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Summary

Effects of Xe ion irradiation on ZrN and the migration behaviour of implanted Eu
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Co-Supervisor: Dr. M. Mlambo
Co-Supervisor: Dr. M.J. Madito

Owing to its outstanding properties, zirconium nitride (ZrN) has been proposed as a possible
candidate for inert matrix for transmutation of long-lived nuclear waste (plutonium and minor
actinides) in fast nuclear reactors. In the nuclear reactor environment ZrN will be exposed
to different irradiations at elevated temperatures. Under these conditions, it should retain its
properties and be able to contain fission products. The irradiation-tolerance of ZrN to slow and
swift heavy ions has been investigated and no amorphization was observed. However, little is
known about the migration of fission products in ZrN with the exception of He. In this study,
the radiation damage retained by swift and slow heavy ions, their annealing and the migration

behaviour of implanted europium (Eu) were investigated.
ZrN layers of about 20 pum thick were deposited on silicon substrates using vacuum arc deposi-

tion. Some of the deposited ZrN samples were individually implanted with Eu and Xe ions of

energy 360 keV all to a fluence of 1.0 x 10'6 ¢m =2, while others were irradiated with 167 MeV

v



Xe ions to a fluence of 6.77 x 10" e¢m~2. Both implantations and irradiation were performed
at room temperature. The implanted and irradiated samples were annealed at 800 and 900°C
for 5h. The as-deposited samples were characterized by scanning electron microscopy (SEM),
grazing incidence x-ray diffraction (GIXRD) and Raman spectroscopy, while implanted and
irradiated samples were characterized by Raman spectroscopy and Rutherford backscattering

spectrometry (RBS).

GIXRD results confirmed the nano-crystallinity of the deposited ZrN layer. Raman spec-
troscopy results of the as-deposited ZrN, exhibited all first-order Raman scattering bands
indicating a ZrN structure with defects. SHI irradiation produced less concentration of de-
fects compared to the slow energy implantation of Eu and Xe ions. Cubic-Zr3Ny phases were
observed in swift-heavy ion irradiated ZrN after annealing at 800 and 900°C, while it was
not observed in the low energy implanted Xe and Eu samples after annealing at the same

temperatures. No migration of implanted Eu was observed after annealing.
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Chapter 1

Introduction

1.1 Background

Electricity is at the core of the development of any nation. Most of the electricity in the
world is generated from burning fossil fuels [1]. This method produces greenhouse gases. The
industrialization of the developed world has produced more C Oy and other greenhouse gases,
than we are currently planting trees. The deforestation of the Amazon rainforest has reached
a record high in 10 years as recorded by the Brazilian government [2] in 2018. There is so
much COs produced as a result of electricity generation from the burning of fossil fuels and
the high rising number of cars on our roads. Just recently we have seen the devastating results
of climate change due to carbon emissions in Mozambique and Zimbabwe where cyclone Idai
wreaked devastation in these two countries [3]. A resounding call has emerged of generating
electricity using methods that produce less greenhouse gases. The move away from fossil fuels
is an urgent one, the world cannot afford the repercussions of irresponsible use of fossil fuels
and the disregard for the environment for mere profit. To mitigate the prevalent emissions,
researchers have for years now embarked on investigating alternative energy sources that are
as effective as coal and gas, but less damaging to the environment. Different research groups
around the world have been established to find solutions and alternatives to the traditional
energy generation. One of the contenders for alternative energy sources is nuclear energy. The
2016 global electricity generation breakdown shows that 38.3% was generated from coal and
23.1% from gas, while nuclear energy contributed 10.4% [4]. Coal and gas power stations are

cheap to build and Africa has supply of coal and gas, and this is the cheaper option for the
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main source of electricity in Africa. However, the long-term cost of the use of coal power sta-
tions is always increasing [5]. Globally, the use of electricity from Nuclear energy is growing,
its contribution grew from 2477 TWh in 2016 to 2487 TWh in 2017, from about 450 nuclear
reactors with 60 more being constructed and amounting to about 15% contribution to the

existing capacity [6].

The use of nuclear technology has its own shortcomings. The nuclear power plant incident in
Fukushima in 2011 [7], has raised valid questions about nuclear safety. This together with the
high initial expense of building a nuclear plant has hindered the progress, interest and buy-in
by most countries, especially in the developing world. Nuclear technology also releases high
amounts of radioactive waste. In the South African Koeberg nuclear plant, for instance, the
spent fuel is stored on-site in what is called a spent fuel pool (SFP) (wet storage) since it is
hot and still highly radioactive, figure 1.1 (a). It is then transported to the on-site cask storage
building (CSB) (dry storage), figure 1.1 (b). The SFPs storage capacity is reported to be over
90% full and would reach their full capacity by April 2020 [9]. This means that if additional
storage space is not created in the SFPs, the plant would have to shutdown prematurely. The
problem with dry storage of nuclear waste is that it is not a permanent solution. The spent fuel
rods will keep accumulating at the storage site posing possible risks. The Advanced Fuel Cycle
Initiative (AFCI) in its goal sees the long term solution to the highly toxic nuclear waste as
closing the fuel cycle such that the proliferation of plutonium is not allowed. This would mean
that the generated waste will be less toxic. The idea is that the highly toxic and radioactive
waste will not have to leave the nuclear plant. The waste would be reconstructed into a new

fuel for re-burning [5].

1.2 Motivation

Different fuels such as uranium nitride as well as plutonium nitride in solid solution have been
immensely researched for use in nuclear reactors. Uranium has atomic number 92 and nitrogen
7, with uranium having the electron configuration [Rn]536d%7s? and nitrogen, 1s?2s22p3. Be-

cause of this, uranium nitride shares similar properties with transuranic nitrides. Transuranics
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!
i
(a) Wet storage (b) Dry storage

Figure 1.1: Koeberg’s spent fuel storage technology (a) fuel pool and (b) cask storage
building [9)].

are elements of the actinide series beyond uranium. Therefore, uranium is at a critical point
between the f- and d-orbital dominance. The increase in atomic number in the actinide pe-
riod stabilizes the f-orbital bringing it’s energy closer to the core, while leaving the d-orbital’s
energy to dominate. The f-orbital and the cubic set mainly dominate in actinium and others,
however, generally the chemistry is different from transition metals [10, 11, 12, 13, 14]. The
d-orbital is dominant in transuranics, and therefore they share similar traits with transition
metals. Transuranics together with their compounds and transition metals also share indis-
tinguishable properties. All transuranic metals are refractory materials exhibiting very high
melting points. They are also very brittle and hard as any other cubic nitride. A plethora of
data exists on researched actinide carbides such as UC, PuC, (U,Pu)C and ThC, while some
data on transuranic carbides is also accessible [15]. These studied carbides have similar struc-
ture and physical properties as their nitride forms. The information on these carbides can be
used to anticipate the response of the nitrides to similar conditions they have been subjected
to. Carbide fuels have been very successful in their use in nuclear research reactors. However,
one of the drawbacks of the carbide fuels is their reactivity with water which is a huge hazard

for the environment and poses serious reactor safety risks/threats.

Zirconium nitride (ZrN) has been identified as a possible candidate for an inert matrix be-
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cause of its excellent chemical and physical properties similar to those of the studied carbides
[16]. ZrN is also comparatively a substitute for transuranic nitrides (TRU-N) and also chem-
ically compatible. It has low neutron capture cross-section, high melting point, high thermal
conductivity and low vapour pressure [17, 28] which are properties suitable for the reactor
environment. Minor actinides (MA: Np, Am, Cm) are perfectly soluble in ZrN. Because of
this, plutonium can be directly burnt-up and the long-lived actinides transmuted in the fast
nuclear reactors (FR) or accelerator-driven subcritical system (ADS) [19, 20, 21]. ZrN can also

be used as a fuel phase in generation IV Gas-cooled Fast nuclear Reactor (GFR) [19, 22].

1.3 Previous work

In a nuclear reactor environment, ZrN will be exposed to different irradiations from the fission
products at extreme temperatures. Therefore, the behaviour of this material under these condi-
tons is vital. The irradiation tolerance of ZrN has been investigated (Egeland et al., 2013) [23].
Xenon and Krypton heavy ions were implanted into ZrN at energy 300 keV up to a displace-

ment damage of 200 dpa. No evidence of any amorphization was observed from GIXRD results.

Helium, Xenon and in some cases Bismuth of energies 30 keV, 167 MeV and 695 MeV, re-
spectively, were implanted in ZrN samples and were subsequently annealed between 600 and
1000°C' for 20 minutes by (van Vuuren et al., 2015) [24]. Annealing was found to cause peeling
at a depth consistent with the end-of-range of 30 keV He ions. However, irradiation with swift

heavy ions was found to stifle the formation of blisters.

Xenon ions of energy 167 MeV at fluences in the range 3x10'2—2.6x 10 em ™2, 250 MeV Kryp-
ton at fluences 1 x 1013 — 7.06 x 103 cm =2 and 695 MeV Bismuth at fluences 102 — 103 cm 2
were implanted on nano-structured ZrN layers of 0.1, 3,10, and 20 pum thickness. (van Vurren
et al., 2013) [25] found that the nanocrystallinity of ZrN was not affected by irradiation for
the 0.1 pm thick layer even at high fluences. Therefore, the nanocrystalline layers were found

to be very resistant to radiation damage due to SHIs.
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Nanocrystalline ZrN was implanted with 800 keV Argon ions to study the radiation effect
on ZrN. After irradiation at 10'* em =2, (Craciun et al., 2015) [17] found that there was an

2

insignificant change in crystallite size. However, a dose of 10'° ¢m™2 resulted in decrease in

crystallite size followed by a decline in nanohardness and Young modulus.

2.6 MeV of Protons at 800°C were implanted by (Yang et al., 2009) [26] to study the radiation
stability of ZrN. Irradiation doses of 0.35 and 0.75 dpa resulted in an excess of nano-sized
defects with some identified as vacancy-type pyramidal dislocation loops. However, the irradi-

ated samples did not result in any voids or bubbles, and no amorphization was observed.

The radiation tolerance of nanocrystalline ZrN irradiated with 900 keV Iron(II) ions at a 40°
incident angle to a fluence of 6 x 105 cm™2 up to a dose of 10 dpa was investigated by (Jiao
et al., 2015) [27]. Films with the grain size of about 9 nm exhibited less radiation damage
corroborated by a low lattice parameter, less radiation softening and less resistivity. The bigger
grain sized sample resulted in notable radiation softening credited to the increase in radiation

defects in the grains.

In all the previous irradiation tolerance studies above, ZrN indicated high radiation tolerance
with no amorphization and in the case of He is implanted ZrN, irradiating with swift heavy ions
suppresses the formation of blisters. However, few studies have been made on the migration
and diffusion behaviour of implanted fission products apart from He in ZrN [25]. This study
investigated the effects of swift heavy Xe ions of 167 MeV at a fluence of 6.77 x 10'* ¢m~2 and

=2 The ion irradiated

slow Xe and Eu ions of energy 360 keV at a fluence of 1.0 x 106 em
ZrN deposited onto Si substrates was characterized by Raman spectroscopy, grazing incidence

X-ray diffraction (GIXRD) and Rutherford backscattered spectrometry (RBS).

1.4 Dissertation outline

The rest of this dissertation is organized as follows: chapter 2 discusses ZrN, its synthesis,

structure and fabrication. Chapter 3 discusses the different types of nuclear reactors. Chapter
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4 presents the irradiation theory. Chapter 5 discusses the different experimental techniques
used in this study. Chapter 6 presents the experimental methods. Chapter 7 provides Results
and discussion while chapter 8 Summarizes the findings and future work. The Appendix is in

the last section.
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Chapter 2

Zirconium Nitride

Zirconium nitride is resistant to heat and hard to melt, due to its interesting combination of
ionic, covalent and metallic bonding. Its melting point is approximately 2980 °C. It has good
electrical and thermal conductivities and good superconducting abilities. Its good corrosion
resistance property makes it a perfect coating material for structural materials and cryogenic
thermometers. It has low neutron capture cross-section making it suitable for nuclear environ-
ments. When coating in high wear and corrosive environments, it is applied using the physical
vapour deposition (PVD) coating process. However, ZrN reacts too rapidly with oxygen even
at temperatures below 600 °C [1, 2]. Hence, the deposition of ZrN should be done in a con-
trolled environment, to evade oxidation [3]. The gold luster polish gives zirconium nitride
a metallic shine which is good for very abrasion-resistant decorative coatings. This chapter

discusses the synthesis of ZrN, its crystal structure, and physical properties.

2.1 Synthesis

Zirconium nitride can be produced using various processes and techniques. It can be synthe-
sized using chemical vapour deposition for tribological and cosmetic coatings for instance [4].
In cases where brittle and thermally sensitive substrates are used in the processing and fab-
rication of semiconductor components, physical vapour deposition (PVD) techniques are used
[5]. These PVD techniques involve sputter deposition [6], reactive ion platting, and arc depo-

sition or evaporation techniques [8]. Carbothermal reduction-nitridation is used for synthesis
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of ZrN powders [1]. Chemical composition, long-range crystalline structure and the amount
and nature of impurities can be tuned to influence the material’s properties for a specific func-
tion. In this project ZrN layers were deposited by arc deposition. Fabrication of the layers
was done utilizing a balance of cathodic arc and magnetron deposition [9]. The former is a
physical vapour deposition technique in which an electric arc is utilized to vaporize material
from a cathode target, and the latter is a plasma deposition technique where the positively
charged particles from the plasma are accelerated from the target towards the substrate, and
the unbalanced magnetic field is utilized to trap quick moving secondary ions that escape from

the target surface.

2.2 Crystal Structure and Phases

Zirconium nitride with stoichiometry (1:1) is its most stable form. At the Zr/N ratio > 1.33,
ZrsNy phase is formed; this phase is grey and displays insulating properties [10]. Rock-salt is
the structure of stoichiometric ZrN, where both zirconium and nitrogen atoms form isolated
FCC lattices. In the octahedral interstices of the FCC zirconium lattice lies the nitrogen atoms
and furthermore nitrogen forming an FCC sublattice. Literature puts the lattice parameter

for ZrN at around 4.577 A with density 7.09 g/cm? [4, 6]. If the corner of the ZrN lattice is at

0,0, 0 position, the N position is at position %, %, % as shown in figure 2.1. The ZrsN,4 phase is
firmly identified with the B1 (NaCl) structure of the mononitrides, yet it demonstrates a little

rhombohedral distortion.
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Figure 2.1: Crystal structure of stoichiometric ZrN (Zr-green, N-white) [13].

At room temperature, Zr metal has an hep structure with an « phase which does not dissolve
nitrogen easily. There are at least three crystal structures between the Zr metal and the
stoichiometric ZrN. The 8 (bcc) phase for the metal Zr forms at 863 °C' and contributes to
dissolving nitrogen atoms into the metal although it exists at higher temperatures. As the
nitrogen atoms are dissolved into the metal -Zr (in figure 2.2), the structure is rearranged
back into an a (hcp) phase with nitrogen dissolved in this structure [15]. ZrN at higher
temperatures rearranges itself from bcce to hep and then to fcec with increasing nitrogen thereby
increasing symmetry up to the perfect Zr/N stoichiometry. This follows the nitrogen’s s and
p orbital contributions to the transition metal’s d-orbital and therefore reducing the energy
by changing the symmetry [16]. The o phase begins to change into a cubic phase at about
21 atomic percent nitrogen, until it is complete at about 45 atomic percent nitrogen. This
resulting cubic structure is the NaCl structure with nitrogen deficient sub-lattice. Nitrogen
atoms can readily occupy the sub-lattice, however it is not simple to reach a perfect 1:1 ratio
of Zr/N in ZrN and other cubic nitrides [17]. A familiar phenomenon in cubic carbides and
nitrides is the habit of nitrogen vacancies creating short-range ordered superstructures close
to the a-cubic transformation line [18, 19]. This cubic structure has been postulated to be a

stacked set of NaCl unit cells with an ordered array of nitrogen vacancies.
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Figure 2.2: Zr-N binary phase equilibrium diagram [1]].

2.3 Physical Properties

Table 2.1 shows the physical properties of ZrN. Zirconium nitride’s crystal structure and rela-
tively strong covalent bonding gives it its hardness and high elastic modulus. These properties
are closely related to the defects in the material. The large stalking fault energy is as a result
of the strong covalent bonding. It has been adopted that the zirconium metal has a displace-
ment threshold energy averaged over all lattice directions (Ey) of 40 £+ 8 eV, and an effective
threshold energy (Egcf¢) used in the analyses of irradiation in reactors of 57 & 11 eV [20].
However the displacement threshold energy of ZrN is not directly reported on. Therefore a
reasonable F; range can be estimated from contrasting with similar ceramics such as GaN and
3C-SiC. The averaged displacement energy of Ga is 73,2 eV in GaN and N is 32,4 eV while
the minimum Ey is 39 eV and 17 eV, respectively, both along the direction < 1010 > [21]. C
and Si’s minimum displacement energies were found to be 20 eV and 49 eV, respectively, along
the direction < 100 > in 3C-SiC [22]. The average displacement energy for Zr and N in ref
[23] were chosen to be 35 eV and 25 eV, respectively, based on the estimation from ZrC, and

since N and C are close to each other.
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Table 2.1: Physical Properties of ZrN [6, 11]

Zirconium Nitride

Structure NaCl, B1, fm3m
Lattice Parameter 4.5675 A
Density (300K) 7.09 g/cm?
Hardness ~ 20 GPa
Young’s Modulus ~ 460 GPa

Heat Capacity (300K)

~ 41 kJ/mol. K

Thermal Conductivity (300K)

400 W/m.K

Melting Temperature

2980 °C
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Chapter 3

Nuclear Reactors

Nuclear reactors are the source of nuclear power for electricity generation. The nuclear energy
needed to generate electricity is extracted from nuclear fission reactions. Fission reactions
occur inside a nuclear core in a nuclear fuel, where uranium and other fissile materials undergo
a nuclear chain reaction propagated by thermal or fast neutrons. Fast or high energy neutrons
are easily absorbed by fissile materials which then fission and produce energy. The energy from

fission is then used for electricity generation.

There are mainly two types of nuclear reactors. The thermal and the fast (also called breeders)
nuclear reactors, which are based on the neutron energy spectrum. Thermal reactors uses slow
or thermal neutrons and a moderator to slow down the neutrons. The fast neutron reactors
use fast neutrons which are in the energy region of 5 MeV or greater and do not use any
moderator. This chapter discusses the two types of nuclear reactors, that is thermal reactors

and fast reactors, it also discusses the advanced reactors and the generation IV initiatives.
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3.1 Thermal Reactors
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Figure 3.1: Total and fission cross-section of U [1].

Fission reactions in nuclear reactors produce various sizes of fission products, with each step
producing three highly energetic neutrons [2]. The reaction cross-section of a neutron in a
reactor is indirectly proportional to its energy, that is, the reaction cross-section increases with
a decrease in neutron energy. The thermal neutron’s reaction cross-section depends heavily on
the fissile material it interacts with. Therefore, how much the reaction cross-section increases
is dependent on the fissile material. Figure 3.1 shows the cross-section of 23°U nuclear fis-
sion. Nuclear fission reactions produce high energy/thermal neutrons in the thermal reactor.
Therefore, in order to moderate these neutrons a material is used called a moderator. A mod-
erator is a material with low neutron capture cross-section, and it helps increase the reaction
cross-section and neutron-atom interaction by lowering the energetic neutrons. In showing the
performance of a moderator, the moderating power and moderating ratio are essential, and

they are given by [2]

moderating power = £3 (3.1)
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Dy
moderating ratio = {E—s (3.2)
a

where £ is the logarithmic energy decrement, which is the rate of energy loss by elastic scatter-
ing, and ¥, is the macroscopic cross-section of scattering while ¥, is that of absorption. For
typical moderators, the values are given in Table 7?7, where « is the maximum rate of energy
loss due to the collision with the nucleus of atomic number A. 233U is not a moderator but is

given as a reference for comparison.

2381 is not fissile and contributes about 99.27% of naturally occurring uranium’s mass while
the rest is the fissile 23°U and some trace amounts of 2%4U [3]. Using this as a fuel will cause
most of the neutrons to be absorbed by 238U, as can be seen in figure 3.2. 238U has very
high neutron absorption called resonance absorption at an energy slightly less than 10 eV as
compared to the low absorption of 233U in figure 3.1. Resonance absorption is associated with
the nucleus energy levels in an atom. It is a region where the cross-section rapidly changes
from about one to 10° barns in a small fraction of energy of about 1€V [2]. Therefore, natural
uranium as a fuel will only lead to 233U absorbing most of the neutrons and this will make
it hard for the nuclear reactor to reach criticality. Hence, the solution to this is to enrich
Z50], albeit at a high cost of enrichment. The other option is to allow for a heterogeneous
arrangement, that is the separation of fuel and moderator in the nuclear reactor. Both diffusion
and moderation occur inside the moderator, while inside the fuel only diffusion of neutrons
is dominant since the fuel is heavy to moderate neutrons. Therefore, having the nuclear
reactor in a heterogeneous arrangement means the neutrons scattered in the fuel will likely
have consecutive collisions inside the fuel, while those scattered in the moderator will thus
likely have consecutive collisions in the moderator. This is important because that means the
neutrons produced as a result of the fission reactions inside the fuel will not be moderated in
the fuel, rather they will escape the fuel into the moderator and will slowly lose their energy.
These neutrons will diffuse back into the fuel once they reach a particular low energy. When
the neutron energies reach the resonance absorption region the diffusion into the fuel is blocked
and the neutrons are absorbed on the surface of the fuel in an act of self-shielding [2]. The
diffusion process will continue until finally the neutrons are moderated to thermal neutrons

in the moderator and ultimately be absorbed by 23°U. As for the resonance absorption in
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Table 3.1: Characteristics of typical moderators [2]

Moderator A « I3 Density (g/cm?) No. of collisions, 1 eV to 2 MeV £8 (em™Y) {é—:

H 1 0 1 gas 14 - -

D 2 0.111 0.725 gas 20 - -
H,0 - - 0.920 1.0 16 1.35 71
DO - - 0.509 1.1 29 0.176 5670
He 4 0.360 0.425 gas 43 1.6 x 1072 83

Be 9 0.640 0.209 1.85 69 0.158 143

C 12 0.716 0.158 1.60 91 0.060 192
By 238 0.983 0.008 19.1 1730 0.003 0.0092

Incident neutron data / ENDF/B-VII.1 /
U238 /| MT=1: (htotal) / Cross section

L0000+ -

10004

100+

Cross-saction (b)

| | | |
T T T T T
1E-11 1E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 0.001 0.01 0.1 1 10

Incident energy (MeV)

Figure 3.2: Fission cross-section of ***U. [4].

the reactor, it can be substantially minimized by increasing the amount of self-shielding. This
can be done by creating a bigger fuel rod to reduce the ratio of the fuel surface area and
volume. The widely operated thermal nuclear reactor today is the light-water reactor and it

uses enriched uranium and has the heterogeneous arrangement adopted in it’s design [2].

3.2 Fast Reactors

The high energy of neutrons in the reactor causes increase in the fission cross-section, but this
also increases the capture cross-section, which is a big problem for thermal reactors because
of the moderator. The number of neutrons emitted 7, as a result of the absorption by a fissile

material can be calculated as [2]:
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of
n=v——— 33
gf Oc ( )

where o is the fission cross-section, o, capture cross-section and v the mean number of emitted
neutrons per nuclear fission. Figure 3.3 shows the relationship between n and the dependence
on the energy of the colliding neutrons. The number of neutrons released per neutron absorbed,
7 is about 2 for thermal neutrons, but from about 0.1 MeV energy the number of neutrons
released increases swiftly. This could produce enough neutrons to maintain a chain reaction
and generate surplus neutrons. If these surplus neutrons could be absorbed by 238U, 239 Py
would be generated, thereby burning fissile materials while generating fissile products. The
conversion ratio is the number of produced fissile products per the number of burned fissile
atoms. Therefore a conversion ratio of over one can be achieved if the n-value is adequately
above 2, making it possible to produce (breed) more fissile material than burned. The type
of reactor that can do this is called a breeder/fast nuclear reactor because it uses fast (high
energy) neutrons to breed new fissile material. 233U in figure 3.3 in the thermal region has a

slightly high n-value than 2, meaning that breeding is achievable with thermal neutrons.
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Figure 3.3: Number of neutrons released per neutrons absorbed (n-values) for **3U, 35U,

and *°Pu [5].
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3.3 Advanced Reactors and Gen IV Initiative

There are broadly two types of nuclear reactors which were covered above, but there exists
many configurations of these reactors. Some of them are used as test reactors to test the

practicality of advanced designs while others are designed to generate transuranics for study.

Generation IV International Forum (GIF) is an international attempt to set up research and
development to institute the practicality and performance potential of the next generation
nuclear energy systems [6]. The initiative has four goals defined in the GIF charter. The
first goal is sustainability, to produce energy sustainably and promote long-term availability of
nuclear fuel, while minimizing nuclear waste and reducing the long stewardship burden. The
other goal is to excel in safety and reliability, by having a very small likelihood and degree
of reactor core damage and eliminating the need for off-site emergency response. The GIF
charter’s other objective is with regards to economics, to have a life cycle cost advantage over
other energy sources and to have a level of financial risk comparable to other energy projects.
Last but not least is the objective of proliferation resistance and physical protection, to be a
very unattractive route for diversion or theft of weapon-usable materials, and provide increased
physical protection against acts of terrorism. Below two types of advanced reactors, namely
the high-temperature-gas-cooled reactors and the accelerator-driven reactors are discussed on

how they answer to the stipulated goals.

3.3.1 High-Temperature Gas-Cooled Reactors

High-Temperature Gas-Cooled Reactors (HTGR) are a special design different from the or-
dinary design of nuclear reactors. They are based on the pebble bed modular design (figure
3.4) with a different arrangement and design of fuel. The fuel is of spherical design instead of
rods/pellets and uses helium gas as a coolant. The reactor core can be operated at tempera-
tures close to the fuel’s melting point thereby increasing the overall heat extraction. The design
has not yet been tested commercially, but is projected to have efficiency of 15% more than
the commercially used LWR [2]. The HTGR fuel design is a graphitic Tri-structural Isotropic
(TRISO) sphere design (figure 3.5) used to contain all the fission products without leakage.
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The sphere contains a kernel that hosts a low enriched uranium oxide (UO3) fuel beyond the
temperature of 1600°C given any accidental scenario. It contains pyrolitic carbon (PyC) layers
for barrier. The barrier layers include the porous carbon buffer used to reduce the force of the
recoils from the fission products released during fission reactions and provides a porous escape
for the fission gases. The next layer is that of the inner denser PyC carbon used to retain the
fission gases led through the porous carbon buffer. Then following this layer is the ceramic
layer that provides structural integrity to the fuel made of SiC and retains fission products
at high temperatures. The last layer is that of the outer layer PyC which provides protec-
tion to the ceramic layer against the wearing conditions of the nuclear environment. Table 7?7

shows the dimensions and properties of the different layers for the design of the TRISO particle.

The TRISO fuel particle has a very large surface area to allow maximum heat transfer to the
coolant (helium). Helium gas is allowed to flow through the pebble bed and transfers the
heat from the fuel particle through a heat exchanger to heat the water to produce steam. The
TRISO particle is designed to accommodate all the fission gases and products generated during

high burn-up.

Pebble Bed Reactor scheme
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—_—
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to turbine
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Figure 3.4: Pebble bed reactor design [7]
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Figure 3.5: TRISO fuel element design [8].

Half section

Table 3.2: TRISO particle dimensions and properties [9]

Thickness (pm) Ultimate Tensile Stress (MPa) Young’s Modulars (GPa) Poisson’s Ratio Density (g/cm?)
Kernel (Radius) 165
Buffer 73
Inner PyC 10 344 668 0.24 15.8
SiC 67 200 410 0.14 6.73
Outer PyC 15 344 668 0.24 15.8

3.3.2 Accelerator-Driven Reactors

The Accelerator Driven System (ADS) is a type of advanced nuclear reactor that maintains
power generation without reaching criticality. For a nuclear reactor to reach criticality the
amount of generated neutrons from fission reactions should be in equilibrium with the amount
being absorbed within the reactor and those lost through leakage. This equilibrium helps the
reactor to keep power at a required level. ADS reactors generate less neutrons from fission
reactions than those absorbed by different materials in the reactor and those lost via leakage,
hence they operate at sub-critical levels. To keep power at any required level in the ADS
reactor, external neutrons are supplied from the reaction of a high energy proton beam with a

heavy nucleus such as lead by spallation. The fissile fuel is irradiated with neutrons in a reactor
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environment and spallation multiplies these neutrons and supply them for transmutaion and

capture [10].

The spallation process involves the reaction of high-energy protons from an accelerator with
a target material to discharge neutrons with reduced energy. The nucleus may ‘boil-off’the
neutrons to reach the ground state. Close to 90% of the neutrons generated in the ADS
reactor are due to the ‘boil-off’ by spallation. The accelerator is powered by fission events and
drives the reactions and therefore expelling the need for control rods in the fuel configuration.
The stronger the external sources the greater the power levels in the ADS reactors. These
reactors are designed and developed to burn radioactive nuclear waste generated that would
otherwise retain their radio-toxicity for millions of years. They are designed to produce reliable
energy while reliably transmuting waste to stable elements, or to those with a reasonably
short radioactivity lifetime. The United States and Japan are highly involved in research and

development of these ADS reactors [10, 11, 12, 13, 14, 15, 16].
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Chapter 4

lon implantation and Irradiation

When energetic ions impinges on a substrate, they interact with the target nucleus and elec-
trons. During the interactions, the ions lose energy through collisions with the target nucleus
and electrons and until they come to rest at some depth within the target. This process is
called ion implantation. The type of incident ion, substrate material, and the accelerating
energy determines the typical depth where ions come to rest. Ion implantation energies range
from a few keV to MeV. This chapter presents the theory of ion irradiation and implantation.

The chapter also present Xenon and Europium as fission products, and the SRIM simulation.

4.1 lon Irradiation

4.1.1 lon Stopping

Figure 4.1 is a schematic of energetic incident ions penetrating a target. The energetic ions
encounter a chain of collisions with the host atoms and electrons. During these collisions,
they lose their energies until they come to rest at some depth inside the target. The depth
at which the ions come to rest depends on the ion’s initial incident energy. The initial energy
of ions may range from few keV to MeV. In the low energy range the ion’s energy is mainly
lost via collision with the target atoms (elastic collision termed nuclear energy loss) while in
higher energy range the energy loss is via the interactions with the electrons (inelastic collision
termed electronic energy loss). Therefore, the total energy loss is a combination of electronic

and nuclear energy losses until the ion comes to rest at a particular depth. Thus, the stopping
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power S, characterized by the energy loss (E) per unit path length (x) of the ion, is the sum

of these energy loss factors.

5= (%)Nuclear * (%)Electranic (4.1)

The relative distribution of S for each of the terms over a wide range of energies is shown in
figure 4.2. Energies normal for ion implantation, 10 to 200 keV, fall at the most distant left
of the curve, a locality governed by nuclear stopping. The impact between two atoms is the
source of nuclear stopping, and this can be portrayed by classical kinematics [1]. If these atoms
are assumed to be nuclei, and given the separation between them of r, the coulombic potential
between them would be given by

717

Ve(r) = Tmeor (4.2)

where Z; and Zs are the atomic numbers of the implanted and target atoms, respectively, €
is the permittivity, and ¢ is the electronic charge. In actuality, electrons screen the nuclear

charge and a screening function fs(r), must be included such that

V(r) = Ve(r) fs(r) (4.3)

Given an energetic ion of mass M; and velocity vg and therefore energy Fjy is given by

1
EO = §M1’U()2 (4.4)

The atom of mass M> with which the ion will collide is initially at rest. Velocities v; and vs
and the energies /1 and F» of the incident ion and the target atoms, respectively, will after
collision be given by the scattering angle # and the recoil angle ¢ as shown in figure 4.3. From
the conservation of energy and momentum in the center-of-mass frame, the energy transfer by

the incoming ion to the target atom, T, is given as follows [1]

T=Ey=———Eysin’ (;) (4.5)

Therefore, the rate of energy loss by nuclear collisions, Sy, per unit path length can be calcu-

lated by summing the energy loss multiplied by the probability of that collision occurring, and
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Depth vs. Y- Axis

Figure 4.1: Monte Carlo calculation of 128 ion trajectories for 360 keV Xe implanted
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Figure 4.3: Illustration of an elastic collision defining the various velocities involved be-
fore and after collision [3].

it is given by

Sn = (%)Nuclear

Tmax
=N / Tdo, (4.6)
0
where do is the differential cross-section. Nuclear stopping is elastic and energy loss by the inci-
dent ion is transferred to the target atom that is consequently recoiled away from its lattice site,

thus creating a damage or defect site. For ions with kinetic energies less than 100 keV/nucleon,

energy loss will be through the nuclear energy loss mechanism.

The interaction of charged particles is a necessary part of electronic stopping. At high energies,
the charge state of the ion increases up to a point where it becomes totally vacant of every
one of its electrons where the velocity v > ’U()Zlg [1]. The ion can be taken as a positive point
charge Z; at this point, moving with a velocity greater than the orbital velocity of the atomic
electrons of the target molecules. With the high-velocity conditions, the interaction of the ion
with the target molecules can be taken as a small and sudden exterior perturbation, delivering
energy transfer from the ion to the target electron [1]. The energy loss from a swift ion to a
nucleus or electron can be determined by means of scattering theory in a central field [4]. As
the velocity of the ions increases the stopping cross-section decreases because the ions spends

less time near the vicinity of the atoms.
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4.1.2 High and Low Electronic Energy Loss

The incident ion can be viewed as a positive point charge Zi, if the ion’s velocity is much

2/3

greater than vpZ1“/°. The energy in this circumstance is given by

2

dE| VAR

My 2mev
- % . 7E0 :| In (47)

NZQ[ ==,

Me
where m, is the mass of the electron, N is the atomic density, M; the mass of the incident
charged particle, v is the velocity of the particle and the rest are as defined above. The average

excitation energy I in electron volts is given as

12107, (4.8)

where Zs is the atomic number of the target atom. The depiction of stopping power up to this

point disregards the shell structure of the atoms and different electron bonds.

In the circumstance where v < vg, eq. 4.7 is no longer legitimate. For energetic charged

2/3 the velocities of most of the atomic electrons are

particles moving with a velocity v < vgZ;
more prominent than that of the incident particles. In this circumstance, the electrons can’t
pick up energy from the ions through direct impact. Firsov [6] created a model portraying this
which includes the exchange of momentum when the target electrons are caught by the particle.
For this to happen the electron should be accelerated to the particle velocity v. Through this
procedure the particle loses a little measure of momentum relative to m.v. In addition to
Firsov’s model, Lindhard and Scharff [7] also produced a model and can likewise be acquired

through the strategy followed by Firsov. The essential contrast between these models lies in

the choice of interaction potential. The Lindhard-Scharff stopping cross-section is given by

7,7°7, [EO } /2

S.(E) = 3.83 - — K EY? 4.9
( ) (Z12/3+222/3)3/2 ]\4’1 L ( )

where K7 is the Lindhard-Scharff constant and all the other terms are as defined above.
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Figure 4.4: A particle incident on a solid penetrated with a total path length R, resulting
in a projected range Rp, along the direction parallel to the incident ion [7].

4.1.3 lon Range

Incident ions lose energy by means of nuclear and electronic interactions with the target atoms,
as already mentioned above. Nuclear interactions are described by individual elastic collisions
between the incident ion and the target atoms, whereas electronic interactions can be depicted
as a continuous viscous pull phenomenon between the incident ions and the sea of electrons

around the target atoms [1].

The path taken by the ions as they come to rest inside the target atoms is presented in figure
4.4. R is the range, the total distance covered by the embedded ions. R, on the other hand
is the penetration depth, the net ion penetration depth in the solid. It is the perpendicular
distance to the surface of the sample measured to the point where the ions come to rest. As
the implanted ions penetrate the solid, they lose energy and the rate of this energy loss along
the path of the ions determines the range, given by

0 0F

R= 1/—dFE 4.10
5, (410)

where FEj is the incident energy of the implanted ion.
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Figure 4.5: Gaussian range distribution for implanted particles with R, = 2.35AR, and
a full width half-mazimum of AX, [7].

4.1.4 lon Distribution

Ton stopping by a solid is a random process because of the collision succession; particle avoid-
ance and the total path length fluctuates arbitrarily from particle to particle. Consequently,
ions of similar energy and angle of incidence in the target material would lag over a scope
of various depths with the most plausible projected range alluded to as the average or mean
projected range. Figure 4.5 shows the depth distribution N(x), normalized for a fluence of ¢;,
given by

N(z) = (%r)fé;A&)e<;) (zA_RPp> (4.11)

where R, is the projected range (mean depth of the distribution) and AR, is the projected

range straggling (standard deviation of the distribution) [10].

Ref [9] developed the analytical approach used to get range quantities and is referred to as the

LSS theory. With a precision of around 20 %, it allows for the computation of range values.
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Figure 4.6: Nuclear and electronic stopping powers in reduced units. The electronic stop-
ping power variable k is dependent on the mass and atomic number of the
incident particle and the atoms of the target [7].

4.1.5 The LSS Theory

From the Thomas-Fermi (TF) statistical model of the interaction between heavy particles [11],
the theory determines an all-inclusive nuclear stopping power 5,, and an electronic stopping

power S, corresponding to the velocity, v, of the projectile. The potential is of the form

21Z262 T
V(r) = (—) 412
(r) dmegr a ( )
where, a = —————— and ¢ are the TF screening functions estimated by
(Z12/3+222/3)

¢<£) - (W) (4.13)

where ¢ = /3 giving a better average fit to the Thomas-Fermi potential. The theory predicts

a nuclear stopping power S, (FE) of the shape in figure 4.6, utilizing approximation methods.

The terms € and p are dimensionless quantities in the model representing energies and distances,

respectively, and they are given as [14]
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M
e=FE a2 (4.14)
21Z2€2 (M1 + MQ)
My M
p = RN4ma? ——2 (4.15)
(M1 + MQ)

From these quantities, we find the nuclear stopping power S, i.e. {j—;}n as an element of e
alone and free of the incident particle or target material with the end goal that figure 4.6 speak

to a universal stopping power. In like manner, the electronic stopping S, is given by [16]

dE _ 1/2
{dp} = ke (4.16)

such that
L 0.07932,/22,12 (M, + My)*/? (4.17)
(203 4 2,23 3, |
where
£~ le/ﬁ (4.18)

and k relies upon the approaching particle, and in this way, a general curve for the electronic
stopping can’t be accomplished. Whenever Z; > Zs, k is of the order 0.1 — 0.2 and just when
71 < Zs does k ends up noticeably more than 1. At this point, the mean path length can be

calculated from

€ de
o= o5 (4.19)

4.1.6 Europium and Xenon as Fission Products

Nuclear fission processes release various radioactive and non-radioactive fragments of differ-
ent mass numbers around 90 and 140 [13]. Europium is one of the fragments released in the
nuclear fission processes. However, europium and its isotopes have low fission product yield.
151.8m beta decays into %' Eu, however 1.Sm has a long decay half-life and short neutron

absorption mean time leading to nearly all of it turning to *28m. 1°29m and %*Sm are not
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radioactive and would therefore not beta decay into either 2FEu or 154 Ev “shielded nuclides”,
because they are formed as primary products of some nuclear transformation like fission and
not beta decay and '%*Eu is the only long-lived one other than '3*C's to have a fission yield
of more than 2.5 ppm [14]. Most of the ¥ Eu is generated as a result of neutron activation of
non-radioactive *3 Eu even so much of it to a greater extend is transmuted to '®° Eu, which has
330 ppm fission yield of 233U and thermal neutrons. Much of the % Ew is further converted

to a non-radioactive and absorption-resistant 1°°Gd by the end of the burn-up [15].

Xenon and its isotopes is another one of the fragments produced by nuclear fission processes
[16, 26]. During the fission processes !3°Te is produced which then beta decays into a 6.7
hours half-life 357, The short half-life and low neutron capture of 13°I leads it to beta-
decay into a high neutron absorber with a cross-section of 2.6 x 10° barns, '3%Xe. Xenon
has about nine isotopes and only seven of these are radioactive. '3°Xe has a 5% chance of
being generated from each fission reaction with 95% chance from 351 beta-decay and has a
half-life of 9.1 hours [18, 19]. If the concentration of 135 Xe increases in the reactor, the neutron
concentration will decrease due to the absorption by high cross-sectional 3% Xe. This could lead
to a reactor shutdown, unless this absorption stimulates transmutation to stable 36 Xe. The
reactor shutdown could cause '3 Xe poisoning (figure 4.7). This causes a substantial decrease
in reactivity (neutron flux) in just 10 hours of the reactor shutdown (curve 2 in figure 4.7).
Since 1357 has a half-life of 6.7 hours, it quickly beta-decays and increases the concentration
of 13% Xe (curve 1 in figure 4.7) and thus the poisoning. It would not be possible to restart the
reactor once the reactor reaches a xenon dead time. Therefore, since ¥°Xe has a half-life of
9.1 hours, the poison should be left to decay for a couple of days before the reactor could be

restarted.
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Figure 4.7: Concentration of '*®Xe after the reactor shutdown [20].

4.2 SRIM Simulation

SRIM (Stopping and Range of Ion in Matter) [27] is a Monte-Carlo simulation software that
calculates the interaction of ions in matter. In this study, the 2012 version of SRIM was used in
the simulation of Xe and Eu ion implantation on ZrN. The SRIM simulation is not dependent
on the fluence of the ions and does not take into account the crystal structure or dynamic
compositional change in the target as a result of the impinging ions. The simulation however

is based on a few approximations to make its calculations, and those include:

binary collision, that is the influence of neighbouring atoms is not taken into account;

e recombinations of knocked off atoms (interstitials) with the vacancies is also not consid-

ered;
e the electronic stopping power is an averaged fit to a large number of experiments;

e the inter-atomic potential as a universal form which is an averaging fit to quantum

mechanical calculations;

e the target atom which reaches the surface is able to leave the surface (be sputtered) if

it has sufficient momentum and energy to pass the surface barrier
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The SRIM Monte Carlo simulation of ion recoils generated by the nuclear collisions (full cas-
cade damage) of 360 keV Eu and Xe ions as well as 167 MeV Xe ions in ZrN is shown in figure
4.8. The displacement energies used for Zr and N atoms are 35 and 25 eV respectively [1] The
simulation shows a higher deposited energy density for all the ions as expected for heavy ions,
with the low-energy implantation showing similar damage and high-energy irradiation showing
high deposited energy density deeper into the samples. The implantation damage is a func-

tion of mass ratio of incident ion to target atoms, energy, fluence, fluence rate and temperature.

o
Depth vs. Y- Axid® |

-
e
-

Figure 4.8: SRIM Simulation showing full cascades for 10 incident ion tracks in ZrN for
Xe (top left) and Eu (top right) of 360 keV and Xe of 167 MeV (bottom)

The number of times an atom is dislodged for a given fluence is called displacement per atom

(dpa). It is used to compare radiation damage by different ions at different fluences. Change in
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material properties is given as a function of the displacement per atom, and can be calculated

as,

total fluence(ions/cm?) x vacancy(W) x 108

ionA
dpa (Uacancy> _ (4.20)

atoms atomic density(atoms/cm?)

Assuming that none of the implanted ions are lost during implantation/irradiation, the rel-
ative atomic density(%RAD) of the implanted ions in the bulk (ZrN in this case) can be
calculated. First the density (pimpiantedion) of the implanted ion is calculated from the total

counts/distribution and the fluence (¢) at which it is implanted as,
Pimplanted ion = fluence(qﬁ)(ions/ch) x ion distribution(ions/cm) (4.21)
Now to get the relative atomic density of the implanted ions, we need to also find the atomic

density of the bulk (ppuk) in atoms/em?, and therefore find the ratio of the two densities as,

RAD(%) = Pimplantedions 007 (4.22)
Poulk

where pimpianted ions 15 PEu OT pxe and pyyk 18 pzrn = 8.2638 X 10%2atoms/cm? in this study

using the ZrN density of 7.22 g/em3.
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Chapter 5

Experimental Techniques

There are a few analytical techniques used to characterize radiation damage in materials. This
chapter presents the techniques used for the analysis of damage in ZrN. The chapter is divided
into the following subsections. The first is the Raman spectroscopy as the primary analyti-
cal technique used to determine any surface, phase and structural changes due to radiation
damage. Rutherford backscattering spectrometry (RBS) is also presented as a technique used
to study the migration behaviour of europium (Eu) in ZrN. The cross-sectional scanning elec-
tron microscopy (SEM) is presented as the tool used to determine the thickness of deposited
ZrN layers. The other subsection deals with grazing incidence x-ray diffraction (GIXRD) as
a technique used to determine phase changes and crystalline size due to radiation induced

damage.

5.1 Raman Spectroscopy

Raman spectroscopy is an analytical tool used in chemistry and material science to deter-
mine vibrational modes of molecules [2]. The technique depends on inelastic scattering of
phonons. This technique is also based on the theory of Raman effect, which deals with what
happens when monochromatic light interacts with a molecule. This section discusses the Ra-
man spectroscopy theory focusing on the classical theory (subsection 5.1.1.1), quantum theory

(subsection 5.1.1.2) and the selection rules (subsection 5.1.1.3) of the Raman effect.
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Figure 5.1: Schematic representation of different Raman scattering that arise from a
monochromatic laser incident beam on a specimen (Adopted from: (Curtis
et al., 2016) [5]).

5.1.1 Raman effect

When a monochromatic laser beam is irradiated on a specimen, the vast majority of the scat-
tered light is scattered elastically with a frequency equivalent to the incident monochromatic
light. Rayleigh scattering is the elastic light scattering phenomenon which is more than 99%
of all the scattered light [1]. A Raman spectrum is developed from the less than 1% of the
scattered photons (inelastic scattering). This scattering is due to the inelastic collisions be-

tween the incident monochromatic light and the particles of the specimen [4].

The inelastic scattering of incident photons can either lose energy (Stokes; resulting scattered
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light has lesser frequency than the incident light) or gain energy (anti-Stokes; the resulting
scattered light has higher frequency than the incident light (figure 5.1)) [6]. Also in figure 5.1,
incident monochromatic photons can be reflected without any interaction with the specimen

(fluorescence). This happens mostly in materials with metallic properties.

5.1.1.1 Classical theory of Raman effect

The classical theory of Raman scattering is a take on the aspect of polarizability of electron
clouds around molecules. According to the theory, when molecules are in an electric field, they
experience a change in the distribution of the electron cloud around them. The electrons will
be attracted to the positive end of the field while the positive nucleus will move towards the
negative end of the field. The splitting of the charges results in an induced dipole moment.
The product of the polarizability of the molecule «, and the electric field strength FE, of the

laser beam is directly proportional to the induced dipole moment, .

p=aoa-F (5.1)

This dipole moment depends on the distortion of the electron cloud which can be characterized
as an ellipsoid. Therefore, the oscillating electric field strength will result in an oscillating dipole

moment. This oscillating electric field is given by [7]

E = E(t) cos(2mupt), (5.2)

where E(t) is the electric field at time ¢, and vy is the angular frequency of the radiation.
Rayleigh scattering happens when this induced dipole moment scatters electromagnetic radi-
ation of frequency vgy. The gathering of all vibrations in a crystalline material might be seen
as the superposition of plane waves that spread to infinity [8]. These plane waves are usually
displayed as quasi-particles called phonons. Considering a diatomic molecule oscillating with
frequency, vy, executing simple harmonic oscillations, the coordinate ¢,;, along the axis of

oscillation at time, ¢, is given [9]:

Quib = qo COS(2Typt) (5.3)
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Figure 5.2: The transverse phonons in a 1D-solid with unit cell parameter [. (Adopted
from (Gouadec and Colomban, 2007)[13]).

Eq 5.3 is a type of a normal coordinate, which is a linear combination of bond length and bond
angles, and is related to all normal modes. Modes can be described as either stretching (v),
bending (9), torsional (7), librational (R’/T’ pseudorotations/translational) or lattice modes
(the last incorporate the relative displacement of the unit cells), all these rely upon the pre-
vailing term in the normal coordinate [10]. (3p/N —6) diverse phonons can propagate [12] for a
three-dimensional (3D) solid containing N unit cells with p atoms each and their wavevectors
(k) all point in a volume of the reciprocal space called the Brillouin Zone (BZ). There are two
sorts of modes, those with in-phase vibrations of neighbouring particles and those out-of-phase
vibrations. The former with lower energies are called acoustic vibrations and the latter with
higher energies are called optic vibrations. Phonons can either vibrate in the direction towards
the propagation of the radiation, and these are called longitudinal modes, or they can vibrate

orthogonal to the direction of the radiation and called transverse modes [13].

The alteration in the dipole moment and thus polarizability throughout the oscillation will give

the following Taylor approximation of the polarisability tensor (&) for very small amplitude [10]:

Oa
o= aO + (8 > X Quib (54)
Quib .
QUib*O

Combination of Eq 5.3 and Eq 5.4 becomes:

48



Experimental Techniques

0
a=a’+ “ qo cos(2mvypt) (5.5)
3%1‘1; -

If the molecule is excited by the incoming monochromatic light of frequency vg, then the re-

sulting dipole moment is given by combining Eq 5.1 and 5.2 as:

1= aE(0) cos (2m1pt) (5.6)
and substituting Eq 5.5 into Eq 5.6 the dipole moment becomes:

oo
8qmb

1= a’E(0) cos(2mupt) + ( ) E(0)gocos(2mvyipt) cos(2mipt) (5.7)
0

Which can also be written as :

1= a’E(0) cos(2mvpt)

+ ( 82;) OE (g)qo [cos <27r(1/0 . ym-b)t) + cos (%(m + Vm-b)t>] o8

where the scattered electric field is proportional to p, Eq 5.8 predicts both quasi-elastic (v = vg)

and inelastic (v = vy + ) light scattering. The first is known as the Rayleigh scattering and
the latter, which happens only when vibrations change the polarizability % #£0 ], is the

Raman scattering.

5.1.1.2 Quantum theory of Raman effect

The theory looks at the vibrational energy of molecules as quantized energy states. As it has
been mentioned before, monochromatic light can either be absorbed, scattered or go through
a material when it interacts with it. In Rayleigh scattering, most of the photons from the
light interacting with the material are scattered without changing the energy. In this process,
the electric field of the incoming monochromatic light is in resonance with the oscillation of
electrons of the material which it interacts with. Still, parallel to the afore-mentioned pro-
cess, is the Raman scattering (Raman Effect) where a minuscule bulk of the incoming photons

are scattered with a change in the energy. This change in photon’s energy is due to mate-
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Figure 5.3: Energy level diagram of Raman scattering that arise from a monochromatic
laser incident beam on a specimen . (Adopted from (6Kittel, 1996)[8]).

rials vibrating at the same time the electrons oscillate in resonance with the electric field of
the incoming beam. The dipole moment induced by incoming light’s electric field is due to
vibrational modes that result in the change of the incoming photon energy. Raman shift is
as a result of the difference between incoming photon energy and inelastically scattered pho-

ton energy. Figure 5.3 is the representation of Raman and Rayleigh scattering energy diagram.

The vibrations (for a simple harmonic oscillator) of the scattering can be labeled as energy,
FEyip. The incoming light photons with energy F, frequency v, wavenumber k, and wavelength

A, have the following relationship of the quantities.

1
Eyip = hv(v + 5) (5.9)

where v is the vibrational quantum number that can take values 0,1,2,3,... etc. Since the
scattering induces a change in energy, if the frequency of the incoming photons is the same

as the scattered photons (vy = vy), then the molecule does not lose energy. However, if the
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Figure 5.4: Spectra showing the Raman Stokes, Rayleigh and Raman anti-Stokes scat-
tering from carbon tetrachloride (CCly)(Adopted from (Ferraro, Nakamoto,
and Brown, 2003)[15]).

molecules of the material are excited to a higher energy than the incoming photons the photons
will be scattered with frequency vy — vas, and is called the Raman Stokes scattering. If the
molecules of the material are excited to a lower energy than the incoming photons, the photons
will be scattered with frequency vg+vjs and this is called the Raman anti-Stokes scattering, as
shown in figure 5.3. The Raman Stokes is the most intense of the two Raman scattering, and
is the one measured in modern vibrational spectroscopy [11]. The intensity difference is due
to the Boltzmann distribution, that is, the population of energy states at thermal equilibrium.
Suppose there are a number of molecules N, and N, in the ground a and excited states n,
and they have energy FE, and E,,, respectively. From Boltzmann distribution law, at thermal

equilibrium the ratio of the two, will be [14]:

n g?’L kT
— = = ex , 5.10
N, g, P (5.10)

where g, and g, are degeneracies of states a and n, respectively. There are more molecules
at ground state N, than excited state N, at room temperature. When F, — FE, > kT, the
incoming light photons have a greater chance of interacting with the molecules in the ground

state
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5.1.1.3 Selection rules

In quantum mechanics an oscillation is Raman-active if and when the polarizability of a
molecule is altered due to the excitation or oscillation of the molecule [16]. The alteration

is related to the derivative of the polarizability given by:

Oa
8qmb

0 (5.11)

According to group theory, if a molecule is symmetric, Raman-active oscillations will not be
visible in the infrared and wvice versa. The resulting scattered intensity is directly dependent
on the square of the polarizability derivative. If the incoming electric field does not alter the
polarizability of the electron cloud, then the derivative of the polarizability will be close to
zero, and the resulting intensity will thus be less. The extremely polar diatomic molecules
such as O-H, have very weak oscillations. The dipole moment of these molecules cannot be
changed by the induced oscillation of the incoming photons nor can the bending or stretching
of the bonds. Some vibrational frequencies, especially in organic molecules, can be related to

certain molecular excitations. Some of such cases are shown in table 5.1:
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Table 5.1: Typical features of Raman spectra and their origin (Adopted from (Frost,

2006) [17]
Frequency (cm™!) Band Assignment Remarks
2700 — 3100 C — H alkyl free Medium intensity in
yvibration Raman
2230 C = N Stretch Very strong band in
Raman, found in
most cyanide based
compounds
2190 — 2300 C = C (Triple bond Very strong in
stretch) Raman
2100 — 2140 C = C (Triple bond Very strong in
stretch) Raman
1650 — 1750 C = O Stretch Ketones appear on
the lower wavelength
side, aldehydes
appear on the higher
side
1600 — 1675 C = C Stretch Very strong in
Raman
1580 — 1620 C = C Stretch Very strong in
Raman
990 — 1010 Aromatic ring Appears at 992 cm ™!
breathing for benzene, around
1004cm -t for toluepe
650 — 850 C — Cl Stretch Strong in Raman
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5.2 Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry is a non-destructive ion beam analytical technique. It
is based on the detection of energetic ions backscattered from a material of interest. It is used
for near-surface analysis of thin films, identification of elemental composition of solid materials
and depth profiling of individual elements [15]. In this study it was used to monitor the depth

profile of the implanted Eu ions in ZrN.

5.2.1 Kinematics

ms1, Vo, Eo

Figure 5.5: A schematic of the scattering geometry, with recoil angle ¢ and scattering
angle 6.

In figure 5.5, the incident ion of energy Ey and mass m; will interact with the atoms of the
target with mass my. The target atoms will recoil at an angle ¢ and velocity vy, while the
incident ion is back-scattered at an angle 6 with an energy FE; less than the incident energy.
Because some of the energy of the incident ion will be transferred to the target atoms causing

the target atoms to recoil, energy must be conserved and the total energy will be given by,
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1 1 1
Ey=FE1 + Ey = §m1002 = §TTL1U12 + §m2022 (512)

also total momentum must be conserved, and it is given by,

mivg = mivi cos + movocosp P,
Py=P+P = (5.13)
0 = myvy sind — mavy sin ¢ P,

After the interaction with the surface the incident ion will scatter and result in a backscattered

ion of energy E7 given by,

Ey = KE, (5.14)

where K is the kinematic factor given by combining eq. 5.12 and 5.13, resulting in,

K

(5.15)

B

2
By Jmycosf+ (mo? — m12sin29)1/2
B mi + mg

If the backscattering angle is constant, then K relies on the ratio mj/mse. When m; < mg
then only the plus sign applies in eq. 5.15, while there are two solutions if m; > me, with the

maximum scattering angle given by.

0nae = arcsin (@) (5.16)
mi

If the incident beam interacts with a target that has a mass difference of Amsy, then the
backscattered beam will have a separation energy AE; from the two masses given by,

dK
AEl = EO—AmQ (517)
dm2

Light target elements result in the ideal energy separation and mass resolution where the
derivative j—;; is steep, while heavy elements result in smaller mass resolution. Using higher
incident energy, Ejy, or heavier incident elements, m1, can boost the mass resolution of heavier
target elements. Generally, the ideal mass resolution is achieved with incident beam of mass

m; in the range 4 — 7 [18].
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5.2.2 Depth profile
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Figure 5.6: A schematic of different scattering events in a material of bulk mass, My and
a projectile of mass My with the beam scattered at different angles 6, and 6

[20].

Figure 5.6 is a diagram showing the backscattering of the projectile at the surface and at a
depth Az. The projectile, a-particles, lose energy as they go into the target and hence will
be back-scattered at different energies. The scattered a-particles at the surface have an initial
energy Fy and a backscattered energy of E; which has been defined as K Ej in section 5.2.1
above. The a-particles backscattered at any depth Az from the surface have an initial energy
loss,AE(in) lower than Ej and they are backscattered within the depth Ax at an energy loss

out AE(out) and from the surface with energy E} lower than AFE(out).

The depth where the incoming a-particles are backscattered in the target material is given

Az

by Cézl (figure 5.6). However, these a-particles continue to lose energy at a depth of _= o

as they exit the target. The a-particles backscattered at a depth of Az are assumed to lose

. . s dE
energy constantly going in and exiting the target at a rate of 5> [21, 22].

The difference between the energy of the backscattered a-particles at the surface and those
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exiting the surface from a depth Az is given by

KAx dE(in) Az dE(out)

KEy— E| = 1
0 1™ cos 01 dz cosfy dx (5.18)
The energy loss factor [S], derived from eq. 5.18 can be written as
K dE( 1 E
5] = dE(in) dE(out) (5.19)
cosf, dx cosly dx

which gives the information about the relationship between energy and depth. Therefore, if
KEy — E} is taken as AEj, that is
AFE| = KEy — E] (5.20)

Then the relationship between [S] and AE; can be given as

AE; = [S]x (5.21)

This is comparable to eq. 5.17. If JF is the energy width and Jdz the depth resolution, the

energy loss factor can be related to these factors by giving the depth resolution as

bx = — (5.22)

Therefore, this can be used to measure the depth of the implanted ions by converting the
backscattered spectrum of counts as a function of energy to a spectrum of counts as a function

of depth.

5.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a surface analysis technique that uses electrons instead
of light. When electrons interact with the specimen’s surface, various secondary excitations
result at different depths from the surface as shown in figure 5.7 (b). Equations 5.23 and 5.24
show the interaction depth (z) and the width (x) given in units um, these are parameters for

the impinging electrons which are directly proportional to the accelerating voltage, Ey in keV
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and the density of the target material, p in g/cm? [23].

L (O.lli’ol"r’) (5.23)

v (0.077E01'5) (5.24)

p

The modern scanning electron microscope is equipped with three principal analytical tech-
niques, which are the secondary electron (SE) detection, backscattered electron (BSE) detec-
tion and energy dispersive spectroscopy (EDS) - X-ray detection. The secondary electrons
are inelastically scattered from the specimen surface, they have low energy which makes for

perfectly imaging topographic features.

A system of magnetic lenses is used to focus an electron beam to a spot of around 1-10
nm diameter. Elastic and inelastic scattering results when the incident electrons interact and
impinge the surface of the target. This results in the impinging electrons exiting after traveling
through the sample. The material volume where the impinging electrons are backscattered is

bigger compared to that of the secondary electrons, therefore the lateral resolution is smaller.

Electron source ; ; ( a ) Electron beam

[—— Auger € (b)

Sample surface
N Condenser lens Seconda[y e
Limiting aperture / Scanning coils
e Z " " Characteristic
! ! econ
Objective lens ¥ Xorays

v 0 Electron
Secondary electrons _
// _x y _\\

interaction
‘ )
g—\ Sample

Limiting aperture

volume

Back scattered e
Bremssrahlung X-rays

Figure 5.7: (a) Schematic diagram of a scanning electron microscope [24] and (b) a
schematic of the electron cascade that spreads out into an interaction vol-

ume [25]

The number of backscattered electrons produced is dependent on the atomic number of the

target sample. Therefore, a brighter image will be produced from a target sample with higher
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atomic number. The detector used in the scanning electron microscope can either be the less
effective metals or the most effective scintillator/light pipe/photomultiplier [26]. The current

of the impinging electrons is about 1078 to 10~ A.

There are two types of materials that can be characterized with scanning electron microscopy;
conducting and non-conducting materials. In conducting materials, the impinging electrons
are conducted away from the point of incidence while in non-conducting materials, the imping-
ing electrons will be concentrated at the point of incidence causing a charging of the surface.
The result will be an electrostatically charged surface which will deflect the incoming electrons
leading to a distorted image. To reduce this effect in non-conducting materials, a conducting
layer with a thickness of around 5-10 nm is sputtered onto the surface of the non-conducting
material. This will allow conduction of excess electrons which will lower the charging effect.
This however, can result in a reduction in the resolving power of the SEM, because the surface
of the sample will be covered making it difficult to gain any topographical information from

the sputtered layer [27].

The resolution of SEM as mentioned above is determined by the charging effect of the non-
conductive material surface. However, the other factor that determines the resolution is the
electron beam width. High resolution will result from narrow(er) electron beams [28]. There-
fore, equation 5.25 gives broadening (dp2) of the spot size, d, as a function of the accelerating

voltage:

2
1 2
dy? = - ol (5.25)

2
i AE 1
— 4+ N ——C.| o®+ |=C;
R I o a”+ |3

where it is given by the sum of broadening effects, where the first contributor is the beam,
given by the properties: « the divergence angle of the beam, B the brightness of the source
and ¢ the beam current. The second contributor to the broadening of the spot size is given
by the diffraction of the electrons of wavelength A given by the size of the final aperture. The
third and fourth contributors are due to the broadening caused by the chromatic and spherical
aberrations, respectively. If all contributions are as small as possible, the smallest spot size can

be obtained. A decrease in the accelerating voltage will result in the decrease in the electrons
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wavelength and an increase in the chromatic aberration. This will result in the increase in the

spot size and therefore a decrease in the SEM resolution [29].

The field emission gun (FEG) has high brightness, and this will make the first contributor in
equation 5.25 small as possible. This will result in a small energy spread, AE in the electron
energies. This together with the fact that the chromatic and spherical coefficients C. and Cs,
respectively, can be reduced by optimizing the lenses for low-energy electrons, providing the

FEG low voltage SEM with high resolving power.

5.4 X-ray diffraction

If one considers the orientation and interplanar spacing of parallel planes inside the crystal
and characterize them by three integer numbers h k1 called indices, a mathematical model can
be employed that utilizes three dimensional diffraction gratings and the three indices become
the order of diffraction along the unit cell axes a, b, and c, respectively. In the event that
is considered on figure 5.8 where an approaching X-ray beam is hitting two parallel planes,
isolated by an interplanar spacing d, the parallel approaching beams A and A’ make an angle

f with these planes.
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Figure 5.8: Bragg’s Law of reflection. The diffracted X-rays exhibit constructive interfer-
ence when the distance between paths ABC and A’B’C’ differs by an integer
number of wavelengths(\)[30]

On the off chance that the waves represented by C and C’ in figure 5.8 are in phase, the
diffracted beam of maximum intensity will come about. The distinction in path length between
A to C and A’ to C’ is the integral number of wavelengths, A. The mathematical relationship

is known as Bragg’s law, which is given by

2dsinf = nA (5.26)

The process of diffraction is portrayed in terms of the incoming and diffracted beams, each
making an angle 6 with the fixed crystal plane. Diffraction happens from planes set at the
angle 0 regarding the incoming beam and creates a diffracted beam at an angle 26 from the

incoming beam.

Conceivable d-spacing given by the three indices h,k,l are portrayed by the shape of the unit

cell. Re-arranging Bragg’s law the result is:

A
inf = — 2
sinf 5 (5.27)

Consequently, the unit cell dimensions describe the conceivable 20 values where there can be

diffraction. In any case, the intensities of the diffraction are dictated by the appropriation of
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the electrons in the unit cell. We locate the highest electron density around the atom. In this
way, the intensities depend on what sort of atoms we have and where in the unit cell they are
found. Planes experiencing regions with high electron densities will diffract strongly, planes

with low electron density will give weak intensities [31].

5.4.1 Bragg-Brentano (0-26) mode

Most XRD patterns are generated using the measurement setup of the Bragg-Brentano geom-
etry [32], shown in figure 5.9 (a). In this configuration @ is the incidence angle of the incident
X-rays measured with respect to the surface of the sample, and 26 is the diffracted angle. In
the Bragg-Brentano geometry, the setup is such that the X-ray source and the detector are
placed so that the incidence angle and the diffracted angle remain the same throughout the
scanning measurements. This therefore, results in only the crystal planes parallel to sample

surface being probed.

detector

X-rays : detector

(a)

Figure 5.9: (a) Schematic diagram showing the Bragg-Brentano (0-20) and (b) the graz-
ing tncidence XRD geometry

5.4.2 Grazing incidence X-ray diffraction(GIXRD) mode

In the Bragg-Brentano mode, the X-ray penetration depth is large and the spectrum is given
by diffractions from close to the substrate. Grazing incidence X-ray diffraction is used to lessen

this problem. In the GIXRD setup, X-rays penetrate the specimen at small fixed incidence

62



Experimental Techniques

angles and hence increasing the X-ray traveling path in the specimen as shown in figure 5.9
(b). Therefore, the detector is varied to obtain the spectra since the incidence angle is fixed,

and this assist in investigating different crystal orientations in the specimen.
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Chapter 6

Experimental Procedure

The radiation tolerance of ZrN and the migration behaviour of implanted Eu in ZrN were
investigated using Raman spectroscopy, RBS, SEM and GIXRD. The structural changes due
to swift Xe ions and migration behaviour of Eu were investigated for annealed samples at 800
and 900 °C for 5h. This chapter presents the sample preparation, the irradiation conditions,
thermal annealing at 800 and 900 °C and the analysis of both the as-deposited and irradiated
ZrN samples.

6.1 Sample Preparation

The ZrN layers of about 20 um thickness were fabricated using the vacuun arc-vapour deposi-
tion at the Belarusian State University in Minsk, Belarus. The process entails the condensation
of a material in vacuum facilitated by ion bombardment onto a silicon substrate. Before the
ZrN layers could be deposited, the surface of the silicon substrate was etched by Zr ion bom-
bardment for 1 minute with the bias at -1 kV. The arc current of 100 A for the Zr cathode
was used in the vacuum chamber kept at 1073 Pa. This results in the cleaning and heating
of the substrate to temperatures between 450 and 5000 °C. The deposition of the ZrN layers
is then instigated by introducing the Ny gas into the chamber at a pressure of 0.1 Pa using
a substrate bias of -120 V. The continuous bombardment with zirconium ions on the growing
coating ensures a nanocrystalline structure. The zirconium ions are accelerated by a negative
substrate bias voltage. To achieve a thickness of 20 pm, the deposition is simultaneously done

using two Zr cathodes for approximately 40 min.
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6.2 Irradiation

Low-energy Xe implantation was done at the Facility for Modification and Analysis of Materi-
als with Ion Beams (FAMA) at the Vinca Institute of Nuclear Sciences, Belgrade, Serbia. The
implantation was performed at room temperature using 360 keV Xe ions at an ion fluence of

1.1 x 10%6em 2.

The high-energy irradiation with the Xe ions was done at the U-400 and IC-100 cyclotrons
at the Flerov Laboratory on Nuclear Reactions (FLNR), Joint Institute for Nuclear Research
(JINR), Dubna, Russia. During irradiation, the ion beam homogeneity of greater than 5% is
maintained at the surface of the deposited layer. The target temperature was kept at 30°C
during irradiation. The specimen were irradiated with 167 MeV Xe ions at an ion fluence of

6.77 x 10Mem—2.

The low-energy implantation of the Eu ions was performed at the Friedrich-Schiller University
in Jena Germany. The implantation was performed at room temperature using 360 keV Eu

ions at fluence 1.0 x 10%em=2.

6.3 Thermal Annealing

In this study, as-deposited, ion implanted and irradiated ZrN layers were all thermally an-
nealed at 800 and 900°C for 5 hours each and then analyzed. Thermal annealing of irradiated
layers is important because it helps study the migration of implanted ions in the material for
application in nuclear environments, for instance [1]. It also helps with structural alterations

and alteration in physical and chemical properties for certain applications.
The annealing was done using a computer controlled Webb 77 graphite furnace. To prevent

contamination of the samples, glassy carbon crucibles are used to hold the samples. The sample

in the crucible is then put in the furnace chamber. The furnace is then closed and evacuated to
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a low pressure of about 10~% mbar. During annealing the pressure needs to be kept at around

102 mbar to maintain vacuum, and to ensure this, the furnace is degassed before annealing.

6.4 Sample characterization

6.4.1 Raman Spectroscopy

The Raman spectroscopy measurements in this study were carried out using the Wltec alpha
RAS+ spectrometer. The acquisition of the image scans was performed using a 532 nm excita-
tion laser with a laser power of 15 mW and a 50 x /0.75 numeric aperture objective with a spot
size of 433 nm. The cross-sectional image scans were acquired over 40 x 40 ym? area with 150
points per line and 150 lines per image using the integration time of 1s. Cross-sectional mea-
surements were done on the swift heavy ions irradiated samples on an uneven cross-sectional

surface and characterized with cluster analysis (distribution maps).

6.4.2 Rutherford backscattered spectrometry

Detector

Sample ~ Recoiled Target Atoms

Figure 6.1: A schematic of a scattering geometry used in this study.
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Figure 6.1 is the scattering geometry setup used in this study which has the incident beam
coming in a direction normal to the plane of the sample, and the target atoms are recoiled at
the angle ¢. The detector is placed such that the beam is backscattered at an angle of 165°
with respect to the incoming beam. The setup is chosen because it allows a large scattering
angle, which is good for optimizing the mass resolution, it’s also good at incorporating a large

range of grazing incident and exit angles, optimizing the depth resolution.

The ions are produced by an ion source and then accelerated by an ion accelerator. The RF
ion source was used to produce helium ions (He™). The He™ ions were then accelerated by a
2.0 MeV Van de Graff accelerator at University of Pretoria. In this study He™ ions of 1.8 MeV
were used. The ions are accelerated through a beam-line/tube which focuses and guides the
beam of *He™ ions into the analysis chamber. The beam-line of the accelerator used is main-
tained at a pressure of 10~? mbar to minimize collisions between the beam and residual gases.
The analysis chamber is also maintained at a low pressure during analysis. Inside the chamber,
the Eu implanted ZrN was mounted perpendicular to the incoming beam with silicon surface
barrier detector mounted at 165°. Secondary electrons were suppressed by applying a negative
voltage of &~ 200 V in front of the target. The detector employs a reverse bias voltage =~ 40 V'

to detect the backscattered ions.

6.4.3 Scanning electron microscopy

The as-deposited sample was broken under liquid nitrogen. The sample’s cross-section was
then analyzed using the Zeiss Gemini Ultra Plus FEG scanning electron microscope equipped
with backscattered (BS), energy-dispersive X-ray spectroscopy (EDS) and electron backscat-
tered diffraction (EBSD) detectors. The field emission gun (FEG) is used to produce an image
by scanning the sample with high energy beam of electrons. The in-lens detection of this sys-
tem is used to effectively minimize the time-to-image, by detecting in parallel the secondary
and backscattered electrons to guarantee optimal signal detection. A beam energy of 2 kV
employing a 10 um spatial resolution was used to show the different layers such as the sample
holder, the deposited ZrN layer, and the Si substrate. A cursor was then used to mark-out the

deposited layer and measure the width of it.

71



Experimental Procedure

6.4.4 Grazing incidence X-ray diffraction

The grazing incidence X-ray diffraction (GIXRD) analysis was done at the South African Nu-
clear Energy Corporation (NECSA) using Bruker D8 Discover equipment. The analysis was
done on the as-deposited ZrN. The Cu(Ka) X-ray radiation source with a wavelength of 1.5418
A was used. The spectra were collected at a 20 step size of 0.03° and dwelling time of 240 s
per frame (four frames). The incident X-ray beam was retained at 0.5° relative to the surface
of the sample and the diffraction pattern collected by the detector rotated by the goniometer
from 22° to 120° 260. The diffraction peaks of the as-deposited ZrN were indexed to a cubic
structure of stoichiometric ZrN with a space group of Fm-3m and cell parameters: a = 4.585A4
, a/b = 1.0000, b/c = 1.0000 and c¢/a = 1.0000 using the best matching Inorganic Crystal
Structure Database (ICSD) card # 41934.
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Chapter 7

Results and discussion

Zirconium nitride (ZrN) layers were deposited onto silicon substrates using vacuum arc de-
position. Some of the as-deposited samples were individually implanted with Xe ions of 360
keV to a fluence of 1.0 x 10'6 cm™2 and Eu ions of 360 keV to a fluence of 1.0 x 106 cm™2.
Other samples were irradiated with swift Xe ions of 167 MeV to a fluence of 6.77 x 104
cm~2. Implantations and irradiation were performed at room temperature. The implanted
and irradiated samples were then annealed at 800 and 900 °C for 5h. The as-deposited, im-

planted, irradiated, implanted then annealed and irradiated then annealed were characterized

by different techniques. This chapter presents and discusses the findings.

7.1 As-deposited

The as-deposited samples were characterized by SEM, GIXRD and Raman spectroscopy. The
thickness of the ZrN films deposited onto the silicon substrate was determined using cross-
sectional SEM. The cross-sectional SEM samples were prepared by breaking the as-deposited
samples under liquid nitrogen. Figure 7.1 shows the cross-sectional SEM micrograph of the
as-deposited sample. The as-deposited ZrN layer is indicated as ‘“ZrN”’and the substrate as

“Si”in figure 7.1. The as-deposited ZrN layer was found to be about 20 pm.
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Signal A= InLeds  Photo No. = 20591 Date :10 Mar 2017 WD = 3.4 mm

Figure 7.1: Cross-sectional SEM-micrograph of ZrN deposited on a silicon substrate.

Figure 7.2 shows the GIXRD pattern of the as-deposited ZrN layers. The peaks were indexed
to a cubic structure of stoichiometric ZrN with a space group of Fm3m and cell parameters:
a = 4.585A , a/b = 1.0000, b/c = 1.0000 and ¢/a = 1.0000 using the best matching Inor-
ganic Crystal Structure Database (ICSD) card. The peaks at 26 positions of 34.595°, 40.014°,
56.893°, 67.958°, 71.432°, 83.626°, 97.935° and 111.228° correspond to (111), (200), (220),
(311), (222), (400), (420) and (422) ZrN planes respectively. The most preferred plane (311)

was used to calculate the crystallite size using the Scherrer’s equation:

KA

D(nm) = B cosfp

(7.1)

where D is the crystallite size, K is the dimensionless shape factor (0.94), A is the Cu(Ka)
source wavelength used which is 1.5418 A, 8 is the full-width-half-maximum (FWHM) of the
peaks in radians, and 6p is the Bragg angle also in radians. The crystallite size was found to

be 10.364 nm which makes the deposited layer a polycrystalline.
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Figure 7.2: The GIXRD pattern of the as-deposited ZrN.

Figure 7.3 shows the Raman spectrum of the as-deposited ZrN. Defect-free ZrN has a cubic
NaCl structure with every Zr and N at the site of octahedral face-centered site symmetry,
hence, the first-order Raman vibrations are forbidden as has been found in similar refractory
ceramics [1, 2, 3, 4, 5]. However, it is expected that physical vapour deposited layers would
have inherent microscopic defects such as both heavier and lighter ion site vacancies [6]. These
defects perturb the octahedral symmetry resulting in the appearance of first-order Raman vi-
brational modes [7]. The Raman spectrum in figure 7.3 has first-order (acoustic and optical)
and second-order (acoustic) modes. The acoustic region has two acoustic modes: the transverse
acoustic (TA) at 169 em ™! and longitudinal acoustic (LA) at 230 cm ™! and optical modes: the
transverse optical (TO) at 457 cm~! and longitudinal optical (LO) mode at about 510 cm ™!,
In the region 360 — 410 cm ™! between the acoustic and optic regions is the low-frequency
second-order modes 2TA at 338 cm~! and TA+LA at 407 cm ™! labeled as 2A in figure 7.3.
A considerable study of a similar refractory material TiN has assigned the acoustic region
predominantly to the vibration of the heavier atoms and the optic region to the vibration of
lighter nitrogen atoms [1, 2, 3, 4]. The appearance of second-order phonons according to ref
[6] is an indication of the refractory material with less stoichiometric defects. In summary, the
SEM, XRD and Raman spectroscopy results indicate that a 20 um, poly-nanocrystalline ZrN

films with defects was successfully deposited onto the Si substrate.

76



Results and discussion

TA 1A

2A

Normalized intensity, (a. u.)

100 200 300 400 500 800
Raman shift. {cm™1)

Figure 7.3: The Raman spectrum of the as-deposited ZrN.

7.2 Implantation and SHI Irradiation

Eu and Xe ions of energy 360 keV implanted into ZrN at a fluence of 1 x 10'® cm™2 and Xe
ions of energy 167 MeV irradiated into ZrN at a fluence of 6.77 x 10 cm™2 were simulated
using SRIM2012. Figure 7.4 shows the simulation results. The simulation of Low-energy im-
plantation of Xe, figure 7.4 (a) has a Gaussian distribution with kurtosis (K) of approximately
3 (2.27) and skewness () of approximately 0 (0.26) with a projected range (Rp) of 68 nm.
This implantation resulted in the maximum damage of 76 dpa at a depth of 44 nm below the
surface. The electronic and nuclear energy losses at the surface were found to be 0.7 and 4
keV /nm, respectively. The simulation of Low-energy implantation of Eu, figure 7.4 (b), also
has a Gaussian distribution with K ~ 3 (2.76) and v ~ 0 (0.21) with Rp of about 60 nm while
maximum damage of about 80 dpa were created at a depth of 40 nm below the surface. The
electronic and nuclear energy losses at the surface were found to be 0.9 and 5 keV /nm, respec-
tively. The similarities in the nuclear and electronic energy losses on the ZrN indicate that
individual implantation of Xe and Eu might result in relatively the same defect concentration,

predominantly nuclear energy loss.

In figure 7.4 (c) is the swift heavy Xe ion distribution with K = 13.16 and v = -2.15 (v < 0,

K > 3) in ZrN. The maximum concentration of Xe swift heavy ions are found at a projected
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range of about 9 pm below the surface. The SHI irradiation caused a maximum vacancies at
a depth of about 9 ym with about 2.5 dpa. The electronic and nuclear energy loss of the swift

Xe ions at the surface were found to be around 30 and 0.14 keV /nm, respectively.
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Figure 7.4: SRIM simulated distribution profiles of relative atomic density, and displace-
ment per atom (dpa) for (a) 360 keV Xe ions, (b) 360 keV Eu ions, with (c)
the electronic energy loss of 167 MeV Xe ions irradiated into ZrN

Figure 7.5 (a) shows the Raman spectra of Xe implanted ZrN and that of the as-deposited
ZrN. Xe implantation resulted in increase in the intensity of the TA mode accompanied by the
broadening of TA and LA modes while the LA intensity remained the same. Concurrently, the
2A modes broadened and completely combined. The reduction in TO intensity accompanied

by broadening were also observed. These results indicate the accumulation of defects [6, §].
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Figure 7.5: Raman spectra of ZrN as-implanted with Xe ions with as-deposited for com-
parison, (b) TA and LA modes and (¢) TO and LO mode of the spectra in

(a)

Raman spectra of Eu implanted ZrN and as-deposited ZrN are shown in figure 7.6. Raman
results of Eu implanted ZrN are similar to Raman results of the Xe implanted ZrN, indicating
equivalent concentration of defects in these implanted ZrN. This was expected as both im-
planted ions had relatively the same electronic and nuclear energy losses values as discussed in
the SRIM simulation results. To get more insight in the radiation damage retained by these
two implanted ions the Raman peak positions of the ZrN implanted spectra were compared.
The summary of peak positions can be found in Table 7.1. The Xe implanted ZrN had TA at
position 178 cm™!, LA at 230 cm™! and LO at 498 cm ™! while the Eu implanted ZrN had TA
at 174 cm™!, LA at 226 cm™!, and LO at 494 cm~!. These peak shifts to higher frequencies
compared to the as-deposited ZrN are caused by strain in the ZrN structure after implantations
as observed in silicon and SiGe [9]. The similarities in peak shifts in the two implanted ZrN
indicate similar strain caused by the implanted ions, which further confirm both implantations

caused similar implantation effects.
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Figure 7.6: Raman spectra of ZrN as-implanted with Eu ions with as-deposited for com-
parison, (b) TA and LA modes and (¢) TO and LO mode of the spectra in

(a)

Figure 7.7 shows the Raman spectra of Xe irradiated ZrN and the as-deposited ZrN. The
spectrum of irradiated ZrN shows all modes with a decrease in the intensity of the TA mode
and the low-frequency second-order modes (2A) while the LA mode remain the same. The
combination of the TO and LO modes and a subsequent decrease in the intensity was also
observed. These indicates the increase in lattice disorder around the nitrogen lattice sites, the
same effect was observed with doping carbon to TiN where carbon affected the optical region
of TiN because of its relative size to nitrogen [6]. Similar results have been reported on ZrN
irradiated with similar swift heavy ions, and were explained to be due to point defects formed
through a high density electronic excitations of ZrN via the thermal spike model [7]. Unlike
implantation in ZrN, irradiation did not result in the combination of the 2A modes indicating
less stoichiometric defects retained after irradiation. The TO peak also shifted from 457 to

480 cm~! indicating structural strain after irradiation, Table 7.1.
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Figure 7.7: Raman spectra of ZrN as-irradiated with Xe tons with the as-deposited spec-
trum to compare. (b) TA and LA modes and (c) TO and LO mode of the
spectra in (a)

Figure 7.8 is comparing the spectrum of the Xe irradiated ZrN with that of Xe implanted ZrN.
The Xe irradiated ZrN spectrum resulted in a lower intensity of the TA mode compared to
the Xe implanted ZrN spectrum while the LA mode remained the same. This points to the
annealing effects of SHI irradiation. The 2A modes are still visible in the SHI irradiated ZrN
spectrum while they are combined in the Xe implanted ZrN spectrum. This indicates fewer
stoichiometric defects retained in the SHI irradiated ZrN compared to the implanted ZrN. The
intensity of the TO peaks are comparably the same in both SHI irradiated and implanted ZrN

implying similar amount of N defects retained after both treatments.
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Figure 7.8: Raman spectra of ZrN as-irradiated with Xe ions with the Xe as-implanted
spectrum. (b) TA and LA modes and (¢) TO and LO modes of the spectra

in (a)

Figure 7.9 (a, c¢) shows the optical microscope image of ZrN cross-section superimposed by
a cluster image (distribution map). Figure 7.9(b, d) shows the average Raman spectra over
different damage levels corresponding to each colour in the distribution map. The average
distribution map is divided into the damage section, undamaged section and the Si substrate,
corresponding to each colour in the map. SHI irradiation was found to cause average damage
from the surface to about 10 um below the surface. This average damage Raman spectrum is
characterized by the combination of the 2A modes and a subsequent decrease in the intensity
of both the 2A and TO modes, in figure 7.9(d). There is a maximum energy loss of 30 keV /nm
on the surface and dominates up to about a depth of 7 um below the surface. From about 7
pm to about 10 pm below the surface, maximum point defects are created as observed from
the SRIM simulation. This is in agreement with the SRIM prediction that maximum atomic
collisions are created at a projected range of about 9 ym. The difference in the surface Raman
spectrum and average cross-sectional Raman spectrum might be due to the combination of

defects retained by both nuclear and electronic energy loss in the latter.
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Figure 7.9: (a, ¢) Cross-sectional optical microscope image with superimposed cluster dis-
tribution maps of as-deposited and Xe irradiated at 167 MeV. (b, d) Average
Raman spectra of different levels of damage

7.3 Thermal Annealing

Thermal annealing was performed on the ZrN samples implanted with Eu and Xe ions of
energy 360 keV at 800 and 900 °C for 5h. The change in the structures was characterized by
Raman spectroscopy. Figure 7.10 (a) shows the Raman spectra of annealed Eu implanted ZrN
and Eu-implanted ZrN. Thermal annealing at 800 °C resulted in the appearance of 2A and
LO modes accompanied by the increase in intensity of TO mode indicating the annealing of
some stoichiometric defects. This is due to the recombination of N atoms with their vacancies
and therefore, decrease in stoichiometric defects. There is also a broadening of the LA mode
which could indicate annealing out of structural defects and leading to recovery of the original
structure. Peak shifts were also observed with the TA shifting from 174 to 170 cm™! and LA
from 226 to 222 cm™! compared to the Eu implanted ZrN. These indicated a reduction in

structural strain in the annealed samples. Annealing at 900 °C resulted in further increase in
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intensity of the 2A, TO and LO peaks. These indicate the recombination of N atoms with their
vacancies and therefore, a decrease in stoichiometric defects. However, the increase in the TO,
LO and only the TA mode might indicate a formation of Ny, antisite defects, where N atoms
recombine with Zr vacancies. Similar defects were reported in the transition metal nitride,
HEN [10], where N vacancies were varied and the formation of Ny antisites were reported.
Further peak shifts were observed, with TA from 170 to 165 cm™! and the LA from 222 to
208 cm~!' compared to the 800 °C spectrum. This is an indication of a further reduction in

structural strain.
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Figure 7.10: Raman spectra of ZrN as-implanted (as-imp) sample with Eu ions and then
annealed at 800 and 900 °C. (b) TA and LA modes and (¢) TO and LO

modes of the spectra in (a)

Figure 7.11 is the Raman spectra of Xe implanted ZrN and implanted and then annealed ZrN
at 800 and 900 °C for 5h. An increase in the intensity of TA mode while the intensity of LA
mode remains the same was observed in the samples annealed at 800 °C and this was followed
by the appearance of both the 2A modes. The intensity of the TO mode also increased and the
LO mode was pronounced. These results indicate N atoms recombining with their vacancies
followed by a decrease in stoichiometric defects and creation of Nz, antisite defects as was
explained above. Peak shifts were also observed with TA from 178 to 166 cm™!, LA from 230
to 223 cm™! compared to the as-implanted ZrN, indicating a reduction in structural strain.
Thermal annealing at 900 °C results in a similar structure as the 800 °C annealed sample

with a slight increase in the intensity of the TO mode and an increase in the intensity of the
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LO mode. There is however, a further shift of the LA mode to 213 cm™' while TA remains
the same, indicating further reduction in strain. Comparing the annealed spectrum of Eu at
800 °C and 900 °C with that of Xe, it can be seen that it is easier to anneal out the damage
at these temperatures for Xe implanted ZrN than it is for Eu implanted ZrN. More strain
is reduced in Xe implanted ZrN than in Eu implanted ZrN. This might be due to the mass
difference between Xe and Eu, where the slightly heavier Eu will occupy slightly more space

in the structure than Xe.
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Figure 7.11: Raman spectra of ZrN as-implanted (as-impl) with Xe ions and then an-

nealed at 800 and 900 °C for 5h. (b) TA and LA modes and (c) TO and
LO mode of the spectra in (a)

Thermal annealing was also performed on the SHI irradiated ZrN at 800 and 900 °C for 5h.
Figure 7.12 shows the Raman spectra of the irradiated ZrN and the irradiated then annealed
ZrN. Thermal annealing at 800 °C resulted in the increase in the intensity of the TA mode
and an appearance of a peak between the TA and LA modes at around 200 cm™!. This peak
resembles a peak for a cubic-ZrgNy [13]. This is followed by an increase in the intensity of
the 2A modes while the TO mode remains the same. These might indicate annealing of ZrN
into a different structure. There is no significant peak shifts, therefore, the compressive strain

together with high temperature leads to the formation of c-ZrsNy phase [13].

Thermal annealing at 900 °C resulted in the decrease in the intensity of the LA mode while TA

remained the same compared to the irradiated sample and there is an increase in the intensity
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of the peak around 200 cm™!.

These are accompanied by an increase in the intensity of the
2A, TO modes and the appearance of the LO mode. The decrease in the LA intensity and

increase in the TO intensity indicates Nz, antisite defects in the new structure [10].

TA LA (@) (b) (c)

TA LA
TO TO

LO

Normalized intensity, (a. u.)

] 67MeV Xe As-Irr
— 167MeV Xe 800°C
— 167MeV Xe 900° C

200 400 600 150 200 250 400 600
Raman shift (cm™1)

Figure 7.12: Raman spectra of ZrN as-irradiated (as-irr) with Xe ions and then annealed
at 800 and 900 °C for 5h. (b) TA and LA modes and (¢) TO and LO modes
of the spectra in (a)

Table 7.1 is the summary of the TA, LA, TO, LO and 2A modes due to deposition, implan-
tation, irradiation and thermal annealing compared with Raman peaks from literature. From
the table it can be seen that the optic region shifts to higher frequencies due to implantation
and irradiation indicating strain induced in the structure. Annealing of the irradiated ZrN
resulted in the appearance of a peak between TA and LA due to the formation of c-ZrgNy.
Thermal annealing caused the peak shifts to lower frequency indicating annealing of damages.
In summary annealing of highly defective ZrN (Eu and Xe implanted structures) resulted in
the similar structures, while that of less defective ZrN (Xe irradiated structure) resulted in a

different structure with N concentration close to the as-deposited ZrN.
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Table 7.1: Summary of the peak positions of the as-deposited, as-impl (as-implanted)
Eu and Xe, as-irr (as-irradiated) Xe and all their annealed spectra at 800 and

900 °C

Modes (cm™1) TA, LA 2A TO, LO
Literature[2, 6, 150-173,200-260 325-355, 400-525 460-580
15]

As-deposited 169, 230 338, 407 457, 510
As-imp (360keV, 174.7, 226.5 416.7 494
Eu)

Annealed 800°C, 170, 222 380 485, 567
Eu

Annealed 900°C, 165, 208 334, 385 485, 562
Eu

As-impl 178.8, 230.5 416 498
(360keV, Xe)

Annealed 800°C, 166.7, 223 330.5, 395 495.7
Xe

Annealed 900°C, 166.7, 213.8 325.8, 399.7 495.7, 586
Xe

As-irr (167TMeV, 174, 231 333, 416 480
Xe)

Annealed 800°C, 168, 225 327, 391 456
Xe

Annealed 900°C, 167, 219 327, 382 474, 569
Xe
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7.4 Migration behaviour of Eu

The migration behaviour of implanted Eu in ZrN was investigated by RBS after annealing at
800 and 900 °C for 5h. The maximum energy of the RBS system used was not enough to
completely resolve Eu from ZrN. To get the Eu peak in figure 7.13, the as-deposited ZrN and
Fu implanted ZrN spectra were normalized and then subtracted from each other to get the Eu
distribution which was then fitted using a Gaussian function. The RBS energy-channels were

022 atoms/cm?.

converted to depth using energy loss factor and ZrN atomic density of 8.2638 x 1
The fitted distribution together with the experimental distribution are compared to the SRIM
simulation. The SRIM simulation resulted in a higher full-width-half-maximum (FWHM)
than the experimental distribution. Both distributions, however, resulted in similar projected
range of about 60 nm. The clear distinction in FWHM between the two distributions can be
explained to be due to the fact that SRIM does not take into account the structural changes

and reorganization that happen during to implantation [16].
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Figure 7.13: Europium depth profile in ZrN at room temperature determined by RBS with
a fitted distribution shown and compared to the SRIM-2012 distribution.

The depth profiles of Eu implanted ZrN and Eu implanted after annealing at 800 and 900 °C
for 5 hours are shown in figure 7.14. The Eu depth profiles of the 800 and 900 °C annealed

samples show no significant change indicating no migration of Eu in ZrN. These results suggest
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that ZrN could be an effective diffusion barrier of Eu at high operational temperatures of a
nuclear reactor. Though the results are promising for the use of ZrN as a possible diffusion
barrier in fast-neutron reactors, the retainment of Eu in ZrN needs to be investigated further
under similar conditions as those in the nuclear reactor to validate the applicability of ZrN in

nuclear environment.
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Figure 7.14: Eu depth profiles (from RBS) of Eu implanted ZrN at RT and after anneal-
ing at 800 and 900 °C for 5 hours
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Chapter 8

Summary and future work

The effects of Eu and Xe implantation and Xe SHI irradiation of the nanocrystalline ZrN films
were investigated. ZrN layers of 20 pum thickness were successfully deposited onto silicon sub-
strate. The as-deposited ZrN was investigated using cross-sectional SEM, GIXRD and Raman
spectroscopy, while the Eu and Xe implanted ZrN and Xe irradiated ZrN were investigated
using Raman spectroscopy. The migration behaviour of implanted Eu was investigated using
RBS after annealing at 800 and 900 °C for 5 hours. GIXRD results confirmed that an fcc
structure with an Fm3m space group was deposited with the (311) plane most preferred. The
as-deposited ZrN layers revealed bands in the Raman spectrum of first-order Raman scattering
due to the perturbed octahedral symmetry by sample preparation induced defects. The follow-
ing modes were reported as confirmed by literature, the transverse and longitudinal acoustic
modes, TA and LA, respectively, transverse and longitudinal optical modes, TO and LO, re-
spectively, and the low-frequency second-order acoustic Raman scattering, 2TA and TA+LA

labeled 2A.

Large amounts of radiation damage were retained in the Eu and Xe implanted ZrN layers.
These layers resulted in the increase in the intensity of the TA mode, broadening of both the
TA and LA modes, the combination of the 2A modes and a significant decrease in the intensity
of the TO mode. These resulted in ZrN implanted structures with high stoichiometric defects
and high N vacancies. Both Eu and Xe implantation resulted in similar defects with Eu cre-
ating slightly more strain due to its heavier mass compared to Xe. The Xe irradiated ZrN

resulted in less structural strain compared to the Xe implanted ZrN with maximum damage of
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2.5 dpa at ~ 10 pum below surface and maximum electronic energy loss of 30 keV /nm on the
surface. Raman spectra of the irradiated layers exhibited all bands with a decrease in the TA

intensity characterizing the annealing effects of SHI irradiation.

Thermal annealing of both Eu and Xe implanted ZrN samples at 800 and 900°C for 5h resulted
in the reappearance of the LO peaks and the increase in the intensity of the TO peaks. This
was explained to be due to recombination of N atoms with their sites and a subsequent forma-
tion of Nz, antisite defects. Annealing of the Xe irradiated ZrN resulted in appearance of a
peak between the TA and LA modes. Implantation, irradiation and thermal annealing in the
main resulted in ZrN structures with less N concentration compared to the as-deposited ZrN.
However, annealing at 900°C of both the implanted and irradiated ZrN samples resulted in the
N concentrations closer to the as-deposited ZrN. The migration behaviour of Eu in ZrN was
also investigated and no migration was observed after annealing at both 800 and 900°C for 5h.
These results are promising but further investigation under nuclear environment conditions

need to be conducted to make the results relevant.

There is an opportunity to further study and confirm the formation of the c-ZrgNy4 phase in the
SHI irradiated ZrN after annealing using different experimental techniques such as XRD and
TEM. The effect of irradiation on the change in stoichiometry of ZrN, needs to be quantified
using high energy RBS. Using a high energy RBS to improve mass resolution, the migration
behavior of Eu will be studied further. The effect of irradiation in the migration of Eu in ZrN
will also be investigated. Similar studies will also be conducted on Xe irradiation in ZrN, this

will be achieved by using high energy RBS.
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Appendix

This work was presented at the 2018 conference of the South African Institute of Physics
(SAIP). It has also culminated in a publication in the September 2019 issue of the Nuclear In-
struments and Methods in Physics Research B, volume 461, as an article titled: ‘Slow and swift
heavy ions irradiation of zirconium nitride (ZrN) and the migration behaviour of implanted

Eu’.
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