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Summary

The containment of fission products (FPs) in a nuclear fuel particle is the biggest concern
regarding the safety of high temperature reactors (HRTS). In modern high temperature gas
cooled nuclear reactors (HTGRS), safety is improved by coating the fuel particle with layers
of chemical vapour deposited carbon and silicon carbide (SiC). In this Tri-structural Isotropic
(TRISO) fuel particle, SiC is the main barrier layer of FPs. The release of radioactive FPs
through the silicon carbide (SiC) containment layer presents an issue of radiological health
concern to the environment. During normal operation, The TRISO particle contains most of
the important FPs with the exception of other key FPs such as: silver (Ag), cesium (Cs),
strontium (Sr) and europium (Eu). Most investigations have been performed on the migration
behaviour of Ag and very limited investigations have been performed on the migration
behaviour of Cs, Sr and Eu. In this study, the influence of radiation damage in the migration
behaviour of Eu implanted into SiC was investigated.

A model of ion implantation is known to be effective in simulating the neutron irradiation in
a nuclear fuel particle, hence it was used in this study. Eu ions of 270 keV were implanted
into polycrystalline SiC and single crystalline 6H-SiC to a fluence of 1 x 10'® cm? at room
temperature (RT), 350 °C and 600 °C. Some of the as-implanted samples were sequentially
annealed at temperatures of 1000 °C to 1400 °C, in steps of 100 °C for 5 hours. The as-
implanted and implanted then annealed samples were characterized by Raman spectroscopy,
scanning electron microscopy (SEM), x-ray photoluminescence spectroscopy (XPS) and

Rutherford backscattering spectrometry (RBS).

Implantation at RT resulted in amorphization of the implanted layer in SiC for both
polycrystalline and single crystalline samples, while implantation at 350 °C and 600 °C
retained a defective SiC with slightly more defects in the 350 °C implanted samples than in
the 600 °C implanted samples. The radiation damage gradually annealed out with increasing
annealing temperature in all implanted samples. However, the full re-crystallization was not

achieved at the highest annealing temperature of 1400 °C reached in this investigation.

The broadening of Eu depth profile, indicating some diffusion was taking place in the RT
implanted polycrystalline SiC sample, was observed after annealing at 1000 °C up to 1300
°C. This broadening was accompanied by the formation of surface peak after annealing at

1000 °C, indicating the formation of europium oxalate compound on the surface. A larger



amount of Eu loss was observed after annealing at 1100 °C. There was a steady loss of Eu
from 1200 °C up to 1400 °C. The diffusion coefficients of: 0.015, 0.033 and 0.035 nm?/s were
extracted at 1000 °C, 1100 °C and 1200 °C, respectively. Annealing the 350 °C implanted
polycrystalline sample at 1000 °C resulted in the formation of rather small europium oxalate
compound on the surface compared to the RT implanted polycrystalline SiC annealed at 1000
°C. Contrary to the RT implanted sample, no broadening was observed after annealing up to
1400 °C. However, the loss of Eu was observed after annealing at temperatures > 1100 °C.

Unlike the RT and 350 °C implanted samples, annealing the 600 °C implanted polycrystalline
sample at 1000 °C did not result in a formation of europium oxalate surface peak. A slight
broadening was observed after annealing the 600 °C implanted polycrystalline sample at
temperatures of 1100 °C and higher. Due to the error limit of the RBS system used, no
reliable diffusion coefficients could be extracted for this sample at these annealing
temperatures. Almost all Eu was retained after annealing the 600 °C implanted samples at all

temperatures.

Annealing the RT implanted 6H-SiC at temperatures from 1000 °C to 1400 °C resulted in the
behaviour similar to that observed in the RT implanted polycrystalline sample annealed in the
same temperature range. Similar to the polycrystalline SiC, the highest loss of Eu was
recorded after annealing at 1100 °C. Ultimately, the loss of Eu was steady in the samples
annealed at 1200 °C up to 1400 °C. The diffusion coefficients of 0.017, 0.024 and 0.31 nm?/s
were extracted at 1000 °C, 1100 °C and 1200 °C respectively. Neither diffusion nor loss of Eu
was observed in the 350 °C implanted single crystalline 6H-SiC samples annealed at
temperatures from 1000 °C to 1400 °C. Also, the Eu oxalate compound surface peak that was
observed in the 350 °C implanted polycrystalline after annealing at 1000 °C, was not
observed in the 350 °C implanted 6H-SiC sample. This difference is due to the fact that Eu is
able to migrate via the grain boundaries and sit on the surface in the polycrystalline sample
while this is not possible in the single crystalline 6H-SIC because of the absence of grain

boundaries in the 6H-SiC sample.
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CHAPTER 1

INTRODUCTION

The need for a clean and sustainable source of energy has become a priority in the selection
of the world energy generation sources. The renewable energy consumption has grown
strongly recently in the energy mix, from 4.5% in 2018 to 5% in 2019 while nuclear energy
consumption increased by 3.2%, which marked its fastest growth since 2004 [1]. These
statistics show that the world is rapidly moving away from energy sources that impose a high
health risk to the environment with the emission of greenhouse gases that contribute heavily
in the atmospheric pollution. Modern nuclear energy systems are designed to provide a
sustainable energy generation that meets clean-air objectives and provides long-term

availability of systems and effective fuel utilization for worldwide energy production [2].

The high-temperature gas-cooled reactors (HTGRs) are series of reactor technologies
considered in the Generation IV reactor designs. These reactors are guided by a number of
goals, such as sustainability, economics, safety, reliability, proliferation resistance and
physical protection. The very-high temperature reactor (VHTR) design is one of these reactor
designs. A VHTR reactor has a core outlet temperature of > 900 °C. The ability of this reactor
to reach such high temperatures makes it additionally useful for the production of hydrogen
through thermo-chemical processes that require high temperatures. The technical basis for
VHTR is its fuel particle, thus the tri-structural isotropic (TRISO) coated particle. Its
potential for inherent safety, low operation and maintenance costs, high thermal efficiency,
modular construction and process-heat-application capability makes it ideal in the progressive
development of high temperature reactors (HTRs). The TRISO-coated fuel particle enables
the VHTR in achieving high temperature and the retention of fission products (FPs) inside the

coated particle during normal operation and accident conditions.

The Pebble Bed Modular Reactor (PBMR) design originated with the German high-
temperature reactor (HTR) development programme [3], a small modular reactor that is
helium cooled and graphite moderated. The PBMR project in South Africa PBMR Ltd (1999)

was established with the intention of developing and marketing the reactor. The PBMR
1



employs a TRISO-coated fuel particle. The design of the fuel particle consists of a fuel kernel
(UOy) that is coated with a layer of graphite buffer, inner pyrolytic carbon (IPyC), silicon
carbide (SiC) and finally an outer pyrolytic carbon (OPyC) - see Figure 1.1. The low density
PyC layer (the buffer) attenuates fission recoils and also provides voids for gaseous FPs and
carbon monoxide that are produced. The inner PyC retains gaseous FPs. The SiC layer serves
as the main barrier to solid FPs and provides adequate structural stability during fuel compact
fabrication. The outer-high density PyC protects SiC layer mechanically.

5 mm graphite layer

Coated particles imbedded
in graphite matrix

Dia. 60 mm
Fuel sphere

Pyrolytic carbon

Silicon carbite barrier coating
— Inner pyrolytic carbon
Porous carbon buffer

Dia. 0-92 mm
Coated particle

Dia. 0:5 mm
Uranium dioxide
Fuel

Half section

Figure 1.1: A schematic diagram of a TRISO fuel particle. Taken from reference [3].

Silicon carbide is a compound of silicon and carbon atoms and has a chemical formula SiC.
The atoms in the compound are linked together by a covalent bonding. Due to the strong
nature of the covalent bonding in this material, SiC has a high melting point of about 2700 °C
[4, 5]. It is also a hard substance due to the difficulty in breaking the covalent lattice. The
arrangement of the atoms is such that two primary coordination tetrahedral where four carbon
(C) atoms are bonded to a central silicon (Si) atom or four Si atoms are bonded to a central C

atom see Figure 1.2.



Figure 1.2: Tetrahedral crystal structure representation of (a) Si4C tetrahedron and (b) C,Si

tetrahedron. Taken from reference [6].

SiC derives its outstanding variety of properties from its very high Si-C bond energy (4.6 eV)
[7]. The tetrahedral unit cells are connected through their corners and stacked together to
form polar structures called polytypes. Polytypism is the phenomenon where a material can
adopt different crystal structures that vary in stacking sequence without changes in chemical
composition. The well-known example of polytypism material is in SiC [8-12]. SiC has more
than 200 polytypes. Figure 1.3. presents popular polytypes of SiC structures. The black and
white circles denote C and Si atoms respectively. The hexagonal and cubic sites are indicated

by h and k respectively.



e ... C atom
O ... Si atom

OO0 O0

Figure 1.3: Schematic structures of popular SiC polytypes; (a) 3C-SiC, (b) 4H-SiC, and (c)
6H-SiC. Taken from reference [7].

Figure 1.4. shows a schematic representation of sites in a cubic close-packed system. The
three possible sites are denoted as A, B, and C. No two successive layers are allowed to
occupy the same site, e.g. the layer on top of an A layer must occupy either B or C sites, and
consequently A or C is allowed over B.

« ABCABC... Stacking Sequence
* 2D Projection

A sites

B sites
C sites

e FCC Unit Cell

Figure 1.4: Occupation sites (A, B, and C) in the cubic close-packed system. Taken from

reference [13].
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The major SiC polytypes are described using Ramsdell's notation: C for cubic, H for
hexagonal, and R for rhombohedral [14]. The 3C-SiC is normally referred to as -SiC and
hexagonal is generally known as a-SiC. The stacking sites make it possible to describe the
polytypes by a repeating sequence, thus 3C-SiC can be described by the sequence ABCABC
or just ABC, while 4H and 6H-SiC can be described by ABCB and ABCACB respectively.
The 3C structure is often called the zincblende while the hexagonal one is known as wurtzite
[15].

In a nuclear fuel coating, SiC is used due to its outstanding mechanical and thermal properties
such as high thermal conductivity, high radiation resistance and low absorption neutron
cross-section. SiC is one of the hardest materials with Moh's hardness of 9.0 and Young's
modulus ranging between 300-700 GPa [16]. There is little polytype dependence in the major
mechanical properties reported in the literature [17, 18]. For the successful use of SiC in a
nuclear reactor, it has to retain its superior properties during reactor operational and

accidental conditions.

1.1 Radiation damage in SiC

In nuclear reactor environment SiC will be exposed to different irradiations at elevated
temperatures. Under these conditions, SiC should be able to act as the main barrier to fission
products. Hence, extensive investigations have been performed on the irradiation behaviour
of SiC.

Irradiation of SiC with energetic ions affect the structure and physical properties of SiC. It
was revealed a few decades ago, that atoms could be displaced by high energy neutrons, from
their equilibrium positions in a crystal lattice [19]. The effects of bombardment of SiC with
particles of light to heavy mass of high energies have been at the center of scientific research
field ever since. Many results have been reported on the formation of simple point defects in
materials [20 - 26]. The study of the relationship between the point defects and the properties
of the materials has become important in various fields of applications. The initial studies of
the effect of irradiation of neutrons and a-particles on SiC indicated that SiC can be used as a
high-temperature radiation-resistant material [27 - 30]. Moreover, early studies on the
irradiation of SiC found that irradiation with high-energy electrons (in excess of 1 MeV) into
various SiC polytypes exhibited isolated silicon vacancies or negatively charged silicon

vacancies as the main radiation defects, which could be more beneficial in the semiconductor
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applications [31 - 33]. In irradiation with electrons, the SiC amorphization threshold fluence
was found to be 10% - 10%* cm™ [34].

Measurements of irradiation with electrons with energies of 1 - 2.5 MeV to fluences of 10"’ -
10" cm into high-purity epitaxial layers of n-3C- , n-6H- , and n-4H-SiC, revealed that,
after heat treatment, partial annealing of silicon vacancies (V) was taking place at 200 °C
[35]. A complete annealing took place at temperatures of 750 - 900 °C for the Vs; vacancy
centers, and the complexes that involved these vacancies were annealed out at temperatures
of 1200 - 1400 °C [36 - 38]. Irradiation of the chemical vapour deposited (CVD) layers of
3C-, 4H- , and 6H-SIC polytypes with electrons of energies 0.5 - 2 MeV and fluences of 3x
10" - 6 x 10" cm? and the annealing of these samples at elevated temperatures up to 1700
°C in vacuum, indicated the formation of complex defects at different temperatures for
different polytypes. It was observed that the annealing temperature increased with the
increase in the degree of hexagonality of SiC, from 3C- , through to 4H polytypes [39].
Irradiation with low-energy electrons revealed a variety of configurations and charge states of
radiation defects. Irradiation with electrons of different energies from 300 - 900 keV and
fluences from 5 x 10*- 3 x 10" cm™ into 3C- , 4H- , and 6H-SiC of both n- and p-type,

produced Frenkel pairs of the form: Vo~ —Si. (silicon vacancy and silicon interstitial pair)

[40, 41]. The vacancy defects found in the p-SiC samples were observed to be annealed out at

low temperatures as compared to similar defects found in the n-SiC samples.

The distribution of the radiation defects induced when irradiating SiC with neutrons of
energies ranging between 0 and 15 MeV is uniform over the bulk of the sample [42].
Approximately 90% of the defects formed by irradiation with neutrons in 3C-SiC were
observed to be annealed out at 350 °C [43]. Studies with Electron Spin Resonance (ESR)
done at 77K on the n- and p-4H- and 6H-SiC samples irradiated with >0.1 MeV electrons at a
fluence of 6 x 10*® cm™ revealed a broad area of defect-related centers in different charge
states [44, 45]. These defects were identified with various defect configurations and were

annealed out at different temperatures ranging from 800 to 1500 °C.

It was found that the behaviour of the defects in SiC for the samples irradiated with electrons
and those irradiated with neutrons are identical [46]. They were found to become more larger

and more complex with an increase of the irradiation fluence (e.g 10%° - 10 cm™) [47].



Irradiation with ions is also commonly used, to study the radiation-induced defects formation.
When the irradiating ions collide with the atoms of a solid material, energy is transferred to
the atoms in a solid. Depending on the amount of energy transferred, the interatomic bonding
between the atoms in a solid can be broken, resulting in permanently displaced atom from its
lattice site [48]. The amount of energy that is required to permanently displace an atom from
its lattice position is known as the displacement energy. In SiC, the displacement energies are
35 and 20 eV for Si and C atoms respectively [49].

Irradiation with ions at room temperature is known to easily amorphize SiC even at low
energies in the order of a few hundred keV, irrespective of ion type implanted [50, 51]. The
critical damage energy for a-SiC was found to range from 16 to 20 eV/atom and that of B-SiC
was around 25 eV/atom [50]. Furthermore, they found that radiation damage increased with
increasing fluence until amorphization occurs. It was also reported by Zinkle et al. that SiC is
easily amorphized at room temperature after damage levels of 0.4 displacements per atom
(dpa) [52]. McHargue et al. found that implantation at 500 °C and above, does not produce an
amorphous layer for damage levels up to 17 dpa [50].

A wide range of defects and imperfections are formed near the surface when irradiating SiC
with ions of low energies. It was indicated that the defects introduced into SiC by
implantation of medium mass ions (e.g. Al, Ge, Ar, N, Ag, I) are vacancies, divacancies, and
complexes of vacancies [53, 54, 55]. These defects decrease with increasing temperature of
irradiation as a result of increased rate of recombination of atoms with vacancies [56, 57].
Investigations by Wesch et al. showed that amorphization is reached by implantation of 230
keV Ga"* ions into SiC at 80 K with fluences above 1 x10* ¢cm™, for implantation at 300 K,
amorphization was reached for fluences ranging from 2 x10' to 3 x10' cm®. However, it
was also found in the same study that implantation at around 573 K with fluences of up to 1 x

10" cm does not amorphize SiC [51].

In a study by Carlsson et al, the n-4H- and n-6H-SiC samples were irradiated at temperatures
ranging from 25 to 600 °C with C and Si ions with energies of 110 and 200 keV respectively
[58]. A projected range of 200 nm and fluences of 1.4 x 10 and 4.3 x 10* cm™ for C and Si
ions were achieved. As a result of irradiation at high temperatures, defects were higher in the
samples irradiated with C ions because of the increased mobility of these atoms due to

heating of the samples [58, 59]. McHargue et al. found that for low damage (without



amorphization) in SiC, the damage annealed out in a temperature range of 200 to 1000 °C
[50]. However, for the amorphous layer, they found that regrowth was not clear and the
damage annealed in the temperature range of 750 to 1700 °C. Slotte et al confirmed with
RBS/C and positron annihilation spectroscopy (PAS) that the amount of defects in SiC
decreased as the temperature of irradiation increased [60, 61].

Our group at the University of Pretoria had been constantly involved in the study of radiation
damage in SiC caused by irradiation by fission products in a nuclear fuel particle. Friedland
et al implanted different ions (Cs, Ag, Sr and I) with energy 360 keV into 6H-SIiC at room
temperature with fluences of 1 x 10'® cm™ for cesium and iodine, and 2 x 10'® cm™ for silver
and strontium, all of which resulted in amorphous layers [62, 63, 64, 65]. An epitaxial
regrowth in the amorphous layer was observed after annealing the samples at temperatures up
to 1200 °C. Recent studies in our group performed implantations of 360 keV Ag and Sr ions
to fluences 2 x 10™ c¢m™? into 3C-SiC wafers to a projected range of around 140 nm and
another study implanted 200 keV selenium ions to a fluence of 1 x 10*® cm™ into 3C-SiC [66,
67, 68]. All these implantations at room temperature resulted in the amorphization of SiC.
Annealing of the samples was performed in a temperature range of 1100 - 1500 °C and 1000 -
1500 °C for silver, strontium and for selenium, respectively. In both cases, the annealing out

of the radiation damage was observed after the first annealing cycle.

1.2 Motivation for the study

Several studies have been conducted with the common aim of understanding the migration
behaviour of FPs in SiC. To simulate the reactor conditions ion implantation was used,
mostly to address the issue of limited solubility of FPs in SiC and for the study of radiation
damage enhanced diffusion [50, 69]. Unlike the time-consuming neutron experiments in the
hustle to collect data from reactor core [70], ion irradiation experiments offer more flexibility
in processing. More controllable fluences can be obtained much faster, the profiles can be

tailored and is not restricted to error function [71].

Due to concerns around the possible radiological hazards under accident conditions and in the
plate-out activity of the primary circuit, studies have been done on the release behaviour of
FPs from fuels of high temperature gas-cooled reactors (HTGR) [72, 73]. The studies by

International Atomic Energy Agency (IAEA) revealed that several FPs are able to escape the
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fuel particle through intact SiC [74]. For instance, the fission products such as Ag, Cs,
palladium (Pd) and Eu have proven to easily penetrate the SiC layer during operation [74-79].
Thorough studies have been done on the transportation mechanism of Ag through SiC [63, 80
- 84]. Limited information is available on the migration behaviour of Cs, Eu and Sr [75, 62,
67, 85-86]. Ag, Cs, Eu and Sr are known FPs released in measurable quantities with
radiological health concerns [87, 88]. To get more insight in the migration of these FPs in SiC
the effect of radiation damage need to be understood since SiC is continuously exposed to
different irradiations with varying energies during operation of nuclear reactors. That can
result in a damaged SiC, which as a result, can play a role in enhancing the migration of FPs.

Not much has been reported in the role of radiation damage in the migration behaviour of Eu
in SiC. In the current study, implantation of 270 keV Eu ions was performed on single
crystalline (6H) and polycrystalline SiC wafers at different temperatures to investigate the
influence of radiation damage in the migration behaviour of implanted Eu. The SiC used in a
fuel reactor is a chemical vapour deposited 3C. In this study, implantation of Eu was
performed on both the single crystallline 6H- and polycrystalline SiC at various implantation

temperatures to investigate the role of radiation damage in the migration of Eu.
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CHAPTER 2

DIFFUSION

In this study, the migration behaviour of Eu implanted into polycrystalline SiC and single-
crystalline 6H-SIiC was investigated. Implanted Eu might migrate via diffusion in SiC.
Therefore, this chapter discusses the diffusion processes taking place in both polycrystalline
SiC and 6H-SiC materials.

Diffusion is a phenomenon in which atoms in a material move from regions of high
concentration to regions with low concentration, until equal concentration is reached
throughout the material. Diffusion in solids occur due to thermally activated random
movement of atoms. For diffusion to occur, the atoms must have enough energy to overcome
energy barriers to atomic motion. This energy is normally sourced from thermal energy i.e.
increasing the temperature. Radiation can also affect diffusion by introducing additional
defects which enhance the diffusion of atoms. In solid materials, atoms vibrate continuously
about their lattice positions. An atom must have sufficient energy to break the bonds that
connect it with its neighbouring atoms in order for it to change position. Figure 2.1 shows
interdiffusion in a material. Atoms of type A and type B are on the left and right respectively.

After diffusion has taken place, atoms of one type had moved from one side to the other.
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Figure 2.1: The schematic diagram of an atomic diffusion. Taken from reference [1].

2.1. Diffusion Laws

Diffusion is governed by Fick's first and second laws. In an isotropic medium, physical and
chemical properties are independent of direction. If we consider the flux (J) of diffusing

atoms as indicated in Figure 2.2, the flux (J) can be written as:

j_Ldn

At @D

where J can be defined as the number of atoms diffusing through a unit area per unit time

(atoms/m?.s) and dn/dt is the number of atoms crossing area A per unit time.
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Figure 2.2: Illustration of diffusion flux.

According to Fick's first law for an isotropic medium the diffusion flux of atoms can be
written as:

3 -p% (2.2)
oX

where Jy is the diffusion flux of atoms, C is the concentration while D is a proportionality

factor denoted as the diffusion coefficient and Z—C is known as the concentration gradient.
X

The negative sign in the equation 2.2 indicates that the diffusion flux and the concentration
gradient are in opposite directions. Using a vector notation, Fick's first law can be generalised
in three dimensions as:

J=-DVC (2.3)

The operator V acts on the concentration field C(x,y,z,t) and produces the concentration

gradient field VC. The number of diffusing atoms is usually conserved in diffusion
processes [2]. An equation of continuity can be derived for diffusing species that obeys law
of conservation [2]. The result of such derivation is given in equation 2.4:

~ - oC
v.i=Z 2.4
at @4

V is the vector operation divergence.

Combining Fick's first law and equation 2.4 results in Fick's second law (diffusion equation):

oC - -
= =V-(ove) (2.5)
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In an ideal solid solution, the diffusivity (diffusion coefficient) is independent of
concentration and the above equation then simplifies to:
o« _ =DAC (2.6)
o

where, A is the Laplace operator. This equation is called linear diffusion equation.

2.2. Diffusion coefficient

For an initially Gaussian implanted profile, Fick diffusion differential equation is given by

[3]:

N(x,t)= > J_ j { (£0 exp[ %} N,(—g,o)exp[—%ﬂdg 2.7)

Where N(x,t) is the number of diffusing particles per unit volume at time t and distance X,

N(¢,0) is the original distribution of the impurity and Ny(&,0) is a function that is determined
from the boundary conditions. The following conditions are used: x = 0 for t > 0, the number

of implanted particles is a constant No, N(x,t)—0 as x—0, leading to:

N, (=£,0)=—kN(£,0) (2.8)
where K is a constant. Equation (2.7) can be written as:
LX)y e EEX)
N xt \/_IN §O){exp( 1Dt K -exp 1Dt d& (2.9)

The general solution to the diffusion differential equation was obtained by Malherbe [3], for -
1<k<1, anditisgiven as:

2DtR, + XAR?
AR, [2(2Dt)’ + 4DtAR?

1+erf

(xR, P R,
AO ARp e 4Dt+2AR?, | — ke Dt+AR3 /2

2,/2Dt + AR?

N(x,t) = (2.10)
2DtR, — XAR?

AR, [2(2D1)’ + 4DtAR?

x<1+erf

and
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2C, /2Dt +AR; R R, /Dt
k=1- exp > |+ql+erf (2.11)
A ARp 4Dt+2ARp ARp /2Dt+AR§

where R, is the projected range, 4R, is the range sraggling and Ao is a constant as shown in
the equation 2.12and Cy is a time-dependent surface concentration as given in Equation 2.13.
For a purely Gaussian initial profile, we have:

-R )
N(£,0)= A, exp(— (§2A—RZ)J (2.12)

And the time-dependent surface concentration is given by;
N(0,t)=C,(t) (2.13)

For the general solutions of Fick differential equation, k = -1 represents the case of a perfectly
reflecting boundary at x= 0 with zero flux at the origin, while k = 1 represents the case of a
perfect sink at the surface of the substrate. These solutions are also given by Boltaks [4].

The general solution (equation 2.10 and 2.11) is applicable to the shallow implantations,
similar to this study, where some of the implanted species are released to the environment

through the surface leaving a non-zero surface concentration of the implants:

N(0,t) = —L=K)K e[“gﬁ“] Lo erf| c,t) (2.14)
1)=—— +erf| ————— |} = :
4. /mD(t+t,) JaDtt (t+t,) ’

Equation 2.14 is used for the fitting of experimental data to the general solution (equation.
2.10 and 2.11).

Figures 2.3 and 2.4 show an example of the simulated diffusion profiles for the cases. k = 1
and k = -1. The implantation parameters used for the Gaussian profile are: R, = 120 nm, AR,

=30 nmand Ay = 0.66 atomic percent as given in [3].
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Figure 2.3: A simulated diffusion profile, i. e. Equation. (2.10) and (2.11), for the case k = -1
(i.e. a perfectly reflecting boundary at x = 0), is given for different diffusion times t (in hours)
indicated in the figure. Typical implantation values were used for the initial Gaussian profile:
R, = 120 nm, 4R, = 30 nm, A, = 0.66 atomic percent, and a diffusion coefficient D = 0.1 nm?
s™. Taken from reference [3]
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Figure 2.4: A simulated diffusion profile, i. e. Equation (2.10) and (2.11), for the case k = 1
(i.e. a perfect sink at the surface), is given for different diffusion times t (in hours) indicated
in the figure. Typical implantation values were used for the initial Gaussian profile: R, = 120
nm, 4R, = 30 nm, A, = 0.66 atomic percent, and a diffusion coefficient D = 0.1 nm* s™.
Taken from reference [3].
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For most part of the results presented in this thesis, It was observed that, the initial profiles
were almost Gaussian and became asymmetric with increasing annealing temperatures and
they also shifted towards the surface, see Chapter 6. In this study, the implanted species
slightly diffused deeper into the substrate but mostly outwards through the surface into the
environment. Most appropriately, the simulated diffusion profiles of Figure 2.3 resembles the
diffusion depth profiles obtained in this study.

The diffusion coefficient depends exponentially on temperature in a limited temperature
range. This dependence has important consequences with regard to material behaviour and is
governed by Arrhenius equation [5]:

D=D, exp(— kE?I'] (2.15)
B

where Dy is a temperature-independent pre-exponential factor (m?/s), Ea is the activation
energy for diffusion (J/mol), Kg is the Boltzmann's constant and T is the absolute temperature
(K). Taking the natural log, equation 2.15 can be rewritten as:

E
InD =1InD, ——a(lj (2.16)
kg \T
From equation 2.16, it is clear that the activation energy E, and the pre-exponential Do can
both be estimated from a graph of InD versus 1/T. Figure 2.5 shows a typical example of such
graph. E, and Do can be deduced directly from the slope and y intercept of the graph

respectively.
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Figure 2.5: A graph of InD vs 1/T. Taken from reference [2].

2.3 Diffusion mechanisms

Many reactions and processes that are important in the analysis of materials depend on mass
transfer within a specific solid [5]. As already mentioned above, atoms are in constant
vibration about their lattice positions in solid materials. In order for an atom to change
position, it must have sufficient energy to break bonds that connects it with neighbouring

atoms. In a material of interest, diffusion can occur via different mechanisms.

In this thesis, | shall focus on the diffusion mechanisms that occur in single crystalline 6H-
SiC as well as polycrystalline SiC. A single crystalline material is described as one in which
the entire crystal lattice is continuous and unbroken to the edges of the sample, without the
presence of grain boundaries. On the other hand, a polycrystalline material consists of many
grains with varying size and orientation. A clear distinction of single crystalline vs

polycrystalline materials is illustrated in Figure 2.6 for silicon.
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Figure 2.6: An illustration of the difference between polycrystalline and single crystalline
silicon (Si). Taken from reference [6].

It is important to identify factors that affect diffusion before discussing diffusion
mechanisms, these factors include: diffusing species, temperature, microstructure and host

atoms.

2.4 Diffusion mechanisms in crystalline materials

2.4.1 Interstitial Mechanism

In interstitial diffusion mechanism, considerably smaller impurity atoms are incorporated into
interstitial sites of the lattice host forming an interstitial solid solution. An interstitial impurity
can jump from one interstitial site to a neighbouring interstitial site, this phenomenon is
shown in Figure 2.7. Interstitial diffusion is generally faster since it is not assisted by any
defect in mediating a direct interstitial jump, thus the interstitial atom does not need to wait
for a defect in order to perform a jump. No permanent displacement of host atoms remains
after a jump is completed. Interstitial mechanism is the simplest diffusion mechanism.
Smaller atoms such as C, H, and O are preferred in this mechanism in metals and other

materials [7].
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Figure 2.7: Schematic representations of interstitial diffusion. Taken from reference [8].

2.4.2 Vacancy Mechanism

In a vacancy mechanism, an atom diffuses by jumping from its lattice site into a neighbouring
vacancy as demonstrated in Figure 2.8. To jump from one lattice site to another, an atom
needs energy to break bonds with their neighbouring atoms. The energy normally comes from
the thermal energy of atomic vibrations (Eay, = kgT). It was revealed that the dominant
mechanism for diffusion of host atoms and of substitutional impurities in metals is the
vacancy mechanism [2]. Thus vacancies are well known as the most important form of
thermally induced atomic defects in materials. In this mechanism, the flow of atoms and the
flow of vacancies are in opposite directions, thus the rate of diffusion is mainly dependent on
the number of available vacancies. When all atoms exchanging positions are of the same
type, the diffusion is termed self-diffusion which mostly takes place when there are vacancies

present [7].
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Figure 2.8: A schematic representation of vacancy diffusion mechanism, i.e. movement of an
atom from a lattice point to a vacant site. Taken from reference [8].

2.4.3 Interstitialcy Mechanism

Diffusion may occur by interstitialcy mechanism when the interstitial impurity atom is
approximately the same size as the host atoms. Figure 2.9 illustrates interstitialcy diffusion
mechanism. A self-interstitial replaces an atom on a substitutional site, which also replaces a
neighbouring lattice atom from its lattice position. At least two atoms move simultaneously in
interstitialcy mechanism, thus it is also a collective mechanism. The interstitialcy mechanism
is important in radiation damage enhanced diffusion [2]. In thermal diffusion the interstitialcy
mechanism is negligible because the self-interstitials have fairly high formation enthalpies
compared to vacancies [9, 10]. In case of larger impurity atoms residing in interstitial
positions, larger amounts of energy will be required to overcome the potential barrier

associated with the large distortion to enhance an interstitial jump.
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Figure 2.9: Interstitialcy diffusion mechanism (collinear jumps).Taken from reference [2].

2.5 Diffusion in polycrystalline materials

There are a number of diffusion kinetics observable, depending on the annealing temperature
range and time, lattice and grain boundary parameters [2]. In order to be able to interpret the
results of any diffusion study, it is important to understand each of the diffusion
Kinetics/regimes. A widely used classification of diffusion kinetics for polycrystals was
introduced by Harrisons [11]. The three regimes of the diffusion Kkinetics are classified as

type A, B, and C and figure 2.10 shows the schematic representation of the three regimes.
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Figure 2.10: Illustration of the type A, B, and C diffusion regimes in a polycrystal according
to Harrisons classification. D is the lattice diffusivitty, d is the grain size, ¢ is the grain
boundary width and the variable t correspond to time. Taken from reference [2].

2.5.1 Type A kinetics Regime

This kind of diffusion kinetics is observed at high annealing temperatures, or long annealing
times, or in materials with small grain size, or any combination of these. The lattice diffusion
length, /Dt only needs to be a little bit greater than the grain size d for a diffusing atom to

be able to visit a number of grains and grain boundaries during a diffusion experiment [12],
thus:

NI 7 (2.17)
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From a macroscopic point of view, a polycrystal obeys Fick's law for a homogeneous
medium with an effective diffusion coefficient Desr. An approximate expression for the
effective diffusivity in polycrystals is given by [2]:

Dy = 0D, +(1—g)D (2.18)

where g is the fraction of atomic sites in the grain boundary of polycrystalline material, given

g=—o (2.19)

where q is a numerical factor that depends on the grain size (q= 1 represents parallel grain
boundaries and g = 3 represents cubic grains) and 6 is the grain-boundary width. Usually Dy,
>> D and the only quantity determined from the diffusion profile is the effective diffusivity
[2]. Thus, diffusion coefficients measured on polycrystalline materials can be larger than

diffusion coefficients measured on single crystalline samples.

In the case of fine-grained polycrystalline materials in which d is so small, or segregation is
strong so that d << sd/2, the effective diffusivity [2, 13, 14 - 15] is given by:

Dy ~sgDg, +D (2.20)
where s is the segregation factor of the diffuser.

2.5.2 Type B kinetics Regime

This type of diffusion kinetics emerges with annealing at lower temperatures, or with shorter
annealing times, or in materials with large grain size, or with any combination of all these. In
these conditions, the lattice diffusion length, JDt, can be very much smaller than d, at the
same time, the width of the grain-boundary fringes can be larger than the grain-boundary

width 6. An effective width, so must be considered in the case of solute diffusion with

segregation. The condition for type B Kinetics is [2]:

s5 <<+/Dt <<d (2.21)

For self-diffusion, the product, 6Dy, and for solute diffusion, the triple product, soDgyp, can be

determined using the procedure described in [2].
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2.5.3 Type C kinetics Regime

This type of diffusion kinetics correspond to conditions where lattice diffusion is not
noticeable. Diffusion takes place only along grain boundaries without essential leakage into
adjacent grains [2]. This diffusion kinetics can emerge at sufficiently low annealing
temperatures, or very short diffusion times, or a combination of these. The conditions for type
C kinetics include:

JDt <<s8 (2.22)

The grain boundary diffusion studies in this regime are difficult, since the small amount of
the diffuser has to be detected inside the boundaries. The grain-boundary diffusivity Dy, can
be determined if type C kinetics profiles are measured in polycrystals.

In polycrystalline materials, diffusion can involve short circuit mechanisms such as: some
crystalline defects and along the grain boundaries. The model for diffusion uses an effective
diffusion coefficient (Det) by combining the lattice and grain boundary diffusion coefficients
[16]. Grain boundary diffusion in metals at lower temperatures is faster than lattice diffusion
[2]. Due to a smaller activation enthalpy for grain boundary diffusion, the difference between
the two diffusion mechanisms (thus, lattice and grain boundary) increases with decreasing
temperature [2, 17]. The grain boundary diffusivity applicable to measurements with

temperatures below 500 K [2], is given by:

0 AH
Dy, = Dy, exp| — T (2.23)

B
where AHygp is the activation enthalpy and ng is a pre-exponential factor.

It appears that the grain boundary diffusion is a complex process involving direct lattice
diffusion from the source, lattice diffusion into fringes around the grain boundary, diffusion
along the grain boundary and leakage of the diffusion from the grain boundary [2]. All these

possibilities in diffusion make diffusion in polycrystalline materials more complex.
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CHAPTER 3

ION IMPLANTATION

lon implantation is a process whereby energetic ions impinging a target material interact with
the target atoms resulting in energy loss, until they come to rest at a certain depth inside the
target material. As they penetrate the material, they undergo collisions with target atoms
displacing them from their lattice positions resulting in lattice disorder or defects. Some of
the target atoms can gain enough energy to overcome all forces holding it together with
neighbouring atoms and as a result, this knocked off atom may continue to collide with
neighbouring atoms (collision cascade) creating more defects in the material. Too many
collisions and displacements of atoms may result in a complete disarrangement of atoms in
the material. When the long-range periodicity of atoms is lost in a material, the material is
said to be amorphous (complete disorder) [1]. This chapter discuses the process of ion
implantation and the interaction of accelerated ions with the atoms of the target material.

3.1 lon interaction

In ion implantation, an ion with a certain energy is normally accelerated towards a target of
interest, where it interacts with the target atoms until it comes to rest. It is a process which is
used mostly to dope semiconductors to either n-type or p-type based on the ideal properties of
a particular semiconductor [2]. Implantation or doping of materials is capable of converting a
non-conductive material into a conductive one. It is also used to introduce a controlled
amount of atoms into a target material for a specific purpose. For instance, in this study, Eu”
ions of 270 keV were implanted into polycrystalline and 6H-SiC silicon carbide to study the

migration behaviour of Eu in SiC substrates due to radiation damage introduced.

During ion implantation, ions interact with atoms of target material which results in scattering
events (a process in which the penetrating ions are forced to deviate from their original
straight path due to localized non-uniformity in the medium being traversed). These
interactions slow down the penetrating ions and reduce their energy until they stop.
Depending on the energy of the projectile ion, the ion energy will continue to be reduced and

it will eventually stop somewhere beyond the surface layers due to the total loss of its energy.
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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 a silicon surface [3]. The average
penetration depth depends on the nature of the ion being accelerated, the acceleration energy
and the target material. lon distributions with average depths from 10 nm to 10 um can be
achieved with implantation energies ranging from hundreds to several million electron volts.
Fluences can range from 10 atoms/cm? for threshold adjustment, to 10 atoms/cm? for
buried dielectric formation [4]. In this study, a fluence of 10*® atoms/cm? of Eu* was used.

3.2 Energy loss of ions

It is of the fundamental importance to understand the mechanics of ions traversing matter in
ion beam analysis of material. The depth scales follow directly from the energy lost by the
penetrating particles and the energy loss affects both compositional and quantitative analysis.

Different scientific books have varying definitions of the concept of energy loss. We define

- dE/ inthi :
the energy loss per unit length as Ax in this study:

jim 25— 9 (k)

= 3.1
Ax—0 AX dx ( )

where AE denotes the amount of energy lost per distance traversed, 4x. The relative
importance of the various interaction processes between the ion and the target medium
depends heavily on the energy/velocity of the ion and on the the ion charge state as well as
target atoms. As the ion velocity increases, the nuclear energy loss (section 3.3) diminishes.
The electronic energy loss (section 3.4), i.e. inelastic collisions with the atomic electrons, is
usually the main mechanism through which ions lose their energy when they have larger
incident energy. The total energy loss of an ion is obtained as a sum of the nuclear and

electronic contributions as shown in equation (3.2).

As mentioned earlier, an energetic ion penetrating material, interacts with the atoms of
material which result in a number of collisions between ion and host atoms. Figure 3.1 shows

a series of collisions of ions-host atoms until they come to rest.
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Figure 3.1: Monte Carlo calculation of 128 ion trajectories for 50 keV boron implanted into
silicon. Taken from reference [4]

Electronic stopping and the nuclear stopping are the two key mechanisms through which ions
lose their energy when impinging a material. Figure 3.2 shows nuclear and electronic
stopping as a function of ion’s velocity. The region | in Figure 3.2 is the low energy region.
In this region the nuclear stopping dominates. The region in the middle (1) with intermediate
energies is dominated by electronic stopping. The electronic stopping reaches its maximum
and then we enter a region of even higher energies called a Bethe-Bloch region (111) where
only electronic stopping dominates. Typical energies for ion implantation (10 to 200 keV),

fall within region I in the figure, which is dominated by nuclear stopping [4].

The total stopping power S of the target, defined by the energy loss (E) per unit length (x) of

the ion, is given as:

:(d_Ej {d_Ej _S +s, (3.2)
dX nuclear dX electronic
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where Spand S are the nuclear stopping factor and electronic stopping factor respectively.

A frequently used quantity is the stopping cross section (g), which can also be divided into
electronic stopping cross-section which includes all the processes in which the particle
transfers its energy to the target electrons, and the nuclear stopping cross-section which takes

into account energy transfers from the incident particle to the target nuclei. The € can be
defined by:

1(dE
; :W(&j (3.3)

where N is the target density.
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Figure 3.2: A representation of the contribution of electronic stopping and nuclear stopping

to the stopping power S as a function of ion velocity. Taken from reference [4].
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Region | is the nuclear stopping section discussed in section 3.3. A free electron gas with a
density p is assumed, in the calculation of the electronic stopping for this region of low
energy [5, 6]. The ion's electronic stopping cross section & is then given by [7]:

&, = [1(v, pXZ,(v))* pdv (3.4)

where | is the stopping interaction function of an ion of unit charge with velocity v, Z; is the
charge of the ion, p is the electron density of the charge and the integral is performed over
each volume element of the target dV

In region 11, the ion is partly ionized and has a velocity approximately equal to the Bohr
velocity, the electronic stopping reaches its maximum. Electronic energy loss dominates at
higher ion velocities (about 10°m/s and higher). The ion is stripped of its electrons at these
high velocities.

In region 111, corresponding to higher energies in Figure 3.2., the velocity of the ion is much
higher than the Bohr velocity and therefore it is stripped of all its electrons. This region is
known as Bethe-Bloch, the pair who found that the energy loss in this region is proportional
to Z1%, 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
2
g, = T L || 2Ny +In( 12j—,6’2—£ (3.5)
MV, | -4 Z,

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

of light, I is the average ionization potential and c/Z; is the shell correction. The average

ionization potential is defined by [10]:
In1=>f In(E, -E,) (3.6)

where f, is the dipole oscillator, E, is the ground state energy and E, is the excited state

energy.
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3.3. Nuclear Stopping

Nuclear energy loss dominates at lower energies, a region where the ion velocity (vi) is less

Z°Ri.e. vi< vpZ?®, where vq is the Bohr velocity given by vo= %/, e is electron charge,

than vq
7 is Planck's constant and Z is the ion atomic number. In this process, ions collide with the
target atoms and the positively charged ions are repelled by positive cores of the substrate

lattice atoms.

Figure 3.3. shows an incident ion with mass M; interacting with nucleus with mass M, of a
stationary atom. A scattering angle € depends on masses M3, Mand on b (impact parameter),

and maximum energy is transferred when b = 0.

projectile

b impact parameter A p
§ §

target nucleus

Figure 3.3: Schematic of a nuclear scattering event between an ion of energy E;, mass M;
and a stationary target atom of mass My; b is the impact parameter. Taken from reference
[11].

Assuming that the atoms were bare nuclei, the Coulombic potential between them, at a

separation r, would be [4];

2
v.(r)=- 455

B 3.7
Are,r 3.7

where q is the electronic charge, ¢ is permittivity, Z; and Z, is the atomic number of the
accelerated ion and target atom respectively. Practically, the electrons screen the nuclear
charge, and a screening function, @(r/a) [12], must be included so that the interatomic

potential V(r), with the aid of Hartree-Fock and density-functional theory, is given by [13]:
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V(r)=V, (r)d)(ij (3.8)

a

A collision between two atoms can be described as follows in mathematical terms: If an
inelastic collision is assumed between ion of mass M; (with an incident energy Eo) and a
stationary atom of mass M, (which is initially stationary), we can determine the energy
transferred from the projectile to the stationary atom using the conservation of energy and
momentum. The energy transferred to the atom depends on the scattering angle 6.
Conservation of energy and momentum in the center of mass frame give the energy
transferred T as [13]:

T=E, LMzzsin 2(9} =T, sin Z(Qj (3.9)
(M1+M2) 2 2

Equation 3.6 shows that during a head-on collision, i.e. #=z, maximum energy is transferred
to the target atom.

For an incident ion penetrating through a path length in a target with N atoms per unit
volume, the rate of energy loss to nuclear collisions per unit length can be calculated by
summing the energy loss multiplied by the probability of a collision happening [4]. If the
maximum total energy transferred to the target atoms in a collision is Tpax, then;

dE T
Sn - (&jnuclear B Njo Tda (3.10)

3.4 Electronic stopping

Electronic stopping refers to the slowing down of energetic ions due to the inelastic collisions
between electrons in the medium and the ions penetrating through it. When ions with high
energies (velocity greater than voZ?") penetrate a material, they experience a drag due to free
electrons. When an ion passes through an electron cloud, it attracts the electrons and causes
internal electronic transitions. The processes for the transfer of kinetic energy from ion to
target electrons can include; electron-electron collisions, excitation, ionization or electron
capture of the ion etc. [13]. Only those electrons in energy states close to Fermi level are

involved in the energy loss.

As seen from Figure 3.2, the stopping power vs ion energy/ion velocity function is divided

into three regions where the ion velocity is compared to Bohr velocity in each region i.e.
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region I (vi< voZ??), I (v = wZ*® and 111 (vi>> voZ*?) respectively. An hydrogen atom of
energy 25 keV is assumed to be moving with the same velocity as its orbital electron, and a
helium atom will move at the same velocity as its orbital electrons at 252 keV. Therefore, the
ion's initial energy with velocity equal to its orbital velocity, can be written as a product of

the ion's mass and its atomic number as:

E =2}"°A 25keV (3.11)

: : 2/3 - . ..
For europium ions, voZ™" is 5.51x10°m/s with Vo calculated from the Eu initial energy

given by equation 3.11- With initial ion energy of 270 keV, europium ions have an initial

velocity of 5.86x10°m/s, which is less than voZ*>.

3.5 Energy loss in compounds

So far, the stopping cross sections have been discussed for a single elemental material. In this
study, a material consisting of more than one element was used, i.e. SiC, the stopping cross

sections in compound materials need to be discussed.

The summation of pure element stopping cross sections gives a simplest approximation of the
stopping in compound materials. According to Bragg's rule, for a compound material A,Bn
with the elemental stopping cross section Sa and Sg, the stopping cross section can be written
as [14]:

Sps =NS,+MS, (3.12)

AB

where n and m are the relative molar fractions of the compound materials. Depending on the
chemical as well as physical state of the material, the energy loss often deviates from Bragg's
rule. For example, for oxides and hydrocarbons, deviations of up to 40% are observed with
increasing amount of covalent bonding in the compound [14]. Stopping data can be found in

the Stopping and Range of lons in Matter (SRIM) package for a number of compounds [15].
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3.6 Energy straggling

An accelerated particle that moves through a medium loses energy through a number of
individual encounters, causing statistical fluctuations in the energy. Different reasons exist
for energy loss fluctuations, which are partly connected to the statistical nature of the
collisions which result in energy loss. Due to these fluctuations, identical energetic particles
with the same initial velocity do not possess the same energy after passing through a
thickness 4x of the same medium [16]. The energy distribution of an ion beam is broadened
after traversing a medium of thickness 4x. This phenomenon is known as energy straggling

and is shown in Figure. 3.4;

Thin
target

Transmitted incident
particles / \ particles
| |
- AE e
| |
SAE ” |
|
Eo Eo
ENERGY ENERGY

Figure 3.4: A monoenergetic beam of energy E, loses energy AE in traversing a thin film of
thickness Ax. Simultaneously, energy straggling broadens the energy profile. Taken from
reference [16].

The value Q2 , which is known as the Bohr value of energy straggling, was first derived from

the Bethe-Bloch equation for the case of collision between a high velocity ion and an electron
of a target medium [17]. For a sheet of thickness t = Ax, Bohr straggling is given by:

Q2 = 4x(2,6? NZ,Ax (3.13)

where Z; is the atomic number of the ion, Z; is the atomic number of the target atom and N is
the atomic density of the target medium. Equation (3.13) is the variance of the average
energy loss of a projectile travelling through a medium of thickness 4x. For an approximately
Gaussian distribution, the full width at half maximum (FWHM) of energy loss distribution is
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given by FWHM = 2Q_~/2In 2. The Bohr theory has been updated and a correction term has
been included for energies where the Bohr assumptions may not be valid [18, 17].

3.7 Range and Range straggling

Range along the ion path is defined as the total distance traversed by the ion along the
trajectory within the target [19]. Using equation 3.14, the range calculation which involves
the contributions from both ion stopping cross sections( electronic and nuclear stopping) is

given as:
R Eq

R:jdx:l 4 (3.14)
0 N 9 S, (E)+S,(E)

where N is the number of atoms per unit volume, Ey is the initial energy of the projectile, S,
and Se are the nuclear and electronic stopping cross section respectively.

The projected range (Rp) is the average depth of the implanted ions, and can be estimated by
the position of the peak height of the Gaussian distribution of the implanted profile. The
standard deviation of the distribution of the implanted ions (which can be approximated as
Gaussian distribution) gives the so called “range straggle” 4R,. An ion penetrating a substrate

and finally coming to stop at projected range Ry is illustrated in Figure 3.5.

ion
* . 2 & Distance

R -

Surface —

Figure 3.5: An ion incident on a semiconductor penetrate with a total path length R giving a
projected range R,. Taken from reference [20].
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A Gaussian distribution of Eu ions (270keV) implanted into polycrystalline SiC indicating the
projected range and the range straggling is shown in Figure 3.6,
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Figure 3.6: Range distributions for Eu ion implanted into poly-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.

3.8 Simulation of ion implantation

A simulation of ions implanted into a certain material is necessary to predict the shape and
depth of the expected profiles. 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 270 keV Eu ions into both polycrystalline and 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 270 keV Eu ions implanted in

polycrystalline SiC, experimental results for a polycrystalline SiC implanted at RT are
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included for comparison. Due to the reasons stated above, the actual experimental profile is
broader than the simulated profile.
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Figure 3.7: A TRIM simulation of 270 keV Eu ions implanted into SiC, with an experimental
profile of Eu implanted in polycrystalline SiC at RT.
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CHAPTER 4

ANALYTICAL TECHNIQUES

Several analysis techniques were used in this study, these included; Rutherford backscattering
spectrometry (RBS), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS) and Raman spectroscopy. This chapter discusses the experimental techniques used in
this study.

4.1 Rutherford Backscattering Spectrometry (RBS)

RBS is an analytical technique that is used to determine the structure and elemental
composition in materials by measuring the backscattered beam of particles impinging the
substrate. RBS consists mainly of five parts namely; the accelerator (Van de Graaff generator
in this study), the beam line, analysis chamber, the detector and the data acquisition set-up.

4.1.1 The Van de Graaff Accelerator

In this study, helium ions (He™) were produced in an ion source and accelerated to energies of
1.4 and 1.6 MeV by a Van De Graaff accelerator. This beam of particles was used in the

analysis of polycrystalline SiC and 6H-SiC implanted with Eu ions.

Helium (He) gas is ionized by a radiofrequency (RF) signal. The ionized gas results in a He
gas plasma. A positive potential is 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 a RF ion source. Taken from reference [1].

In a Van de Graaff Accelerator, an insulating belt is driven by a pulley with sharply pointed
metal comb which has been given a positive charge (charging screen) by a power supply [2].
Another comb at the top (collection screen) removes the positively charged ions from the
belt. The net positive charge thus spread onto the terminal shell. The belt accumulates electric
charge on the terminal shell producing high voltage on it. This high potential is used to
accelerate the positive ions (He") in the beam line. Figure 4.2 represents a typical schematic
of a Van De Graaff accelerator.
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Figure 4.2: Schematic diagram of a Van De Graaff accelerator. Taken from reference [1].
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The acceleration tube is highly evacuated to normal operating pressures of 10°mbar to
minimize collisions between the accelerated ions and the particles inside the tube. The tube
pressure in the accelerator used at university of Pretoria (UP) is normally kept at about 107
mbar. A voltage breakdown can occur if the pressure rises to about 10™ mbar. Both the
terminal shell and the accelerating tube are covered by a tank which is normally filled with
dry gases such as N3, CO,, or SFs to prevent sparking of the high voltage to the terminal
which is at ground potential [1]. Before filling the tank with the gases, it is first evacuated. A

mixture of N, and CO, was used in the accelerator tube used in this study.

4.1.2 The beam-line

A high-energy beam of ions is accelerated through a beam-line that is maintained at low
pressures towards the target material. A vacuum of between 10 mbar and 107 mbar is
usually sufficient to minimize collision probability between ions and residual gas molecules.
The beam-line is kept at 10 mbar. It is important that the beam 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 Imm up to 1cm. A 1 mm collimator was used in this study.

4.1.3 Target and analysis chamber

The target is fitted in a chamber and aligned in front of the beam where it can interact with
the beam. The chamber is also evacuated to lower pressures of about 10° mbar. A
mechanical pump is used to bring down the pressure in the chamber to about 10 mbar,
which is the starting pressure for the turbo-molecular pump. A turbo pump is then used to
pump down to even lower pressures of about 10° mbar. After analysing the sample, the

chamber is vented 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 a negative suppression voltage of approximately -100 V on the

suppressor plates (located in front of the target).
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A controlled beam of ions hit the sample placed in a sample holder at a certain angle (ion
incident angle), the incident angle used in this study was 0° with respect to sample normal. A
detector located at a scattering angle of 165° with respect to the incident angle is used to
detect the backscattered ions.

4.1.4 The detector and data acquisition

The RBS available at the UP is fitted with a Si-surface-barrier-solid state detector for the
detection of backscattered ions. A typical solid-state detector which uses an Au-surface
barrier particle detector is shown in Figure 4.3.

AU SUTace bamer nuCiear partcie getactor

AU layer —

==

Figure 4.3: Schematic representation of a gold-surface barrier nuclear particle detector.
Taken from reference [3].

When a backscattered ion with a certain backscattered energy passes through the depletion
region, an electron-hole pair are created. The number of electron-hole created 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. For each incident ion, a pulse is generated by a
preamplifier which is connected to the detector . The height of the pulse is proportional to the
energy of the detected particle. The generated pulse is amplified in the amplifier. The

amplified analog signal is then digitalized in a multichannel analyser (MCA) [4]. The
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digitized data is displayed on a computer screen in XY plane of counts vs channel number,
where the counts and channel number are equivalent to concentration and backscattered

energy respectively. Figure 4.4 shows a typical RBS spectrum of SiC implanted with Eu. The
surface positions of the elements are indicated by arrows.
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Figure 4.4: A typical RBS spectrum of polycrystalline SiC implanted with Eu, arrows
indicate surface positions of elements.

4.1.5 The kinematic factor

In RBS analysis, a target is probed by energetic particles (M;) with initial energy (Eo) and
velocity vo. A collision between the accelerated particles and a stationary target (M,) occurs,

the target atom recoils with energy E; and velocity v,. The projectile backscatters with energy
E; as shown in Figure 4.5.
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Torget atom Projectile

Figure 4.5: A schematic representation of an elastic collision of a projectile of mass M;,
velocity vo, incident energy Eo 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,. 6 is a
backscattering angle. Taken from reference [1].

The energy of backscattered particle E; can be found by applying the principles of
conservation of energy and momentum [1]. The ratio of the projectile energy before collision
to that of the projectile after collision (backscattered particle) is denoted as the kinematic

factor K:
E, =KE, (4.1)
Applying conservation of energy and momentum, K is found to be [1]:

17212

2 2
K:M—l2 cosé + [ﬂ] —sin? @ (4.2)
(M, +M,) M,

The energy E; can be calculated using equation 4.1 for the particles backscattered from
known elements. If M;<M, the positive sign is considered in equation 4.2, while there will
be two solutions for equation 4.2 if M;>M, and the maximum possible scattering angle Gnax

would be given by [5]:

0 . = arcsin[%} (4.3)

1

In this study, M;<M, and 6 = 165°.
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4.1.6 Depth Scaling

Not all incident particles are backscattered from the surface. Some of the particles penetrate
the sample, and they lose energy as a result of interactions with various atomic elements
comprising the substrate. Some of the penetrating ions backscatter inside the sample after
losing some energy and they further lose energy on the way back to the sample surface.
Figure 4.6 shows an illustration of such a process.

| I
— x ——
I |

Figure 4.6: A schematic representation of a backscattering event in a sample consisting of
one element, bombarded with particles of energy Eo. Taken from reference [1].

An ion of initial energy E,, backscatters on the surface with an energy of 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 also lose energy on its way to the surface. E; is the energy of the
particle emerging from the surface after backscattering at depth x. The scattering angle 4 is
given by 6=180°- 6,- 0., where 61 and 0, 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 backscattered at the surface and a particle backscattered at

depth x is denoted by:
AE = KE, — E, (4.4)

55



where KEo- E; is given as a function of x by[1]:

AE =KE, - E, = K_dE 1 _dEl (4.5)
cosd, dx|,, cosd, dx|,,
dE dE .
™ and ™ are the energy loss values (usually approximated as constant) along the
X in X out

inward and outward paths of the traversing ion. If the energy loss factor in square brackets in
equation 4.5 is replaced by S, thus equation 4.5 can be written as:

AE =[S]x (4.6)
In terms of stopping cross sections, equation 4.6 can be rewritten as:
AE = [g]Nx (4.7)

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

[g] = |: < gin + L gout (48)
cosé, cosé,

For a material consisting of more than one element i.e. AnB,, a stopping cross section factor
is given by Bragg's rule:

Exp =Me, +Ngg (4.9)
Consequently, the total energy loss is given by:
AE 5 = &,5NX (4.10)

where N is the molar density.
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4.1.7 Differential cross section

A differential cross section explains the likelihood of a backscattering event to occur. The
probability of a backscattering event to occur for an elastic collision in the laboratory frame

of reference is given as [1]:

do _(zlzzeZT 4 {[1—((M1/M2)Sin oy 1" +0056’}2 (4.11)

dQ | 4E | sin?@ [1—((M1/M2)Sin9)2]1/2

where Z; is the atomic number of the incident atom with mass Mi, Z; is the atomic number of
the target atom with mass M, e is the electronic charge and E is the energy of projectile ion.
The direct proportionality of do/dQ to Z; and Z, explains the higher sensitivity of the
Rutherford backscattering spectrometry to elements with larger mass than for the ones with
smaller mass. The inverse proportionality of do/dQ to the square of the projectile energy E?
explains the higher backscattering yield for ions backscattering with low energy than for high

energy ions.
The total number of detected particles can be written as:
A= oQQNt (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 we

know ¢ and Q, we can determine the number of atoms per unit area in the target.

4.2 Scanning Electron Microscopy (SEM)

SEM was used to monitor the changes in sample's surfaces before implanted, after
implantation and annealing. SEM is a technique used to generate surface images of specimen

by scanning the sample surface with a beam of electrons in the x- and y-directions along the

sample plane. The main components found in a typical SEM are shown in Figure 4.7.
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Figure 4.7: Schematic representation of scanning electron microscopy. Taken from reference
[7]1.
Free electrons are generated in the electron gun and accelerated to energies in the range of 1-
40 keV. An electron beam of energy 2 keV was used in all measurements in this study. The
electromagnetic lenses create a small focused electron spot on the sample. The scanning coils
scan the electron beam across the surface of the sample and focuses it into a fine spot to
produce images. The electron column environment is evacuated to allow the electron beam to
travel freely, minimizing interactions with the gaseous molecules that are present at pressures

close to atmospheric pressure.

When a sample is bombarded with electrons, different signals are emitted in the form of
electromagnetic radiation as shown in Figure 4.8. These signals, mostly the secondary
electrons (SE) and backscattered electrons (BSE), are collected by detectors and amplified for

final display on a computer screen. Secondary electrons (SE) are low energy electrons with
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energy of approximately 5 eV [7], they are weakly bonded electrons ejected from the surface
of the sample as a result of inelastic scattering interactions of the incident electron beam.
Backscattered electrons (BSE) are high energy electrons of energies approximately the same
as the energy of the incident electrons [7]. These electrons result from collisions with atoms
in the specimen. BSE and SE can be used for image formation. SE images show mainly the
topography of the sample surface, and BSEs are used to obtain elemental contrast imaging,
their signal intensity increases with increasing atomic number in the sample. Therefore,
heavy elements appear brighter than lighter elements in the image. Auger electrons are
ejected from atoms as a result of 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 signals can be used for chemical analyses of the sample (e.g. the composition of
the sample, etc).

The electron lenses in SEM are used to produce a uniform electron beam with desired
diameter and to limit the amount of current in the beam. The final lens aperture controls the
aberrations and the resolution of the image. The detector detects the radiation signals emitted
during interaction of electron beam with the sample. Figure 4.9 shows the types of signals

emitted during interaction of electron with specimen in SEM.
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Figure 4.8: Schematic of electron-matter interactions arising from the impact of an electron
beam onto a sample. Taken from reference [8].

A field emission scanning electron microscope (FEG-SEM) was utilized in this study. This
microscope is a Zeiss Ultra 55 fitted with SE (secondary electron), BSE (backscattered
electron) and an in-lens detectors. The in-lens detector detects the secondary electrons and
BSE, due to its high surface sensitivity, it is used to obtain high resolution images. The in-
lens SE detector was used for the analysis of the samples and the results are reported in the

results chapter.

The image details and resolution in the SEM are determined by the size and characteristics of
the interaction volume. The electron beam interacts and penetrates the sample to a depth
determined by the electron energy. The elastic scattering (no loss of energy of the incident
electrons) and inelastic scattering (loss of energy of the incident electrons due to electron
interaction within the sample) of electrons control the penetrating depth of the electron beam
in the solid. This forms an interaction volume from which different signals emerge. A

schematic of an interaction volume is shown in Figure 4.9.
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Figure 4.9: A schematic diagram of a beam interaction with sample and the corresponding
emitted signals at different depths. Taken from reference [9].

The interaction volume determines the nature of imaging in SEM. It increases with increasing
energy of electron beam and decreases with atomic number of the atoms in the sample.
Samples are required to be clean and compatible with high vacuum environment. This is

necessary since SEM operates in a high vacuum (~ 10°mbar) environment.

4.3 Raman Spectroscopy

Raman spectroscopy is a non-destructive analysis technique that provides detailed
information about molecular structure and the bonding nature of materials. When light
interacts with matter, the oscillatory electromagnetic field of the light perturbs the charge
distribution in matter leading to an exchange of energy and momentum [10]. This usually

leaves matter in a modified state. Electronic excitations, molecular/rotational-vibrations and
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optical phonons in liquids, gases and solids are examples of modified state of matter [11].
When an incident photon interacts with matter, it can either be scattered elastically or
inelastically. The scattering process is referred to as Rayleigh scattering when light is
scattered elastically while the inelastic scattering of light by matter is referred to as Raman
effect [12, 13, 14].

The following equation is used to describe the shift in angular frequency of scattered light
[10]:

(4.13)

where wsca denotes the frequency of the scattered light, wy is the frequency of the incident
photon, @ denotes the lattice or molecular vibration frequency and (x) denotes the lower
and higher frequency shift and is determined by energy conservation [10].

When the energy of the scattered photons is lower than the energy of the incident photon, the
process is called Stokes Raman scattering and when the energy of the scattered photon is
higher than that of incident photon, it is known as anti-Stokes Raman scattering. The

conservation of momentum in a wave vector form is expressed as [10]:

Kear =K, 0 (4.14)

scat

where k.

scat !

phonon or molecular vibration, respectively.

Izp and  are the wave vectors of the scattered light, the incident light and the

The theory of classical electrodynamics states that the existence of the Raman effect is
associated with the modulation of the polarizability (for molecular vibrations/rotations) or di-

electric susceptibility (for crystal lattice vibrations) due to the oscillatory nature of inter-

atomic displacement [14, 15]. The polarization vector of the material P, for crystal lattice

vibrations is described as [10,16]:
P =07, " Ey (4.15)

where g9 is the permittivity of free space, yj« is the dielectric susceptibility of the material, the

superscript (1) signifies the first-order contribution to polarization [10]. The subscript j and k
represent the vector components in the x, y and z directions, and the j™ component of P is

related to the electric field vector E of the light by equation (4.15).
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The polarizability tensor is a function of the nuclear coordinates, which means that it will
depend on the rotational/vibrational frequency. With respect to the coordinates of vibration,
the dependence can be expressed in a Taylor series, if one assumes the modulation to be
small, equation 4.16 is obtained [10]:

1)
0, 0,)- <>[<—>]
u=0

ou,
(4.16)
o (l)k,
HW{M] .
u=0

ou,ou,,

where U is the nuclear displacement vector, j, k, | and m represent spatial coordinates with
repeated indices in any of the terms implying the summation of the coordinates of that
specific index.

If the electric field associated with the light is written as [10]:
E(r,t)=E(k,; 0, Joos(k, o F —a,t) (4.17)
and the nuclear displacement written as:

0(F,t) = 0(0, @, )cos(q o F — @,.t) (4.18)
an explicit expression for time dependence of Pj(l) can be found with the two equations of
monochromatic light and displacement. The term which pertains to the first-order Raman
scattering is given in equation (4.19), the details of the derivation can be found in [10]:

I’ U

I\)II—‘

(4.19)

[ } 0 (@0 )E K, 0,)
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The anti-Stokes and Stokes frequencies are contained in the term (equation 4.19).

The quantum mechanics theory approach of the Raman process states that the rotational

Ivibrational energy of the molecules are discrete quanta (quantized).

Raman scattering is generally considered a very weak process, it is estimated that only one in
every 10% phonons is estimated to undergo Raman scattering spontaneously [14]. The
weakness of the process limits the intensity of the obtainable Raman signal. Surface-

Enhanced Raman scattering proposed two mechanisms to explain the increase in Raman
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signal. The first mechanism is the electromagnetic enhancements which can increase Raman
generation by a factor of 10° to 10*! [17, 18 - 21]. The second one is chemical enhancement
which can enhance Raman scattering by a factor of 10 to 10° [17, 22 - 24].

4.4 X-Ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that is used on a
variety of materials to give important information about the quantitative and chemical state of
materials. An XPS instrument can achieve an average depth of analysis of about 5 nm [25],
hence it is a good technique for the identification of surface elemental composition and also
on ultra-thin layers [25]. In XPS analysis, the sample is illuminated with X-rays that have
enough energy to excite and eject an electron from the atom as shown in Figure 4.10. The
ejected electrons are commonly known as photo electrons, hence X-ray photoelectron
spectroscopy. The electrons emitted from the sample have a certain Kinetic energy, this
particular energy carries the characteristics of a particular element from which the

photoelectron originated on the sample.

X-ray e Photoelectrons
characteristic of

sample surface

e

e'\

X-ray penetration
depth (several microns)

= Photoelectron
escape depth

Sample (~100A or less)

Figure 4.10: A schematic representation of XPS process with X-rays penetrating the sample
and forcing electrons out from the sample. Taken from reference [26].

The binding energy (BE) of a photoelectron is affected by the chemical environment of an
atom which results in a change in the kinetic energy (KE) measured. The following equation
relates the BE to the KE of the photoelectron [27]:
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BE = hv— KE (4.20)

where h is Plank's constant and v is the frequency of the radiation (Hz), thus hv is the photon
(X-ray) energy. The chemical/bonding information of the elements is obtained from the
chemical shifts (changes in measured KE). The position (BE in (eV)) and the intensity
(number of electrons) of the peaks in an XPS energy spectrum provides the chemical state

and quantitative information about the elements on the surface.

The X-ray excitation sources that are commonly used includes Al Ka (1486,6 ¢V) and Mg
Ka (1253,6 eV) [28]. However, an interest in using higher energy X-ray excitation sources
has recently grown with excitation sources such as Ag La (2984,2 eV), Cr Ka (5414,9 V) or
Ga (9252 eV) [27].
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Chapter 5

Methodology

This chapter outlines the experimental procedure from implantation of the samples to
analysis. A clear procedure on sample preparation, cutting of samples annealing and
analysing is given together with all parameters and specifications.

5.1 Implantation of samples

A set of single crystalline silicon carbide (6H-SiC) wafers and polycrystalline SiC wafers
from Valley design Corporation, USA, were used as substrates in this study. The Eu ions of
270 keV energy were implanted separately to a fluence of 1 x 10™® cm™ at room temperature
(RT), 350 °C and 600 °C. Implantations were performed at the Institut fur Festkorperphysik,
Friedrich-Schiller-Universitat, Jena, Germany. During implantations, the 6H-SiC wafers were
tilted 7° relative to the normal incident to prevent ion channelling and the flux was kept
below

10" cm™s™ to reduce the possibility of annealing of radiation damage during implantation.
The wafers were cleaned in acetone and then deionised water, this was done before and after

implantation with Eu.

The implanted specimens were cut into 1 cm x 1 cm pieces to allow for analysis withRBS

and SEM. A diamond scriber with diamond tip was used as a cutting tool for the samples [1].

To remove any possible contamination during the handling and cutting of samples, the
samples were cleaned in acetone followed by deionised water in a ultrasonic shaker for 10
minutes in each cleaning agent. After ultrasonic rinse with water the samples were dried in an
oven at 100 °C for 1 hour to remove any water molecules/particles from the sample. Some of

the implanted samples were then annealed.
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5.2 Annealing system

The cleaned samples were placed in a glassy carbon crucible and annealed in a computer-
controlled high temperature vacuum graphite furnace Webb 77.

5.2.1 Webb 77 Graphite furnace

The Webb furnace is capable of reaching a maximum temperature of about 2000 °C. The
temperature in the oven is controlled by a Eurotherm 2704 controller, which is connected to
two temperature reading devices. (1) The thermocouple which is used for temperature
readings below 1475 °C and (2) a pyrometer which reads temperatures above 1525 °C [2]. In
between the two temperatures (1475 and 1525 °C), the average of the two readings from the
two readers is taken. The accuracy of temperature reading in this oven is + 15 °C.

The sample was put inside a graphite crucible with a lid on top and then loaded into the oven.
This was done in every annealing cycle, and the reason for that is to avoid the contamination
of the annealed sample by other elemental residues that may be stuck in the furnace walls.
This kind of contamination is very possible since the furnace is used by many researchers for
different studies with different samples.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.

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 the annealing duration, the
current is switched off and the system cools down. The vacuum is brought down by switching
off the turbo pump and then the vacuum is finally broken completely by letting argon gas into
the chamber to bring the pressure to atmospheric pressure. A sample is removed and then
analyzed. A typical heating/cooling curve of the furnace for the 5 hours annealing time at a

temperature of 1100 °C is presented in Figure. 5.1.
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Figure 5.1: Heating and cooling curves for the annealing process at 1100 °C for 5 hours.
The black curve represents the heating and cooling of the simulation program used in the
annealing system and the red curve represents the heating and cooling of the furnace as read
by the thermocouple.

The cooling of the oven can be described mathematically by the following equation from

Newton's cooling law [3]:

T(t)= Fexp(- Zt) (5.1)

where T is the temperature, t is the time and F and Z are constants. The differentiation of the

above equation with respect to time gives the cooling rate, and can be written as:

c:j_'lt' = —FZ exp(-Zt) (5.2)

71



5.3 Rutherford backscattering spectrometry (RBS) Analysis

The RBS profiles of Eu implanted in SiC were obtained 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 UP. The analysing beam was collimated to a spot of 1mm 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 uC 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. The spectra were collected during rotation of the sample about an
axis tilted by approximately 5° relative to the channelling direction. 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 g.cm®.

5.4 Scanning electron microscopy (SEM) Analysis

The sample's surface morphological changes were monitored before and after implantation as
well as before and after every annealing step using a field emission scanning electron
microscopy (FEG-SEM) employing a Zeiss Ultra 55 instrument fitted with in-lens detector.
An analysing electron beam of 2 keV energy was used. The beam was focused on different
areas of the sample to check the uniformity of the features on the sample. Images were

recorded at low and high magnifications.

5.5 Raman Analysis

The structural changes were monitored by Raman spectroscopy, T64000 series Il triple
spectrometer system from HORIBA scientific, Jobin Yvon Technology, using a 514.5 nm
laser line of coherent Innova 70C series Ar” laser (spot size ~ 2mm) at a power of 1.7 mW
with resolution of 2 cm™. The spectra were recorded in the 200 to 1800 cm™ range. The
Raman analysis was performed after every annealing cycle, including the as-implanted and

the un-implanted samples. The laser beam was focused on the samples through the
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magnifying objective lens. Measurements were performed in a dark room with tinted
windows to avoid interference of the beam with light coming from outside.

5.6 X-ray photoelectron spectrometer (XPS) analysis

The elements/compounds present on the surface of the sample after annealing at 1000 °C
were identified using X-ray photoelectron spectrometer (XPS). The XPS measurements were
performed at Joint Institute for Nuclear Research (JINR), Dubna, Russia using an X-ray
excitation source; Thermo SCIENTIFIC K- Alpha X-ray photoelectron spectrometer with

monochromatic Al-Ka radiation.
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Chapter 6

Results and discussion

The effects of radiation damage in the migration of Eu implanted into polycrystalline and
single crystalline 6H-SiC were investigated using Raman spectroscopy, SEM, XPS and RBS.
This chapter presents and discusses the findings. The rest of this chapter is organised as
follows: section 6.1 presents and discusses the polycrystalline SiC results and section 6.2
presents and discusses the single-crystalline 6H-SiC results.

6.1 Polycrystalline SiC results

6.1.1 Radiation damage

Simulation of Eu implantation into SiC was performed using Stopping and lon Range in
Matter (SRIM 2013) [1]. The detailed full cascade calculation was used in the simulation
with the displacement threshold energy of 35 eV for silicon and 20 eV for carbon [2, 3]. The

ion fluence was converted into displacement per atom (dpa) using equation 6.1:

\ .
& __xp(ionscm?)
__ion(cm)

p. (ionscm™) (6.1)

dpa

where ¢ is the ion fluence, p. is the theoretical atomic density of silicon carbide

(9.641x10%atm/cm®) and vac/ion(cm) is the vacancy per ion ratio obtained from SRIM 2013

Figure 6.1 shows the simulated together with experimental results of Eu implanted into SiC at
RT, 350 and 600 °C with energy of 270 keV. The projected range (Rp) of the measured Eu
depth profiles are in agreement with the simulated one of about 75 nm. However, the
measured profiles are broader than simulated profile. Furthermore the 600 °C implanted
profile is even broader than the RT and 350 °C profiles. The broadness of 350 and 600 °C
implanted profiles is probably due to radiation enhanced diffusion during implantation at

these temperatures. The produced damage in displacement per atom (dpa) are closer to the
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surface with about 19 dpa at the surface and 43 dpa at 50 nm below the surface. Assuming
that 0.2 dpa is enough to amorphize SiC, about 160 nm of the RT implanted SiC will be
amorphized [4]. Hence, the implanted Eu is embedded in the amorphous layer in the RT
implanted samples. The integrated fluence was calculated from the RBS Eu profiles and
found to be 1.064x10"°, 1.125x10%, 1.096x10° cm™ for RT, 350 °C and 600 °C respectively.
These fluences are comparable to targeted fluence of 1x10*® cm™
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Figure 6.1: The Eu profiles from RBS of Eu implanted into polycrystalline SiC at RT, 350 °C
and 600 °C, SRIM 2013 simulated Eu depth profile and displacement per atom (dpa) are also
included.

Figure 6.2 shows the Raman spectra of as-implanted samples compared with un-implanted
SiC spectrum. The virgin SiC Raman spectrum has TO and the LO modes at 795 and 965 cm’
'respectively and second order SiC bands around 1516 and 1712 cm™. The appearance of
these bands indicates that the SiC substrate consists mainly of the cubic polytype structure
[5]. The low intensity shoulder appearing at around 766 cm™ indicates the presence of some
6H-SiC polytype [3]. According to S. Rohmfeld, the peak at 766 cm™ disappears after
annealing at temperatures greater than 1600 °C, indicating that it is related to the crystalline

imperfections in 3C-SiC that still exist even after annealing at temperatures up to 1400 °C [6].
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Implantation of Eu ions into SiC at room temperature resulted in reduction in intensities and
broadening of SiC characteristic peaks accompanied by the appearance of small Si-Si peak
around 530 cm™ and C-C peak around 1430 cm™ indicating the amorphous SiC structure
consistent with critical amorphization dpa as predicted by SRIM [7, 8]. The appearance of Si-
Si and C-C peaks with low intensity SiC peaks still present in the RT implanted SiC might
indicate that the damaged layer was not fully amorphized. Using absorption coefficients of
514.5 nm laser in amorphous SiC, the laser penetration depth (d,) was calculated using
equation 6.2 [9], and was found to be about 43 nm. Comparing this penetration depth with the
estimated amorphous layer of about 160 nm, it is quite clear that the damage layer was not
fully amorphized.

g __Ino1_23

- =" 6.2
P 20 2a (62)

where a is the photoabsorption coefficient [10, 11].

Implantation at 350 and 600 °C resulted in a reduction in a relative intensities of the TO and
LO Raman modes and slight appearance of the broad Si-Si peak at 530 cm™, indicating
accumulation of defects without amorphization in the implanted samples. The relative
intensities of the TO and LO Raman modes of 350 °C implanted SiC were significantly lower
compared to the 600 °C implanted SiC indicating less defects retained in the latter samples.
This is especially true since the critical implantation temperature to amorphize SiC is about
300 °C [12], hence the amount of damage decreases with increasing implantation
temperature. This indicates the radiation hardness of SiC at elevated irradiation temperatures
[12].

Annealing the room temperature implanted samples at 1000 °C (Figure 6.3 (a)) resulted in an
almost disappearance of the Si-Si and C-C peaks and re-emergence of SiC characteristic
Raman peaks indicating annealing/healing of defects. This increase in relative intensity of the
TO and LO modes progressed with an increase in the annealing temperature up to 1400 °C.
However, the TO and LO intensities of annealed samples is still less than the virgin SiC
indicating some defects still remaining. This means that the defects in SiC needs higher
temperatures (greater than 1400 °C) to anneal out. Similar results were obtained after
annealing the 350 and 600 °C implanted SiC—Figure 6.3(b) and (c).
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Figure 6.2: Raman spectra of un-implanted polycrystalline SiC and the SiC implanted with
Eu ions at RT, 350 °C and 600 °C.
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Figure 6.3: Raman spectra of un-implanted, as-implanted and samples annealed at 1000 °C
and 1400 °C (a) RT implantation, (b) 350 °C implantation and (c) 600 °C implantation.
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6.1.2 Surface morphological results

Figure 6.4 shows the SEM micrographs of the SiC samples implanted with Eu ions at RT,
350 °C and 600 °C. The virgin/un-implanted SEM micrograph is included for comparison.
The surface of the as-received/virgin SiC has polishing marks from the manufacturing
process. Implantation at room temperature resulted in the disappearance of the polishing
marks on the SiC surface confirming amorphization of SiC in agreement with SRIM and
Raman spectroscopy results. The disappearance of the polishing marks is caused by swelling
of the surface layer of SiC due to the amorphization of SiC after implantation at RT, similar
results were reported in the literature [13, 14]. Samples implanted at elevated temperatures
retained the polishing marks, which can be attributed to the lack of amorphization in
agreement with Raman results. Moreover, the sample implantation at 350 °C also resulted in
the appearance of grain boundaries. The average grain size of about 3.8 um was estimated
using imageJ software. The appearance of grain boundaries in the 350 °C implanted samples
might be due to higher defects initially present in the samples. Raman results indicated more
defects in the 350 °C implanted sample compared to 600 °C implanted SiC.

Figure 6.4: SEM micrographs the (a) virgin/un-implanted polyscrystalline SiC compared to

SiC implanted with 270 keV Eu+ ions at (b) RT, (c) 350 °C and (d) 600 °C.
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Figure 6.5 shows the SEM micrographs of SiC implanted at RT, SiC implanted at RT then
sequentially annealed at 1000, 1100, 1200, 1300 and 1400 °C. Annealing at 1000 °C resulted
in the formation of tiny crystallites, indicating some recrystallization of the initially
amorphous microstructure of SiC taking place which was also confirmed by the
disappearance of C-C and Si-Si modes in the Raman spectrum, Figure 6.3(a). Similar
recrystallization results were reported in the literature [15, 16]. Some of these tiny crystallites
increased in size resulting in appearance of pores after annealing at 1100 °C. Increasing
annealing temperature further resulted in the combination of crystallites forming bigger
particles. The average crystallite size increased to about 156 and 270 nm after annealing at
1200 and 1300 °C. Some bigger pores were observed after annealing at 1200 °C. The changes
on the surface indicated the re-crystallization of the amorphous SiC layer. Annealing at 1400
°C resulted in average faceted crystallites of about 270 nm on the surface with fine

crystallites still present.

(a)

Figure 6.5: SEM micrographs of SiC implanted with 270 keV Eu ions at RT before and after
sequentially annealing: (a)the as-implanted sample, (b) annealed at 1000 °C, (c)annealed at
1100 °C, (d )annealed at 1200 °C, (e) annealed at 1300 °C and (f) annealed at 1400 °C.

Figure 6.6 shows the SEM micrographs of SiC implanted with Eu at 350 °C and SiC
implanted at 350 °C then sequentially annealed at 1000, 1100, 1200 1300 and 1400 °C.
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Annealing at 1000 °C resulted in reduction of polishing marks on the surface due to
sputtering on the surface layer, while annealing at 1100 °C caused the appearance of some
pores along the grain boundaries. These pores became more pronounced in the sample
annealed at 1200 °C. These pores were still visible and larger after annealing at 1300 °C. The
pores connected and opened up along the grain boundaries after annealing at 1400 °C
resulting in the widening up of the grain boundaries. The average width of grain boundary
opening was about 14 nm in the as-implanted and about 130 nm in the samples annealed at
1400 °C. This could be an indication of some thermal etching which is more preferred on
grain boundaries. The average grain size as estimated with ImageJ increased from 3.8 um in

the as-implanted samples to 5.5 um in the 1400 °C annealed samples.

200 nm 2000nm

—
(el

200 nm

2008 m

Figure 6.6: SEM micrographs of SiC implanted with 270 keV Eu ions at 350 °C before and
after isochronal annealing: (a) as-implanted sample, (b) 1000 °C annealed sample, (c) 1100
°C annealed sample, (d) 1200 °C annealed sample and (e) 1300 °C annealed sample and (f)
1400 °C.

Figure 6.7 shows the SEM micrographs of SiC implanted with Eu at 600 °C and SiC
implanted at 600 °C then sequentially annealed at 1000, 1100, 1200 1300 and 1400 °C. No
major changes were observed after annealing at 1000 °C, however the polishing marks on the
surface became more visible. Annealing at 1100 °C resulted in the appearance of big and
small crystallites on the surface accompanied by clear appearance of grain boundaries. At

1200 °C the crystallites reduced in size with grain boundaries still visible. Annealing at 1300
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°C resulted in thermal etching on grain boundaries. The rather fine crystallites reappeared
after annealing at 1400 °C with the grain boundaries still visible. The average grain sizes
changed to about 3.5, 3.5, 2.7 and 2.7 um after annealing at 1100, 1200, 1300 and 1400 °C
respectively. The opening width of grain boundaries increased with increasing temperature of

annealing

(a)

Figure 6.7: SEM micrographs of SiC implanted with 270 keV Eu ions at 600 °C before and
after isochronal annealing: (a) as-implanted sample, implanted then sequential annealed up
to (b) 1000 °C, (c) 1100 °C, (d) 1200 °C and (e) 1300 °C and (f) 1400 °C.

6.1.3 Migration results

The RBS depth profiles of Eu implanted into SiC at RT, 350 and 600 °C after sequentially
annealed at temperatures from 1000 to 1400 °C in steps of 100 °C are shown in Figure 6.8.
The as-implanted Eu profiles are included for comparison. The Eu retained ratios, squares of
full width at half maximum (FWHM) and peak position as a function of annealing
temperature are shown in Figure 6.9. The FWHM is an important parameter because the

broadening of an implanted profile is an indication that diffusion has taken place [17].

Annealing the room temperature implanted sample at 1000 °C caused migration of Eu

towards the surface resulting in the formation of an extra small (segregated) peak on the

surface. No loss was observed at this temperature; however, the prominent Eu peak was

broader (see Figure 6.9(b)) and skewed towards the surface indicating diffusion of Eu atoms
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towards the surface. There can be two reasons for this segregation towards the surface. The
segregation might be driven by the usual driving force for surface segregation, i.e.
minimisation of the Gibbs free energy. The epitaxial re-growth of the bombardment-induced
amorphous region from the crystalline bulk might also aid this process. The latter process is
largely negated by the fact that implantation of SiC at temperatures higher than 350 °C does
not amorphize SiC [18] and the samples implanted at 350 °C also exhibited this segregation —
see Figure 6.8(b) Considering the Eu melting point of about 822 °C, Eu should have melted
and evaporated at 1000 °C. Therefore, the Eu surface peak might be indicating an Eu oxide
compound with higher melting point. This migration of Eu and segregation towards the
surface resulted in a small shift of the peak position towards the surface. Annealing the RT
implanted sample at 1100 °C resulted in the disappearance of the Eu surface peak and a loss
of about 25% of the implanted Eu. Figure 6.9(b) shows that no further broadening of Eu peak
occurred. However, the profile became even more skewed towards the surface. The
disappearance of the smaller Eu surface peak accompanied by loss of implanted Eu might be
due to sublimation of Eu (or Eu compound) at this temperature (1100 °C). Asymmetric
broadening accompanied by Eu loss was observed after annealing at 1200 °C and at 1300 °C.
No peak shift was observed after annealing at these temperatures, see Figure 6.9(c). Also a
more of tailing towards the bulk was observed after annealing at 1300 °C and 1400 °C. A
total of about 60% of Eu was lost after annealing at 1400 °C which resulted in a further shift
of the peak position towards the surface although there was no real difference in the surface
sections of the 1300 and 1400 °C profiles beyond the (maximum) peak. Therefore, it is not
possible to state with certainty whether there was further diffusion during annealing at 1400
°C. The Eu surface peak is found in both the RT and 350 °C implanted samples after
annealing at 1000 °C, this indicates that Eu must have segregated to the surface and oxidized
there on interaction with oxygen. This segregation is due to the damage in the surface layer of
SiC and its dependent on the amount of radiation damage retained in the surface layer.
Hence, more pronounced Eu surface peak in the RT implanted sample than in the 350 °C

implanted sample.

Annealing the 350 °C implanted samples at 1000 °C resulted in a shift of the implanted Eu
profile towards the surface and the formation of a smaller peak on the surface. However, the
peak formed on the surface is much smaller than the one formed after annealing the room

temperature implanted sample at 1000 °C — see Figure 6.8. There was no loss of implanted Eu
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or broadening of the Eu profile after annealing at this temperature — Figure 6.9. Similar to the
room temperature implanted samples, annealing at 1100 °C resulted in the disappearance of
the smaller surface peak accompanied by some loss of implanted Eu. This loss of implanted
Eu increased with annealing temperature. Unlike the room temperature samples, no
significant broadening was observed after sequentially annealing at temperatures > 1000 °C,
which proves that Eu migrated through grain boundaries shown in SEM images — see Figure
6.6.

Annealing the 600 °C implanted samples at 1000 °C caused no significant change in the
implanted Eu profiles. Annealing at 1100 °C resulted in slight peak broadening accompanied
by peak shift towards the surface with no Eu being lost. However, this broadening was again
within the error limit of the RBS system and no reliable diffusion coefficient could be
extracted. This was also the case for the samples annealed at the higher temperatures. In all
these annealing temperatures, no significant loss was observed, indicating that Eu atoms were
probably trapped within the SiC grains during the self—-annealing of the polycrystalline SiC
due to implantation at 600 °C. There are several examples (cf. the review by Malherbe [18])
where there is no volume diffusion in SiC but only grain boundary diffusion for a specific
element. A well-known example is that of Ag in SiC with no (volume) diffusion in 6H-SiC
[19], but there is a grain boundary diffusion in room temperature Ag implanted poly-
crystalline 3C-SiC [20].
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Figure 6.8: Depth profiles of Eu implanted into SiC at (a) RT, (b) 350 and (c) 600 °C at 270
keV, and after isochronal annealing from 1000 to 1400 °C insteps of 100 °C for 5 hrs.
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Figure 6.9: Graphs of (a)retained ratio of Eu implanted into SiC at RT, 350 and 600 °C after
isochronal annealing at 1000 to 1400 °C for 5hrs in steps of 100 °C, (b) full width at half
maximum as a function of annealing temperature of Eu implanted into SiC at RT, 350 and
600 °C after isochronal annealing at 1000 to 1400 °C for 5hrs in steps of 100 °C and (c )peak
position as a function of annealing temperature of Eu implanted into SiC at RT, 350 and 600
°C after isochronal annealing at 1000 to 1400 °C for 5hrs in steps of 100 °C.

In order to gain more insight into the composition and chemical states of SiC implanted at RT
and annealed at 1000 °C, XPS was performed on the samples annealed at 1000 °C. Figure.
6.10 shows a XPS survey scan of SiC implanted with Eu and annealed at 1000 °C. The XPS
analysis was performed only on the 1000 °C annealed RT implanted sample to be able to
examine the chemical state of the Eu surface peak that is evidently present on the surface of
the sample. It is clear that the elements that are present on the surface of SiC are mainly
silicon, carbon, oxygen and europium. The oxygen KLL signal appears at the binding energy
976.2 eV, which was interpreted by Demri et al. [21].
86



200000 T T T T T T T T T T T T
Cls Survey Scan
150000 .
Ols
Fn
" 100000 - .
c
o
c
- Eu3d
. OKLL
Si2s
Si2p
50000 - 4
0 T T T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400

Binding Energy (eV)

Figure 6.10: XPS survey spectra of SiC implanted with Eu and annealed at 1000 °C.

Figure 6.11 shows high resolution XPS spectra of (a) Si2p peak, (b) C1s peaks, (c) Ols peak
and (d) Eu3d peaks for SiC implanted with Eu and annealed at 1000 °C. A Si2p spectrum has
a peak at binding energy ~ 101 ¢V attributed to SiC [22, 23, 24, 25, 26]. The Si2p peak is the
only signal of Si2p in the current study. In other studies, the SiO, component of Si2p at the
higher binding energy of 103 eV was observed [22, 27, 28, 26].

The C1s spectrum has a peak at binding energy of 283 eV which is due to crystalline SiC [22,
23, 24, 25, 26, 29] and a peak at binding energy of 285 eV is attributed to hydrocarbon or a
contaminant carbon layer [24, 25, 28, 26]. It was also reported that the binding energy of Cls
component obtained in the range 284.4 - 285.2 eV was associated with hydrocarbon [30]. A
less intense C1s signal in the higher binding energy of 289.5 eV is also seen in Figure 6.11
(b) confirming the hydrocarbon which may be coming from the 6H-SiC impurities in the

polycrystalline SiC as mentioned in [3].

The O1s signal is observed at the binding energy 532.22 eV. This signal is mostly observed
in oxidized SiC materials [22, 29].
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The Eu3ds/, spectrum consist of peaks at binding energies 1126.4, 1136.18, 1156 and 1165.8
eV. The peak at 1126.4 eV may be attributed to Eu(ll) species (oxalates) while the peak at
1136.18 eV may be attributed to a shake-down satellite of Eu(ll) as reported in literature by
Uwamino at al [31]. The other two peaks at the higher binding energy location 1156 and
1165.8 eV are also attributed to Eu(ll) [31]. Hence, the Eu surface peak that appears on the
depth profile after annealing at 1000 °C is the Eu complex compound, most probably a Eu
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Figure 6.11: High resolution XPS spectra of SiC implanted with Eu and then annealed at
1000 °C for (a) Si2p peak, (b) Cls peaks and fitted peaks, (c) Ols peak and (d) Eu3d peaks.

88



1400

1200 A

RBS counts (a.u.)

200 A

0

(a)

1000 A

800 A

600 A

400 -

As-implanted
. R, =75nm
AR, = 23 nm

0

20 40

290000004
60 80 100 120 140 160
Depth (nm)

600

(b)

500 -

400 A

300 A

200 A

RBS Counts (a.u.)

100 4

0

1100 °C

Depth (nm)

0 20 40 60 80 100 120 140 160

Figure 6.12: Eu RBS depth profiles of the RT implanted samples (a) as-implanted sample

and of (b) the sample vacuum-annealed at 1100 °C. The solid lines are least-square fits of a

Gaussian function to the as-implanted data in (a) and of the Fick solution to only the surface

half of the 1100 °C annealed profile in (b).

Diffusion coefficient D (nm?/s)

o
|

0.01 : .

066 0.68 0.70

0.72 0.74
1000/T (K™

0.76

0.78 0.80

Figure 6.13: Arrhenius plot of the diffusion coefficients of polycrystalline 3C-SiC implanted

at room temperature with 270 keV europium ions and sequentially vacuum annealed for 5 h
at 1000 °C, 1100 °C and 1200 °C.
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The RBS depth profiles of the RT implanted sample were least square fitted to the general
solution of the Fick's differential diffusion equation for an initial Gaussian profile [17]. This
was possible because the as-implanted profile fitted well to a Gaussian function — see Figure
6.12(a). As was discussed earlier in this section, the depth profiles of the annealed samples
asymmetrically broadened towards the surface, i.e. the side where most of the damage due to
the Eu ion implantation was retained— see Figure 6.1. Consequently, only the surface side of
these depth profiles were fitted. The fitted depth profiles for RT implanted and the sample
annealed at 1100 °C are shown in Figure 6.12(a) and (b) respectively. From such a fit the
diffusion coefficient D, as discussed in chapter 2, can be determined. Because of the surface
Eu peak, only a limited number of data points of the 1000 °C annealed sample could be fitted.
Only a Gaussian function could be reliably fitted to this (limited) profile and the diffusion
coefficient was determined from the broadening of the Gaussian function compared to the
Gaussian fit of the as-implanted sample. Although the samples annealed at 1300 °C and 1400
°C exhibited some broadening, this broadening was within the error limit of the utilized RBS
measurements. Consequently, no reliable diffusion coefficients could be determined for these
two temperatures. The diffusion coefficients of 0.015, 0.033 and 0.035 nm?/s were obtained
for sequential 5 hours annealing of an as-implanted sample annealed at 1000 °C, 1100 °C and
1200 °C, respectively. From an Arrhenius plot, shown in Figure 6.13, a diffusion activation
energy of 0.8 eV and 20 nm?/s for D, were obtained, where D, is a pre-exponential factor as
discussed in section 2.2. The error bars in Figure 6.13 were determined from fitting profiles

with small differences within the RBS error limit.

6.1.4 Discussion

Implantation of Eu into SiC at room temperature resulted in amorphization of SiC layer while
implantation at 350 and 600 °C retained defects, with more defects retained by the 350 °C
implanted sample compared to the 600 °C implanted sample. The formation of defects
without amorphization in the 350 and 600 °C implanted samples was expected as the
implantation temperatures were higher than critical amorphization of SiC of about 300 °C.
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Annealing the RT and 350 °C implanted samples at 1000 °C caused migration of Eu towards
the surface accompanied by the appearance of the surface peak. This surface peak was more
prominent in the annealed RT implanted sample which initially had more radiation defects.
Hence, the migration of Eu towards the surface resulting in the formation of surface peak is
radiation damage enhanced. This is especially true because the surface peak did not appear in
the high temperature implanted sample( 600 °C, which retained less damage) annealed at
1000 °C. The surface peak was found by using XPS, to be a europium oxalate compound
which formed on the surface. The most loss of Eu took place after the disappearance of the
Eu surface peak, i.e. after annealing the room temperature and 350 °C implanted samples at
1100 °C. Annealing at temperatures > 1100 °C resulted in the Eu loss through the surface in
the 350 °C implanted sample as a result of pores that opened up on the surface. Annealing of
the 600 °C implanted sample retained most of Eu throughout the annealing steps with small
particles appearing on the surface after annealing at temperatures of up to 1200 °C and
disappearing at annealing temperatures greater than 1200 °C. The retention of Eu in the 600
°C implanted sample can be associated with the ability of less damaged SiC to trap the
implanted Eu. It was observed from Raman and SEM results that the migration/diffusion
taking place in the room temperature implanted sample is mostly assisted by radiation
damage. Consequently, it appears from the retained ratios in Figure 6.9 that the radiation
damage enhanced diffusion/migration of Eu taking place in the room temperature implanted

sample is more faster than the diffusion/migration of Eu taking place in the 350 °C sample.

Small activation energies for diffusion in the RT implanted samples are usually ascribed to
grain boundary diffusion or another fast diffusion mechanism such as interstitial diffusion.
The activation energy of about 0.8 eV in this study is similar to that predicted for Si
interstitial diffusion in SiC [32]. The implantation depth of the Eu atoms is of the order of
100 nm while the average grain sizes of samples in this study are of the order of several
microns. The small activation energy thus indicates that it is reasonable to assume that Eu
diffused to the surface of the samples through interstitials. This would also explain why the

Eu profiles were skewed towards the surface.

The lack of diffusion of Eu in the 350 °C implanted sample can be linked to the migration of
Eu through the surface during the annealing process. The pores (SEM results) on the surface
acted as preferred path for Eu to escape, this is also indicated by the peak position shifting
more towards the surface in the depth profiles.
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6.2 Single-crystalline 6H-SiC results

6.2.1 Radiation damage

Figure 6.14 shows the simulated results together with the experimental results of the 270 keV
Eu ions implanted into 6H-SiC at RT and 350 °C. The difference in concentration in the
measured profiles might be due to slight differences in the Eu ion fluences. The calculated
fluences were 1.252 x 10 and 1.140 x 10™ cm™ for RT and 350 °C implanted samples

respectively.
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Figure 6.14: The Eu depth profiles (from RBS) of Eu implanted into 6H-SiC at RT and 350
°C together with SRIM simulated Eu depth profile and displacement per atom (dpa).

Figure 6.15 shows the Raman spectra of the un-implanted/virgin and implanted 6H-SiC

samples. The Raman spectrum of virgin 6H-SIiC has all the characteristic peaks of pristine
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6H-SiC [33]: the 6H longitudinal acoustical (LA) mode at 505 cm™, the two-transverse
optical (TO) modes at 766 and 789 cm™and the longitudinal optical (LO) mode at 965 cm™.
The second order SiC peaks are also visible at 1513 and 1712 cm™. Both implantations
resulted in reduction in intensities of SiC characteristic peaks. This reduction in intensities
was more pronounced and accompanied by appearance of Si-Si and C-C peaks at 523 and
1430 cm™ in the sample implanted at RT indicating amorphization of SiC implanted layer.
The appearance of Si-Si and C-C peaks with broader SiC peaks still present in the RT
implanted 6H-SiC might be indicating the penetration depth of the laser was deeper than the
amorphized layer (of about 160 nm as predicted from SRIM simulation) or the damaged layer
that is not fully amorphized. Using absorption coefficients of 514.5 nm laser in amorphous
SiC [9], the penetration depth was estimated to be about 48 nm, as discussed in section 6.1.
Hence, the broad SiC indicate that there is some crystalline SiC in the amorphous layer.
Implantation at 350 °C resulted in a decrease in the peak intensities accompanied by

broadening indicating defects were retained with no amorphization.

Annealing the RT implanted samples at 1000 °C resulted in the increase in the intensity of the
6H-SiC Raman characteristic peaks accompanied by the disappearance of the Si-Si and C-C
peaks indicating recrystallization (-Figure 6.16(a)). This increase in intensity progressed with
annealing temperature up to 1400 °C. However, the intensity of characteristic peaks of the RT
implanted samples annealed up to 1400 °C was still lower than intensity of characteristic
peaks of the virgin samples, indicating some defects remaining. Annealing of the 350 °C
implanted samples recovered the initially damaged structure that had less defects-Figure
2.16(b).

93



— r
As-implanted 350 °C ‘ .

Overtone band ]
1

M M 1 M 1 M 1 M M M M =
‘ As-implanted RT \ -

-_ Si—f}‘i TO\

Si-Si TO LO

Intensity (a.u)
1

N LA \ Overtone band _|

A

N 1 N 1 N 1 N 1 N 1 N 1 N 1 N
200 400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Figure 6.15: Raman spectra of un-implanted single-crystalline 6H-SIC and 6H-SiC
implanted with Eu ions at RT and 350 °C.
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6.2.2 Surface morphological results

Figure 6.17 shows the SEM micrographs of samples implanted at room temperature and 350
°C. The micrograph of virgin/un-implanted 6H-SiC is included for comparison. The un-
implanted sample has a smooth surface. Implantation at room temperature resulted in no
changes on the surface. However, implantation at 350 °C resulted in a clear appearance of
polishing marks on the surface, suggesting the sputtering of weakly bound material on the

surface at this temperature [34]. The polishing marks were not observed in the RT implanted
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samples due to some swelling in the amorphized 6H-SiC [14].
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Figure 6.17: SEM micrographs of the (a) virgin/un-implanted 6H-SiC compared with the
samples implanted with 270 keV Eu ions at (b) RT and (c) 350 °C.

Figure 6.18 shows SEM micrographs of 6H-SiC implanted at room temperature, implanted at
room temperature then sequentially annealed at 1000, 1100, 1200, 1300 and 1400 °C.
Annealing the RT implanted sample at 1000 °C resulted in the appearance of tiny crystallites
on the surface indicating some recrystallization of the damaged 6H-SIC, in line with Raman
spectroscopy results discussed earlier. Annealing at 1100 °C caused some of these tiny
crystallites to grow in size. Further annealing at elevated temperatures caused further increase
in size of the crystallites with some protruding from the surface. These crystallites became
faceted after annealing at 1300 °C. Some pores between the crystallites can be seen indicating
thermal etching occurred after annealing at 1400 °C. The average crystallite sizes of 29, 200,
373 and 409 nm were estimated by imageJ in the samples annealed at 1100, 1200, 1300 and
1400 °C respectively.
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Figure 6.18: SEM micrographs of 6H-SiC implanted with 270 keV Eu ions at RT before and
after isochronal annealing, (a) the as-implanted sample, (b) annealed at 1000 °C, (c)
annealed at 1100 °C, (d) annealed at 1200 °C, (e) annealed at 1300 °C and (f) annealed at
1400 °C.

Figure 6.19 shows the SEM micrographs of 6H-SiC implanted at 350 °C and implanted at
350 °C then sequentially annealed at 1000, 1100, 1200, 1300 and 1400 °C. As mentioned
before, implantation at 350 °C resulted in the appearance of polishing marks on the surface of
6H-SiC substrates. No major changes were observed on the surface after annealing the as-
implanted sample at 1000 °C. However the Raman spectroscopy results indicated that the
recovery of defects had taken place at this temperature. The polishing marks began to
disappear after annealing at 1100 °C. Annealing at 1200 °C resulted in complete
disappearance of the polishing marks, resulting in a fairly smooth surface with some
crystallites appearing on the surface. Some up-lifted crystals appeared on the surface after
annealing at 1300 °C and were clearly visible after annealing at 1400 °C. The appearance of
the up-lifted crystals was due to thermal etching in the 6H-SiC. This thermal etching made
the sample surface uneven. Similar uneven thermal etching has been reported in the 6H-SiC

implanted with Ag at 600 °C then annealed at elevated temperatures [19].
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Figure 6.19: SEM micrographs of 6H-SiC implanted with 270 keV Eu ions at 350 °C before
and after annealing, (a) as-implanted sample, (b) 1000 °C annealed sample, (c) 1100 °C
annealed sample, (d) 1200 °C annealed sample and (e) 1300 °C annealed sample and (f)
1400 °C.

6.2.3 Migration results

Similar to the migration of implanted Eu into polycrystalline SiC, the migration of Eu
implanted into 6H-SiC was monitored before and after each annealing step using RBS. The
depth profiles of Eu implanted into 6H-SiC at RT and 350 °C after sequential annealing at
temperatures from 1000 to 1400 °C in steps of 100 °C for 5 h are shown in Figure 6.20. The
as-implanted Eu profiles are included for comparison. The Eu retained ratios, squares of full
width at half maximum (FWHM) and peak positions as a function of annealing temperature

are shown in Figure 6.21.

Annealing the room temperature implanted samples at 1000 °C caused migration of Eu
towards the surface resulting in the formation of a small (segregated) peak on the surface of
6H-SiC, a diffusion of Eu to the bulk was also observed at this temperature. No Eu was lost at
this temperature however the prominent Eu peak was broader and skewed towards the surface
indicating more diffusion towards the surface compared to the diffusion towards the bulk.

Similar surface peak was also observed in the Eu implanted into polycrystalline SiC at RT
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annealed at 1000 °C. This surface peak was found to be due to a Eu complex compound as
explained in section 6.1.3. A rather slight broadening of Eu depth profile was observed after
annealing at 1100 °C compared to 1000 °C. At this temperature the broadening was
accompanied by the disappearance of surface peak and about 30% loss of implanted Eu. A
slight broadening accompanied by loss was further observed after annealing at 1200 °C
accompanied by an additional loss of about 10%. No peak broadening was observed after
annealing at 1300 °C compared to annealing at 1200 °C, however the Eu depth profile shifted
towards the surface and a further 10% of Eu was lost. Annealing at 1400 °C resulted in a
further peak shift towards the surface accompanied by an extra loss. A total of about 65 % of
Eu implanted was lost at 1400 °C resulting in an asymmetric depth profile, and thus FWHM
was not determined at this temperature.

Annealing the 350 °C implanted samples at 1000 °C resulted in no noticeable changes in the
Eu depth profile. Annealing at 1100 °C resulted in a shift of Eu peak towards the surface
accompanied by a narrowing of FWHM and no loss of Eu. This narrowing of FWHM of
implanted Eu accompanied by no loss progressed with annealing up to 1400 °C. No
significant shift towards the surface was observed after the entire annealing process. The
narrowing of FWHM might be due to implanted Eu forming precipitates. Similar narrowing
due to Ag forming precipitate was reported after annealing at 1100 and 1200 °C [35].
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Figure 6.20: Depth profiles of Eu (270 keV) implanted into 6H-SiC at RT and 350 °C, after
isochronal annealing from 1000 to 1400 °C in steps of 100 °C for 5 hours.
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Figure 6.21: (a) Retained ratios of Eu implanted into 6H-SiC at RT and 350 °C after
isochronal annealing at 1000 to 1400 °C for 5 hours in steps of 100 °C, (b) peak shift as a
function of annealing temperature and(c) full width at half maximum as a function of

annealing temperature.
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Figure 6.22: Eu RBS depth profiles of an as-implanted sample and of the sample vacuum-
annealed at 1100 °C. The solid line is least-squares fit of a Gaussian function to the as-

implanted data and the broken line is the Fick solution to the 1100 °C annealed data.

The depth profiles of the Eu implanted into 6H-SIC at room temperature and subsequently
annealed (see Figure 6.20) were fitted to a general solution of Fick's differential diffusion
equation for an initial Gaussian profile [17] to extract the diffusion coefficients. Figure 6.22
shows that the room temperature as-implanted Eu profile fitted well to a Gaussian function.
In Figure 6.21(c) it can be seen that the peak position shifted for some of the profiles.
Consequently, the peak position was one of the fitting parameters. As observed in Figure
6.20, the implanted profiles became skewed more towards the surface after annealing. The
skewness increased with increasing annealing temperature while the shift towards the bulk
remained unapparent. This indicates that diffusion only took place towards the surface of the
6H-SIC, i.e. the side where most of the damage due to the Eu ion implantation occurred — see
Figure 6.14. This also occurred in room temperature Eu implanted poly-crystalline SiC and
vacuum-annealed in the same temperature range. Consequently, only the surface side of the

profiles were fitted to the above-mentioned solution of the Fick's equation. From Figure 6.20
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it can also be seen that sample annealed at 1000 °C exhibited a Eu peak on the surface which
is typical surface segregation, while the samples annealed at higher temperatures did not have
this surface peak. This surface segregation peak distorted the diffusion profile.
Consequently, in the fitting of the 1000 °C profile this surface segregation data points were
not fitted. Diffusion coefficients of 0.017, 0.024 and 0.31 nm?/s, respectively, were extracted
for the 1000 °C, 1100 °C and 1200 °C profiles. However, for 1300 °C and 1400 °C annealed
samples, no reliable diffusion coefficients could be extracted as the increased broadening of
the Eu profile towards the surface were within the error limit of the RBS measurements.
From the three diffusion coefficients an Arrhenius plot (see Figure 6.23) was made and a
diffusion activation energy of 0.48 eV and a frequency factor D, of 1.4 nm?/s were obtained.
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Figure 6.23: Arrhenius plot of the diffusion coefficients of 6H-SiC implanted at room
temperature with 270 keV europium ions and sequentially vacuum annealed for 5 h at 1000
°C, 1100 °C and 1200 °C, (error bars not included as the data points are all on the straight
line).
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6.2.4 Discussion

These results largely agree with those of poly-crystalline 3C-SiC samples implanted at RT
reported in section 6.1. The Eu implanted in poly-SiC also diffused only to the surface and
there was also a Eu peak on the surface of the SiC for the sample annealed at 1000 °C. The
values of the diffusion coefficients are also comparable. The activation energy of 0.48 eV is
relatively near the 0.8 eV obtained for poly-SiC, this is not unexpected. During room
temperature implantation the implanted layers of the 6H-SiC and polycrystalline SiC are
amorphized. In other studies, at temperatures above 800 °C the amorphized layers
recrystallized into polycrystalline SiC [36] [18]. The average size of the grains depend on the
amount of impurities, i.e. Eu atoms, and also on the crystallinity of the substrate [37]. It is
reasonable to expect that the differences in substrates, i.e. polycrystalline SiC versus single
crystal 6H-SIC, will also result in different crystal sizes. The values for the average crystal
sizes were measured and found to be between 29 and 409 nm for single crystalline material,
as compared with the grain sizes between 100 and 270 nm for polycrystalline material
presented in section 6.1 for annealing temperatures between 1000 and 1400 °C. In line with
many other impurities in SiC, during the recrystallization process, implanted Eu atoms
segregated to the grain boundaries where they had an easy diffusion path. The difference in
the activation energies between the two sets of samples is probably due to the different
stresses in the samples caused by the different amounts of implanted Eu atoms in the SiC
grains, the difference in radiation-induced defects remaining in the samples and the
difference in the average grain sizes, which influence the grain boundary widths. The first
two factors are well known to influence diffusion [38][39] while the grain boundary diffusion
model by Fisher [40] shows that grain boundary diffusion depends on the grain boundary
width.

This difference in activation energies is not unusual for diffusion in SiC. The extensive
review of diffusion measurements in SiC by Malherbe [18] showed that there is very large
variation in the activation energies for the same diffusant between the different studies.
Based on the potential barrier model for diffusion [38] the activation energy for grain
boundary diffusion is usually lower than for volume diffusion. Based on this and the low
solubility of Eu in SiC leading to segregation of implanted Eu atoms in the grain boundaries,

the low activation energies for room temperature implanted Eu in 6H-SIiC and poly-
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crystalline SiC are an indication that in both cases the diffusion occurred via grain

boundaries.

Dwaraknath et al. [41] determined both the volume and grain boundary diffusion coefficients
of Eu in polycrystalline SiC in essentially the same annealing temperature range as used in
this study. However, in their study they implanted FPs into a PyC which was placed between
the high purity CVD -SiC and a coating of plasma-enhanced CVD SiC which ensured that
SiC was not directly implanted into SiC. They obtained activation energies of 5.5 eV and 4.7
eV for bulk and grain boundary diffusion respectively. These values are an order of
magnitude higher than the ones reported in this thesis. The difference in sample
microstructure, measurement and diffusion extraction techniques might be the reason for the
differences. Dwaraknath et al. used ToF-SIMS with very low Eu concentrations while in this
study, RBS was used with significantly higher Eu concentration. Higher impurity
concentrations can influence the diffusion and its kinetics. The Fick's diffusion equations
were derived for very low concentrations. The greatest source for the differences in the
activation energies is probably the presence of high numbers of defects and grain sizes
(small) in the samples of this study due to the implantation of Eu into the SiC. In another
study using the same types of samples and techniques as in this study, Dwaraknath et al. [42]
studied radiation-enhanced diffusion of Eu in poly-crystalline SiC. Their activation energies
for bulk and for grain boundary diffusion were now significantly lower at 0.3 eV and 1.1 eV
respectively, showing the effect of defects on diffusion. These latter values are approximately
the same as what was measured in the 6H- and poly-SiC reported in this study, where the SiC

contained many defects remaining from the implantation process.

The as-implanted Eu profile of 350 °C implanted 6H-SiC samples did not really differ from
the room temperature implanted samples with R, =79 nm, AR, = 29 nm compared to R, = 82
nm, AR, = 26 nm for the room temperature implantation. These two sets of values are within
the error limits of the RBS measurements. However, the Eu profiles of the annealed samples
implanted at the elevated temperatures were significantly different to those of the room
temperature implanted ones. The profiles did not show normal diffusion behaviour, i.e. a
broadening of the profiles. In fact, Figure 6.20(b) and Figure 6.21(b) show that the FWHM of
the Eu profiles actually reduced slightly. As was discussed above, this difference was due to
the differences in the number of defects remaining in the samples and perhaps the differences

in the crystal sizes (and grain boundary widths in the polycrystalline SiC). It is known [18]
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that implantation at room temperature leads to amorphization of SiC but that the SiC remains
crystalline, albeit with many defects, for implantation at 350 °C. Furthermore, as was briefly
discussed above the crystallite sizes between the two sets of samples will be different, also
influencing the diffusion.

The results of single crystalline material implanted at 350 °C slightly agree with those of the
poly-crystalline SiC implanted at 350 °C. However, in the latter sample, there was a Eu
oxalate surface peak that formed on the surface after annealing at 1000 °C while this peak
was not present in the single crystalline sample after annealing at the same temperature. This
difference can be explained by the dissimilarities of the materials structures, the
polycrystalline material has grain boundaries with defects while 6H-SiC only has radiation
defects, hence Eu migrate via grain boundaries with defects.
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CHAPTER 7

Conclusions

In this work, the effect of radiation damage on the migration behaviour of Eu implanted into
silicon carbide (both polycrystalline and 6H-SIiC) was investigated in temperatures ranging
from 1000 up to 1400 °C in steps of 100 °C. A direct implantation was performed on samples
at different temperatures (RT, 350 and 600 °C) to introduce different amount of radiation
damage in the samples. Samples implanted at RT retained an amorphous layer while samples
implanted at 350 and 600 °C retained crystallinity with defects albeit more defects were
retained in the 350 °C implanted samples compared to 600 °C implanted samples. Thermal
annealing of the as-implanted samples caused some re-crystallization of SiC to a certain
extent, however, the initial structure of virgin SiC was not achieved up to the highest
annealing temperature of 1400 °C. Annealing both RT implanted samples at 1000 °C resulted
in the diffusion of Eu more towards the surface accompanied by the formation of europium
oxalate surface peak. Further annealing of the RT implanted samples (initially annealed at
1000 °C) at 1100 °C resulted in significant loss of Eu accompanied by the disappearance of
europium oxalate surface peak due to sublimation. Diffusion of implanted Eu accompanied
by some loss progressed with annealing temperature. Diffusion coefficients of: 0.015, 0.033
and 0.035 nm?/s (in RT implanted polycrystalline SiC) and 0.017, 0.024 and 0.31 nm%/s (in
the RT implanted 6H-SiC) at annealing temperatures of 1000, 1100 and 1200 °C respectively
were extracted. The activation energies of 0.48 eV and 0.8 eV were obtained for RT
implanted 6H-SiC and poly-SiC respectively. These activation energies are relatively close to
each other indicating the same mechanism in both samples. The same diffusion mechanism
was expected after annealing especially at 1000 °C as both samples were initially amorphous
while the similarity at elevated temperatures might be an indication of the amorphized 6H-

SiC recrystallized to polycrystalline SiC.

Annealing the 350 °C implanted samples resulted in different migration behaviour due to the
effect of grain boundaries in the polycrystalline SiC. Annealing the polycrystalline SiC
implanted at 350 °C resulted in the formation of rather small europium oxalate surface peak

compared to the RT samples annealed at 1000 °C, while no changes were observed in the 350
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°C implanted 6H-SiC annealed samples. Further annealing of the 350 °C implanted samples
at elevated temperatures caused progressive loss of implanted Eu in the polycrystalline
sample with no loss observed in the 6H sample. Similar to the polycrystalline RT implanted
sample, the loss was significant and was accompanied by the disappearance of europium
oxalate surface peak due to sublimation during annealing at 1100 °C. Further loss at elevated
temperatures was due to migration via grain boundaries. Only narrowing of the profiles was
observed in the 350 °C implanted 6H-SiC sample annealed at elevated temperatures
indicating some segregation of implanted Eu at these temperatures.

For the 600 °C implanted polycrystalline SiC, Eu was well retained, and no significant loss
was observed at all annealing temperatures. This is because the grain boundaries observed on
the surface were mostly narrow and intact as compared to the 350 °C implanted
polycrystalline samples. The broadening of the 600 °C implanted depth profile was observed
after annealing at 1100 °C and higher temperatures. However, the diffusion coefficients of
these profiles could not be extracted due to the error limit of the RBS system used.

Given the similarity of diffusion behaviour in the RT implanted samples of poly-SiC and 6H-
SiC, it can be seen that the type of diffusion mechanism taking place is of the same type in
both samples, and therefore radiation enhanced. As it is known, the small activation energies
for diffusion are usually ascribed to grain boundary diffusion or a kind of fast diffusion
mechanism, it becomes clear that the grain boundary diffusion cannot be the immediate
mechanism through which diffusion is taking place in the RT implanted samples. Since the
activation energies in this study are similar to that predicted for Si interstitial diffusion in SiC,
by Zheng et al [1], it can be concluded that the type of diffusion through which Eu diffuses to
the surface in the RT implanted samples is mostly via interstitial diffusion, which seem to be
mostly enhanced by radiation damage. Eu in the case of 350 °C implanted polycrystalline
migrated to the surface purely via grain boundaries, this is true because the grain boundaries
are not present in the 6H-SIC and thus neither migration nor diffusion was observed in this
sample. A conclusion can be made that radiation induced defects enhances migration of Eu in
the 350 °C implanted sample of poly-SiC, while the same defects create trapping sites in the
350 °C implanted sample of 6H-SiC.

The observations clearly indicate no migration of Eu in 6H-SiC and indicating the role of

radiation damage in the enhancement of migration of Eu in SiC. Still, the diffusion
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coefficients obtained in the RT implanted samples are essentially small, and therefore Eu
release into the reactor's cooling system should be prevented by the SiC coatings of about 35

pum.
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Future studies

The results of this study imply that Eu diffusion is controlled by the amount of radiation
retained after implantation. In a nuclear environment where continuous irradiation of SiC
with FPs and neutrons with energies ranging from <0.001 eV to > 10 MeV which includes
the range of swift heavy ions (SHI) in the presence of helium from nuclear decay and
transmutation, is taking place, these results are of crucial important. To get holistic image of
the migration behaviour of Eu in SiC, the following studies needs to be done:

e The migration of Eu implanted into SiC will be performed at atomic scale using
transmission electron microscopy (TEM), especially In-situ TEM.

e Thermal annealing studies should be done at temperatures where diffusion was
detected in this study, to collect enough data to determine more accurate diffusion
coefficients.

e The effect of swift heavy ions (SHESs) irradiation on the migration behavior of Eu

implanted into SiC.
e The effect of helium/alpha in the migration of the implanted Eu.

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

SiC need to be investigated.
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