung,” Effects of Ag and Sr dual ions implanted into SiC”
Nuclear Inst. and Methods in Physics Research, B 472 (2020) 7

Effects of Ag and Sr dual ions implanted into
S1C
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. Hlatshwayo ® A B, N, Mtshonisi & E.G. Mjoroge ®, M. Mlambo ® M. Msimanga d e |,

A Skuratov ®

H.0'Connell ¥, |.B. Malherbe 2, S.V. Motloung 2 1

8.2 Conference presentation

The results of this work were presented Radiation effects in Insulators-20 (REI 20), NUR-
SULTAN 2019.

Thulani Hlatshwayo, N. Mtshonisi, E. Wendler, E.G. Njoroge, M. Mlambo, J.B. Malherbe, Effect
of strontium in the migration of silver implanted into SiC, 20th International conference of

radiation effects in insulators, 19-23 August 2019, Astana, Kazakhstan, (Poster presentation)
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