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Summary

The release of radioactive fission products during nuclear energy reactor operation imposes a
serious danger to personnel’s health and the environment. In a modern Pebble Bed Modular
Reactor (PBMR) Tristructurallsotropic (TRISO) fuel, silicon carbide (SiC) is used as the
main barrier to fission products (FPs). TRISO particles retain most of the FPs well with the
exception of silver (Ag), strontium (Sr) and Europium (Eu) during operation. The
migration behavior of Ag in SiC has been thoroughly investigated over decades

with fewer investigations done on the migration behavior of Sr and Eu.

In this study the migration behavior of Europium (Eu) implanted into 6H-SiC was
investigated using Rutherford backscattering spectrometry (RBS), RBS in a channeling
mode (RBS-C) and scanning electron microscopy (SEM). Eu ions of 360 keV were
implanted into 6H-SiC at 600°C to a fluence of 1x10'® cm™. This high temperature was

chosen because PBMR reactors are designed to operate at high temperatures.

The implanted samples were sequentially annealed at temperatures ranging from 1000 to
1400 °C, in steps of 100 °C for 5 hours. RBS-C showed that implantation of Eu into 6H-SiC
at 600 °C retained crystallinity with some radiation damage. Reduction of the radiation
damage retained after implantation, already took place after annealing at 1000 °C. This
annealing of radiation damage progressed with increasing annealing temperature up to
1400 °C. A shift of Eu towards the surface took place after annealing at 1000 °C. This shift
became more pronounced and was accompanied by loss of Eu from the surface at
annealing temperatures >1000 °C. This shift was accompanied by broadening of Eu peak,
indicating Fickian diffusion occurring after annealing at temperatures > 1100 °C. The
migration of Eu occurring concurrently with the annealing of radiation damage was
explained by trapping and de-trapping of Eu by radiation damage. The diffusion coefficients
were found to be 1.56x 10718 m’s™ and 2.98x 10"*m*s"at 1200 °C and 1300 °C respectively.
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Chapter 1
INTRODUCTION

The world today is facing great energy-related challenges. The need to find a clean and
sustainable source of energy to replace fossil fuel has reached a point of no return.
Despite the challenge faced due to the availability of petroleum in the future, the
emission of greenhouse gases by coal, oil and gas burning imposes a high health
risk to the environment thereby polluting the atmosphere. The total World Energy
Consumption by Source (2011) indicates in the whole world that 78.2% of fossil fuel

is used, 19% is renewable energy and with the remaining 2.8% being nuclear energy [1].

The environmental impact of nuclear power results from the nuclear fuel cycle, operation and
the effects of nuclear accidents. While coal is still used as a major source of energy
generation in most countries like ours (South Africa), the greenhouse gas emission from
nuclear fission reactors is much smaller compared the greenhouse gas emission
associated with coal, oil and gas. Therefore, the health risks from nuclear energy are
minimized as compared to those associated with coal. There is however a catastrophic risk
potential associated with nuclear reactors if nuclear fuel containment fails. This can be
brought about by over-heated fuels melting and releasing large quantities of fission products
to the environment. Long-lived radioactive wastes, including spent nuclear fuel, must be
contained and isolated from the environment. Most nuclear plants store used fuel in steel-
lined, concrete pools filled with water or in massive airtight steel or concrete and steel
canisters. Figure 1.1 shows a spent fuel pool. The water in the pools acts as a natural barrier
for radiation. The spent fuel assemblies are also moved to pools of water to absorb the heat
energy released by radioactive decay processes. They are kept in racks in the pool and water
is continuously circulated to draw heat away from the rods. During an accident at
Fukushima Daiichi in Japan, the used fuel in pool storage survived an earthquake and

tsunami without significant damage which indicated the robust design of storage pools [2].



Figure 1.1: An image of a spent fuel pool filled with water. Taken from reference [3].

The dry casks store the fuel which had spent a period of five years in the fuel pools. At that
stage, the fuel is cool enough to be stored in the dry casks, especially because the dry casks

are placed outdoors on concrete pads. An image of dry casks used is shown in Figure 1.2.

Figure 1.2: An image showing dry casks placed on concrete pads. Taken from reference [3].

The 1974 Three Mile Island accident, the 1986 Chernobyl disaster and the issue of
nuclear radiation material disposal caused considerable public opposition and ended the
rapid growth of global nuclear power capacity. Quite recently, the release of
radioactive materials following the 2011 Japanese tsunami which damaged the
Fukushima Nuclear Power plant resulted in people being evacuated from a 20 km

exclusion zone set up around the power



plant. This has resulted in the rebirth of public outcry in the safety of nuclear energy [4]. On
the other hand all these events have accelerated the necessity of thorough investigations on

the materials used in the nuclear reactors to improve safety.

Modern Generation IV nuclear reactors operate at high temperatures of about 900 °C and
above. During nuclear reactor accidents, the temperature of the core can
rise significantly above 1000 °C. Thus, the design of the containment of fission products must
be able to resist both the operation temperatures and the accident temperatures. One way
to achieve this, is to invest in intensive research on the properties and behavior of
the materials used in the construction of the reactor cores and on fuel particle
containment, and make some changes and improvements where necessary. In earlier
reactors, such as those of the Chernobyl, the reactor had not been encased by any kind of
hard containment vessel/material [5]. During the Chernobyl disaster, the reactor suffered a
catastrophic power increase, leading to explosions in its core. This dispersed large
amounts of radioactive fuel and core materials into the atmosphere and ignited the

combustible graphite moderator [5].

The containment of nuclear fuel is very important in the design of the reactor itself. In
the Generation IV nuclear reactors such as Pebble Bed Modular Reactor (PBMR), the
fuel kernels (UO;) are covered by four different layers. The schematic diagram of a fuel

particle is shown in Figure 1.3

SIC

INNER PYROCAREON
_OUTER PYROCARBON /

__ FUELKERNEL

| POROUS CARBON (BUFFER)

Figure 1.3: A schematic diagram of a TRISO fuel particle. Taken from reference [6].



These four successive layers are, a graphite buffer, an inner layer of pyrocarbon, a layer of
silicon carbide (SiC) and an outer layer of pyrocarbon. The main function of the low density
PyC layer (also known as the buffer layer) is to attenuate the fission recoils and to provide
voids for gaseous fission products and carbon monoxides that are produced. The inner PyC
retains gaseous fission products, the SiC layer retains solid fission products or acts as a
barrier to solids fission products and provides adequate structural stability during compact
fabrication. The high-density outer PyC protects silicon carbide layer mechanically and
chemically. These coated fuel particles are called TRISO (Tristructural Isotropic) particles.
About 15000 of these 0.92 mm particles are packed together in a 60 mm fuel sphere (pebble)

as shown in Figure 1.4,

0.92-mm
coated particle

Silicon carbide bartier coating Inner pyrolytic coating

60-mim Pyrolytic coating Porous carbon buffer

tuel spheres

0.5-mm fuel kernel

Coated particles
z embeddedin L.
: graphite miz .
4 0.5-mm fuel
S-mim = s : kernel Uranium
graphite laver dioxide

Figure 1.4: An illustration of the fuel in a PBMR technology ( Generation IV modern

reactors). Taken from reference [7].

Nuclear reactors use uranium as a fuel to generate heat/energy via a physical process called
fission. This process involves the splitting of atoms of uranium. There are two main naturally
occurring isotopes of uranium, namely, U-238 and U-235. When a neutron is absorbed by
a fissile U-235 as shown in Figure 1.5, U-236 is formed which is unstable. U-236 splits into
two different fission products and neutrons. During this process a lot of heat energy is

released.



If the released neutrons are allowed to further react with other U-235 atoms, more energy

would be released by a process called chain reaction.

Figure 1.5: [llustration of a uranium fission reaction. Taken from reference [§].

Some of the produced fission products (FPs) are radioactive and are harmful to humans and

nature.

TRISO particles retain most of the FPs well with the exception of silver (Ag), strontium (Sr)
and europium (Eu) during reactor operation [9, 10]. The Generation IV Reactor Program
includes high temperature reactors (HTR’s) operating at temperatures significantly above
1000 °C to enhance their efficiency, especially in view of process heat applications for
hydrogen generation [11]. Less information is available on the migration behaviour of fission
products at the temperatures above 1000 °C. Our group at University of Pretoria has recently
investigated the migration of some fission products above 1000 °C [12-19]. Extensive
investigations have been performed in the migration behaviour of Ag in SiC in the

temperatures below and above 1000 °C [5].

Very little has been reported on the migration behaviour of Eu in SiC [1, 6]. It has only been
recently investigated in the entire TRISO particle, leaving doubts in performance of each
layer [20]. Europium is a highly reactive metal which react with Si to form a stable silicide
and with carbon to form a stable carbide. Consequently, one would expect that at high
temperatures (like those used in this study) and at the concentration levels used in this study
(i.e. a maximum 2 atomic percent) that Eu would dissolve in the SiC. Europium is toxic to
lungs and mucous membranes if inhaled, it is corrosive and an irritant to skin [21]. In the

reported studies of the migration behaviour of Eu in SiC, the influence of radiation damage



has not been investigated. In the nuclear reactor environment, SiC is continuously exposed to

irradiation, hence the influence ofradiation damage onthe migration of Eu in SiC is crucial.

In this study, we report on the investigation of influence of radiation damage in the migration
behaviour of Eu implanted into 6H-SiC to a fluence of 1x10'® cm™. The radiation damage

retained after implantation played a major role in the migration behaviour of implanted Eu.

Silicon carbide is a compound of equal amounts of tetrahedral bonded silicon and carbon
with the chemical formula SiC, A silicon atom is bonded to four carbon atoms or a carbon
atom bonded to four Si atoms. This compound exists in more than 200 structural forms. In
this project the single crystalline silicon carbide ((a)6H-SiC) is used. The alpha silicon
carbide (a-SiC) is the most commonly encountered polytype of SiC. It is formed at
temperatures greater than 1700 °C and has a hexagonal crystal structure [22]. In Figure 1.6 is
the structure of (a)6H-SiC:

Figure 1.6: The structure of (a)6H-SiC. Taken from reference [21].

6H-SiC has a stacking sequence of ABCABC, two thirds and one third hexagonal bods. A
layer is said to be in hexagonal (h) configuration if it is surrounded on either side by layers of
the same type. It is in cubic (c) configuration if it is surrounded by layers of different type on
either side [23], see Figure 2.3 for a clear distinction. The ABCABC stacking sequence of
6H-SiC can therefore be described as hcchee. This stacking sequence makes 6H-SiC a
hard material.
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Figure 1.7: (a) The refined 6H-SiC structure as projected on the (1120) plane. (b) Same as
before, but with superposition of the stacking scheme. Taken from raference [23].

Among the other properties of SiC are; a large band-gap for high-temperature operation and
radiation resistance, high saturated electron velocity for high-frequency operation, high
mechanical hardness, significantly higher thermal conductivity for thermal management of
high power devices, etc. The first three properties make SiC a material of choice as the main
barrier layer in a TRISO particle. The high sublimation temperature of SiC (of about 2700
°C) makes it more useful for the applications in a very high temperature environment. SiC is
used in electronic materials as a semiconductor material because of its high thermal
conductivity. Silicon carbide does not melt at any known pressure and it is also highly

chemically inert [22].



The rest of this dissertation is organised as follows:

Chapter 2 discusses the theory of diffusion, the diffusion mechanisms and the mathematics
thereof. In chapter 3, ion implantation is discussed from ion interaction to ion channelling.
Chapter 4 describes the methodology used in the project, Rutherford Backscattering
Spectrometry (RBS), channelling mode of it (RBS-C) and scanning electron spectrometry
(SEM). Chapter 5 describes the experimental procedure, in chapter 6 the results of all the

experiments are discussed and then chapter 7 gives the conclusion.
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Chapter 2

DIFFUSION

This study focuses on the migration behaviour of Eu ions implanted into single crystalline
6H-SiC. The migration of implanted Eu in SiC might be due to diffusion. In this chapter the

difference between single crystalline (used in this study) and polycrystalline material is firstly

highlighted followed by the diffusion process in single crystalline materials.

2.1. Single crystalline material (6H-SiC) and polycrystalline material.

A single crystalline material is a material in which the crystal lattice of the entire sample is
continuous and unbroken to the edges of the sample, with no grain boundaries. It differs from

the polycrystalline in that the polycrystalline material has many grains of varying size and

orientation as illustrated in Figure 2.1.

Grains Packed Randomly Solid Single-Crystal Material
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Figure 2.1: An illustration of the difference between a polycrystalline and a single crystalline

materials. Taken from reference [1].
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2.2. Diffusion

Diffusion is a phenomenon of material transport by atomic motion from a region of high
concentration to a region of low concentration. This phenomenon is demonstrated in Figure

2.2. where atoms of type A and type B are on the right and left respectively.

Atoms of tvpe A Atoms of type B

a0
ate, A

o
Z coordin

¥
By i ¢ 7 coordingts, A

g

Figure 2.2: The results of an atomic diffusion. Taken from reference [2].

For diffusion to occur, the atoms should have enough energy to overcome energy barriers to
atomic motion. Normally, this energy is obtained from thermal energy i.e. increasing the
temperature/annealing. Many reactions and processes that are important in the analysis of
materials depend on mass transfer within a specific solid [3]. This is achieved by diffusion.
In solid materials atoms are in constant vibrations about their lattice positions. For an atom to
change position, it must have sufficient energy to break bonds joining it with its neighbouring
atoms. In a material of interest, diffusion can occur via different mechanisms. In this study,

only the diffusion mechanisms that occur in single crystalline will be mainly discussed.

In a single crystalline material, diffusion may occur mainly via: vacancy diffusion
mechanism which involves the interchange of an atom from a normal lattice position to an

adjacent vacant lattice site as demonstrated in Figure.2.3 and interstitial diffusion mechanism

13



which involves atoms migrating from an interstitial position to a neighbouring one that is

empty, Figure.2.4.
2.2.1. Diffusion Mechanisms in single crystalline material

To jump from lattice site to lattice site and to cause the necessary lattice distortions during
jump, atoms need energy to break bonds with their neighboring atoms as mentioned already.
This energy comes from the thermal energy of atomic vibrations (Eav~KBT). The direction of
flow of atoms is opposite the direction flow of the vacancy see Figure 2.3. Therefore, the rate

of this kind of diffusion depends mainly on the number of vacancies available.

Vacancy diffusion

Motion of a hast or

subistitulions! atom

| V |
s W 4
1"\.
1 1 % 1 i i 1
-_ S Vacancy g - = =y

Figure 2.3: Movement of an atom from a lattice point to a vacant site. Taken from

reference [3].
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Interstitial diffusion

Position of interstitial Position of interstitial
atom before diffusion atom after diffusion

200 000
Q09 QP9
QOOQ 9909
Figure 2.4: Schematic representations of vacancy diffusion and interstitial diffusion. Taken

from reference [3].

In interstitial diffusion (shown in Figure 2.4) an atom migrates from an interstitial position to
neighbouring empty site (another interstitial site) . Interstitial diffusion is generally faster than
vacancy diffusion due to the fact that bonding of interstitials to the surrounding atoms is
normally weaker and there are more interstitial sites than there are vacancy sites to jump
to. Smaller atoms can diffuse between interstices in host atoms [2]. For larger atoms such as
Eu, the interstices will be occupied at the expense of Ilattice distortion i.e. the

host atoms surrounding Eu will be pushed outwards.
2.3. Laws of diffusion

2.3.1. Diffusion Flux

The flux (J) of diffusing atoms is used to determine the rate of diffusion. It is defined as the

cop . o dn .
number of atoms diffusing through a unit area per unit time (atoms/m”’.s). 7 is the number
t

of atoms crossing area 4 per unit time, 4 is the cross-sectional area shown as a square in

Figure. 2.5. The arrow in the Figure indicates the flow direction.

Joltan
A dt

2.1)
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Flow direction

Figure 2.5: [llustration of diffusion flux.

2.3.2. Fick's first law

The diffusion flux along direction x is proportional to the concentration gradient:

Jocﬁ—>J=—D£ (2.2)

dx dx
where D is a constant of proportionality known as the diffusion coefficient, and dC/dx is the
concentration gradient. The minus sign in the equation implies that the diffusion is opposite

to the concentration gradient.

2.3.3. Non-Steady state (Fick's second law)

In reality, the concentration profile and the concentration gradient are changing with time. In
such cases the changes of the concentration profile can be described by a
differential equation:

j _pZ€ (2.3)

ox?

© o[,
ot Ox ox

The solution to this equation is a concentration profile as a function of time, C(x,t).
Using the following boundary conditions;

» C (x=0) = C,, constant, fixed
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» C (x =0) = Cy, corresponding to the original concentration of the dopant existing in

the phase at x = oo.

We get the following solution [4]:

C(x,t)=C, - (C, - Co)e;f(szl)_tj (2.4)

Where C; is the fixed amount of dopant per area, Cp is the original concentration, D is the

diffusion coefficient.

>
X

Figure 2.6: [llustration of Fick's second law, C (ions/cm?.s ) and x ( cm ). Taken from
reference [4].

The dopant thickness is defined as the diffusion depth at 1/2(C, + Co) = \Dt.

At time #,, in a shorter period of time, the species already diffuses in to the material, at time
£ it continues to diffuse more deeper into the material and given a long period of time at
t; the species is able to diffuse even more deeper into the material as can be seen by

the broadening concentration profile from ¢#; to #;.
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2.3.4. Diffusion Coefficient

Fick's diffusion equation for the dilute limit leads to a particularly simple solution provided
the original profile at time 7=0 is a Gaussian distribution [5], and the concentration profile

after annealing for time ¢ stays as normal distribution

C(x.t) = K[zD1] 2 exp[— 4’; J 2.5)

where K is an adjustable constant. Defining the width of the profile after some time 7, W(?), as
the full width at half maximum ( FWHM), the relationship between the profile width W(¢)
and the profile width at time =0 ,W(0), is given by

W)} =4Dtn2) + [ (0)] (2.6)

The diffusion coefficient D is directly obtained from the slope of a curve of /W (0)]’ versus

annealing time at constant temperature.

In a limited temperature range the diffusion coefficient depends exponentially on
temperature. This dependence has important consequences with regard to material behaviour

and is given by Arrhenius equation:

E
D =D, exp| ——= 2.7
0 p[ kBTj 2.7
Dy is a temperature-independent pre-exponential (m°/s), E, is the activation energy for
diffusion (J/mol), Kp is the Boltzmann's constant and 7 is the absolute temperature (K).

Equation 2.7 can be rewritten as:

InD=InD, - £, [lj (2.8)
K, \T

From this equation, it is quite clear that the activation energy E, and the pre-exponential Dy
can be estimated from a graph of InD versus 1/7. A typical example of such graph is shown

in Figure 2.8. From the slope and x intercept, £, and Dy can be deduced respectively.
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Figure 2.7: A graph of InD vs 1/T. Taken from reference [2].
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a

ks

The equation of the line in the Figure.2.7 is given by, y =ax+b, where x = %, a=-—

and p = In D, . This graph has a slope a and intercept of b.

Using equation 2.6, the diffusion coefficients of Eu in 6H-SiC was estimated at 1200 °C and
1300 °C respectively. The values of activation energy E, and the pre-exponential D, were

also deduced. The results are reported in chapter 5.
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Chapter 3
ION IMPLANTATION

Ion implantation is a process whereby an energetic ion impinging a particular material
(6H-SiC in this study) loses all of its energy until it comes to rest within material. In this
study, Eu ions of energy 360 keV were implanted into single crystalline 6H-SiC at
600 °C. This chapter discusses the processes taking place during ion implantation

until 1ons comes to rest inside material.

3.1. Ion interaction

During ion implantation an ion of a particular energy is accelerated towards a
substrate/material of interest, where it interacts with the substrate atoms until it comes to rest.
This process is mostly used to create semiconductors of n-type or p-type according to the
ideal properties of the semiconductor [1]. Doping or implanting can make a non-conductive
material to become conductive. Ion implantation can also be used to introduce a certain
amount of ionized atoms in a certain crystal material for a specific purpose. In this study Eu"

ions were implanted into 6H-SiC to investigate the migration behaviour of Eu in 6H-SiC.

During ion implantation, ions interact with electrons and atoms of the target material
resulting in scattering events (a process whereby atoms, electrons and the incident ions are
forced to deviate from a straight trajectory due to localized non-uniformity in the medium
through which they pass). These interactions slows down the projectile ions, reducing their
energy until they come to rest. Depending on the projectile ion energy, the ion will eventually
come to rest somewhere beyond the surface layers due to loss of its energy throughout the
trajectory. For example, the use of 3 to 500 keV energy for boron, phosphorus or arsenic
dopant ions is sufficient to implant the ions from 100 to 10000A below the silicon

surface [2, 3].

3.2. Radiation Damage

A continuous transfer of energy by the projectile or moving ion to the target atoms destroys
atomic arrangement resulting in a damaged crystal lattice. Some of the ions that are
penetrating through the lattice, interact with the lattice atoms displacing them from their
original positions. The minimum energy that is required to knock off a lattice atom from its

position is termed the displacement energy (E,). If the energy E of the projectile ion is greater
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than the displacement energy, the lattice atom that is involved in such a collision may be
knocked out of its position. If the energy of the projectile ion is still larger than E, after that
collision, the ion may continue to knock out many other atoms until its energy is reduced to
lower than E,. Similarly if the initially knocked out atom has the energy larger than the £ it
will knock out other atoms giving them initial energy to collide with many other atoms. This
process continues until the colliding atom/projectile loses all of its energy and come to rest in

the lattice.

The number of displaced atoms caused by a projectile ion can be estimated by [4]:

N(E)= 5 (3.1)

where E, is the energy lost in a collision and E,is as described before.

The damage distribution in the lattice structure is different for heavy ions and for light ions.

Below is the illustration of both light ion and heavy ion damage.

l— Semiconductor surface

Lighe
o
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Dramaged
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()

Figure 3.1: Representation of damage distribution for heavy ions and light ions. Taken from

reference [4].
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Heavy ion bombardment results in a high damage density over a small volume while light
ions results in low damage density over large area. This is due to the fact that heavy ions are
slow while light ions are faster (v oc M/ ), hence, a fast particle has less interaction time

with the scattering nucleus.

3.3. Energy loss

The knowledge of the slowing down of ions traversing matter is of fundamental importance
in ion beam analysis of material. Depth scales follows directly from the energy lost by the
probing particles and the energy loss affects both quantitative and compositional analysis.

The definition of the concepts of energy loss, stopping cross section and stopping power

varies in the literature. In this study, the energy loss per unit length, d%x is defined as

Hm A/ = 47.() (32)

Here 4E is the amount of energy lost per distance Ax traversed. The relative importance of
the various interaction processes between the ion and the target medium depend mostly on
the ion energy/velocity and on the charge state of the ion and target atoms. As the ion
velocity is increased the nuclear energy loss diminishes like 1/E, where E is the
(instantaneous) energy of the ion in the solid. The electronic energy loss, i.e. inelastic
collisions with the atomic electrons, is usually the main mechanism by which ions lose their

energy. The total energy loss is obtained as a sum of the nuclear and electronic contributions.

3.4. Ion Stopping

As highlighted earlier, an energetic ions penetrating material, interact with the atoms of
material resulting in a number of collisions between ions and host atoms. These collisions
reduce energy of the ions and finally stop them in the lattice. The ions lose their energy via
two mechanisms i.e., Electronic stopping and nuclear stopping. Therefore, the total energy

loss of the ions is the contribution of the two stopping:
E=¢,+¢, (3.3)

where ¢, and ¢, is electronic and nuclear stopping respectively. Figure.3.2 shows the
contributions from nuclear and electronic stopping. The region to the far left of the Figure

with low energy ions is dominated by nuclear stopping. The region in the middle with
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intermediate energies immediately after the critical energy E. is dominated by both electronic
and nuclear stopping. The electronic stopping reaches its maximum and we enter the region

of even higher energies called Bethe-Bloch region where only electronic stopping dominates.

‘ Bethe -Bloch

region

" Ce |

¢ |

ENERGY

Figure 3.2: A representation of the contribution of electronic stopping &, and nuclear
stopping &, to the stopping cross section € as a function of incident energy. Taken from

reference [5].

The stopping power S (which is equivalent to energy loss per unit length) of the ion path

1s given as:

Sz_@:_(d_Ej +(d_Ej =S +5, (3.4)
dx dx nuclear dx electronic

where S, and S, are the nuclear stopping and electronic stopping factors respectively.

It is very important to determine the average energy loss by incident particles traversing a
crystal. This can be achieved by first determining the cross section, i.e. the area that is
impinged by a beam of particles on a sample. It quantifies the likelihood of scattering

event when an incident beam strikes a target made up of discrete particles [6].

3.4.1. Nuclear Stopping

Nuclear energy loss dominates at lower energies, a region where the ion velocity is less than
voZ??, where vy is the Bohr velocity given by vy= e’/h, e and h are electron charge and
Planck's constant respectively, and Z is the ion atomic number ( see Figure 3.2). In this

region
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the ion does not have enough energy to give to electrons that have energy lower than the
Fermi level. During this process ions collide with target atoms, the positively charged ions

are repelled by positive cores of the substrate lattice atoms.

Figure 3.3. shows an incident ion with m; interacting with nucleus with m, of a stationary
atom. An angle 6 depends on masses m; m; and on b (impact parameter), and maximum

energy is transferred when b = 0.

M1 projectile
o .
b impact parameter m, ,\ P

target nucleus

Figure 3.3: Schematic of a nuclear scattering between an ion of energy E;, mass m; and a

Stationary target atom of mass my, b is the impact parameter. Taken from reference [7].

A collision between two charged particles or nuclear stopping can be described
mathematically as follows: If one assumes an inelastic collision between an ion of mass m;
(with an incident energy Ej) and a stationary atom of mass m (which is initially stationary),
the conservation of energy and momentum can be used to determine the energy transferred
from the projectile to the stationary atom. The energy transferred to the atom is dependent on
the scattering angle 6. Conservation of energy and momentum in the center of mass frame
give the energy transferred T as [6]:

T 4E,mm,

max

5 sin2g=T sinzg (3.5
(ml +m2) 2 2

From equation 3.5, it is quite clear that during a head-on collision, i.e. 8=x, a total energy
(maximum energy) is transferred to the target atom. In case of a spherically symmetric

potential, the scattering integral can be written as:
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dr

r{l_V(’”)_bz}
E r’

c

0=n-2b[ (3.6)

E. is the energy at the center of mass of the two interacting atoms,  is the polar coordinate
from the projectile to atom. The two equations above give the relationship between 8, T and

b from which the differential cross section can be calculated:

o(E,T)dT = 27bdT (3.7)
db do
o (E,T) :ja(E,T)dT (3.9)

These relations help us to determine the stopping power in equation
3.4.

In determining the stopping power, the repulsive potential acting between toms has to be first
determined. It is rather a challenging task to find directly a repulsive potential. Several
studies has measured the scattering cross sections of several ions in noble-gas targets [7].
Using Hartree-Fock and density-functional theory [7], interatomic potential V(r) has been

derived as:

V(r)= ZIZTZeCD(r) (3.10)

where Z; and Z, are nuclear charges of the projectile ion and target atom respectively, 7 is the
inter-nuclear distance between the target and bombarding nuclei. And @(7) is called a

screening function.
There are several screening functions. The one by M Backman [7] and is given as:
@(x) = 0.1818¢ >*+0.5099¢ *****+0.2802¢ *****+0.02817¢ **"1* (3.11)

In this equation 7 is substituted by x.

Stopping power can be obtained from the universal interatomic potential (equation

3.10)and differential cross section (equations 3.7 to 3.9).
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3.4.2. Electronic Stopping

When ions with high energies ( velocity greater than vyZ””) penetrate a material, they
experience a drag due to free electrons. These "free" electrons exist because a large space in a
crystal is composed of the electron clouds of the atoms. When an ion passes through an
electron cloud, it attracts the electrons and causes internal electronic transitions. The drag
force is exerted on a moving ion in an electron cloud, ion moves in the same direction. An

example of an ion entering and exiting electron cloud is shown in Figure 3.4,

\]un

d_ — (— (—
Retarding E-field

Figure 3.4: Electronic transition caused by an ion passing electron cloud. Taken from

reference [4].

Electronic energy loss dominates at higher ion velocities (about 10°m/s and higher). At these
high velocities the ion is stripped of its electrons. Coulomb scattering is observed
between the ions and electrons, thus the stopping power is extracted from the scattering

integral using NZ; as the electron density and excluding screening function:

1/2
[d_EJ =809N(&J EV = g (3.12)
dx ), m,

me

1/2
where k is 8o,N ( J . This equation gives a good approximation of electronic stopping

m,

power [7].

In the region where electronic stopping reaches maximum, the ion is partly ionized and has a

velocity approximately equal to the Bohr velocity ( see figure 3.2).

At higher energies, the velocity of the ion is much greater than the Bohr velocity and thus

the 1on is stripped of all its electrons. This region is
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known as Bethe-Bloch who found that the energy loss in this region is proportional to Z;°,
where Z; is the atomic number of the ion [8]. Electronic stopping in this region is given

by Bethe-Bloch equation [8, 9]:

2 4 2
g, = 4z Zzze In 2m.v, +1n ! - -5 £ (3.13)
my, 1 1=/ Z,

where m, is the electron mass, v; is the velocity of the projectile, f= v/c where c is the speed

of light, 7 is the average ionisation potential and ¢/Z; is the shell correction.

3.5. Range and Range Straggling

Range along the ion path is the total distance that the ion traversed along the trajectory within
the substrate/target [10]. The range calculation using equation 3.14, which involves
the contributions from both ion stopping mechanisms ( electronic and nuclear stopping) is

given as:

Ey

dE

j— (3.14)
0 S, (E)+S,(E)

t 1
R = I dx =—

0 N
where N is the number of atoms per volume unit, £y is the projectile initial energy and S, and

S, are the nuclear and electronic stopping respectively.

The average depth of the implanted ions is called the projected range (R,), and can be
estimated by the position of the peak height of the Gaussian distribution of the implanted
profile. The standard deviation of the Gaussian distribution gives the so called "range

straggle" AR,

Figure 3.5 illustrates an ion penetrating a substrate and finally coming to stop at projected

rangeR,.
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Figure 3.5: An ion incident on a semiconductor penetrate with a total path length R giving a

projected range R,,. Taken from reference [11].

A Gaussian distribution of Eu ions(360 keV) implanted into 6H-SiC indicating the projected

range and the range struggle is shown in Figure 3.6.
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Figure 3.6: Range distributions for Eu ion implanted into 6H-SiC. N(x) is the number of ions
and the depth represents the distance into the solid. The projected range is also indicated in

the figure.
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3.6. Simulation of ion implantation

A simulation of ions implanted into a certain material is necessary in predicting the shape
and depth of the expected spectrum. This simulation help us choose energies for
implantations at desired depths. A Monte Carlo computer program is used to calculate the
range distributions of a variety of ion/target combinations. In this study a TRIM program was
used to simulate implantation of 360 kel europium ions into 6H-SiC. When performing

the calculations, TRIM assumes the following:
» That the interaction of ion and target is a binary collision, ignoring the influence of

the surrounding atoms.
» Recombination of atoms with vacancies is neglected.
» The interatomic potential as a universal form which is an averaging fit to quantum

mechanical calculations using experimental data.

Even with these assumptions in place, TRIM still maintains moderate accuracy
with a percent error of about 5-10%. Figure. 3.7 shows the TRIM results of a 360

keV Eu ions implanted in 6H-SiC, experimental results are included for comparison.

2,5 L} l L} l L} l L) l L)
| Atomic density percentage (Experimental)| |
— (Atomic density percentage (Simulation)
2,0 S -
X
2 15- -
(7]
c
[]] 4 -
©
Q
g 1,0 - -
o
whd
< . -
0,5 1 -
0,0 ; , ' , ' , : : ;
0 50 100 150 200 250

Depth (nm)

Figure 3.7: A TRIM simulation of 360 keV Eu ions implanted in 6H-SiC, with an

experimental profile is shown ( black) for comparison.
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Chapter 4
EXPERIMENTAL TECHNIQUES

In this study Rutherford backscattering spectrometry (RBS) and scanning electron
microscopy (SEM) were used to investigate the migration behaviour of Eu ions implanted
into single crystalline 6H-SiC. This chapter discusses the experimental techniques used in

this study.

4.1. Rutherford Backscattering Spectrometry (RBS)

Rutherford Backscattering Spectrometry (RBS) is an analytical technique used in materials
science to determine the structure and composition of materials by measuring the
backscattered beam of energetic ions impinging on material. RBS consists of five parts
namely, the accelerator/Van De Graaff Generator, the beam line, analysis chamber,

the detector and the data acquisition set-up. They are discussed in detail below.

4.1.1. The Van De Graaff Generator

In this study, positive helium ions (He") that are used to analyze 6H-SiC implanted with
Eu ions were produced by an ion source and accelerated by a Van De Graaff accelerator

to an energy of 1.4 and 1.6 MeV.

The helium (He) gas was ionized by a radio-frequency (rf) signal. The ionized gas resulted in
a He gas plasma. A positive potential was then applied to the anode. Positive ions from
the plasma are then repelled through the exit of the bottle into the acceleration path of
the accelerator. A typical rf ion source with electrodes and exit channel is shown in Figure

4.1:
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Figure 4.1: Schematic representation of an rf'ion source. Taken from reference [1].

In a Van De Graaff generator, a pulley drives an insulating belt by a sharply pointed metal
comb which has been given a positive charge (charging screen) by a power supply [2].
Positive ions are removed from the belt by another comb at the top (collection screen). This
allows the net positive charge to spread onto the terminal shell. Thus the belt accumulates
electric charge on the terminal shell producing high voltage on the terminal shell. This high
potential is used to further accelerate the positive ions (He") along the beam line. Figure 4.2

shows a typical schematic of a Van De Graaff accelerator.

ACCELERATOR TUBE

CORONA POINTS

10N SOURCE-~”
COLLECTION CHARGING
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Figure 4.2: Schematic diagram of a Van De Graaff accelerator. Taken from reference [1].

To minimize collisions between the accelerated ions and the molecules in the acceleration
tube, the tube is highly evacuated to normal operating pressures of 10° mbar. For the
accelerator employed at UP, the tube pressure is kept at about 10 mbar. If the pressure in the

tube goes up to about 10 mbar, a voltage breakdown can occur.
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The terminal shell and the accelerating tube are covered by a tank. The tank is normally filled
with dry gases such as N,, CO,, or SFg to prevent sparking of the high voltage to the terminal
which is at ground potential [1]. The tank is first evacuated before filling it with the gases. In

our case a mixture of N, and CO, was used.

4.1.2. The beam-line

A beam of high-energy ions is accelerated to the target along a drift tube/beam-line that is
maintained at low pressures. A vacuum between 10” mbar and 107 mbar is sufficient for
minimum collision probability between ions and residual gas molecules. The UP accelerator
beam-line is kept at 10 mbar of pressure. The beam must have a uniform distribution along
the appropriately shaped cross section for the analysis of the sample. The shape of the beam
cross section is defined by collimators. They are typically circular holes of diameter ranging

from less than 1mm up to Icm. A 1 mm collimator was used in this study.

4.1.3. Target and analysis chamber

The target is positioned in a chamber where it interacts with the beam. In the same way as the
accelerator tube and the beam-line, the chamber is also evacuated to lower pressures. A
mechanical pump is used to evacuate the chamber to reduce the pressure to the moderate
pressures of 107 mbar, the starting pressure for the turbo-molecular pump. At this pressure, a
turbo pump is employed to pump down to lower pressures of about 10 mbar. After analysis

the chamber is vented with air to the atmospheric pressure.

The beam current is measured directly at the sample. The secondary electrons (from the
interactions of the beam with the target) which may falsify the current measurement are
suppressed by applying negative suppression voltage of approximately -100 V on the

suppressor plates (located in front of the target).

A controlled ion beam bombards the sample placed in a sample holder at a certain angle (ion
incident angle), 0° in this project. The backscattered ions are detected by a detector located at
a certain angle ( scattering angle) with respect to the incident angle. The scattering angle used

in this project was 165°.
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4.1.4. The detector and data acquisition

The RBS at the University of Pretoria employs a Si-surface-barrier-solid state detector for the
detection of backscattered energetic ions. A typical solid-state detector is shown in Figure
4.3.

AU surfate barmar nuciear particie detactor
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Figure 4.3: Schematic representation of a gold-surface barrier nuclear particle detector.

Taken from reference [3].

When a backscattered energetic ion passed through the depletion region, electrons-holes are
created. The number of electrons-holes is proportional to the energy of the backscattered
particle. The electrons-holes are detected by applying the biased voltage of about 40 V to the
detector. The detector is connected to a preamplifier which generates a pulse for each
incident ion. The height of the pulse is proportional to the energy of the detected particle. The
generated pulse is then fed into the amplifier where it is amplified. The amplified analogy
signal is fed into a multichannel analyser (MCA) where it is digitalized [ 4]. The digitized
data is then displayed on a computer screen in XY plane of Counts and channel number
where the counts and channel number are equivalent to concentration and backscattered
energy respectively. A typical RBS spectrum of 6H-SiC implanted with Eu is shown in

Figure 4.4, the surface positions of elements are indicated by arrows:
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Figure 4.4: A typical RBS spectrum of 6H-SiC implanted with Eu, arrows indicate surface

positions of elements.

4.2.The kinematic factor

During RBS analysis, a target is bombarded with particles (/) of a given initial energy (£y)
and velocity vy. These particles collide with a stationary target (M) which then recoils with

energy E> and velocity v,. The projectile backscatters with energy £;.as shown in Figure 4.5.

Target atom Projectiie
M2 M
~ - V2B o E
PTS oro

Figure 4.5: A schematic representation of a elastic collision of a projectile of mass M|,
velocity v, incident energy Ey and a stationary target atom of mass M. After the collision the

projectile has energy E;, and velocity v,, the target atom has energy E, and velocity v,. 0 is a

backscattering angle. Taken from reference [1].
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Applying the principles of conservation of energy and momentum, the energy of
backscattered particle £; can be found [1]. The ratio of the projectile energy before collision

to that of the projectile after collision (backscattered particle) is called the kinematic factor K:

E, =KE, (4.1)

Using conservation of energy and momentum, K is found to be [1]:

K=m—12 cos@ =+ i —sin’ @
(m1+mz) m,

The energy E; of the particles backscattered from known surface elements can be calculated

(4.2)

using equation. 4.1. If m;< m; only the positive sign is used in equation. 4.2. If m;> m; then

equation. 4.2. has two solutions, and the maximum possible scattering angle 6,,, is given by

[5]:

0. = arcsin(&J (4.3)

m,
In this project m;<ms..

4.3.Depth Scaling

Not all incident energetic particles are backscattered from the surface. Some of the incident
particles penetrate the sample, and their energy is lost as a result of interactions between the
particles and the various atomic elements composing in the target material. Some of the
penetrating ions backscatters inside the material/sample after losing some energy and they
lose energy on their way back to the surface. A typical schematic diagram illustrating such a

process is shown in Figure 4.6.
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Figure 4.6: A schematic representation of a backscattering event in a sample consisting of

one element, bombarded with particles of energy Ey. Taken from reference [1].

An energetic ion of initial £y, backscatters on the surface with energy KE,. The penetrating
ion loses some of its energy before backscattering at depth x from the surface. The ion has
energy E before backscattering at x and has energy KE after backscattering. The particle
backscattered at x loses energy on its way out. E; is the energy of the particle emerging from
the surface after backscattering at depth x. The scattering angle 0 is given by §=180°- 0;- 6,,
where 6; and 6, are the angles between the sample normal and the direction of the incident

beam and of the scattered particle, respectively.

The energy difference of a particle scattered at the surface and a particle scattered at depth x

is denoted by:
AE = KE, - E, (4.4)
where KEy- E; is given as a function of x by[1]:

1 de
cosd, dx

K_dE
cosd, dx

AE:KEO—EI{

}c 4.5)

in

dE

p are the constant energy loss values along the inward and outward paths of the
X

out

and d—E
dx

traversing ion. If factor in square brackets in equation 4.5 (the energy loss factor) is replaced

by S. Thus equation 4.5 can be written as:
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AE =[STx (4.6)
In terms of stopping cross sections, equation 4.6 can be rewritten as:
AE =[¢]Nx (4.7)

For a single element material, € is the stopping cross section factor given by:

K 1
[6'] = gin + gout (48)
cosd, cosd,

For a material consisting of more than one element i.e 4,,B,, a stopping cross section factor is

given by Bragg's rule:

£, =me, +ne, (4.9)
Consequently the total energy loss is given by

AE , =& ,;Nx (4.10)
where N is the molar density.

4.4. Differential cross section

The likelihood of a backscattering event to occur can be explained by the idea of a
differential cross section. For an elastic collision in the laboratory frame of reference,

the probability of a backscattering to occur is given as [1]:

d_a_(lezesz 4 {[1-((m,/my)sin0)>]"* + cos 6}° win)

dQo | 4E | sin’6 [1—((m, /m,)sin 6)*]"

where Z; is the atomic number of the incident atom with mass m;, z is the atomic number of
the target atom with mass m., e is the electronic charge and £ is the energy of projectile ion.
The direct proportionality of do/dQ2 to Z; and Z, explains the higher sensitivity of the
backscattering spectrometry to elements with bigger mass than for the ones with smaller
mass. The inverse proportionality of do/dQ to the square of the projectile energy £ explains

the higher backscattering yield for low energy ions than for high energy ions.

The total number of detected particles can be written as:
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A =cQONt (4.12)

where Q is a solid angle, Q is the total number of incident particles, Nt is the number of target
atoms per unit area perpendicular to the beam and o is the differential cross section. If ¢ and

Q are known, the number of atoms per unit area in the target can be determined.
4.5. Ion Channelling

Channelling is the steering of a beam of energetic ions into open spaces (channels) between
close-packed rows or planes of atoms in a crystal (see figure 4.8). Channelling is being used
to measure implantation damage, dislocation networks, quality of epitaxial layers and strain
in strained layer super-lattices. This steering avoids close encounters with the atoms in the
close-packed rows and planes as a result of which the yield of the backscattering spectrum
decreases. In the presence of an interstitial atom or displaced host atoms in the row or the
planes of the crystal, the channelled beam will be backscattered and the normalized yield will
increase. In this study channelling was used to measure the radiation damage retained in 6H-
SiC by Eu implantation and their annealing after heat treatment of the samples at various
temperatures. The spectrum obtained by channelling of ions is termed the aligned spectra
while the one obtained without aligning the beam of energetic ions is termed the random
spectra. Channelling only occurs if the ion's incident angle is small. Consequently only those
ions at the angle less than the critical angle ¢. experience channelling. The critical angle is

given as:

ZIZZ
Ed (4.11)

. =973

Where Z; and Z, are the incident ion atomic number and target atom atomic number

respectively. E is the projectile energy and d is the atomic spacing in a crystal.
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Figure 4.8: Illustration of a channelling effect of an incident ion passing through atomic

spacing of silicon crystal. Taken from reference [6].

In (Fig.4.9), the random and aligned spectra is shown for an as-implanted 6H-SiC implanted
with Eu ions at 360 keV ion energy at 600 °C.
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Figure 4.9: A spectra of 360 KeV Eu ions implanted in 6H-SiC, a random spectrum and

aligned spectrum are shown.

In this study channelling was done by aligning the beam along the direction of the crystal

using a three axis goniometer. For finding a channel in 6H-SiC, one axis (z-axis) was taken as
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a reference, this axis is normal to the sample plane. The channel was searched by scanning
the sample around the x-y plane perpendicular to the z-axis. This was done by scanning the
sample first in the y-axis and then again in the x-axis in steps of 0.2°. To avoid the surface
backscattering, the energy window was set between the silicon surface energy and the carbon
surface energy using the single channel analyser (SCA). The yield was recorded for both x-
and y scans together with the corresponding angles. The minimum backscattered yield were
chosen and plotted against the corresponding angles. This process was repeated while
reducing the angular scan, and enough points were plotted until the directions of the formed
planes were obtained. A channel is found at the point where any two planes intersect each
other. After finding the channel, the energy window was set back to include the whole

backscattered particles, and then a full spectrum is collected.

RBS-C was used in this study to monitor the retained damage in 6H-SiC after implantation
and after every annealing of the sample. To avoid channeling while recording the random
spectrum, the spectrum was collected 5° away from the channel. A comparison of a random

and aligned spectra is shown in figure 4.9.

4.6. Scanning Electron Microscopy ( SEM )

The changes in sample’s surfaces after implantation and after annealing were monitored by
scanning electron microscopy (SEM). SEM is an instrument used to generate images of
specimen surfaces by scanning the sample with a beam of electrons in the x- and y-directions.

Figure 4.10. shows the main components of a typical SEM.
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Figure 4.10: Schematic representation of scanning electron microscopy. Taken from

reference [7].

The electron gun generates free electrons and accelerates them to energies in the 1-40 kV
range. In this study an electron energy of 2 kV was used in all measurements. The
electromagnetic lenses create a small focused electron probe on the sample. The scanning
coils scan the electron beam across the surface of the sample and focuses it into a fine probe
to produce images. The electron column operates in vacuum to allow the electron beam
to travel freely thus minimizing interactions with the gaseous molecules that are present at

high pressures.

When a sample is bombarded with electrons, signals are emitted in the form of
electromagnetic radiation. These signals, mostly secondary electrons (SE) and backscattered
electrons (BSE), are collected by detectors and amplified for final display on a
computer monitor. Secondary electrons are low energy electrons with energy of
approximately 5 eV [7]. BSE are high energy electrons with energies about the same
as the energy of the incident beam. BSE and SE can be used for image formation. SE
images
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show mainly the topography of the sample surface. Auger electrons are ejected from atoms in
response to a downward transition by an electron from higher energy state to lower energy
state. The downward transition results in an emitted photon or an x-ray signal. These two
signals can be used for chemical analyses of the sample (e.g. the composition of the sample,

etc).

The function of electron lenses in SEM is to produce a uniform electron beam with desired
diameter. The final lens aperture controls the aberrations and the resolution of the image. The
detector detects the radiation signals that are emitted during electron beam interaction with
the sample. Figure 4.11 shows the types of signals emitted during electron interaction

with specimen in SEM:
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Figure 4.11: Schematic of electron-matter interactions arising from the impact of an electron

beam onto a sample. Taken from reference [§].

In this study a field emission scanning electron microscope (FEG-SEM) was used. This
microscopy employs Zeiss Ultra 55 instrument fitted with SE (secondary) detectors, BS
(backscattered electron) detectors and an in-lens SE detectors. For the analyses of our

samples, the in-lens SE detectors was used and the results are reported in chapter 6.
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The image details and resolution in the SEM are determined by the size and characteristics of
the interaction volume. The electron beam interacts and penetrate the sample to
approximately 1 um depth. The elastic and inelastic scattering controls the depth to which the
electron beam penetrates in the solid. This forms an interaction volume from which different

signals emerge. Figure 4.12. shows schematic of an interaction volume:
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Figure 4.12: A schematic diagram of a beam interaction with sample and the corresponding

emitted signals at different depths. Taken from reference [9].

The nature of imaging in SEM is determined by the interaction volume. The interaction
volume increases with increasing beam energy and decreases with atomic number of the

atoms in the sample.

Samples must be clean and compatible with high vacuum environment. This is especially

necessary since SEM operates in high vacuum(~ 10 mbar).
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Chapter 5
EXPERIMENTAL PROCEDURE

In this chapter the experimental procedure is outlined. A description of how the samples were
prepared before and after implantation is given. A procedure how the samples were

cut into smaller pieces for experimental analysis also given.

Sample preparation

The starting materials for this project were single crystalline 6H-SiC wafers from Valley
Design Corporation, with diameter 50.8 mm, thickness 368 + 25 um and a micro-pipe area
density <30 cm™ . The 6H-SiC wafers was cut into two halves using a diamond scriber.
These samples were cleaned four times in an ultra-sonic bath with acetone. Each cleaning
cycle took 10 minutes. This was followed by rinsing with de-ionised water and finally dry

blown with nitrogen. After this cleaning procedure the samples were sent for implantation.

Implantations

The implantations of all samples were performed at the Institut fiir Festkdrperphysik,
Friedrich-Schiller-Universitét, Jena, Germany. The implantations were carried out with 360
keV europium ions at 600 °C with a fluence of 1x10'® cm™ for the study of radiation damage
and diffusion of europium. To avoid channelling, implantation was done at an angle of 7°
relative to normal incidence. Beam induced target heating (during implantation) was
minimised by keeping the flux below 10™° cm™s™. The vacuum pressure was kept at about
10* Pa. After implantation, the samples were further cut into 8x8 mm?® and further cleaned
with acetone prior analysis with RBS-C, SEM and heat treatment/annealing. Some of the as-
implanted samples were annealed at temperatures from 1000 to 1400 °C for 5 hrs in steps of

100 °C.

The annealing

For the annealing process, a computer controlled Webb 77 graphite furnace was used.
Samples were analysed after each annealing cycle. The sample was put inside a graphite

crucible and then loaded into the oven. This was applied in every annealing cycle, and the
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reason for that is that the contamination of the annealing sample by other elemental residues
that may be stuck in the furnace walls must be avoided. This kind of contamination is very

possible since the furnace is used by different researchers for various studies.

The oven was always evacuated to lower pressure of about 10° mbar after loading the
sample. The oven was then degassed at 100 °C for 3 hours before starting with the annealing
process. This ensures that the maximum pressure during annealing is kept at 10” mbar and
the pumping time is reduced. The temperature is controlled by a Eurotherm 2704 controller

that is connected to a thermocouple and a pyrometer. An average value is measured.

During the heating process the vacuum pressure increases from 10° to 10° mbar. The heating
rate of this machine was kept at around 20 °C/min. The heating element heats up to a selected
temperature level and then stays there for 5 hours. At the end of annealing the current is
switched off and the system cools down. The vacuum is brought down by switching off the
high vacuum pump and then the vacuum is finally broken completely by opening argon gas
into the chamber to bring the pressure to the atmospheric pressure. A sample is removed and

then analysed.

The depth profiles of implanted Eu were obtained by RBS at room temperature by production
of a collimated beam of particles with energy of 1.4 and 1.6 MeV at a scattering angle of
165° using the accelerator at the University of Pretoria. The analysing beam was collimated to
a spot of Imm in diameter and the current was kept below 15 nA to avoid pile-up and over-
heating of the target sample. To suppress secondary electrons, an electrode was kept at a
negative potential of 100 V in front of the target. An integrated charge of 8 pC was collected

to ensure sufficient counting statistics.

A surface barrier detector telescope was placed at a scattering angle of 165° for the detection
of backscattered particles. Aligned spectra were normalised to random spectra collected
during rotation of the sample about an axis tilted by approximately 5° relative to the

channelling direction.

The same set-up was also used to investigate radiation damage in the single crystalline
samples by Rutherford backscattering spectrometry in a channelling mode spectrometry
(RBS-C). The backscattered energy in channels were converted into depth (in nm) using the

energy loss data and the density of pristine SiC i.e. 3.21 gem™.

51



Samples surfaces before and after annealing were investigated by field emission scanning
electron microscopy (FEG-SEM) at the University of Pretoria, employing a Zeiss Ultra 55

mstrument fitted with the usual SEM detectors and an in-lens detector.
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Chapter 6

RESULTS AND DISCUSSION

The migration behavior of europium implanted into 6H-SiC was investigated using
Rutherford backscattering spectrometry (RBS), (RBS-C) and scanning electron
microscopy(SEM). This chapter presents and discusses the results and is organized as
follows: Section 6.1 and 6.2 present and discuss radiation damage and diffusion

results respectively.

6.1. Radiation Damage Results

Typical RBS spectra (both Random and aligned) of Eu ions implanted into 6H-SiC at 600 °C
are shown in Figure.6.1. The un-implanted 6H-SiC (virgin) spectrum is included for
comparison. Arrows in Figure 6.1 indicate the surface energy positions in channels of the
elements. Implantation at 600 °C resulted in the appearance of the broad peak around channel
230. This peak indicates the amount of radiation damage retained after implantation. The
aligned spectrum in Figure 6.1 does not overlap with the random spectrum, indicting the
absence of amorphous material. The lack of amorphization is due to the availability of
thermal energy to the displaced atoms that increase the probability of recombination during
implantation at this temperature. Similar results have been reported for other implanted FPs

surrogates at the same implantation temperature [1-7].
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Figure 6.1: Rutheford backscattering spectrometry (RBS) spectra of 6H-SiC implanted with
360 keV Eu ions (both random and aligned) at 600 °C and the virgin SiC.

The measured Eu depth profile (from RBS), the TRIM simulated Eu depth profile using
SRIM 2012 [8] and displacement per atom (dpa) are shown in Figure 6.2. The ion

fluence was converted into displacement per atom (dpa) by:

——x10° x p(ions.cm ™)
dpa = ion(cm) . 6.1)
p,(ions.cm™)

where ¢ is the ion fluence, p. is the theoretical density of silicon carbide (9.641 atm/cm’) and

vao/ion(cm) is the vacancy per ion ratio obtained from SRIM 2012 [8].

The projected range of measured Eu depth profile is in reasonable agreement with the SRIM
simulation, while the as-implanted profile is broader than the simulated due to
SRIM approximations. The TRIM approximations includes a binary collision between
ion and target, neglecting the recombination of atoms with vacancies, the interatomic
potential as a universal form. The defects are closer to the surface as compared to the
implanted Eu profile. This is because (as literature has proven on silicon self-diffusion),

silicon interstitials (Si;) vacancies proceed preferentially toward the surface [9].
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Figure 6.2: The as-implanted Eu (360 keV) depth profile (from RBS), TRIM simulated Eu
depth profile and displacement per atom (dpa).

The aligned silicon depth profiles of the implanted 6H-SiC after isochronal annealing at
1000, 1100, 1200, 1300 and 1400 °C for 5 hours are shown in Figure 6.3 (the random, virgin
and as implanted spectra are included for comparison). The projected range (R,) of the
radiation damage peak is about 98 nm. Annealing at 1000 °C caused some reduction in the
radiation damage peak, indicating some annealing of radiation damage at this temperature.
This reduction of radiation damage was more pronounced at 1100 °C, indicating further
annealing. The radiation damage peak was further reduced after annealing at 1200 °C
indicating a continued annealing of radiation damage. The peak completely disappeared after
annealing at 1300 and 1400 °C. Even though the reduction of radiation damage within the
lattice is significant after annealing at 1400 °C, the aligned spectrum of the annealed sample
is still higher than the un-implanted (virgin) aligned spectrum. This indicates that the total
annealing of radiation damage was not achieved after annealing at 1400 °C. From these
results, it is evident that in order to anneal all the radiation damage retained after
implantation at 600 °C during isochronal annealing experiments (similar to this study), a

temperature greater than 1400 °C is required.
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Figure 6.3: Si depth profile of Eu implanted into SiC by 360 keV Eu ions and annealed at

various temperatures.
6.2. Diffusion Results

Figure 6.4 shows the aligned silicon depth profile in SiC implanted with Eu ions, random and
Eu depth profiles are included. These results clearly indicate that, the as-implanted Eu is
initially embedded in the highly defective radiation damage region. The migration behaviour
of Eu implanted into 6H-SiC was investigated simultaneously with the annealing of radiation
damage. The Eu depth profiles obtained from RBS after isochronal annealing are shown in

Figure 6.5 (the as-implanted profile is included for comparison).

56



3000

random

— as implanted -
2500 Eudepth |-
2000

Yield

0 ' 100 ' 200 ' 300 ' 400
depth (nm)

Figure 6.4: Si depth profile of Eu ions implanted into 6H-SiC indicating Eu profile peak
within the damaged area of Si.

Annealing at 1000 °C resulted into a shift of Eu peak towards the surface, indicating the
migration of Eu towards the surface was already taking place (see Figure 6.6(c)). At 1100 °C,
the peak shift towards the surface became more significant. At 1200 and 1300 °C, there was
no peak shift until at 1400 °C where a further peak shift was observed.
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Figure 6.5: Eu depth profiles of Eu implanted into 6H-SiC at 600 °C after isochronal

annealing at various temperatures for Shours.

The retained ratios were calculated as the ratio of the area of Eu counts after annealing to that
of as-implanted and the results are illustrated in Figure 6.6(a). The retained ratio reveals that
the migration of Eu towards the surface was accompanied by a subsequent loss of implanted
Eu from the surface at annealing temperatures above 1000°C. About 10% of Eu was lost after

annealing at 1100 °C and about 50% was lost after annealing at 1300 and 1400 °C.
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Figure 6.6: (a) Retained ratio of Eu implanted into 6H-SiC at 600 °C after isochronal

annealing at different temperatures for 5 hours. (b) Full width at half maximum plotted as a

function of temperature for 360 keV of Eu ions in 6H-SiC implanted at 600 °C after

isochronal annealing at different temperatures for 5 hours. (c) Peak shift of the Eu profile of

the as-implanted and annealed samples at 1000 to 1400 °C in steps of 100 °C.

The diffusion of implanted Eu was investigated by comparing the full width at half maximum
(FWHM) of the Eu depth profiles of the as-implanted and the annealed samples. The
FWHMs square is plotted as a function of temperature in Figure 6.6(b). The FWHM
obtained after annealing at 1000 to 1100 °C, showed no broadening indicating no detectable
Fickian diffusion after annealing at these temperatures. However, the Eu peak shifted towards
the surface as observed in Figure 6.6(c). The broadening of the FWHM was observed after
annealing at 1200 and 1300 °C indicating the beginning of Fickian diffusion at these
temperatures. Annealing at 1400 °C showed no broadening of the FWHM. No further Eu
peak shifts (as compare to 1100 °C) was observed at 1200 and 1300 °C, indicating that the Eu
loss was purely due to Fickian diffusion, while a further shift was observed at 1400 °C
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The shift of Eu peak towards the surface combined with annealing of radiation damage, may
be due to trapping and de-trapping of Eu implants by radiation damage. On the as-implanted
samples Eu is trapped by radiation damage retained after implantation. As these radiation
damage are annealed, de-trapping of Eu occurs which allows the Eu to shift towards the
surface. This process progresses with increasing temperature until the temperature where

diffusion take place.

The surface topography of the as-implanted compared with annealed samples are shown in
Figure 6.7. The as-implanted samples were fairly smooth. No major changes were observed
after annealing up to 1200 °C. These results indicate that the shift towards the surface after
annealing up until 1100 °C was not due to the changes in the samples' surface. This confirms
the trapping and de-trapping of implants theory suggested earlier. The SEM images also show
the appearance of step bunches on the surface after annealing at 1300 and 1400 °C. This is
due to thermal etching of the material during annealing [10]. However, this thermal etching
took place at lower temperatures than the one at which it occurred (1500°C) in Ref. [10]. This
is due to the damage introduced into the surface region of the 6H-SiC after ion bombardment.
Such damage lowers the surface binding energy resulting in increased thermal etching. The
peak broadening was not observed after annealing at 1400 °C but the shift and loss of Eu was

considerably higher than at the other higher annealing temperatures. This can be due to the

severe surface changes of the sample after annealing at this temperature (see fig 6.7).

Figure 6.7: SEM images of Eu ions implanted into 6H-SiC at 600 °C: (a) as-implanted,
subsequently annealed at (b) 1000, (c) 1100, (d) 1200, (e)1300 and (f) 1400 °C.
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The diffusion coefficients were estimated from the broadening of FWHM of Eu depth profile
after annealing at 1200 and 1300 °C as explained in chapter 2 (using equation 2.5). The
diffusion coefficients at 1200 and 1300 °C were found to be 1.56 x10""® m’/s and 2.98 x10"*
m’/s respectively. On the other hand, Dwaraknath et al[11], found that the diffusion
coefficients of Eu in SiC at 1200 and 1300 °C were 1.4 x107° m’/s and 2.6 x10™ m’/s
respectively. The differences between the diffusion coefficients may be due to the different
conditions used in the two studies. In this study, Eu introduced radiation damage directly to
SiC due to the direct implantation while Dwaraknath implanted the fission products (FPs)
into a pyrolitic carbon layer (PyC) which was placed between the high purity CVD B-SiC and
a coating of plasma-enhanced CVD SiC. This ensured that the fission products resided in the
interface and not directly in the SiC substrate. Because of these different conditions, a

different amount of FP will diffuse in a given period of time even at the same temperatures.

The plot of InD as a function of 1000/T(K) is shown in Figure 6.8. Using P; and P, of the
graph the slope was calculated from which the activation energy E, was deduced and
consequently D, was estimated from the y-intercept. The values for £, and D, were found to
be 1.20 x107 eV and 3.08 x10"® m?/s respectively. This fitting of a straight line to only two
points, is highly controversial and can, at best, only give order of magnitude values to the
fitting parameters. In comparison, the values for Dwaraknath et al [11], are 5.5 e} and 1.2
+0.25 m’/s. The difference with our values might be due to our inaccurate fitting to two
points and/or the difference in conditions. One can expect that in-diffusion through a
surface resulting in the diffusion species to overcome the surface energy might result

in lower diffusion coefficients as found by Dwaraknath et al.[11] and consequently

different values for E, and Dy.
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Figure 6.8: A graph of InD vs 1/T for 1200 and 1300 °C annealing temperatures of a Eu
implanted at 600 °C in 6H-SiC.

Normally the nuclear fuel particles/rods are replaced after every 18 to 24 months [12]. The
time taken by Eu to migrate through the thickness of SiC was calculated using equation 6.2:

= (6.2)

xZ
D
where x is the thickness of SiC layer in the TRISO particle, viz. x = 35um, D is the diffusion

coefficient.

At 1200 °C, the diffusion coefficient suggests that it would take approximately 25 years for
Eu to migrate through this thickness while it suggests that it would take 13 years at 1300 °C.
Therefore, our results suggest that in TRISO particle, Eu does not only migrate via diffusion
mechanism investigated in this study. This discrepancy might be true if one considers the

following facts about the TRISO particle in a nuclear reactor:
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Chemical vapour deposition (CVD) is used to manufacture the layers in the TRISO
particle. This will result in polycrystalline SiC which will have different diffusion
coefficients at the different temperature than the single crystal SiC used in this study.
TRISO particles are continuously exposed to different irradiation during reactor
operation. Thus radiation-enhanced diffusion of the Eu may occur.

Different fission products exist in the TRISO particle. This may result in synergistic
effects [13]
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Chapter 7

Summary and Future studies

This study focused on the migration behaviour of Eu implanted into 6H-SiC at 600 °C.
Implantation temperature retained crystallinity of 6H-SiC with some defects. This was
expected as the implantation temperature was above the critical temperature of SiC
amorphization. Reduction of radiation damage retained after implantation, already took place
after annealing at 1000 °C. This annealing of radiation damage progressed with
increasing annealing temperature up to 1400 °C. The shift of Eu towards the surface was
already taking place after annealing at 1000 °C and became more pronounced with
increasing temperature (where it was accompanied by Eu loss from the surface). Fickian’s
diffusion of Eu was only observed after annealing at 1200 °C and continued up until 1300 °C.
No Fick's diffusion was observed after annealing at 1400 °C. The shift of Eu profiles after
annealing from 1000 to 1200 °C was explained using trapping and de-trapping of the
implanted ions by defects. A further shift of Eu at 1400 °C was due to thermal etching of the

surface.

These results imply that Eu diffusion is controlled by radiation retained after implantation. In
a nuclear environment where continuous irradiation of SiC is taking place, these result are of
crucial important. To get holistic image of the migration behaviour of Eu in SiC,

the following study must be conducted:
e The migration behaviour of Eu in Polycrystalline chemical vapour deposited (CVD)

need to be investigated.

e The effect of different irradiation in the migration behaviour of Eu in both single
crystalline and polycrystalline SiC need to be investigated.

e The synergetic effect of other fission products in the migration behaviour of Eu in SiC

need to be investigated.

66





