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Abstract

Insight into the effects of isothermal and non-isothermal annealing on bi-metallic thin film is
important for material synthesis and application in everyday use. The effects of isothermal
annealing on bi-metallic thin films has long been studied using various heating methods from
a resistively heated filaments, by transferring heat via conduction, convection and irradiation.
The effect of each method have been widely reported in literature. The diffusion coefficient

and activation energies of the constituent atoms can calculated for each annealing method.

On the other hand, the effects of non-isothermal annealing on bi-metallic thin films has not
been comprehensively studied, and there are areas of this annealing regime that need further
investigation. In this study a femtosecond laser with a 1064 nm central wavelength was used
to anneal bi-metallic thin films of Zinc-Tin (Zn-Sn) on a substrate. The experimental
parameters of the laser were set such that the net fluence of the laser is below the ablation
threshold of the metallic system. Rutherford backscattering spectrometry was used to study
depth profile and atom mixing and migration during laser annealing. The net fluence of the
laser was gently increased to study the effect of non-isothermal annealing. The diffusion
coefficient and the activation energy of the system was studied using the raw data from
Rutherford backscattering spectrometry.” Other. complimentary characterization techniques

were used to have a comprehensive analysis of the samples:

Both isothermal and non-isothermal annealing of the bilayer resulted in intermixing of Zn
and Sn with Sn diffusing through Zn.No alloying of Zn and Sn occurred during both
isothermal and non-isothermal annealing. The activation energy and diffusion coefficient of
Zn and Sn intermixing were calculated and found to be 0.46 eV and 44.6 kJ/mol respectively.
X-ray diffraction (XRD) results of the bilayer showed the material to be crystalline and the
absence of a peak belonging to Zn-Sn further supports that alloying did not
occur.Morphological changes where observed in both isothermal and non-isothernal annealed
samples. In the case of isothermal annealed samples, scanning electron microscopy (SEM)
micrographs showed that the surface became smooth as the temperature increased. Atomic
force microscopy (AFM) also showed a decrease in root mean square (R,) value as the
temperature increased. In the case of non-isothermal annealed samples, changes due to

mixing and recrystallization of the material where observed.
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CHAPTER 1

Introduction

1. Background

Solid-state reactions of bi-metallic systems can be driven or activated by various external
stimuli like pressure, energetic photons, energetic charged particles or heat. For an example,
high pressure torsion can be applied to aluminium-copper (Al-Cu) to drive solid-state reaction
[1.1]. Oh-ishi et al. [1.1] applied a pressure of 6 GPa to Al and Cu half discs. Following this,
x-ray diffraction (XRD) and high-resolution transmission electron microscope (HRTEM) were

used to confirm the formation of different intermetallic phases such as AlbCu and Al4Cuy

One of the first reported case where photons were used to drive solid phase diffusion was
reported in 1998 by Ditchfield et al. [1.2]. The study was carried out to study the non-thermal
effects of photons illumination on surface diffusion, an important process in microelectronics
fabrication. Surface diffusion governs several important steps in microelectronics fabrication
including the formation of hemispherical grained silicon used in memory devices [1.2], filling
of channels with metals for devices interconnection purposes among others [1.2]. In this study,
germanium-indium (Ge-In) on silicon was used because the thermal diffusion of this system
was well understood [1.3]. Surface diffusion was measured in ultrahigh vacuum via second
harmonic microscopy when the sample was illuminated with pulsed Nd: YAG laser at a
wavelength of 1064 nm [1.3]. This study showed conclusively that photons could be used to

drive solid-state reactions.

Several studies in literature have shown that solid-state reactions are mostly driven by
conventional thermal annealing methods such as vacuum annealing, ambient (atmospheric)
annealing and gas ambient annealing. These annealing methods are an effective way of driving
reactions in solid-state material, which could result in diffusion, alloying or improving the
crystalline quality of thin film. Furthermore, annealing could also improve conductivity and

surface properties of thin films [1.4].

Hakeem et al. [1.5] made use of vacuum annealing to study the effect of annealing on the
surface of hafnium oxide (HfO»). After depositing thin films with electron beam (e-beam), the

films were subjected to vacuum annealing at 500 °C for 1 hour. The films were then
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characterized with XRD, atomic force microscopy (AFM) and optical spectrophotometry. It
was found that HfO, which was amorphous pre-annealing transformed to polycrystalline
monoclinic post-annealing. The surface roughness of the thin films decreased, and reflectivity

increased post-annealing.

Annealing can also be carried out under various atmospheres for example air, argon, nitrogen,
and hydrogen. Zulkifle et al. [1.4] studied the effect of annealing zinc oxide (ZnO) for field
emission display in hydrogen atmosphere. ZnO thin films were deposited with Radio frequency
sputtering on a glass substrate. Subsequently, the films were annealed at 100 °C, 200 °C and
450 °C respectively at a hydrogen flow rate of 100 sccm. The films were then characterized
with XRD, AFM, UV-VIS, and Raman spectroscopy. The study showed that both sheet
resistance and field emission improved with annealing in hydrogen while there were no

significant changes in optical properties.

Common among the annealing methods used in the above-mentioned studies is that there were
done under isothermal conditions i.e., the temperature remained constant during annealing.
However, annealing can also be done under non-isothermal conditions, as is the case when a

laser is used to anneal a sample.

This chapter therefore, gives a general introduction and background to the study of this thesis.
A brief introduction to thin film technology and application of thin films is given. This is
followed by methods that can be used to fabricate thin films and techniques used for
characterization of thin films. The problem or knowledge gap that this thesis seeks to address
is identified, and the aims and objectives of the study are defined. Finally, the layout of the

thesis is given.

1.1 Thin Films Technology

Thin films are a class of materials that have a thickness in a range of a few nanometres to
several micrometres [1.6]. Thin film technology has been an active area of research, with bi-
metallic layers, semiconductors and insulators being of particular interest [1.7]. Several
cutting-edge technologies including superconducting technology, storage technology and the
emerging 5G network technology have some form of thin film coating in them [1.6]. Research

in thin films has had a profound impact on health, energy, and general human progress. The
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societal benefits of thin films have seen their application in reflectors, fluorescent screens,

integrated circuits, and micro-electronics among other areas [1.7].

When materials are fabricated with their dimension reduced to nanometre, or to a few microns
(thin films), 1t has been observed that this can alter the physical properties of that material. This
can lead to improved transmission, reflection, absorption or electronic properties of that
material. The abrasion resistance of alloys can also be modified, and the electrical behaviour
of material can also be enhanced [1.8]. Thin films have also had a huge economic impact for
many years, for an example, the market value of semiconductor devices exceeded $515 billion

in 2019 [1.9].

Much of the progress in the field of thin film technology has been driven by advances made in
the methods that can be used to deposit thin films [1.8]. These methods include physical vapour
deposition (PVD) and chemical vapour deposition (CVD), with methods like sputtering and
electron beam (e-beam) becoming increasingly important. Also contributing to progress in thin
film research is the availability of vacuum technology. Carrying deposition under vacuum has
several advantages which includes the fact that films ofhigh purity are produced, and properties
of thin films are reproducible [1.10]. Furthermore, carrying deposition under vacuum also

reduce the risk of the growing thin film from undergoing oxidation.

1.2 Preparation of Thin Films

There are several methods that can be used for the fabrication of thin films [1.7]. These methods
can be divided into two broad categories which are chemical vapour deposition (CVD) and
physical vapour deposition (PVD) methods respectively [1.8]. CVD methods involves the
reaction of volatile compounds generally in a gaseous state. The reaction of gases is activated
by thermal energy, resulting in a non-volatile continuous solid thin film being deposited on a
substrate [1.11]. There has been an increased interest in CVD method because it can be used
to produce a variety of thin films of high purity on large surfaces. Figure 1.1 show a schematic

diagram of chemical vapour deposition chamber and its components, during operation.
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Figure 1.1: Schematic of CVD chamber showing all the components [1.12].

CVD process is also a popular deposition method because it allows for controllable deposition
of thin films with varying stoichiometry by proper adjustment of deposition conditions [1.11].
There are several types of CVD that have been developed over the years, with Atmospheric

Pressure CVD, Low-pressure CVD, Hot-Wire CVD, and Plasma Enhanced CVD being

amongst the popular ones [1.8].

In Atmospheric Pressure CVD, the reaction process takes place in reaction chamber which is
at atmospheric pressure. This eliminate the need for the use of vacuum technology and
associated accessories, and as a result, it is cheaper to operate and to maintain. One major
disadvantage of Atmospheric Pressure CVD is that oxygen from the atmosphere can be
adsorbed by the growing thin film. This is a major challenge especially when depositing
material that oxidizes easily. Low-pressure CVD is a method that is similar to Atmospheric
pressure CVD. The only difference is that the whole chamber is under high vacuum pressure.

Figure 1.2 shows a typical set for a Low-pressure CVD.

Figure 1.2: Typical set-up of a Low-Pressure CVD for thin film deposition [1.13].
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In Hot-Wire CVD, deposition is carried out under high vacuum therefore, the problem of
oxidation that is associated with Atmospheric Pressure CVD is eliminated. This method makes
use of a hot wire made of a refractory metal for example Tungsten or Tantalum [1.11]. The
wire acts as a pyrolytic catalyst to break organic and inorganic gases. These gases react and
result in the formation of a thin homogenous layer on a substrate. Hot-Wire CVD can also be
used to deposit metals. A typical set up of Hot-Wire CVD and related accessories is shown in

figure 1.3.
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Figure 1.3: Hot-Wire CVD reaction chamber and its operational components [1.14].

A major advantage of CVD is that deposition can be done at easily controllable physical
parameters for example low temperature, low pressure or high pressure, etc. [1.10]. It is also
an uncomplicated and economically competitive process. The disadvantage of CVD is that
chemical precursors with high vapour pressure and high volatility when exposed to air are
required [1.15]. The by-products of CVD can at times be toxic and corrosive, and as a result

might require neutralization after the process [1.15].

PVD methods on the other hand entails the transfer of atoms from a source material to a
substrate where the growth of the thin film occurs. An example of a PVD technique is electron
beam deposition (e-beam) which is a technique that was used in this study and details of which
are given in Chapter 3. This type of PVD involves the transfer of atoms from the target

material by thermionic electrons to deposit them on a substrate. Thermionic electrons from a
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resistively heated tungsten filament are used to heat a solid target material. These electrons are
emitted from the surface of a resistively heated filament (by applying high potential difference).
Electromagnetic field and a spray shield are used to focus electron beam onto the target material
in the water-cooled crucible. Depending on the physical properties of the target, the material
can either melt, then evaporate or directly sublimate when heated by thermionic electrons. The
evaporated or sublimated atoms travel to the substrate, and when the atoms are on the substrate,
they find energetically favourable sites before condensing. This will result in agglomeration
and coalescence of atoms resulting in a smooth continuous thin film [1.16]. The major
advantages of this method are high deposition rate and good vacuum which allows for the

growth of film to occur in a clean environment [1.11].

O
Vapor

Shutter 3 Magnetic field
| S———— E-beam
iy
Vacuum pump
0
0

Filament Accelerator

Figure 1.4: Schematic diagram of electron beam evaporation system [1.11].

Another example of PVD method is sputtering. Sputtering involves the ejection of atoms from
a target material by bombarding it with energetic ions and thereafter the ejected atoms are
accelerated to the substrate where they are deposited. The process of sputtering involves the
introduction of argon (Ar) gas into the sputtering chamber. The Ar is then ionised by electric
field to produce Ar" which is then used to bombard the target. Sputtering can be operated in 2
modes i.e., direct current (DC) sputtering also known as diode sputtering and radiofrequency

(RF) mode. Figure 1.5 show an experimental set-up of the sputtering machine.
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Figure 1.5: Schematic diagram of a sputtering chamber with argon ionized atoms [1.17].

RF mode is used for the sputtering of insulating material. The advantage of RF mode is that
high voltage can be applied to target material without discharge occurring. The disadvantage
of RF mode is that it has a low deposition rate. DC sputtering on the other hand is used for the
sputtering of conductive material. This mode consists of two electrodes i.e., cathode (farget
material) and anode (substrate). The advantage of this mode is that it has a high deposition
rate. Furthermore, this mode requires low temperature and does not produce toxic products, as

is the case with CVD.

Thermal evaporation is another popular PVD method for growing thin films. In this method,
deposition in carried out under vacuum with the metal to be deposited placed in a refractory
metal boat. High potential difference is then applied on either ends of the boat.As the boat
temperature 1s raised due to resistive heating, the contents of the boat starts to melt and
evaporate. The disadvantage of this method is that it is difficult to produce high purity thin
films because some metal tends to react with the boat resulting in the formation of an alloy.

Figure 1.6 show a typical thermal evaporation experimental set-up.
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Figure 1.6: Typical set-up of a thermal evaporation experimental chamber [1.18].

1.3 Thin film growth mechanism

The type of deposition method that is used for thin film deposition depends on the desired
material characteristics [1.19]. A general mechanism that describes thin film growth can be
explained from the interaction of the atoms/molecules as soon as they reach the substrate. One
of three things can happen to atoms that reach the substrate from the target material (generally
in a gaseous state). The atoms can be reflected by the substrate, absorbed to the substrate, or
penetrate the substrate. The atoms that are adsorbed to the substrate tend to find energetically
favourable sites and bond to the substrate. When other incident atoms interact with these atoms,
they will nucleate and coalesce, and turn into bigger footprint on the surface, resulting in the
formation of a thin film on the substrate. Figure 1.7 shows a general schematic representation

of the film growth process.
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Figure 1.7: Representation of a general process of thin film growth on a substrate [1.20].

Regardless of the deposition method used, the specific growth mechanism of thin films can be
classified into one of three modes i.e., Volmer-Weber (V-W) [1.21], Frank-Vander Merwe (FM)
[1.22] or Stranski-Krastanove (S-K) [1.23]. The-surface morphology of the growing film is

generally tied to the growth mechanism.

Volmer-Weber, also known as island growth, is the dominant growth mechanism in systems
of metals on insulators, graphite, and mica substrate [1.11]. This mode occurs in cases where
atoms bound strongly to each other than to the substrate resulting in the formation of islands
that grow in 3 dimensions. Figure 1.8 shows the schematic representation of Volmer-Weber
growth mode. Volmer-Weber mode result in the formation: of rough multi-layer film on the

substrate.

Figure 1.8: Schematic diagram of Volmer-Weber growth mode [1.24].

A growth mechanism that is preferred in the thin films of electronic devices is layer-by layer
growth, also known as Frank-Vander Merwe. The evidence of this growth mechanism is the

occurrence of 2-dimensional continuous film and result in the formation of planar sheets [1.11].
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This occurs in circumstances where the atoms bound more strongly to the substrate than to
each other. This growth pattern commonly occurs in single crystal epitaxial of semi-conductors
[1.11]. As can be seen in figure 1.9, atoms attach themselves to surface sites and this result in

the formation of smooth layer of film.

Figure 1.9: Schematic diagram of Frank-van der Merwe growth mode [1.24].

Stranski-Krastanove is a combination of both island growth and layer growth. This is common
in metal-metal systems and metal semi-conductor systems. This mode starts with the formation
of'a complete film of up to several monolayers thickness in a layer-by-layer fashion [1.23]. The
thickness that is deposited in a layer-by-layer fashion depends on the strain and the chemical
potential of the deposited film. Once this critical thickness has been reached, growth then

proceeds via nucleation and coalescence of islands [1.23] as shown in figure 1.10.

Figure 1.10: Schematic diagram of Stranski-Krastanov growth mode [1.24].
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1.4 Characterisation of thin Films

Several different techniques can be used to characterize thin films. Initially, the characterisation
of thin films focused on thickness determination and the determination of optical properties
[1.11]. This was because thin films were used mainly for optical applications. However, with
an increase in the areas of application and especially in microelectronics, more characterization

techniques were developed.

Currently, characterization techniques include those that are used to determine thickness,
morphology, structure, as well as chemical composition. Common among all these techniques
is their use of electrons, ions, or photons [1.11]. These interact with the surface of a thin film
such that secondary electrons or ions are emitted which carry information about chemical or

structural composition of the thin film.

The determination of thickness of thin films is important because the behaviour and properties
of thin films are affected by the thickness. Several techniques can be used to determine the
thickness of thin films. These can be destructive or non-destructive techniques. Some of these
techniques for example, Fringes of equal thickness (FET), rely on optical measurements to
determine thickness [1.11]. These are highly accurate techniques that are based on the
interference of two or more beams of light: The optical length difference of these light beams
can be related to the thickness of the thin film. Others like Stylus-method profilometry and
crystal oscillators are mechanical in nature. Only a limited number of techniques can be used
to measure the thickness of the film as it is growing, most of these measures the thickness once

the film has been grown.

Structural information of interest can be obtained by using a variety of techniques. These range
from those that provide information about surface topography and morphology to those that
provide information about grain size. Examples of techniques that provide structural
information include scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and x-ray diffraction (XRD). Both SEM and XRD which were used in this study are
dealt with in detail in Chapter 3. Chemical composition of a thin film is also important in
determining the behaviour of thin film. Energy dispersive x-ray (EDX), Auger electron
spectroscopy (AES) and Rutherford backscattering spectrometry (RBS) are some of the
techniques that can be used to determine chemical composition of a thin film. A variant of
RBS, real-time RBS, has the added advantage of following the reaction in real time, this

technique was used in this study and is dealt with in detail in Chapter 3.
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1.4 Problem statement

Soldering alloys are used to join an array of semiconductor chips in device fabrication [1.25].
Lead (Pb) and Pb containing alloys have been the soldering alloys of choice over the years
because of their excellent electrical and mechanical properties [1.26]. However, due to the
toxicity of Pb, many countries have banned the use of Pb and Pb containing products. As a
result, considerable effort has been put into finding Pb free soldering alloys. Zinc-Tin (Zn-Sn)

alloy has come up as a top contender for replacing Pb containing soldering alloys.

When a bilayer of Zinc (Zn) and Tin (Sn) is annealed, a Zn-Sn alloy is formed. Several studies
looking at different aspects of this alloy have been conducted in the past. Jiang et al. [1.27] for
example, studied the oxidation behaviour of this alloy at high temperature and high humidity.
In this study, samples of Zn-Sn alloys were exposed to a constant temperature of 85 °C and
relative humidity of 43 %, 64 % and 85 % respectively. The samples were then characterised
with a variety of techniques to ascertain microstructure, phase evolution and to identify phases
that were present. The techniques used included scanning electron microscopy (SEM), electron
probe micro-analysis, electron backscattering  diffraction and energy dispersive x-ray
spectrometry. The results showed an increase in the rate of oxidation with an increase in relative
humidity. This was attributed to diffusion of Zn along the grain boundaries and the subsequent

formation of ZnO.

Lee et al. [1.28] made use of Radio-frequency co-sputtering to fabricate Zn-Sn thin films to
study the morphology and conductivity of Zn-Sn. The sputtering was carried out in ultrahigh
vacuum in which a temperature of 293 K was maintained. Thin films of different thicknesses
where deposited. Four-point probe, X-Ray Photoelectron Spectroscopy (XPS), XRD, AFM and
SEM were used respectively to determine oxidation state, electrical, crystallinity and
morphological properties of the thin films respectively. The results showed that a higher
portion of Zn is oxidised than Sn, this is due to the difference in standard reduction potential
between Zn and Sn. It was also concluded that as the thickness of the thin film increase the
conductivity also increased. Furthermore, x-ray diffraction (XRD) showed improvement in the

crystallinity of Zn-Sn film compared to that monometallic thin film.

Two common treads stand out from the studies mentioned above. Firstly, the annealing of the
samples was done by conversional method and can be said to be isothermal. Secondly, the
characterisation of the samples was done ex-sifu. Ex-situ characterisation generally suffers

from lack of reproducibility of experimental conditions and sample quality.
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An unconventional way of annealing a sample is by using a laser. While annealing in the
studied above could be termed isothermal, laser annealing could be said to be non-isothermal.
Non-isothermal annealing leads to the formation of out of thermodynamic equilibrium phases
[1.29]. Several studies have been conducted that used laser annealing and resulted in the

formation of out of thermodynamic equilibrium phases.

Weber et al. [1.30] used electron beam evaporator (e-beam) to deposit iron (Fe) and silicon (Si)
respectively on amorphous silicon (a-Si). The thin films were annealed with nano-second laser
of different energy densities to investigate the formation of non-equilibrium epitaxial silicide.
Rutherford backscattering spectrometry (RBS) and Transmission electron microscopy (TEM)
were used to study the films. Complete epitaxial layer of non-equilibrium Ni and Fe silicide
phases were found. Upon annealing, the non-equilibrium phases decayed into equilibrium

phases.

Comrie et al. [1.31] studied the formation of metastable iron silicide phase by pulse laser
annealing. Previous studies showed that during the growth of'iron silicide there is a competition
between stable phases (e-FeSi,a-FeSi; and B-FeSiz) and metastable phases ([CsCl]FeSi,y-
FeSiz) [1.31]. Iron silicide thin films were produced by the deposition of Fe on Si<l111>
substrate under high vacuum after which the films were annealed at 450 °C. The films were
then irradiated with a pulse excimer laser with energy density that ranged between 0.30 - 0.90
J/em? in order to study phase formation and crystallization of metastable phases. The samples
were then characterized with Rutherford backscattering spectroscopy (RBS), channelling
spectrometry and cross-sectional transmission electron microscopy. The results showed that it

was possible to form metastable phases of e-FeSi by pulsed laser annealing.

Rutherford backscattering spectrometry (RBS) is a technique that is commonly used to study
composition, thickness, and depth profile in thin films [1.32]. In conventional RBS, samples
are annealed in sequence and thereafter analysed to study solid phase reaction evolution. This
approach is therefore prone to problems for example variation in samples and reproducibility
of experimental conditions. Furthermore, conventional RBS requires more samples which
leads to wastage of material. In situ real-time RBS, details of which are given in Chapter 3, is
a variant of RBS that can eliminate the challenges associated with conventional RBS. This
essentially eliminates the problems of conventional RBS by allowing the use of a single sample

to monitor the evolution of solid phase reaction in real-time while annealing.
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There is a general lack in literature of studies that combine in-situ, real time RBS and non-
isothermal annealing despite the benefits of in-situ analysis alluded to above. This study
therefore seeks to fill this gap in literature. In this study, an unconventional annealing method
is used to anneal Zn-Sn thin film. A 1064 nm femtosecond laser is used to anneal the samples.
Furthermore, the reaction is monitored in real time with in-situ Rutherford backscattering

spectrometry (RBS) which minimise the problems associated with ex-situ characterization.

1.5 Aim and Objectives

The aims and objectives of this study are therefore to:

e Synthesis Zn-Sn thin films with electron beam evaporator (e-beam).

e Characterize the thin films with x-ray diffraction (XRD), Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM) and Rutherford backscattering
Spectrometry (RBS).

e Vacuum anneal (isothermal annealing) the thin films and characterize them post
annealing.

e Anneal the thin films with femtosecond laser (non-isothermal annealing) while
tracking the evolution of the reaction with real time RBS.

e Compare the results of vacuum annealed (isothermal annealing) thin films to those of

laser annealed (non-isothermal annealing) samples.

1.6 Thesis outline

This thesis consists of 5 chapters.

Chapter 1: This chapter gives a general introduction to the study of this thesis. Key principles
that will be encountered in subsequent chapters of this thesis are introduced. Finally, aims and

objectives of the study are defined.

Chapter 2: In this chapter, a review of literature of the subject of this study is presented. The
review covers soldering, material that can be used for soldering and properties thereof. This is
followed by a detailed review of the Zn-Sn alloy system as a potential replacement for lead

based alloys for high temperature application. RBS and it variant i.e., in situ RBS are
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introduced together with laser. The interaction of matter with laser is also reviewed by looking

at studies that used laser to anneal samples.

Chapter 3: This chapter focuses on the theoretical basis upon which the experimental and
characterisation techniques used in this study are built upon. The theory of each technique is

followed by a detailed experimental setup for each experiment.

Chapter 4: In this chapter, experimental results obtained during this study are presented and

discussed. Both imperial and analytical methods are used in the discussion of the results.

Chapter 5: This chapter gives the summary and conclusion from this study. Suggestions about

possible future work is also given in this chapter.
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CHAPTER 2

Literature review

2. Background

In this chapter, an in-depth literature review of the subject of this study is presented. As stated
in Chapter 1, the overall aim of this study was to compare isothermal (constant thermal
annealing) and non-isothermal (pulsed laser annealing) annealing of Zinc-Tin (Zn-Sn)
metallic bilayer using in-situ Rutherford backscattering spectrometry (RBS) as a major probing
tool. Other complimentary characterization techniques were used to have a comprehensive

analysis of the samples.

The Zn-Sn system is particularly suitable for use-in soldering application, for example in
electronic and automobile industries. This literature review will therefore focus on various
alloys that can be used in soldering, advantages and disadvantage of these alloys, and their
properties. Focus will be given to lead (Pb) containing alloys and the problems that these Pb
containing alloys present from an environmental and health point of view. This will be followed
by consideration of Pb free alternatives including Zn-Sn system which is the major focus of
this study. The Zn-Sn system will be looked at in terms of physical properties, applications as
well as what has been studied previously (state of the art). A brief introduction to RBS and it
variant, in situ RBS, will be presented, this technique will be presented in fuller detail in
Chapter 3. This will be followed by looking at the interaction of laser with matter and a brief
introduction to femtosecond laser. A more detailed look at femtosecond laser is given in

Chapter 3.
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2.1 Introduction to soldering

Soldering is a process that is used to join 2 or more metals together by melting a filler metal
(solder) between them. When the solder cools, a permanent joint between the metals is formed.
The process of soldering is different from welding in that with welding, the metals that are to
be joined need to melt, while that is not the case with soldering. It is only the soldering alloy
that melt, and the alloy usually has a relatively low melting temperature, generally less than

450 °C [2.1].

The process of soldering is used in the electronic industry to provide interconnection between
the electronic components and the substrate [2.2]. These interconnections must have both good
conductivity and mechanical strength. Solders are also used in optical device packaging, die
attach and bonding of semiconductor devices [2.3]. There are many different types of soldering
alloys available for different applications. By far the most common soldering alloys are those
that are based on tin (Sn) for example, tin-lead (Sn-Pb), tin-zinc (Zn-Sn), tin-copper (Sn-Cu),
tin-bismuth (Sn-Bi) and tin-silver (Sn-Ag) [2.4].

2.2 Properties of a good soldering alloy

The required properties of a soldering alloy depend largely on it application and on the
conditions in which the material being joined will be exposed to. For example, the properties
of a soldering alloy used to join material that will be exposed to high humidity, will be different
from a soldering alloy for materials that will be exposed to a dry, low temperature environment.

In general, a good soldering alloy should have most of the following properties [2.4]:

e Good mechanical properties.

e Fatigue resistance and good wettability.

e Low rate of formation of intermetallic compounds (IMC).

e Melting temperature must be suitable for service temperature range.

e (Cheap and environmentally friendly.
In practice however, it is almost impossible to find an alloy that meet all these criteria all the

time. It is therefore important to determine which of these properties are the most important for

a particular application and to choose a soldering alloy that meet those requirements.

http://etd twe.ac.zal



2.3 High temperature soldering alloys

High temperature solders are used as die-attach solders in automobile circuit boards [2.5] and
bonding semi-conductor device to substrate [2.6]. The automotive, aerospace, and avionic
industries are among the industries that have led to an increase in the use of high temperature
solders [2.7]. Alloys that are used as high temperature solders should have the following
properties [2.8]:

e Melting temperature of between 260 — 400 °C.

e Good electrical and thermal conductivity.

e Good mechanical properties, especially fatigue resistance.

e Excellent wettability.

For decades, alloys that have been used as high temperature solders have been high Pb bearing
alloys such as Pb-Sn, Pb-Ag [2.8].-These alloys have been mostly used for packaging of
electronic components and devices [2.9]. Lead based alloys have been used because they are
cheap, have good mechanical properties and because of their excellent wetting behaviour. In
the Sn-37Pb system for example, Pb reduces the surface tension of Sn thereby improving the
wetting behaviour of the alloy [2.10]. It further prevents the transformation of B-Sn phase to a-
Sn phase [2.10]. If this transformation were to. occur, it.could lead to an increase in volume

which will eventually lead to structural integrity of the alloy being compromised [2.11].

While these Pb based alloys have been used for a long time, their continued used has come
under scrutiny from the Environmental Protection Agency (EPA) and other environmental
agencies. This is because Pb is listed as one of the most hazardous chemicals, with serious
health and environmental consequences [2.12]. Acute exposure to Pb can lead to vomiting,
convulsions, and abdominal pain, while prolonged exposure can lead to liver and kidney failure
[2.13]. Other studies have shown that exposure during pregnancy could lead to miscarriages
[2.14]. As a result of these health challenges, some countries have put a ban on the use of Pb

and Pb containing consumer products [2.13].

As aresult of the challenges associated with Pb based alloys, there has been considerable effort
put into finding Pb free soldering alloys, especially for high temperature application purposes.
Several research groups have studied different alloys as potential replacement for Pb containing
alloys for high temperature application with varying degrees of successes. These alloys include

Au-Sn, Zn-Al, Au-Ge, Bi-Ag and Sn-Zn [2.15]. Further examples of other possible Pb-free
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binary alloys are shown in table 2.1. These Pb free solders are not without their own challenges.
For example, the melting temperature for Ag, Cu and Zn are 961 °C, 1083 °C and 420 °C,
respectively. These temperatures are significantly higher than that of Pb which is 327 °C and
as a result, a higher temperature is needed when soldering with these Pb free alloys. On the
other hand, the use of Au and Bi based alloys has been limited by costs, poor mechanical
properties as well as the formation of intermetallic compounds with different eutectic

temperatures [2.15].

Table 2.1: Other possible Pb-free binary alloys systems.

System Composition Melting temperature ("C)
Sn-Ag 96.5/3.5Ag 221

Sn-Sb 95Sn/5Sh 232-240

Sn-Bi1 58B142Sn 138

Sn-In 48Sn/52In 120

Sn-Cu 99.3Sn/0.7Cu 227

2.4 Lead free alloying systems overview

As stated in the previous section, several alloying systems have been fabricated to study their
suitability as Pb free soldering alloys. A study of Sn-Ag alloys was conducted by Osorio et.al
[2.16]. In this study, samples of Sn-Ag were prepared by casting (high purity) Sn and Ag from
molten elements. The weight composition of starting elements were Sn-2 wt. % Ag and Sn-3.5
wt. % Ag, respectively. After annealing the samples, it was observed that there were areas with
light streaks and dark streaks. The percentage of the loaded Ag in the Sn in the light streak area
was 0.05 wt. % Ag and the dark area had 3.5 wt. % Ag. The eutectic was reported to be formed
by a cooperative’s growth of Ag3;Sn intermetallic of estimated 73 wt. % Ag. This was as

expected based on the phase diagram of the Sn-Ag system in figure 2.1 below.
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Figure 2.1: Phase diagram of Sn-Ag system showing predicted phases and stoichiometry
[2.17].

The other system that has been explored is the Sn-Sb alloy system. Samples of Sn-Sb were
prepared using high purity Sn and Sb. These were placed in quartz tube and heated into a molt
at 1000 °C and subsequently quenched to form a solid pellet alloy. The microstructure was
studied with x-ray diffractometer (XRD). The XRD results showed the existence of Sn,Sb; and
B-SnSb. A drawback of this system is that it tends to be difficult to separate or distinguish
different phases and different research have diverging views on the phase diagram of the Sn-

Sb alloy. A typically the phase diagram of Sn-Sb is as shown in figure 2.2.
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2.5 Phase diagram of Zn-Sn

Zinc (Zn) is a lustrous metal that is diamagnetic with a hexagonal crystal structure. It has a
melting point of 419.5 °C and a boiling point of 907 °C [2.19]. Zinc is malleable in the
temperature range between 100 °C to 150 °C [2.20].

Tin (Sn) is a ductile and malleable metal with a melting point of 231.9 °C as can be seen in
figure 2.3. There are 2 allotropes of Sn i.e., beta (B) phase, also known as white tin and alpha
(a) phase which is also known as grey tin. The beta phase tin is stable between 13 “C and 232
°C, while the alpha tin is stable below 3 °C [2.21].

Figure 2.3 above shows the eutectic phase diagram of Zn-Sn system. The eutectic
microstructure consists of phases which are f-Sn phase (body cantered tetragonal) and a

hexagonal Zn phase.
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2.6 The state of the art of the Zn-Sn bi-metallic system

Several authors have studied different aspects of the Zn-Sn alloy system. Some of these studies
have focused on the oxidation behaviour of this alloy, while others focused on the wettability
challenge associated with this alloy system. The effect of different alloying elements on the

system has also been a subject of study by some authors.

Chen et al. [2.9] studied the effects of adding small alloying elements on the Zn-Sn alloy
system. This was done to ascertain the effect of these elements on two of the most important
obstacles that have prevented wide scale adaption of this alloy system commercially i.e.,
oxidation resistance and wettability. Studies have shown that oxidation is major factor behind
poor wetting, this is due to the ease with which Zn undergoes oxidation. In this study, Chen et
al. [2.9] tested the effect that alloying elements lanthanum (La), titanium (T1), aluminium (Al)
and chromium (Cr) had on oxidation resistance-and wetting properties of Zn-Sn. The Zn-Sn
alloys were prepared in vacuum'quartz tube-after-which they were homogenized. The alloys
where then characterized with inductively coupled plasma atomic emission spectrometry (ICP-
AES), scanning electron microscopy (SEM), thermal gravimetric analysis (TGA), x-ray
diffraction (XRD) and Auger electron spectroscopy (AES). The study found that the addition
of Al, Ti and Cr improved the oxidation resistance of the alloy. The addition of La was found

to accelerate oxidation of the alloy.

Jiang et al. [2.23] studied Zn-Sn alloy system under high temperature and high humidity
conditions. Furthermore, the study also investigated the mechanism of oxidation in the Zn-Sn
alloy as well as the effect of adding bismuth (B1) as an alloying element. The alloy was exposed
to a temperature of 85 °C and different levels of relative humidity, 43 %, 67 % and 85 %
respectively. The samples were them characterized with SEM, Electron probe microanalysis
and energy dispersive x-ray spectrometry. XRD and electron backscattering diffraction were
used to identify the crystallographic phases present. The study concluded that the oxidation of
the alloy is due to the oxidation of Zn which diffuses to the Sn grain boundaries and forms
ZnO. It was also concluded that the oxidation rate increases with increasing relative humidity.
The addition of Bi to the alloy increased the rate of oxidation. The addition of Bi was also

found to be responsible for the formation of cracks along the Sn grain boundaries.

While the studies above have focused on the oxidation behaviour of Zn-Sn alloy system, other
authors have studied the interfacial properties of Zn-Sn alloy system as a potential high

temperature Pb free soldering alloy. Choa-hong et al. [2.16] investigated the interfacial reaction
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of Zn-xSn (x = 20, 30, 40, 50 wt. %) on a Ni substrate over a range of temperatures, ranging
from 380 °C — 420 °C. SEM and optical microscopy were used to characterize the
microstructure of the reaction layer. The composition of reaction phase was determined with
energy-dispersive X-ray spectrometer. In the reaction that was carried out at a temperature
range of 380 °C — 420 °C, y-NisZny; phase formed at the interface. When the reaction was
carried out at 400 °C and the wt. % of Sn was 20 wt. %, a porous structure of NisZnz; formed
and this structure grew rapidly. However, when the wt. % of Sn was greater than 20 % the rate

of growth was slow and a denser structure, NisZn>; formed.

Jae-Ean Lee et al. [2.8] conducted a similar study using Zn-xSn (x = 20, 30 and 40 wt. %) on
a copper (Cu) substrate. In this study, it was found that two reaction layers formed adjacent to
the solder and the other facing the Cu substrate, respectively. The layer adjacent to solder
consisted of e-CuZns and the layer facing the substrate consisted of y-CusZns .The thickness of

these layers decreased as a function of Sn.

2.7 Thin film Analysis using Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) 1s one of the ion beam analysis techniques that
is well suited for the analysis of thin films and multi-layers. It found prominence when it was
used to analyse the composition of lunar soil ‘in the 1960s [2.24].The technique has found

application in several research fields including physics, biology, and material science.

RBS involves the scattering of energetic alpha particles on the surface of the material that is
being analysed. When the alpha particles interact with a target material, the alpha particle
penetrates deep into the sample to a depth of up to 10 pm (depending on the energy of the
particles and the scattering angle) [2.25] and as the alpha particles travel through the material,
kinetic energy is lost. Some of the alpha particles collide with the atoms of the target and are
backscattered. The mass of the atoms from which the scattering occurred can be determined by

measuring the energy that is lost due to scattering.

RBS allows for the determination of elemental composition and depth profiling in thin films,
this technique relies upon 3 basic physical principles which are dealt with in detail in Chapter
3, these are kinematic factor, energy loss and differential scattering cross section. These
principles give the RBS the capability to determine mass, depth resolution and to do

quantitative analysis of atomic composition, respectively.
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RBS can also be combined with other ion beam analysis techniques should it be necessary, to
improve the analysis of the material. For example, Karl et al. [2.26] combined RBS with
secondary ion-mass spectrometry (SIMS) to obtain stoichiometric and absolute atomic
concentration of buried layer. RBS can also be combined with channelling to obtain
information about local structure in crystalline system. Other features that make RBS a

powerful technique include [2.27]:

e Allows for quantitative analysis of elements simultaneously.
e Depth resolution of about +/-10 nm.
e Good sensitivity to heavy elements.

e Non-destructive.

One major disadvantage of RBS is its inability to detect light elements for example boron,
hydrogen, and lithium [2.25]. This is a major problem since these elements are of great
significance in near-surface regions of thin films [2.24]. This problem can be overcomed by
depositing the thin film on low atomic mass substrates {2.24]. RBS is also unable to determine

crystallographic phases that are present in the sample.

2.8 In situ RBS

Real time RBS is a variant of RBS that complements conventional RBS. Real-time RBS has
an advantage over conventional RBS in that it allows for the annealing of a sample while
collecting the spectra at pre-determined temperature, and this is done in real time. This gives
real-time RBS the ability to analyse a sample while simultaneously subjecting it to thermal
annealing to induce solid phase reaction. This approach therefore essentially eliminates the
problems that are associated with conventional RBS, for example annealing a series of samples
at varying temperature to track the reaction. Doing so might lead to bigger experimental error
due to difficulty in reproducing exact experimental conditions. Figure 2.4 (a) and (b) show a
typical example of spectra and colour coded contour plot respectively that are typically
obtained from real-time RBS. The spectra is from a study by Magogodi et al. [2.27] in which
a palladium, titanium, and palladium (Pd/Ti/Pd) multilayer was deposited on Ti substrate to

study interdiffusion.
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Several authors have taken advantage of the benefits of in situ, real-time RBS to study and
monitor reactions of thin films. Theron et al. [2.28] demonstrated the applicability of in situ,
real-time RBS in studying solid-state reactions in film by measuring the reaction kinetics of
formation of Pd>Si on Si substrate. They were also able to obtain the activation energy and pre-

exponential factor from a single sample after a single annealing process in real time.

Chowles et al. [2.29] used real-time RBS to characterise the formation of CulnSe> that was
grown by sequential evaporation of copper (Cu), indium (In) and selenium (Se) elemental
layers onto molybdenum (Mo) coated glass. The as-deposited layers were characterised using
RBS and XRD, respectively. The results of RBS showed that Cu and In had already mixed at
room temperature, however no peak associated with Cu/In was seen on XRD. The thin film
was then subjected to annealing at 200 °C and characterised using XRD and real-time RBS.
XRD showed the presence of CuSe: and a-CuSe while real-time RBS showed interdiffusion of
Cu and Se.

Real time RBS was also used by Pondo [2.30] to understand the processes and mechanism
involved in germanium metallization and properties of phases formed. Electron beam (e-beam)
was used to deposit the tantalum (Ta) an inert marker and nickel (Ni) on Germanium (Ge)
substrate. The films where then studied with in situ, real-time RBS. The study identified that
NisGes phase forms first followed by NiGe. Furthermore, it was also determined that during
the formation of NisGes only Ni diffuse while both Ni and Ge diffuse during the formation of
NiGe.
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These selected studies show the advantages of real time RBS as a characterization technique

for thin films, and tracking of the reactions while subjecting the sample to thermal treatment.

2.9 Light Amplification by Stimulated Emission of Radiation

Light Amplification by Stimulated Emission of Radiation (Laser) was first developed in the
1960s [2.31]. Since those early days and through extensive research and development, lasers
have found application in many different fields. These range from material processing, material
characterisation, telecommunication, and medical field among others [2.32]. The application
of laser is such diverse fields is largely due to the properties of laser light. Laser light has a
high degree of spatial and temporal coherence, is monochromatic and has a narrow spectral

width [2.33].

Laser consists of 3 basic components 1.e:, lasing medium, pumping source and optical resonator
[2.31]. The lasing medium is usually a solid crystal or a gas. For lasing and light amplification
to occur, population inversion must occur between the energy states i.e., more atoms must be
at the excited level. When excited atoms absorb a photon, they move to lower level by releasing

photon thereby amplifying the light: Figure 2.5 show a 4-level laser action.

HIGHLY EXCITED LEVEL

UPPER LEVEL (METASTABLE)

Population inversion
between these states

EXCITATION
LASER
EMISSION

depopulation

LOWER LASER LEVEL
1 Natural

GROUND
STATE

Figure 2.5: Schematic diagram of energy levels in a 4-level laser [2.31].
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Also shown in figure 2.5 is the presence of a metastable state. This is necessary because excited
atoms will release photons within nano- or pico-seconds of their elevation to the excited state
[2.31]. This time is too short for stimulated emission to occur hence the need for metastable
state. This state lasts for milliseconds which is a long enough time for stimulated emission to

ocCcur.

Population inversion comes about because of pumping. Pump source for solid-state laser is
usually flash lamps or another laser [2.31]. In the case of a gas laser, pump source can be either
direct current (dc) or radiofrequency (RF). As lasing atoms in the excited state relax via
radiative process, photon emission occurs spontaneously or because of stimulation [2.34].
Spontaneously emitted photons have random directionality therefore not useful in the design
of a laser other than as the initiator of emission [2.34]. Stimulated emission photon strikes the
excited medium resulting in stimulated emission. The photon released because of stimulated
emission has the same frequency, phase, polarization, and propagation direction as the photon
that induced the stimulated emission [2.34]. The optical resonator is used to reflect laser light
back through the lasing medium for purpose of amplification via stimulated emission while the

pumping source maintains a population inversion between upper and lower energy state.

2.9.1 Laser matter interaction

The interaction of laser with matter has also been an area of active research ever since the ruby
laser was developed in the 1960s [2.35]. The interest in understanding laser matter interaction
is driven by the need to understand the processes that occur when laser interact with matter
since laser has many applications e.g., micromachining, chemical analysis, and pulse laser
deposition of thin films to name a few. Interaction of laser with solid matter is a complex
process that can result in several processes as shown in figure 2.6. The interaction involves
heating, melting, vaporization, ejection of atoms, shock waves, plasma initiation and plasma
expansion [2.36]. The response of the material depends on the type of material i.e., conductors,
semi-conductors and dielectrics will respond differently to laser. Also important are the
characteristics of the laser for example, wavelength, pulse duration, repetition rate and pulse

energy.
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The response of the material to laser can either be thermal or non-thermal [2.37]. Thermal
response is more pronounced when the pulse duration is long. In this case, laser radiation is
absorbed by the electrons of the material. This absorption-is followed by phonon-lattice
interaction which leads to the conversion of the energy absorbed into heat in the material. This
takes place within picosecond or. nano-second after the deposition of laser pulses [2.38]. This
leads to the melting and vaporization of the target material [2.39]. The increase in temperature

of the material with time can be estimated with Fourier heat equation [2.39] given below:

[Cp+ Lin(T = Tyn) + Ly(T = T,)]p 252 — p[kvT] = Q @.1)

where k = thermal conductivity (Wm™1K~1), p = material density (kgm~3),T;,, melting
temperature, T,, vaporisation temperature,L,, latent heat of vaporisation and Q laser source term

(Wm™3).
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The temperature profile within the material after interaction with laser is Gaussian [2.38]. This
creates a temperature gradient within the material which leads to the diffusion of heat along

the temperature gradient. The diffusion is given by equation 2.2 below:

oT

While the heat diffusion length is given by equation 2.3 below:
le = |2Dt, (2.3)
where t,, is the duration of laser pulse and D is heat diffusivity [2.40] given by equation 2.4:

D= (2.4)

k
Cp
Non-thermal response occurs when the pulse duration is shorter. With a shorter pulse duration,
the laser energy might be high enough to cause the bond between neighbouring atoms of the
target material to break, while the electrons cools faster than the phonon-lattice interaction

process [2.39].

2.9.2 Material Response to femtosecond laser

Femtosecond laser is a type of pulsed laser where the energy is compressed into a period of
10713 5 [2.40]. The development of femtosecond laser has thus opened several opportunities
in material modification, studying of behaviour of material and properties under extreme

conditions [2.41]. A detailed presentation of Femtosecond laser in given in Chapter 3.

When femtosecond laser is used to irradiate materials, the energy is absorbed by the electrons.
The excited electrons thermalize [2.42] via electron-electron collisions. The collision of
electrons leads to a significant increase in the temperature of the material. While the collisions
are happening, the temperature of the lattice remain unchanged. As a result, a temperature
gradient between the electrons and the lattice is created. This leads to heat flow from the high
temperature electrons to the low temperature lattice [2.43]. This leads to the lattice continuing
to receive heat for several picoseconds after the laser irradiation has passed [2.44]. This transfer

of energy between the electron and the lattice leads to mechanical response and phase
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transformation that occur far from equilibrium [2.45] i.e., out of thermodynamic equilibrium

crystallographic phases can be formed when this type of fast pulsing heating is used.

2.9.3 Annealing with laser

Several authors have made use of different types of lasers in their studies to anneal the samples.
This unconventional way of annealing results in the formation of out of thermodynamic

equilibrium crystallographic phases.

In their study of liquid phase growth of Ni and Fe silicide, Weber et al. [2.46] made use of a
nanosecond laser to irradiate the samples. The sandwich structures were deposited using
electron beam evaporator on a Si substrate. These were then irradiated with 40 ns pulse duration
Q switched Nd: YAG glass laser (A = 1.06 um) at energy densities varying between 0.3-1.9 J/
cm™. The samples were then investigated using RBS and TEM. The results showed the
presence of a complete epitaxial layer of non-equilibrium Ni and Fe silicide phases, these
decayed into equilibrium phases upon annealing. The composition of the film was determined

with RBS and found to be 3-48 % Nrand 19-31 % Fe.

Allen et al. [2.47] studied phase transformation in laser irradiated Au-Si thin films, in this
study, thin films or Au-Si were deposited on sapphire substrate in vacuum. These were then
irradiated with pulses from Nd: YAG glass laser that was operated in Q-switch mode (t = 30
nm) or free running mode (t = 300 ps). The samples where quenched and characterized with
XRD, RBS and the electrical conductivity was determined. XRD patterns of the sample that
was irradiated with pulse of 30 nm showed that amorphous Au-Si structure formed with
traces of metastable Au-Si. The sample irradiated with 300 us pulse showed the formation of
polycrystalline Au-Si structure and the presence of a metastable phase like that obtained in

the sample irradiated with 30 nm pulses.

There have been several studies where laser was used for annealing samples and thereafter
RBS used to characterise the sample as indicated in the some of the studies above. However,
there is lack (or rather a gap) in literature of studies that combine both in situ, real-time RBS

with laser annealing despite the benefits of in situ, real-time RBS in tracking of reaction.

In this study we therefore explore an unconventional method of annealing i.e., laser and in

situ real-time RBS to monitor the formation Zn-Sn alloy in real time. A femtosecond pulsed
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laser will be used to activate a reaction between two metals in a bi-metallic thin film system
(Zn-Sn). This will be done in the RBS chamber, while probing the sample with energetic
alpha particles for the tandetron accelerator. The results of this set up will be compared to the

isothermal heating.
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CHAPTER 3

Sample preparation and characterisation techniques

3. Background

In this study, electron beam evaporation system (e-beam) was used to deposit zinc-tin (Zn-Sn)
thin films on borosilicate glass substrate. The pristine and treated thin films were characterized
with the following techniques: x-ray diffraction (XRD), Rutherford backscattering
spectrometry (RBS), scanning electron microscopy (SEM) and atomic force microscopy
(AFM). This chapter, therefore, gives the theoretical basis upon which the experimental and
characterisation techniques used in this study are built upon. The theory of each technique is
followed by a detailed experimental setup for each of the experiments. Also presented in this
chapter is a detailed explanation about the functioning of a femtosecond laser together with the

theories of phase formation and reaction kinetics analysis.

3.1 Electron Beam Evaporation

Thin films can be deposited using various deposition techniques, with the most commonly used
being physical vapour deposition (PVD), chemical vapour deposition (CVD) and liquid-phase
processes [3.1]. PVD are deposition techniques that use targets that are in a solid state (i.e.,
metals, ceramics, and dielectrics). During a PVD, the atoms are transferred from the target to
the substrate either by thermal process or energetic particles sputtering off the atoms to the
substrate. CVD deposition technique on the other hand generally use gaseous state molecules

to deposit thin films on a substrate.

In this study, thin films where deposited using electron beam evaporator (e-beam) which is a
type of PVD technique. Electron beam evaporation is one of the more popular PVD technique
for the deposition of thin films due to its versatility. E-beam can evaporate target materials with
high melting points relatively easy and the rate of deposition is controllable [3.1]. This
technique uses thermionic electrons from a resistively heated tungsten filament. The electrons
are emitted from the surface of the filament. Electromagnetic field focuses these electrons onto
the target material in the crucible. Depending on the physical properties of the target, the

material can either melt, and evaporate or directly sublimate when being heated by thermionic
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electrons. The evaporated or sublimated atoms travel to the substrate, once on the substrate,
the atoms find energetically favourable sites before condensing. This will result in
agglomeration and coalescence of the atoms resulting in a smooth continuous thin film [3.2].
The evaporation of the thin films takes place under high vacuum in order to have good free
mean path between the atoms and substrate. Furthermore, high vacuum prevents air
contamination of the growing thin film. Rotatory pump, turbo pump and titanium sublimation

pump are employed to maintain the high vacuum pressure of the system.

3.1.1 Substrates preparation and cleaning

In this study, thin films were deposited on borosilicate glass substrate. The substrates were cut
into squares of approximately 10 mm x 10 mm. The substrates were ultrasonically cleaned in
a bath of acetone, methanol, and de-ionised water sequentially with each step lasting 10

minutes. Prior to being loaded to the e-beam, the substrates were blown with nitrogen gas.

3.1.2 Electron beam evaporation experimental setup
Electron beam evaporation (e-beam) system shown in figure 3.1 was used to deposit Zn-Sn

thin films. The e-beam used is found in the solid-state laboratory within the Tandetron

Laboratory at iThemba LABS-NRF.
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The substrates were mounted onto labelled sample holders. The sample holders where then
placed on a rotating platform shown in figure 3.2a. The sample holders were place on the

platform such that the substrates were facing down as shown in figure 3.2b.

The evaporator consists of a copper crucible with three target holders for the material to be
evaporated (target material). To prevent contamination during evaporation, the holders are
separated from each other by a partitioning wall that is approximately 20 mm in height as
shown in figure 3.3. Prior to placing Sn and Zn in their respective holders, the holders were
cleaned with acetone. Once the substrates and target material were placed within their
respective holders, the e-beam chamber was closed. Rotary pump was used to evacuate the
chamber. Turbo pump and sublimation pump were then used to pump down the chamber to a
base pressure of 3 X 10~®mbar overnight. To obtain an even high vacuum pressure within
the chamber, liquid nitrogen was added in the ion trap chamber which resulted in a pressure of

2 X 107 7mbar prior to deposition.
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The electron gun was switched on and Sn was degassed prior to deposition. Once degassing
was complete, the shatter was opened using magnet shown in figure 3.4, Sn was deposited onto
the substrates at a rate of between 1.2 A/s and 3 A/s. The rate was kept between this range by
adjusting the current that flowed through the tungsten filament. The thickness of the Sn was

measured by a crystal monitor and it was measured to be 50 nm.

Once 50 nm of Sn was deposited, the shatter was closed. The holder with Zn was then moved
into position, i.e., in line with the filament and hence the path of electron beam. Tin was then
degassed after which the shatter was opened, and Zn was deposited on top of the Sn layer that
was already deposited. Zinc was deposited at a rate between 2.4 A/s and 4 A/s, pressure inside

the chamber during deposition was 3 X 10~"mbar.
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3.2 X-ray diffraction technique (XRD)

X-ray diffraction (XRD) is a technique based on the interaction of mono-chromatic x-rays with
the lattice planes of the sample being analysed. When this mono-chromatic beam of x-rays
impinges on a sample, it is diffracted, and the intensity of the diffracted beam is measured.
Figure 3.5 shows the schematic diagram of x-ray diffractometer with the different components

and their relation to each other.

From the diffracted x-rays, certain important information about the sample can be extracted.
For example, it can be determined whether the sample is: crystalline, poly-crystalline or

amorphous, particle size as well as unit cell size dimension can also be determined.

3.2.1 X-ray emission

X-rays are electromagnetic radiation with short wavelengths of between 10 nm and 10 pm
[3.3]. The lower wavelength x-rays are classified as hard x-rays and the longer wavelength are
classified as soft x-rays [3.3]. X-ray radiation is produced within the x-ray tube (see figure 3.6)
when a thermionic gun that is capable of emitting electrons is resistively heated by passing a
current through it. The emitted electrons are then accelerated through the potential difference
of 200 kV. These electrons hit the copper target which leads to the excitation of some of the
target’s electrons to the anti-bonding state from their orbital [3.3]. This excitation creates a

vacancy which is filled by electrons from higher energy orbital. During this transition from
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higher energy orbital to lower energy orbital, energy in the form of x-rays is released because

of the energy difference between initial and final energy states.

During x-ray emission, rays of different wavelengths are emitted. However, for the purposes
of analysis, monochromatic x-rays are required. As a result, a filter material is used in order to
remove the undesired wavelengths for the purposes of analysis. This material is designed in
such a way that its absorption edge lies more towards the Kp of the cupper target [3.3]. This
attenuate the unwanted wavelengths such that only the K41 monochromatic x-ray is left [3.3].
It is this monochromatic x-ray that impinge on the sample that is being analysed. When this
monochromatic x-ray impinges on the sample, some are transmitted while others are diffracted
by atomic planes in the sample. The diffracted x-rays are collected by the detector and analysed

by a digital data acquisition system.

3.2.2 Braggs Law

Once the x-rays have been produced inside the x-ray tube, they are collimated and directed
towards the sample for characterization purposes. When x-rays beam impinges on a crystalline
material, it is scattered by the scattering centres that lie on the lattice plane of the sample [3.5].
These planes are separated by interplanar spacing d. Figure 3.7 shows the interaction of x-ray

beam with crystalline sample.
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The scattering of monochromatic x-rays by planes leads to the formation of x-ray diffraction
pattern by constructive interference of the scattered beam at specific angels. Constructive
interference occurs only when Braggs Law [3.6] conditions are met. Braggs Law is given by

equation 3.1 below:

nA = 2dsinf (3.1

where n - 1, 2, 3... order of diffraction; A —~'wavelength of incident x-ray, d - distance between

adjacent plane and 6 - diffraction angle in degrees.

Bragg’s law is only satisfied when the parallel x-rays that impinges on the sample undergo
constructive interference. From figure 3.7 above, x-rays diffracted by atoms at A will follow a
different path from those diffracted by atoms at D. If, however the difference in the paths of
the two x-rays is an integer number of A, the x-ray will at some point be on the same phase
[3.6]. When this occurs, constructive interference takes place, and a diffraction pattern is
produced. The intensities of the diffracted x-rays are recorded as a function of 28 angle. By
plotting the intensities against the 26, a pattern that is specific to the material that is being

studied is obtained.
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3.2.3 Scherrer equation

The size of the crystallite in the sample can be related to the broadening of the peaks in the

XRD Bragg peak. This relationship is given by the Scherrer equation 3.2 below:

D = K2 3.2
" Bcose (3-2)

where D = mean crystal size, K= dimensionless shape factor, A = wavelength of x-ray, B = line

broadening at full width half maximum (FWHM) and © = Braggs angle.

This equation is used to determine the size of crystallite in the material. Scherrer equation can

only be applied to nano-size particles and not in grains larger than 0.1 — 0.2 um [3.5].

3.2.4 Experimental setup
The crystal structure of the as-deposited samples as well as annealed samples were studied

with x-ray diffractometer. A Bruker Advance D8 X-ray diffractometer shown in figure 3.8

was used.
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The diffractometer was configured such that the x-ray tube and the detector moved in a locked
couple mode, 20-0 scan mode. In this mode, when the x-ray tube moves by an angle 0, the
detector also move by 0. During the analysis, both the detector and the x-ray tube move while
the sample remains in a fixed position. The diffractometer used monochromatic Kq1 copper X-
rays as x-ray source with wavelength of 1.54 A. The x-ray tube was operated with voltage and
current of 40 kV and 40 mA, respectively. Data was collected between 20° and 90° in 26 and
the step size and time were 0.034 and 1 s per step, respectively. The x-ray diffraction patterns
were then compared to the patterns found in the International Centre for Diffraction Data

(ICDD) in order to identify the phases. The XRD data was then plotted using Origin Software.

3.3 Rutherford backscattering spectrometry (RBS)

Since the first scattering experiment by Geiger and Marsden [3.7], whose effects where later
explained by Rutherford atomic model, Rutherford backscattering spectrometry (RBS) has
become one of the most commonly used analytical technique [3.8]. As an analytical technique,
RBS is a simple technique that can be used to study thin films. Figure 3.9 shows the layout of
RBS line at iThemba LABS that was used in this study.
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During RBS experiment, a collimated, mono-energetic alpha particle, typically He™ particle
impinges on a target material. The alpha particles penetrate the target material and gradually
slow down. Some of the alpha particles collide with the atoms of the target material and this
results in scattering and energy transfer. When the backscattered alpha particle strikes a

detector, an electrical signal is generated.
Rutherford backscattering is based on 3 physical principles:

e Kinematic factor (K)

e Energy loss (j—i)

e Differential scattering cross section (Z—;)

3.3.1 Kinematic factor (K)

When atoms of a stationary target material are bombarded with alpha particles, the alpha
particles maybe scattered by the atoms of the target material. For this to occur, the energy of
the alpha particle must be larger than the binding energy of the atoms in the material being
bombarded by the alpha particles [3.9]. The energy of the alpha particle must however be below
the energy at which nuclear reaction occurs [3.9]. In such a case, the interaction of alpha
particles and the target can be treated as simple elastic collision [3.9] and therefore the laws of

energy and momentum conservation can be applied.

Target atom Projectile

e M2 M,
;w-‘.__“-'za 2 vo.Eo

-—
——————— e

Figure 3.10: Schematic diagram of elastic collision between a projectile M; and a target
atom M; [3.10].
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Figure 3.10 shows an interaction between alpha particle of mass M, velocity vo and energy Eo
with a stationary mass M>. When the alpha particle collides with a stationary target M» , energy
is transferred from M; to M». The velocities and energy after collision are vi,E; and v2,E»
respectively. The energy of the backscattered particles depends on the mass of the incident

particles and the mass of the target atoms.

Kinematic factor (K), is defined as a ratio of energy before collision (Eo) and the energy after
collision (E1) as shown in equation 3.3:

K =
Ey

(3.3)

If the collision between M and Ma is elastic, the ratio of projectile energies can be calculated

by applying the principle of energy and momentum conservation provided that M ;< Ma:

2

(3.4)

E; I[\/M22+Mf R Mlcose]l
K=— =
E, l M, + M,

Equation 3.4 shows that the energy of the backscattered particles depends on the mass of the
target and scattering angle. The equation also shows that kinematic factor on the other hand

depends on M because M and angle of the detector remain constant.

If Eo and M are known, then the mass of M2 can be determined by measuring E1, the energy
of backscattered particle. Equation 3.4 show that the heavier the element the higher the energy
that is scattered. The scattered energy E; is maximum when the scattering angle is 180°.
Kinematic factor allows for the identification of mass of target atom by measuring the scattered

particle energy.
3.3.2 Energy loss
When alpha particles impinge on a target material, they penetrate the target material. As the

alpha particle travel along the path, it interacts with electrons of the target material and thus

lose energy. The amount of energy loss along the path depends on three things, the distance
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travelled by the alpha particle, the velocity of the particle and the density and composition of
target material [3.11]. Depth perception in RBS follows directly from the energy lost by the
alpha particles and energy loss affects both quantitative and compositional analysis [3.12]. The

amount of energy lost by a particle per unit length is defined by equation 3.5 below as:

AE dE
=== (3.5)

Ax — dx

When the collision between alpha particle and target is major, the particle will change trajectory

into an outward direct and will continue to lose energy until it emerges.

Ty

Figure 3.11: Schematic diagram showing the loss of energy by a projectile as it is
backscattered from a depth x [3.10].

Figure 3.11 shows the path travelled by the alpha particle with Eo, E, KE and E1 being energy
of the incident particle, energy before scattering at depth x, energy after scattering at depth x
and energy that emerges at the surface, respectively. From figure 3.11, there are three ways in

which the particle can lose energy as it transverse the target material:

1. Energy loss as the alpha particle moves along the inward path of the target and this is given
by equation 3.6:

x dE

— 3.6
cosf, dx iy (3.6)

AEin =
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2. Energy loss due to backscattering of projectile given by equation 3.7:

AE (AE = E- KE) (3.7)

3. Energy loss on the outward path given by equation 3.8:

x dE
cos0, dx oyt

AE,,. = (3.8)

It is therefore possible to determine the energy loss of backscattering particles and depth x by

equation 3.9:

AE = [S]x (3.9)

where AE = is difference in energy between particles scattered from atom at surface and those

scattered from atom at depth x and S is the energy:loss factor:

K dE 4 1 dE
cosO, dx i, cosO,dx ,ut

[s] =

(3.10)

Therefore, by measuring energy difference AE, thickness of the sample can be determined.
Alternatively, the thickness can be determined by simulation of the spectra by making use of a

software like SIMNRA.
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3.3.3 Differential scattering cross section

. . ) . (d . ) .
Differential scattering cross section (ﬁ), gives the relationship between the number of atoms

in the target material and detected particles. The number of particles that can be detected by a

detector with solid angle Q is given by equation 3.11 below:
Y =ad(0)NQN; (3.11)

where ¢ (0) is scattering cross section, which represent the probability of a particle being
backscattered towards a detector at an angle 0, N; is the number of target atoms per cm? and Q

is the total number of incident particles.

By considering the Coulomb repulsion of two nuclei, the differential scattering cross section

can be determined by Rutherford scattering cross section in the laboratory frame of reference:

(3.12)

2
(da) <leze2>2 4 (Mz c0S €0S 6 ++/M; — M?sin?6 )
o)\ 4E, M, sin* M2/~ MZsin?0

Z and Z are the atomic number of a projectile of mass M and target atoms of mass M»

respectively. From equation 3.12, it can be seen that (;—g) has a proportionality relation with

do

Z) e, (d_n) x Z % .This shows that RBS is more sensitive to high Z elements.

3.3.4 In-Situ Real Time RBS

In this study, a variant of conventional RBS i.e., in-situ, real time RBS was used. After it was
first used by Rennie et al. [3.13] and further developed by Theron et al. [3.14], in-situ, real time
RBS has become a more convenient technique than conventional RBS in studying thin films.
This technique combines both the depth profiling and compositional capabilities of

conventional RBS with in-situ annealing [3.15].

With conventional RBS, samples are prepared, annealed and spectra obtained after annealing
in furnace [3.16]. The samples are then compared to look at phase evolution at different

annealing temperatures. This approach has several problems including [3.17]:
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e Variation in sample preparation
e More material required.

e More time required.

Because of some of the reasons mentioned above, in-situ, real time RBS is more convenient as
only one sample is used for the whole annealing range of temperatures and thus eliminating

the limitations associated with conventional RBS.

3.3.5 Rutherford Experimental Setup

The Zn-Sn thin films were characterized with in-situ, real time RBS. This was carried out at

the Tandetron Laboratory at iThemba LABS.

The thin film was mounted onto a sample stage made of copper with conductive silver paste.
The stage was then placed inside the RBS chamber at a tilt angle of -5° with respect to the

respect to the oncoming beam of alpha particle.
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A thermocouple was then mounted at the back of the stage to monitor the temperature during
the experiment. The chamber was closed and pumped down to a base pressure of 5 X 10~®mbar

using a combination of turbo pump and rotary pump.

The sample was then irradiated with alpha particles with an energy of 3.045 MeV, with a
scattering angle of 165°. The alpha particles emanated from the Tandetron accelerator, during
the irradiation, the current and charge were 60 nA and 20 pC, respectively, and the beam spot

size was 2 mm.

While being irradiated and spectra was being collected, the sample was subjected to ramped
temperature annealing from room temperature to 350 °C at a rate of 2 °C/minute. The ramping
was controlled by 818 Eurotherm microprocessor. The microprocessor serves as a link between
the power supply and the thermocouple connected at the back of the sample stage. The spectra
were collected continuously and stored regularly after every 30 s. The collected spectra were

analysed with SIMNRA software.

3.4 Vacuum annealing experimental setup

In order to carry out complimentary characterization technique, pristine samples were annealed
in vacuum annealed in a furnace. The samples where annealed at 180 °C, 200 °C and 260 °C
The annealing process was carried out in a gauge pressure of 1 X 10~’mbar, using an Elite
Thermal System Limited furnace that is found in the solid state laboratory at iThemba LABS.

The samples were placed in ceramic boats and loaded into the quartz tube of the furnace.

3.5 Introduction to femtosecond laser

Femtosecond laser is a type of pulsed laser where energy is compressed into a time period of
107135 [3.18]. The peak power of femtosecond laser can routinely be more than 10*2W, this
is significantly higher than the peak power of 1000 W that can be achieved by continuous lasers
[3.18]. The development of femtosecond laser has thus opened several opportunities in material

modification, studying of behaviour and properties of material under extreme conditions [3.19].

The energy that comes out of a femtosecond laser can range from nanojoules to millijoules. At

the nanojoule range, the energy is not enough for some of the applications where femtosecond
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laser is employed. As a result of this, the pulses need to be amplified to microjoule or
millijoules. However, because of the high pulse intensity of the femtosecond laser, direct

amplification of this energy could result in damage of the optics of the laser.

Chirped pulse amplification (CPA) is a technique that was developed for the amplification of
pulses without damaging the active medium or the optics [3.20]. CPA consists of 4 components
i.e., oscillator, stretcher, amplifier, and compressor [3.20]. Figure 3.13 is a schematic diagram

of chirped pulse amplification.

3.5.1 Oscillator

The generation of laser pulses in the femtosecond time domain requires an active medium with
a broad emission bandwidth [3.21]. The reason for this requirement is because of the relation
between spectral bandwidth and pulse duration which is governed by equation 3.13, the

Fourier-transform-limited pulse relation [3.21]:
Av At > K (3.13)

where Av is the frequency bandwidth at full-width half maximum (FWHM), At is the FWHM

in time of pulse and K constant that depends on pulse shape.

As aresult of this requirement, a limited number of active media can be used for the generation
and amplification femtosecond laser pulses [3.22].With a broad gain bandwidth of
approximately 200 nm, high thermal conductivity and high damage threshold, titanium-
sapphire (Ti:Al20O3) is the most used gain medium for the generation and amplification of

femtosecond pulses [3.23]. The minimum pulse that can be generated by the Ti:Al20s is
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approximately 5 fs [3.24]. This is determined from equation 3.14, the Fourier transformation

equation:

A
At = K

2
0
T (3.14)

where A is the central wavelength and c is the speed of light.

Due to the dependence of refractive index of a medium on wavelength, when light travels
through a dispersive medium, different frequencies will travel at different speeds [3.21]. As a
result of this, short pulses made up of different frequency components are stretched. For
example, in positive dispersion, the higher frequency travels slower than the lower frequency
and the pulse is thus positively chirped [3.21]. In a case of negative dispersion, the opposite
occurs i.e., higher frequency component travels-faster than lower frequency component and the
pulse is said to be negatively chirped [3.21]. In-ultra=short laser oscillator, positive dispersion
in the gain medium and other optical components must be compensated. This is done by

inserting an optical component with negative dispersion in the oscillator [3.21]

3.5.2 Stretcher

Pulses coming from the oscillator are of energy in the nanojoule and pulse duration of a few
femtoseconds. These pulses are stretched before they are amplified to avoid damaging the
optics and the gain medium. By using dispersion properties of gratings, the pulses can be
stretched in time. Figure 3.14 shows the arrangement of the grating-pair used to stretch the

pulses.

A telescope is placed between the grating pair, the dispersion is controlled by the effective
distance between the second grating and the image of the first grating [3.25]. By making the
distance between the gratings negative, the sign of dispersion of the grating pair can be changed
from negative to positive [3.26]. Different frequency are dispersed by the grating into different
direction. Therefore, each frequency has a different optical path and the one with the shorter
path length comes out of the stretcher earlier than the one with a longer length leading to a

stretched pulse. The amount of stretching that occur can be determined equation 3.15:
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Ly = 4f — Ly, (3.15)

where L is the stretcher grating separation and f is the focal length.

3.5.3 Amplification

Once stretched, laser pulses can then undergo amplification without the risk of damaging the
optics or active medium. Regenerative and multipass amplifiers are two most commonly used

amplifiers.

In solid-state lasers, regenerative amplifier is the preferred technique for the generation of
microjoule and millijoule energy ultra-short pulses [3.28]. This is done by injecting and
trapping the low energy stretched pulses in the laser cavity using fast-switching Pockels and
thin film polarizer [3.25]. This is done by stepping the voltage in two stages. Firstly, the
stepping is by a quarter of wavelength. This is done to trap the pulse in the amplifier. Secondly,
the stepping is by half a wavelength, this is done to eject the pulses from the amplifier. The
energy of the pulses that can be obtained by using the regenerative amplifier is in the order of
millijoules [3.20]. Figure 3.15 is a schematic diagram showing the workings of a regenerative

amplifier.
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To amplify the laser pulses even further, multipass-amplifiers, shown in figure 3.16, are used.
In the case of multipass, the laser pulse passes through the medium multiple times without
being trapped inside the cavity.: The multipass amplifier is however less efficient when
compared to regenerative amplifier. This is because of an overlap in pump-signal overlap. The
pump-signal changes as the pulse through the gain medium in order to extract beam by

separating it spatially [3.27].
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3.5.4 Compressor

Compression is the final stage of CPA. To achieve pulse compression, grating pair which are
similar to those used in stretching are used. The difference is that the gratings are arranged in
such a way that they give opposite dispersion as can be seen in figure 3.17. The amount of

compression that occurs is a function of grating separation i.e. (L.).

3.5.5 In situ Femtosecond Laser RBS Annealing experimental setup

Zn-Sn bi-metallic thin film were subjected to non-isothermal annealing using femtosecond
laser. This heating was done in the RBS chamber pumped down to a base pressure of 1 x 107
mbuar, the collimating pin hole in front of the sample was set to 0.7 mm diameter. The train of
energetic photons from the laser source were focused using a Mitutoyo apochromatic NIR
objective lens with a working distance of 30.5 mm. The net-fluence of the focused laser was
calculated from the selected power output of the laser. The station for the laser setup is as

shown in figure 3.18 and the parameters of the laser used are shown in table 3.1.
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Table 3.1: Laser parameter of the femtosecond laser used.

Parameters

Wavelength A 1064 nm
Pulse duration T 120 fs
Repetition rate R 200 kHz
Maximum pulse energy E 90 N;j
Beam quality factor M? 1.2
Spot size dr 0.7 mm
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The focused laser spot was aligned with the RBS beam on the sample stage, such that the
photons from the laser and the alpha particles from the tandetron accelerator overlap on top of
each other as shown in figure 3.19. This was done in order to only probe (with RBS) the part of
the sample that was heated by the laser.

In this set up, energetic photons from a laser source are used to heat the bi-metallic thin film,
the heating process when photons interacts with the samples is non-isothermal in nature. The
electrons are first to absorb the heat, and the lattice gets heated after the electrons have relaxed

from the heat. This heating is different from the isothermal heating.

3.6 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a technique that is used to study surface morphology,
topography, chemical composition, and orientation of grains by producing images of the

surface of the material [3.29]. The image of the surface is produced by scanning it with a highly
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focused beam of electrons. Figure 3.20 below is a schematic diagram of SEM showing it basic

COIl’lpOl’leIltS.

Vacuum t'haml»r\‘| /__l - c

ectron Gun

. ﬁ"
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7 lenses Computer
Backscattered electron
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Secondary electron 40
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Figure 3.20: Schematic diagram showing the components of scanning electron microscopy

[3.30].

Electrons are produced by a field emission gun using a solid-state emitter. The electrons
generated are then accelerated toward the anode with energy of between 0.1- 30 KeV [3.31].
The diameter of the electron beam produced is too large to be used in producing high resolution
images. For that reason, electromagnetic lenses and apertures are needed to focus the electron

beam to a smaller spot size [3.31].

The first of these lenses is the condenser lens (see figure 3.20). The condenser lens, this consists
of two iron poles pieces in which there is a copper winding to provide the magnetic field. It is
this magnetic field that focuses the beam of electrons [3.31]. Figure 3.21 below shows the

electron beam travelling through the condenser lens.
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Figuare 3.21: Schematic diagram of incident electron beam passing through condenser lenses

[3.31].

Below the condenser lens is the objective lens. This focuses the electron beam on the sample

surface and provides further demagnification [3.31].

SEM is based on the interaction of the electron beam with the sample [3.32]. The interaction
between the electron beam and the sample can be elastic or inelastic depending on whether
energy is lost during the interaction or not. When no energy is'lost, the interaction is said to be

elastic and when the energy is lost the interaction is said to be inelastic.

When the electron beam impinges on the surface of the sample, a variety of emission can be
produced, these include secondary electrons, backscattered electrons, Auger electrons, X-rays
and Cathodoluminescence [3.33]. Figure 3.22 below shows some of the emissions that can be

produced as a result of an interaction between the primary beam and the surface of the sample.
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Of these emissions, it is the secondary electrons and backscattered electrons are mostly used

to produce images [3.29].

Secondary electrons are low energy electrons that form because of inelastic collision between
incident electron beam and the electrons of the sample [3.34]. Being low energy (<50 keV),
these electrons only penetrate the sample to within nanometres of the surface [3.34]. As a result,

secondary electrons are useful in providing topographic information about the sample [3.34].

Backscattered electrons are electrons that are reflected when the incident electrons are reflected
upon hitting the sample. These results from inelastic collision between the incident electron
beam and the nucleus. Backscattered electrons are high energy electrons and as a result
penetrate the sample deeper that does secondary electrons. Backscattered electrons are useful
in providing compositional and topographical information about the sample. Backscattered
electrons give different contrast between areas with different chemical composition [3.35].

Elements with higher atomic number appear brighter than those with low atomic number.

The incident electron beam can be absorbed by the sample, the electrons that are absorbed are
called primary electrons. Absorption of these electrons lead to the excitation of the electrons
within the sample. When these electrons undergo de-excitation, x-ray is emitted. The x-ray is
characteristic of elements present in the sample therefore these can provide compositional

information [3.33].
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3.6.1 Scanning Electron Microscopy experimental setup

The morphology of the thin films was characterized with field emission scanning electron
microscope (SEM) using in-lens detector as a charge collector. The images were generated
with a combination of backscattered and secondary electrons. The working distance for the

imaging was set at 4.7 mm, with the electrons energized to 5 keV.

3.7 Atomic force microscopy

Atomic force microscopy (AFM) is a type of microscopy that is used to study the roughness of
surfaces. Developed by Binning and others in-1986 [3.36], AFM falls under a family of
microscopes known as Scanning Probe Microseopy (SPM). This group of microscopes also
includes other techniques like Scamming Tunnelling Microscopy (STM), Scanning Force

Microscopy (SFM) and Scanning near Field Optical Microscopy (SNFOM) [3.37].

AFM consists of a cantilever with a sharp probe at the end as can be seen in figure 3.23 below.
The cantilever can be made up of silicon (Si) or silicon nitride (Si3N4). The sharp probe at the
end of the cantilever is used to: scan:the surface of the sample to generate a 2D or 3D
topographic image of the sample. The probe is placed closed to the surface of the sample and

the sample is scanned while the force between the surface and the probe remains constant.
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A laser beam is focused on the back of the cantilever (see figure 3.23). This beam is reflected

to the detector where it is converted-to electrical charge.

During operation, the cantilever is in contact with the sample and as it moves, the scanning of
the surface occurs. This changes the direction of laser light which in turn changes the amount

of light going to the detector.

3.7.1 Mode of Operation

Atomic force microscope can be operated in one of two modes i.e., contact mode or tapping
mode. When operated in contact mode, there is a constant contact between the probe tip and
sample. This contact is maintained by a feedback control. In the contact mode, image is

constructed based on the deflection required to keep the force constant.

When AFM is operated in the tapping mode, the tip of the cantilever comes into contact with
the surface of the sample for a short period of time. In this mode, the cantilever vibrates at its

resonance frequency and as it comes into contact with the sample, the oscillation is affected by
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this interaction. This leads to the z-axis of the piezoelectric scanner being adjusted with the
voltage so that the pre-set amplitude of oscillation is maintained. Image and height of the

surface are created based on this voltage.

3.7.2 Atomic force microscopy experimental setup

The surface morphology of the Zn-Sn thin films was studied with Veeco Nanoman V AFM.
The AFM operated in the tapping mode with a resonance frequency of 50 kHz and the scan
rate of 0.8 Hz. A silicon nitride cantilever with a silicon (Si) tip and a spring constant of 0.34
N/m was used. The images where collected in a scan area of 10 um % 10 pm.The collected

images where then analysed with NanoScope analysis software.

3.8 Phase formation

Real time RBS can be used to study and follow phase formation in real time. For phase
transformation to occur in solids, an external stimulus for example heat must be applied for
diffusion to occur. The process of diffusion is fundamental to phase transformation [3.39].
Considerable effort has been put into understanding phase transformation in solid and
especially in understanding which phase forms first and in understanding the sequence of phase
formation thereafter [3.40]. Two models have been developed in this regard, the Walser-Bene

[3.40] and Effective Heat of Formation model [3.41] respectively.

3.8.1 Walser-Bene Model
The Walser-Bene Model (W-B) was one of the first model used to predict the formation of the

first phase in solid thin films. The rule with regards to the formation of the first phase was

formulated based on the studies of metal-silicon couples [3.42] and it states as follows [3.41]:
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“The first compound nucleated in planar binary reaction couples is the most stable congruently
melting compound adjacent to the lowest-temperature eutectic on the bulk equilibrium phase

diagram”.

According to this model, nucleation favours congruently melting phase over non-congruently
melting phases because of a higher energy barrier [3.43]. The W-B model was further extended

and applied to metal-metal systems. The rule was thus restated as follows [3.43]:

“The first phase nucleated in metal-metal thin-film reaction is the phase immediately adjacent

to the low-temperature eutectic in the binary phase diagram.”

While the W-B was successful in predicting the formation of first phase, it did so without taking
into consideration thermodynamics. The result of this failure is that the W-B does not take into
consideration that other phases can form from a thermodynamic standpoint other than those
predicted by the model [3.43]. As a result, the Effective Heat of Formation model (EHF) model

was developed.

3.8.2 Effective Heat of Formation model

The Effective Heat of Formation model (EHF) combines thermodynamics and kinetics in
evaluating phase formation in thin films. First proposed by Pretorius [3.44], this model has
been applied to several systems including metal-metal, silicon-metal, and germanium-metal

systems [3.45].

Changes in Gibbs free energy, given by equation 3.15, is the force that drives chemical

reactions:
AG" = AH" — TAS® (3.15)

where AH’ is the change in enthalpy, AS” is the change in entropy and T is the temperature.
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In solid state reactions, the value of TAS" is small [3.46] and can therefore be ignored. The
result is that AG~ can be approximated with AH".In the EHF model, the concentration of the
elements that are involved at the growth interface is taken into consideration. Accordingly, the
EHF model proposes that elements mix and interact at an effective concentration. This
concentration could be different from the physical concentration at the interface [3.45]. As a

result, the effective heat of formation AH'can be calculated with equation 3.16 below:

ef fective concentration of limiting element) (3.16)

AH’=AH°X< ——————
compound concentration limiting element

where AH' and AH’ are effective heat of formation and heat of formation, both expressed in

kJ per mole of atom.

The EHF can be used to predict phase formation it effective concentration of the reacting

elements is known, these cannot be calculated directly [3.45].

It was shown by Brown et al. [3.44] that the activation energy for interdiffusion is directly
proportional to the melting point of the solid. Activation energy (E.) is related to the mobility
of atoms. The smaller the activation energy, the greater the mobility of atoms. The greatest
mobility of the atoms and the most effective mixing at the interface occurs at liquidus minimum
[3.45]. Accordingly, the EHF rule for the formation phase can thus be stated as follows for

metal-metal systems [3.47]:

“The first compound to form during metal-metal interaction is the phase with the most negative

effective heat of formation at the concentration of the liquidus minimum of the binary system”.

In recent times, a more general rule for phase formation that applies to both phase formation

and phase decomposition was developed. This rule is stated as follows [3.46]:

“Phases will react with each other to form a phase, with a composition lying between that of
the interacting phases, whose effective heat of formation, calculated at the concentration

>

closest to that of the liquidus minimum within the composition range, is the most negative.’
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3.9 Reaction Kinetics Analysis

As previously stated, real time RBS is a non-destructive technique that can be used to study
solid state reactions in thin films. When coupled with in situ annealing, real time RBS allows
one to follow reaction in real time. By analysing the data obtained, it is possible to obtain

parameters like activation energy (E,) and diffusion coefficient (D).

The process of diffusion can occur through the lattice or through the grain boundaries. In the
case of lattice diffusion, which is associated with a higher E,,vacancies play a significant role

in the movement of atoms. Grain boundary diffusion is associated with low Ej,.

Growth of phases in thin films can be diffusion controlled or reaction control [3.45].For
diffusion-controlled reaction that are thermally activated, the reaction rate is proportional to

diffusion coefficient D [3.48] as shown by equation 3.17:

_Ea
ratea D aexp (k_T> (3.17)
B

where E, is the activation energy,kg is the Boltzmann’s constant and T is the temperature in

Kelvin.

Fisk’s law, given by equation 3.18, is often used todescribe the process of diffusion. This gives

the relationship between the flux. of atom (j4) and the concentration gradient [3.49]:

. decy
e —D{E (3.18)

where D}; is the diffusion coefficient of A.

The pre-exponential coefficient (Dér ) and the activation energy (E,), two important parameters

for thermally activated reaction are related to the diffusion coefficient (D}; ) by equation 3.19:

—E
f f a
D, =D exp( ) 3.19

A 0 kBT ( )
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3.9.1 Growth of a single phase

If the reaction of A and B to form A,,B,,, as shown by equation 3.20, is diffusion controlled,

then the growth rate (%) of A,,B, can be determined:

mA+nB = A,B, (3.20)
The increase in the thickness of A4,, B, is related to the fluxes of atoms j, and jp to the reaction
interface where the compound A,,,B,, is formed.For every mole of atom A that reaches the
interface,i moles of A,, B,, is formed.The growth rate (C%A) due to an influx j, can be written

as:The growth rate due flux of A and B respectively are given by equations 3.21 and 3.22

respectively:
dx ' j '
d—t’* = =2V, 5, (3.21)
3
Where V,, g, is the volume of 1 mole of 4,,B, molecules expressed in Z:le .

Similarly,the growth rate of 4,, B,, due to an influx of jp can be expressed as:

dXB |]A |
= = LU (3.22)
3
where Vg is the volume of one mole of A, B, expressed in r::le

By combining equations 3.21 and 3.22, the growth rate due to both A and B can be obtained
by equation 3.23:

ax (il il
& \Tm tTTh

Vi, 5, (3.23)

Flux for individual particle can be obtained from the Nernst-Einstein equation 3.24:

. DR d
Ji= —Carir (3.24)

The chemical potential of each element of the growing layer is given by 3.25 and 3.26

respectively:
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where AGy, g, is the change in Gibbs free energy for the formation of one molecule of A, B,

Substituting equation 3.24 into equation 3.23 we get equation 3.27:

m n

dx Dy Dyp\AGy 5 1
dx _ (Da mBn 1 3.27
dt ( + ) kT % (3:27)

The equation for growth rate can be rewritten in terms of interdiffusion coefficient D =NzD,

+ N,Dg, where Ny = and N = are the fractional concentrations of A and B in

_m_ _"
(m+n) (m+n)

compound A,,By:
dx (m+ n)2AH, p D

dt = mn kgT x (328)

The approach to second phase and phases subsequent thereafter is slightly different from the
approach presented in the above section. Consider the formation of A,,B, as a result of the

reaction of B with compound A, B, as shown in equation 3.29:
mA,B, + (pn =mq)B - pA,,B, (3.29)

The chemical potentials, Ay, and Apg, can be expressed as follows:

m+n
Apy = AHmen (3.30)
m
m+n
Apg = " AH}men (3.31)

According to equation 3.29, the growth due to specific species can be expressed as follows:

dx, = < pn lja |dt> Va s (3.32)

pn-mq m

_ pn |j3 |dt
dxp = (pn_mq . )VAmBn (3.31)

Equations 3.32 and 3.33 can be combined to give the total growth rate:

dx n  (m+n)?AH D
ax _ p ( ) AmBn (3.34)
dt pn—mq mn kgT x

If q = 0, equation 3.34 reduces to 3.26 since the heat of reaction in this case is the heat of

formation.
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3.9.2 Determination of kinetics for Isothermal annealing

During isothermal annealing the temperature is constant. Integration of the growth rate
equation i.e., equation 3.34 give rise to equation 3.35, this equation gives the relationship

between thickness and time:

2 _ _pn_ (m+n)? |AH§mBn|

D(t —ty) + x2 (3.35)

~ pn-mqg mn kgT
Equation 3.35 can be simplified to the phenomenological relation by defining t, = 0 [3.49]:
x2 — x2 = kpt (3.36)
where kj, is the reaction constant.

kp can be related to diffusion coefficient through equation 3.37:

P
ke, SR e (3.37)

mn kpT

By plotting ( x2 — x3 ) against time, a straight line is obtained in which the slope is equal to

kp.The activation energy (Ea) and the pre-exponential factor are obtained from a plot of

In(kpt) against % The slope of this plot gives the Ea while the offset gives the D.

3.9.3 Determination of kinetics for ramped annealing

For ramped annealing, the temperature is increased at a constant rate which can be given by

the following expression: p = Z—:.

In such a case, both D and T are a function of time and the integration of equation 3.34 tells us

how the thickness changes over. Integration of equation 3.34 is accomplished in the following

way:
n  (m+n)? |AHR | ED(T(t
x2 =2 (m+n) S J TO) 4o 4 22 (3.38)
pn—mq mn 5 Jyy T
pn (m+n)? |AH}f B | D, [T €xp (_ quT)
xZ=2 min 0|~ B AT + x2 (3.39)
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Equation 3.40 may then be used to fit the data by varying the values of D, E. and x, provided

the thickness (x) is known as a function of temperature T [3.49].
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CHAPTER 4

Results and Discussion

4. Overview

In this chapter, the author will present the experimental results and discuss the observations
using both imperial and analytical methods. As stated in Chapter 1, the overall aim of this
research study was to compare isothermal annealing to non-isothermal annealing (femtosecond

laser) of the zinc-tin (Zn-Sn) bilayer system.

Electron beam evaporation system (e-beam) was used to deposit thin films of tin (Sn) on
borosilicate glass substrate, after which zinc (Zn) was deposited on top of Sn to form a metallic
bilayer. This metallic bilayer was then subjected to isothermal annealing inside Rutherford
backscattering spectrometry (RBS) chamber, the chamber was pumped down to a base pressure
better than 5 X 10~ mbar prior to starting the experimental run. The annealing was carried
out at a constant ramp rate of 2 °C/min from room temperature to a terminal temperature of 350
°C, this was done while the film was being probed with 3.045 MeV alpha particles. The
experiment was carried out in real-time mode; with the spectrum collected every 30 s. Based
on the colour coded contour plot obtained during the in situ RBS run, three temperature points
were selected. Temperatures that were selected were 180 °C, 200 °C and 260 °C, these
correspond to start, middle and end of the reaction respectively. These temperatures were used
to anneal pristine samples in the furnace in order to carry out complimentary characterization

techniques to further study the samples in the temperatures of interest.

The pristine and annealed bi-metallic layered thin film samples were subjected to
morphological characterization using scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The microstructure of the thin films was probed using X-ray diffractometer

(XRD) in a 0 - 20 configuration.

The raw data from RBS, X-ray diffraction and atomic force microscope were analysed using

SIMNRA, Origin and Nanoscope respectively.
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4.1 Thin film deposition

Thin films of zinc (Zn) and tin (Sn) were deposited on a glass substrate using an electron beam
evaporator. Targets of pure zinc and tin were loaded in their respective crucibles inside the
electron beam chamber. The chamber was pumped down to a base pressure of 1 x 10”7 mbar.
This was followed by de-gassing the targets to remove any desorbed atmospheric gasses from
the target metals. Thin films were deposited when a tungsten filament was resistively heated,
and thermionic electrons were emitted tungsten. These emitted electrons were used to heat up
the target metals. The deposition rate of the metals was approximately 3 — 4 A/s, and the
thickness of the films were 50 nm each. Tin was deposited first onto a glass substrate, this was

then followed by a layer of zinc.

4.2 Surface Morphology and microstructural studies

4.2.1. Pristine Films and metallic biftayer

The growth of thin film on a substrate can be described via one of three growth mechanisms
that were discussed in Chapter 1 which are Volmer-Weber (V-W) [4.1], Frank-van der Merwe
(F-M) [4.2] and Stranski—Krastanov (S-K) [4.3]. Figure 4.1 below shows the scanning electron
microscope micrograph of Sn thin film ‘on a glass substrate. It can be observed from the
micrograph that Sn film formed a closely packed cluster of islands on the substrate. During
deposition of Sn layer, the glass substrate was at room temperature, therefore the grown film
was under residual tensile stress [4.4], due to the temperature gradient between the incident Sn
atoms and the cold substrate. Lattice mismatch between amorphous glass substrate and the
incident hot Sn atoms could have likely contributed to the residual stress. As a result of this,

cracks can be observed on the thin film due to the fore mention factors.
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Based on what can be observed from-the micrograph-(figure 4.1), it can be suggested that the
growth of Sn on glass follows Volmer-Weber (V-W) growth mechanism. As mentioned in
Chapter 1, in V-W growth mechanism, adatom cohesive force is stronger than surface
adhesive force. This leads to a higher probability of cracks forming. Having deduced from the
SEM micrograph that the growth mechanism of Sn film on glass is V-W, it is expected that the

film will be rough because of the cluster of islands.of Sn.

The root mean square roughness (Ra) of the thin film was measured using atomic force
microscopy (AFM) that was operated in tapping mode. Figure 4.2 below is an AFM micrograph
of pristine Sn thin film on a glass substrate. The root mean square roughness (R.) was measured
and found to be 12.6 nm. This Ra value agrees with the Ra value of a typical film that follows
V-W growth mechanism [4.5].
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The microstructure of pristine Sn thin film was measured using x-ray diffraction technique
(XRD), a D8 advanced Bruker diffractometer was used for this purpose. The diffractometer
used monochromatic Kq1 copper as the X-ray source with wavelength of 1.54A. The X-ray tube
was operated with voltage and current of 40 kV and 40 mA respectively. Data was collected
between 20° and 90° in 20, the step size and time for the measurement were 0.034 and 1s per

step respectively.

From the x-ray diffraction pattern in figure 4.3, it can be observed that the film has crystalline
microstructure due to sharp Bragg’s diffraction peak. The film shows strong diffraction peak
at 20 = 30.7°, this Bragg peak belongs to the [200] lattice plane which is observed to be a
preferential orientation. The other diffraction peaks at 20 are used to confirm the crystal
structure, which was confirmed to be body centered tetragonal crystal structure from the
JCPDS card number 00-004-0673. The average crystal size of the film was calculated with the
Debye-Scherrer [4.6] equation and found to be 431 nm.
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A thin layer of Zn of approximately 50 nm (as measured from crystal monitor) was deposited
on a glass substrate using e-beam. The morphology of the film was characterized with scanning
electron microscope (SEM) using in-lens detector as a charge collector. The image was
generated with a combination of backscattered and secondary electrons. Figure 4.4 shows the
SEM micrograph obtained. From figure 4.4, it can be observed that the film consists of

distorted cuboid like structures and it is not homogenous.
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Based on what can be observed from the micrograph, the growth of Zn on a glass substrate can
be suggested to be Volmer-Weber (V-W). This is due to cluster of islands observed and the
separation of crystals, which is due to adatom cohesive force being stronger than surface
adhesive force, hence the lack of homogeneity of the film. Atomic force microscope (AFM)
was used to measure the root mean square roughness (R.) and it was found to be 156 nm. Figure

4.5 shows the AFM image of pristine Zn thin film on a glass substrate.

The microstructure of Zn film was characterised using X-ray diffractometer in a 6 - 20
configuration, the film showed a strong Bragg’s peak at 20 = 36.4° as shown in figure 4.6
below. This peak correspond to the [002] lattice plane as recorded in the JCPDS card number
00-004-067. The average crystallites sizes in the film were calculated using the Deybe-Scherrer

equation, the sizes were calculated to be 346 nm.
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4.2.2 Metallic bilayer morphological and microstructural analysis

The surface morphology of the metallic bilayer (50 nm of Zn deposited on top of 50 nm of Sn
layer) was characterized using scanning electron microscopy (SEM). The SEM micrograph is
shown in figure 4.7. From the micrograph, it can be observed that the bilayer exhibited a closely
packed cluster of crystallites with average size of 100 nm. It can also be observed from the
micrograph, that the shape of the crystals is not discernible and cannot be put into a specific

category of geometric shape.
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Taking into consideration the structures of pristine Sn and Zn in figure 4.1 and figure 4.4
respectively, there is a likelihood that Zn atoms filled the cracks that were observed on the Sn
film. With Zn having a higher melting point (420 °C) [4.7] than Sn (232 °C) [4.8], the hotter
atoms of Zn melt the top atomic layer of Sn. Because of this, partial mixing of the metals at the
interface might have occurred. This mixing resulted in the irregular shape of the metallic
bilayer that can be observed from the SEM micrograph. Additionally, the lattice parameters
mismatch of Zn and Sn add to the residual tensile stress of the bilayer, which results in cracks
and islands clusters. This can further be observed from figure 4.8, the AFM micrograph of the
metallic bilayer in 3-D. The image shows the presence of cracks and cluster of islands. The Ra

value for this bilayer was measured by AFM and was found to be 45.7 nm.

The microstructure of pristine Zn-Sn film was characterized using x-ray diffractometer (XRD).
Figure 4.9 shows the XRD patterns of pristine Zn-Sn thin films. The presence of more than one
diffraction peak for both Sn and Zn suggests that the films are polycrystalline in nature. This
is in agreement with the observations seen on the XRD patterns of pure Sn and Zn in figures
4.3 and 4.6 respectively. From figure 4.9 it can be seen that Sn film has a preferred orientation
of [200] lattice planes with a diffraction peak centered at 20 = 30.7°. Zn is shown to have
preferred orientation of [002] lattice plane, with the diffraction peak centered at around 20 =
36.4°. From the JCPDS card number 00-004-0673, Sn film has a body centered tetragonal
crystal structure. On the other hand, Zn film was observed to have a hexagonal structure as

deduced from JCPDS card 00-004-0831.
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The Zn [100] lattice plane diffraction (seen in figure 4.6) is not observed in the metallic bilayer,
this could be related to the low intensity of the peak. The intensities of the peaks of both Sn
and Zn are reduced when compared to the peaks for the individual elements in figure 4.3 and

figure 4.6, respectively.

4.3 Isothermal annealing of Zn-Sn metallic bilayer

4.3.1 In situ RBS study of bi-metallic layer

The Zn-Sn metallic bilayer was subjected to isothermal annealing inside Rutherford
backscattering Spectrometry (RBS) chamber. The chamber was pumped down to a base
pressure of 5 X 107 mbar prior to starting the experimental run. The annealing was carried
out at a constant ramp rate of 2 °C/min from room temperature to a terminal temperature of 350
°C, this was done while the metallic bilayer film was being probe with 3.045 MeV alpha
particles.

Raw Rutherford backscattering raw data from the experiment was analysed with SIMNRA
software in order to determine the thickness of the layers and to quantify the diffusion of the

atomic species for depth profiling.
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4.3.2 Introduction to RBS analysis

The analysis of the main RBS results will be presented in this section. However, it is necessary
to introduce the relevant information that will become important in understanding the results
that will be presented. Furthermore, information presented in this section provides reasons and
support for selecting the annealing temperatures that were selected for annealing the sample in

section 4.5 of this thesis (vacuum annealing).

The benefit of using in situ, real-time RBS in studying thin films have been given in the
previous chapter. For example, it was mentioned that this technique combines both the depth
profiling and compositional study capabilities of conventional RBS with in-situ annealing
[4.9]. As a result, a single real-time RBS run can be used to study diffusion process in a
quantitative way [4.10].This eliminates the risk of overlooking important stages in solid phase
reaction [4.10]. Furthermore, because of depth information that can be obtained from this
technique, it can be used in kinetics studies in order to obtain kinetic energies and pre-

exponential co-efficient.

Figure 4.10a) and b) show the spectra of Zn and Sn respectively on glass substrate. The figures
show the typical channel position that Zn and Sn respectively occupy when it is on the surface.
The channel position for Zn and Sn are approximately 1450 and 1750 respectively. These
positions will become relevant when looking at the spectra of Zn-Sn bilayer later and the shifts

that occurs in the channel position.
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When the film is made up of more than one element, particles scattered by the different
elements form separate peaks [4.9]. As a result, the spectra of Zn-Sn bilayer shown in figure
4.11 below, has 2 separate peaks, one for Sn and one for Zn. The separation of these peaks is
based on atomic numbers [4.11], with the element with a bigger atomic number, in this case
Sn appearing on higher channels while Zn which has a smaller atomic number appears on lower
channel. The position of Sn is however lower than the expected channel position of 1750 that
is expected based on figure 4.10 (b).This is because of the Zn that is deposited on top of Sn

which shift Sn to lower channel where compared to when it is on the surface.

A colour coded contour map plot of the experimental data is plotted as shown in figure 4.12,

this can be divided into 3 zones.
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Zone 1: It can be observed from the figure 4.12 that there is no change in the reaction of Sn
and Zn within this temperature range. Both the Zn and Sn appear as straight line with Zn being

dark purple in colour and Sn blue in colour (yellow arrows).

Zone 2: The colour of both Zn and Sn change slightly in this zone. Furthermore, there is a
change in the shape of the Zn and Sn when compared to the straight line seen in Zone 1. This
suggests that there is a reaction or intermixing between Sn and Zn within this zone. This will
further be demonstrated later when spectra from this region are dealt with. It can also be seen
that it is also from within this zone that Sn start to move to the surface or higher channel
position as previously mentioned and becomes thin towards the end of this region while Zn

almost completely disappears.

Zone 3: This zone corresponds to the end of the reaction as can be observed that both Zn and
Sn were not negligible. However, when simulation with SIMRA where carried out for spectra

within this zone Sn was present.

From the contour map in figure 4.12, regions of interest are clearly marked, this indicate the
temperature where the diffusion and inter-mixing of the Sn atoms with Zn layer is taking place
at the interface. The individual spectrum of the experiment in this temperature range are plotted
in figure 4.13. The evolution of the Zn and Sn atoms migration is better seen through the peak

width, height and shape of the peaks.
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From figure 4.13, the spectra of the as-deposited film show the Sn and Zn speak, the Sn peak
appear at a higher channel due to its heavier atomic number. As the temperatures reaches 140
°C, there is evidence of Zn atoms mixing with the Sn atoms at the inter phase of the films. This
is observed from a shoulder that developed on the Sn peak, which is now labelled Sn + Zn.
This inter-mixing and diffusion of the atoms plays out as in the evolution of the Sn and Zn
peaks. At 260 °C, it appears that majority of the Zn atoms have diffused and evaporated off the

sample, with only small amount of the Zn atom left in the sample.

Figure 4.14 show the spectra and simulation of the spectra in the region of interest, the rest are
attached as Appendix A. Figure 4.14 a) is a spectra obtained at a temperature of 160 °C and
corresponds to approximate the start of the reaction. Note the small shoulder indicated by the
arrow, this was also seen in the figure 4.13.This shoulder is as a result of Sn moving to the
surface it mixes with the Zn and thus the Sn layer get bigger. This could also be seen from the
simulation of the spectra obtained at 160 °C, the thickness of the layer was found to be 504 and
the concentrations of Zn and Sn were 0.81 and 0.18, respectively. Simulation of spectra
corresponding to 165 °C yielded a thickness of 600 and the concentrations of Zn and Sn were

0.74 and 0.25, respectively.
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Figure 4.15 shows the relationship between annealing temperature and the thickness of the
layers. It can be observed that Sn and Zn follow almost a similar trend initially. However, Sn
thickness increase sharply between the temperatures of 165 °C and 167 °C, thereafter the

thickness remains relatively constant.
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4.3.3 Determination of Activation energy

The activation energy and the diffusion coefficient of the inter-mixing is calculated using
Arrhenius [4.12] equation in it logarithmic form. Equation 4.1 and 4.2 below show Arrhenius

equation and the logarithmic form of the equation respectively:

—E,4
k= AeRl (4.1)
E, /1

where T is temperature (in Kelvin), E, (is Activation Energy), R (is gas constant), and A

(diffusion coefficient).

From the 1% order linear regression fitting of data points, the activation energy of the Zn and
Sn atoms inter-mixing is 0.46 eV with the diffusion coefficient of 44.6 kJ/mol.The E, obtain
falls within the accepted range of between 41.0 kJ/mol - 45.0 kJ/mol [4.13] [4.14]
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From the RBS the experiment it seems that the Sn and Zn did not form an alloy but only inter-
mixed, with the Zn atoms evaporating off the sample at higher temperatures. This is in

agreement with the XRD results, which did not show any alloy formation of Zn-Sn.

4.4 XRD of in situ annealed Zn-Sn metallic bilayer

Tin-zinc metallic bilayer that was subjected to in-situ, real time RBS analysis was characterized
with XRD. Figure 4.17 show the pattern that was obtained. There are 4 identifiable peaks in
the pristine Zn-Sn film which are Sn [200], Sn [101], Zn [002] and Zn [101].
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In addition to the peaks that are seen in the pristine film (figure 4.9), the in-situ, real time RBS
annealed film showed the presence of another peak. A Zn,Sn0,(311) peak evolved at 20 =
34.290. This corresponds to FCC structure. The presence of this peak is from degassing of the

chamber component at higher temperature.

4.5 Vacuum Annealed Metallic bilayer.

4.5.1 Morphological and microstructure Analysis of vacuum annealed Zn-Sn

The morphology and microstructure of vacuum annealed Zn-Sn thin films was studied with
scanning electron microscopy (SEM), atomic force microscopy (AFM) and x-ray diffraction
(XRD) respectively. Figure 4.18 shows the SEM micrograph of pristine thin film. The
micrograph shows clear edges of the crystal clusters, with no evidence of any Sn tissue on the
cracks as labelled in the figure. From this, it can be suggested that the Sn atoms start diffusing
via the Zn cracks, this is seen well on the higher magnification micrograph. The edges of the
Zn crystal are no longer sharp due to the presence of Sn atoms that diffused through, and start
to interact with the Zn atoms. This observation is in agreement with the RBS simulated data,

which show migration of Sn atoms.
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SEM micrographs of samples annealed at 180-°C,-200-°C and 260 °C are shown in figure 4.19
(a-c). These temperatures were chosen based on the contour plot obtained from the in situ, real
time RBS as shown in figure 4.12, and they correspond to the start, middle and the end of the
reaction, respectively. From the micrographs, it can be observed that the morphology of the
sample has evolved due to annealing. The surface morphology of the pristine sample (figure
4.18), which had a layer of Zn on top, that had irregular shaped crystal, has a similar surface
morphology to that of the sample annealed at 180 °C (figure 4.19a). This observation supports
the analysed data from the RBS simulation, which showed the diffusion of Sn atom at this

temperature.
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At the annealing temperature of 200 °C, the SEM micrographs is now showing to have a layer
of Sn atoms as shown in figure 4.19b. From the micrograph, it appears that the Sn atom first

diffuse through the cracks of the top Zn layer.

At 260 °C, there appear to be mixing of the Sn and Zn atoms, as seen from the morphology of
the samples. The sharp edges of the crystal are visibly gone, with micrograph showing bright
and darker patches, which in the electron microscopy infer to the difference on the atomic
number, with heavier atomic number atoms appearing as darker, compared to the brighter low

atomic number atoms. This confirms the diffusion of the Sn atom to the surface of the sample.

A cross-section view micrograph of the annealed samples are shown in Figure 4.20 (a-c), from
the micrographs the interface between the Zn and Sn layers is not clearly visible. The 180 °C
and 200 °C annealed samples exhibit a rough and conglomeration of the Zn and Sn atom into
clusters, but for the 260 °C annealed sample has a smoother appearing layer which is as a results

of Zn and Sn mixing.
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The evolution of the surface roughness of the samples was studied using AFM. It can be seen
from the figure 4.21 that films are not smooth. The AFM micrograph analysis as shown in
figure 4.21 report an Ra values for the samples annealed at 180 °C, 200 °C and 260 °C to be
52.4nm, 39.4 nm and 38.3 nm respectively. It is also observed that as the annealing temperature
increases, the cluster of islands become bigger, as atoms diffuse and coalesce with each,
forming a bigger continuous cluster. The decrease in root mean average roughness is also due
to the Sn atoms diffusing to the surface through the cracks, with the tissue of Sn atom filling

the cracks, by that reducing the roughness as observed from the SEM micrographs.
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4.5.2 Microstructural Analysis.of vacuum annealed metallic bilayer.

XRD pattern of the sample annealed at temperatures 180 °C, 200 °C and 260 °C is shown in
figure 4.22, with the as-deposited Zn-Sn metallic bilayer film caption as an insert. The
diffraction patterns show Bragg peaks of lattice planes Sn [200], Sn [101], Zn [002] and Zn
[001] for the as-deposited film in the insert.

http://etd.lﬁ(i:'/vc.ac.za/



It can be observed that as the annealing temperature increases from 180 °C to 260 °C, the
intensity of the Sn [200] peak decreases while that of the Zn [002] increase. This is because of
mixing at the interface of Sn into the Zn film matrix. There is a little stress that is introduced
in the sample as the films are heated. A zoomed-in plot, figure 4.23, of the d-spacing of the
lattice plane of Zn and Sn preferential diffraction planes show a strain developing in the Zn
layer as the annealing temperature increases. Whereas for the Sn film there is a stress
developing in the film as observed by the decrease in the d-spacing of the layer. This could be

related to the diffusing and mixing of the Sn atom trough the Zn film during annealing.
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4.6 Non isothermal annealing of Zn-Sn thin films.

4.6.1 Combine RBS + Laser

Zn-Sn metallic bilayer thin film was subjected to non-isothermal annealing using femtosecond
laser. This heating was done in the RBS chamber pumped down to a base pressure of 1 x 107
mbar. Laser parameters are shown in table 3.1 in the previous chapter. The focused laser spot
was aligned such that it overlays the RBS beam spot on the sample stage. The photons from
the laser and the alpha particles from the tandetron accelerator were overlapped on top of each
other (see figure 3.19 in chapter 3).This was done in order to only probe (with RBS) the part of
the sample that was heated by the laser.

The laser net-fluence [4.15] used in annealing the samples was calculated using the equation

4.3:

(4.3)

Fper =

where N is number of pulses, E,, pulse energy, and A is the area of the laser spot. The spot size

of the Gaussian beam [4.16] is calculated using equation 4.4:

w(z) = w, ’1 + (ZZ_()) 2 (4.4)

where Wy =

The spot was calculated to be to be approximately 0.7 mm. This was chosen in order to align
it with the alphas spot, at the same time having sufficient fluence to induce the reaction in the

sample.
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Figure 4.24 shows the RBS spectra of laser annealed Zn-Sn thin films. From figure 4.24 it can
be observed that the spectra of the as-deposited bi-metallic film show two peaks, that of Sn and
Zn atoms, with the peak of Sn appearing at a higher channel. As the laser fluence is increased
to 300 J/cm?, the Sn and the Zn atom atoms start to mix at the interphase of the sample, this
can be noticed by the emergence of a shoulder at the Sn peak, which relate to the two atoms
mixing. As the laser fluence increases, the inter-mixing continues and the laser heating reached
ablation threshold and the sample begins to loose atoms due to fluence being over the ablation

threshold.

Simnra was used to simulate the RBS raw data, in order to elucidate more on the atomic depth
profile evolution of the Zn and Sn atoms due to laser heating. From the simulated data, it
appears that as the energetic photons of the laser interacts with the sample, the concentration
of the Sn atoms diffusing into the Zn layer increases as the laser net fluence increases as

depicted in figure 4.25.
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The Sn atom diffuses into the Zn top layer, through the porous microstructure of the Zn layer
as reported in figure 4.4. This Sn atoms seem to evaporate off the sample as net fluence
increases, this is confirmed by the decrease of the peak width of the 970 J/cm? net fluence
sample. At lower net fluence the thickness appears to be constant with only Sn atoms diffusing
through Zn layer, there is no evidence of a new crystallographic phase forming throughout this
process. The plot of the depth profile atomic diffusion of the Zn and Sn atoms, is as shown in

figure 4.26, clearly expressing how atoms migrate in the sample.
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4.6.3 Morphology of non-isothermal annealed thin films

Surface morphology of laser annealed Zn-Sn metallic bilayer was studied with SEM, the
secondary electrons and backscattered electrons were separately used to generate the
micrographs samples. This assisted in better viewing the heat affected areas from femtosecond
laser heating. Figure 4.27 shows the micrograph of a Zn-Sn which was subjected to 300 J/cm?
laser net-fluence. The laser heat affected area is shown inside the yellow circle. From the figure,
it can be observed that there is a morphological change where the laser interacted with the
sample. The morphological change is due to mixing of the Zn and Sn atoms and

recrystallization of the material.

Figure 4.28 shows scanning micrograph of Zn-Sn bilayer annealed with fluence of 430
J/em?® From the figure, it can be seen that the laser showed Gaussian distribution with area of
peak intensity shown by yellow encircled areas. It can also be seen that the areas of dark black
that where seen in figure 4.27 and shown by red arrows disappear in this figure. This is a result

of increased fluence which cause Zn and Sn to melt and fill the gaps between them.
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Figure 4.29 show SEM micrograph Zn-Sn bilayer annealed with fluence of 720 J/cm>.The outer
margins of the laser as shown in figure 4.28 above become more prominent due to the increase

in energy.

Figure 4.30 shows the evolution of surface roughness in relation to the laser fluence as it
increases from 300 J/cm?®to 720 J/cm®. The R, values for samples annealed with a laser fluence
of 300 J/cm?, 430 J/cm®and 720 J/cm? are 43.2 nm, 79.6 nm and 42 nm respectively. The R,
values for samples annealed at 180 °C, 200 °C and 260 °C were 52.4 nm, 39.4 nm and 38.3 nm
respectively. This shows a decrease in R, with an increase in temperature i.e. the samples

became smooth with heating. This can be seen in figure 4.21.
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CHAPTER 5

Summary and conclusions

5. Introduction

The aims and objectives of this study were presented in Chapter 1 of this thesis. In this chapter,
an overall summary of this study is given and conclusions based on the results presented in

preceding chapters are presented. Possible directions for future studies are also suggested.

The overall aim of this study was to carry out a comparative study of isothermal annealing and
non-isothermal annealing (/aser) of Zn-Sn metallic bilayer. Metallic bilayers of Zn-Sn were
successfully deposited with electron beam system (e-beam) on a glass substrate. The thickness
of each layers was 50 nm as measured by crystal monitor. The thin films were characterized
with RBS, SEM, AFM and XRD after being subjected to isothermal and non-isothermal

annealing.

5.1 Isothermal annealed and vacuum annealed samples

In the first part of this work, Zn-Sn metallic bilayer was subjected to isothermal annealing
inside RBS chamber. It was observed that at the bilayer was annealed there was intermixing of
Zn and Sn, however, no reaction and alloying of the two elements occurred.The absence of a
peak belonging to Zn-Sn further support that no alloying taking place during isothermal
anneling of the bilayer. The activation energy and diffusion coefficient of Zn and Sn
intermixing was calculated and found to be 0.46 eV and 44.6 kJ/mol respectively. These values
agrees with the findings of Hamada et.al [1] and Shrestha et.al [2] respectively who found that
it falls within 41.0 kJ/mol- 45.0 kJ/mol range.

Morphological changes where observed in the bilayer as it was annealed. As the temperature
increases, the surface of the bilayer become smooth when observed from the SEM
micrographs.AFM also showed a decrease in R, value as the temperature increases supporting

what was observed in the SEM micrograph.
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5.2 Non-isothermal annealed samples

The second part of this study involved subjecting the Zn-Sn bilayer to non-isothermal annealing
i.e. laser annealing while probing with RBS.The samples were laser annealed inside RBS as

explained in Chapter 3, there after characterized with SEM and AFM.

Similar to isothermal annealing where increasing temperature led to mixing of Zn-Sn,
increasing fluence led to intermixing of Zn-Sn.SEM micrograph showed morphological
changes due to mixing and recrystallization of the material. Furthermore, as the fluence
increased from 300 J/cm?® to 720 J/cm® it was observed that the gaps that existed between the
atoms at lower fluence disappeared at higher fluence. This due to the fact that atoms melted as
fluence increased and filled the gaps that were seen at lower fluence. AFM of laser annealed
sample, unlike that of vacuum sample which showed a decrease in R, with increasing

temperature, there is no specific trend that could be observed.

5.3 Future outlook

The work presented in this thesis is part of a long term project within the Tandetron Laboratory
of iThemba LABS-NRF, the aim of which is combine laser and RBS in the study of thin films.
Of particular interest is the comparison between isothermal and non-isotherm (laser annealing)
of thin film. Based on the results from this thesis, the following investigations will be carried

out in the near future:

e XRD of'the laser annealed spot in order to determine phases present.
e The effects of varying the thicknesses of Zn and Sn.
e The effects of using different substrates on activation energy.

e The effects of varying laser parameters
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APPENDIX A

Isothermal annealed spectra
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APPENDIX B

Non-isothermal annealed spectra
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