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ABSTRACT

Solid phase reaction of bi-metallic thin films of zinc-molybdenum was thermally induced in
order to investigate the diffusion kinetics of this bi-metallic system. The Zinc-Molybdenum bi-
layers were prepared by depositing a 50 nm thin film of Zinc on a substrate, followed by
deposition of 50 nm layer of Molybdenum onto the Zinc film. All this was done in the electron
beam evaporation chamber in sequential manner without breaking vacuum. The substrate
temperature was at room temperature, the deposition pressure and the power supply current
were approximately 1 x 10 mbar and 25 mA respectively. The samples were isothermally
annealed using in-situ real-time Rutherford backscattering spectrometry using the incident
energy of 3.045 MeV. In-situ real-time Rutherford backscattering spectrometry enabled the
tracking of atomic diffusion and depth profiling between Zinc and Molybdenum layers while
heating the sample. The films were heated from room temperature up to the terminal
temperature of 400 °C, at a ramp rate of 3 °C/min. The solid phase reaction between Zinc and
Molybdenum started at interphase at approximately 300 °C, the diffusion of Zinc atom and their
inter-mixing with Molybdenum continued. As the temperature increases some of the Zinc
atoms evaporated of the sample as noted by the decrease width of the Zinc peak. Surface
morphology characterization of Zinc-Molybdenum sample at temperatures of interest (300 °C,
340 °C and 380 °C) was performed using scanning electron microscope and atomic force
microscope. The micrographs revealed that as the temperature increases the surface roughness
evolved as the atoms diffused and mixed. The results also showed at 380 °C a smoother and
more continuous film with less cone like structures was formed than as observed at lower
temperatures. X-ray diffraction was used to examine crystallinity of the thin films at
temperatures 300 °C, 340 °C and 380 °C and at 380 °C, and it showed that a Zinc-Molybdenum
alloy was formed as indicated by a Bragg’s peak at 26 = 41.5 °.
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CHAPTER 1: INTRODUCTION

1.1 Background

It is in the best interest of the scientists to understand physical and chemical properties of
material based on its proposed application. The physical and chemical properties of the material
of interest can be studied by exploring and understanding their thermodynamic nature of the
reaction, melting point of the compound used, crystallographic nature of the molecules and
growth mechanism of the material, especially in bulk solid state samples in thin film studies
[1-2]. The properties of the material of interest can be studied in a solid state, liquid state or
gaseous state depending on the type of application. In a liquid state the intermolecular forces
of the sample can be studied and quantified. These forces are generally weaker in liquids and
as a result, atoms or molecules are able to move relatively easy around each other and are able
to take the shape of the container. The study of liquids can be extended to probing the surface
tension of the molecules when they come into contact with any surface. Furthermore, the
density of liquids and other intensive (colour and boiling point) and extensive (polar and non-

polar liquid, cohesion forces) properties can help in understanding liquid samples [3-5].

The gaseous state of matter on the other hand can be studied via their diffusivity, and the
intensive and extensive properties can be quantified and expressed using Boyle’s and Charles
laws. The interaction forces between gas molecules is the weakest but they are able to fill any
container because of the weak Van der Waals forces [6-7]. In a solid state, the samples can be
prepared as bulk material in a powder form or as thin films on a substrate for a study. The
sample can consist of a single element bi-metal, or an alloy consisting of many elements. The
interaction and physical properties of these samples can be studied by employing various
theoretical model and several characterization techniques [8]. Thin film materials exhibit
different properties compared to bulk materials and their physical properties can be exploited
for device application in mechanical, thermal and electrical technologies [9-10]. Zinc-
Molybdenum (Zn-Mo) alloys have been used in various commercial applications and this led
to extensive research of such systems. These systems of alloys have been used as corrosion
resistant materials and also in electronic soldering because they are less toxic compared to lead
based solders. Zn-Mo systems can be prepared using various deposition techniques including
physical and chemical vapour deposition, thermal evaporation, direct current and radio
frequency as well as electron beam evaporation which was used in our study to prepare Zn-Mo

films. The analysis of Zn-Mo samples prepared using different methods and the results of
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various characterization techniques have been reported before. However, there is no much
literature on preparation of bi-layers of Zn-Mo using electron beam evaporation method and
real time RBS analysis is the least used technique for Zn-Mo system. The deposition techniques
will be discussed in more detail in chapter 2. Each of the deposition methods has their
advantages and limitation depending on the intended application. The application of materials
is determined by its properties and these properties can be modified through various processes
such as annealing. Materials can be annealed isothermally or non-isothermally and this
produces different properties in the material. During the process of annealing in isothermal
conditions, heat is spread to neighbouring areas and it crystallises uniformly forming large
crystals and thermodynamic equilibrium phases. With isothermal annealing recrystallization is

slow and large crystals are likely to be formed [8-12]

In the present study, in-situ real-time RBS was used to isothermally anneal Zn-Mo thin film
samples using incident energy of 3.045 MeV. In-situ real-time RBS enables the tracking of
inter layer diffusion and depth profiling between Zn and Mo layers while heating the sample.
The crystallinity of Zn-Mo thin film at temperatures of interest and the morphological

properties were investigated.
1.2. Aim of the study

The aim of this study is to prepare thin films of Zn-Mo on substrates using electron beam
evaporation system (e-beam), compare and track inter-layer diffusion kinetics using real-time

Rutherford backscattering spectrometry (RBS).
1.3. Significance of study

o Getting more knowledge and experience on the synthesis of thin metallic films
using different preparation methods

o Acquire significant knowledge on different characterisation techniques and
their applications and also how radiation interacts with matter during different
processes.

1.4 Thesis layout
Chapter 1: Introduces and provides the aim and the significance of the study.

Chapter 2: A literature overview of the Zn-Mo bi-metallic and related systems and the effect

of thermal annealing on the properties of metallic thin film materials. The chapter also covers
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various studies conducted on Zn-Mo thin metallic alloy prepared using different techniques. It

also discusses the vacancy and interstitial diffusion in metals.

Chapter 3: The chapter covers experimental methods for sample preparation and
characterisation techniques used. This chapter also details the processing technique and the

procedures involved in fabricating Zn-Mo thin films.
Chapter 4: Presentation and discussions of results from all characterisation techniques.

Chapter 5: This chapter summarizes conclusions drawn from this work and provides

recommendations for possible future work.
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CHAPTER 2: LITERATURE RIVIEW
2. INTRODUCTION

The most interesting way to study bimetallic systems is in the area of soldering. Soldering is a
method of binding multiple things together by melting and inserting a filler metal with a lower
melting point than the adjoining metal into the joint. This approach arises from the drive to find
cheap and non-hazardous replacements of lead (Pb) based solders for high temperature
applications. Several alloys systems are currently being researched with Zn based alloys
showing most promising potential. Zn based alloys are also applicable in high temperature
soldering even though they have drawbacks. Zn has relatively low galvanic potential and it can
corrode at a very slow rate. This metal has poor wetting behaviour due to oxygen affinity.
However, the lifespan and reliability of a material depend on the continuous variation of
surrounding processes which are capable of causing damage and corrosion. Zn based alloys
have been widely used in the field of material science, and there is still more research being
carried out to exploit the physical properties of these alloys. Low melting point and relatively
low reactivity of Zn is well suited for vast alloying with wide range of metals. Pure Zn coatings
have been widely used as a sacrificial coating to protect steel structures from corrosion. Zn
based coatings with the addition of Mo dispersed consistently over the layer are used to
improve corrosion. Chromate conversion layers have been widely applied to increase corrosion
resistance but because of their genotoxic effects, Mo has since been seen as a potential
replacement. Mo is considerably much less toxic and favourable to be an alternative to
chromate films on Zn, which are widely used to intensify corrosion resistance of Zn based
layers. The addition of Mo to Zn based layers has proved to have a great effect on the corrosion
behaviour of Zn and Zn alloys, and it is widely known that it improves abrasion hardness,
toughness and corrosion resistance of alloys. Zn-Mo thin films can be prepared using chemical
and physical vapour deposition techniques such as DC sputtering, spray pyrolysis, pulsed laser
deposition and electron beam evaporation system. Spray pyrolysis has been considered as the
most effective tool to prepare different kinds of thin films which include nanophase materials.
This technique is considerably predominant compared to others since it can be adapted easily
for production of extensive area films and has excellent control of chemical uniformity in

multi-component system [45-51].
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2.1. Deposition techniques
2.1.1. Physical vapour deposition

Physical vapour deposition (PVD) is a coating technique that involves the transfer of material
by removing atoms from a target material to a substrate. This process can be facilitated by
using stimuli such as energetic electrons emitted by an electron gun, resistively heated host
boats and ionized gas particles. These stimuli generally interact with the target material
resulting in either melting, evaporation of the material direction sublimation of the atoms or
just direct sputtering off of atoms due to bombardment. These PVD technologies cover a vast
range of deposition techniques including electron-beam evaporation, thermal evaporation and
reactive direct current (DC) and radio frequency sputtering. During deposition of the thin films,
the gaseous state vapour from the target material condenses onto a substrate resulting into a
solid phase thin film [23-25]. The four steps involved in the process of PVD are illustrated in
Fig. 2.1. below. The first step is the evaporation of the material to be deposited using a high-
energy source such as an electron beam or ions which evaporates atoms from the surface. The
second step is the transport of the vapour to the substrate to be coated. This step is followed by
reaction between the metal atoms and the appropriate reactive gas (such as oxygen, nitrogen,

or methane) during the transport stage, and lastly the deposition of the coating.

Substrate holder

Sputtering gas / Substrate
*% o * Growing film
¢ * o ®
*Te o
ertlgas®y ®* @ ® o @
nert|gas o e e ® Sputtered|atoms
%, % oo
LB X
oo © ® - HAp Target
- - .
; ——=—— Vacuum system
Vacuum chamber / | ’

Power supply

Fig. 2.1. Schematic diagram showing steps involved in the process of PVD [24].
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2.1.2. Thermal evaporation

Thermal evaporation is a thin film deposition method which uses vacuum technology for
applying coatings of pure materials to substrate surfaces. This method involves heating of
material in a high vacuum chamber. This deposition techniques generally need good vacuum
chamber, a thick bell jar or metal chamber which is evacuated using a rotary pump followed
by a turbo pump. This is done to remove any air or moisture in the chamber which might
contaminate the samples. When a good base pressure is reached, an evaporation boat (usually
Tungsten and Molybdenum) loaded with a material to be evaporated is subjected to heating.
The boat is resistively heated by applying a high potential difference at its ends. Applying high
potential difference causes the particles of the heated solid material to be released through
evaporation. At the end of this process a thin film will be deposited on a substrate [26-27]. Fig.

2.2 shows a typical experimental set up of a thermal evaporator.

LSubstrate Holder ‘ Deposited
Substrate 4 55 Thin Film

A Vaporized
Material

Target

Material ¥~~~ ] - Evaporator

Heater

Fig. 2.2. A typical experimental setup of a thermal evaporator [37]

2.1.3. Electron beam evaporation

Electron beam evaporation is a physical vapour deposition technique, where an electron beam
is produced from a resistively heated tungsten filament electron gun (through thermionic
process), which is controlled by high voltage source. The thermionic electron beam is guided
by the electron spray shield and the bending magnet which strikes the target material placed in
a water-cooled crucible. Thermionic electrons are released or produced when a high potential

difference is applied at the ends of a tungsten filament. These electrons are then directed to a
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water-cooled crucible containing the target material. A spray shield and a magnet are used to
adjust the position of the electrons onto the target. When the electrons heat the target material
this result in melting and evaporation of the material or sublimation. All the depositions are
conducted in a high vacuum pressure environment and a crystal monitor is used measure the
deposition rate and thickness of the grown film. [28-29]. Fig. 2.3 shows a schematic

representation of the electron beam evaporation system.

Substrates ———,
A% fl I T ! L~ Electron beam
apor flow 4—p , /
" ‘ o | magnetic focusing)
Crucible |

41— Electron
beam gun

[ —
-

Cooling
water

Yacuum
system

High voltage power
supply (1-10 kYY)

Fig. 2.3. Schematic representation of the electron beam deposition system [38]

2.1.4. Direct current and radio frequency sputtering

Sputtering is a process in which small particles of a solid material are ejected off its surface
after being hit by intense plasma or gas particles. It can be an undesirable source of wear in
precision components because it occurs naturally in space. Direct current (DC) and radio
frequency (RF) are the two modes of sputtering that are generally used. The RF mode is used
for the deposition of the dielectric materials while the DC mode is used to deposit metals. The
argon atoms that are ionized by a DC or RF source are focused toward the surface of the target
material to be deposited. The ionized argon atoms sputters atoms off of the target resulting in
metal vapour that is transferred directly toward the substrate and grow according to the
deposition conditions. The substrate temperature, pressure and the flow rate of the argon gas
from the cylinder can be controlled electronically [30-32]. Fig. 2.4 shows a typical

experimental setup of a sputtering chamber.
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Fig. 2.4. A typical chamber of an RD and DC sputtering deposition equipment [39]
2.1.5. Chemical vapour deposition

Chemical vapour deposition (CVD) is a coating method that utilises chemical reactions which
are thermally controlled at the surface of heated substrate with gaseous reagents. These
reactions may additionally contain the substrate material itself however they frequently do not.
CVD is a technique that is used for producing solid thin films and coatings using chemical
reactions. These reactions are thermally controlled at the surface of heated substrate with
gaseous reagents. CVD involves flowing a precursor gas or gases into a chamber containing
one or more of the heated objects to be coated. Chemical reactions occur on and near the hot
surfaces, resulting in the deposition of a thin film on the surface. In this method, the precursor
is heated into a gas form at an excessive temperature and is then deposited on the surface of
the substrate because of response with the recent surface and thus forms a thin-film layer on
the surface. This technology is broadly employed in producing bulk substances and powders
with good purity, deposition of materials surface, and development of composite material
through infiltration methods. The CVD process can be categorised as low-pressure CVD
(LPCVD) and atmospheric-pressure CVD (APCVD).LPCVD is a chemical vapour deposition
technology that uses warmth to initiate a reaction of a precursor gas on the solid substrate
resulting in the formation of solid phase material onto the target surface. [33-35]. Fig. 2.5

displays low pressure CVD processes.
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Fig. 2.5. Representation of low-pressure CVD (LPCVD) [112].

APCVD is a CVD method which is used for deposition of doped and un-doped oxides at

atmospheric pressure. The deposited oxide has a low density and the coverage is moderate due

to a relatively low temperature. The substrate is exposed to volatile precursors at atmospheric

pressure followed by a reaction or decomposition on the surface to form a deposit [35,42]. Fig.

2.6 shows diagram representing atmospheric-pressure APCVD method.
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Fig. 2.6. Schematic representation of atmospheric-pressure CVD (APCVD) [113]

Our study focuses on reaction dynamics of Zn-Mo system prepared using electron beam

evaporation system which is further explained in chapter 3. This technique is advantageous

when comparing to other techniques with regards to independence and freedom in control of

effective microstructure and composition. Manipulation of crucial parameters such as substrate
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temperature, evaporant composition, and thickness are easily managed through electron beam

evaporation system accessories.

2.2. Thin Film Growth

A general process that takes place when a film grows on substrate can be described in four
stages; (i) atoms adsorption on the substrate where atoms or molecules find an energetically
favourable side on the substrate and become absorbed. This is followed by (7i) surface
diffusion, where the atoms or molecules diffuse on the surface of the substrate and interacts
with other atoms. This then leads to (7ii) nucleation stage where more atoms or molecules bond
together and start to grow. The final stage is (iv) coalescence of the nucleation from all sides
resulting in thin film growth [13-15]. A general schematic representation of thin film growth

on substrate is illustrated in Fig. 2.7 below.
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Fig. 2.7. A general schematic representation of thin film growth on a substrate [2]

The film grown on substrate can turn out to be a smooth continuous film, rough or a film with
an under-layer that is continuous with islands of molecules on top. This feature of thin film is
related to a specific growth mechanism that the film was subjected to. The three generally
accepted growth mechanism that a thin film growth can follow are the Volmer-Weber (V-W),

Frank Vander Merwe (F-M) and Stanski-Krastanov (S-K) [16-17].

In the V-W growth mechanism the prominent feature of the thin film is usually a rough surface
with cluster of islands or cracks that are visible on the film. This is due to the atoms to atoms
forces being stringer than the atom to substrate force [18]. In the S-K growth mechanism, the
first few layers tend to be continuous because the sum of the free energy associated with the

free surface energy of the free surface (in this case the film) and the interface between the
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substrate and the film is relatively equal or less to the free energy associated with substrate
surface. This scenario leads to thermodynamically stable systems in the first few layers. As the
film grow this reverses and the film gets into an unstable thermodynamic circumstance, which
leads to islands formation onto a uniform film [19-21]. The mostly preferred thin film growth
mechanism is the F-M where the grown films are smooth and continuous and have a layer by
layer type of growth. In this mode the overall free energy decreases faster in the first few layers
of the film before stabilizing down to a constant gradual decrease in free energy. Fig. 2.8 shows

a graphical representation of the three growth mechanisms [22].

(a) (b) (c)

Fig. 2.8. Cross-section views of the three primary modes of thin-film growth including (a)
Volmer—Weber (VW: island formation), (b) Frank—van der Merwe (FM: layer-by-layer), and
(c) Stranski—Krastanov (SK: layer-plus-island) [36]

2.3. Nucleation and growth kinetics in solids

When material is annealed its atoms are randomly activated and are moving from one position
to another, thus self-organising and forming new structures. Nucleation is the formation of a
new thermodynamic phase which provides the scope on how long for a newly formed phase to
be visible, see Fig. 2.9 below. Population density of newly formed crystals and the rate at which

are formed is needed to determine the nucleation rate [102-103].
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Fig. 2.9. Diagram showing how atoms combine to form a new thermodynamic phase.

Nucleation in solids and in semi-conductors plays a vital role which includes modification of
mechanical properties (e.g. ductility). When new phase is formed from two pure materials, new
interfaces are also created, leading to the increase in interfacial energy and the driving force
behind is Gibb’s energy (G). Fig. 2.10 shows the free of the nucleus as a function of its radius
displaying surface and volume contributions. The decrease in free energy by combination of
two pure materials to form new phase results in an energy gain according to the shown figure
[104-105].
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Fig. 2.10. Representation showing free energy of nucleus as function of its radius which

shows the surface and volume contributions [104].
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2.4. Diffusion mechanism in metals

Diffusion is the movement of atoms or molecules from an area of high concentration to a region
of low concentration and can take region in gases, liquids, or solids. In solids, diffusion occurs
due to thermally-activated random movement of atoms until the material is at absolute zero
temperature and individual atoms maintain vibrating and subsequently move within the
material. In metals, the two dominating types of diffusion mechanisms are the vacancy

diffusion and interstitial diffusion [110].
2.4.1. Vacancy diffusion

In vacancy diffusion mechanism, the diffusing particles migrate from one point void to the next
using rapid, seemingly random jumping. The availability of point vacancies throughout the
crystal lattice is required for vacancy diffusion to take place. The movement of atom into a
vacant site corresponds to the movement of vacancy in the opposite direction. With increasing

temperature the charge of crystal stable state diffusion increases as shown in Fig. 2.11 [96,98].

Energy
@ Diffusing atom

Lattice position
Diffusing atom

Vacancy

Fig. 2.11. Diagram of vacancy diffusion showing atoms moving to available vacancies.

The movement of atom into a vacant site corresponds to the movement of vacancy in the
opposite direction. This diffusion mechanism is characteristic of impurity atoms that have
comparable atomic measurement as the matrix atoms. In figure 6 particles jump from one point
vacancy to the next at a quick, virtually random rate and the rate of crystal solid state diffusion

increases with temperature [96,98,117].
2.4.2. Interstitial diffusion

Interstitial diffusion is the movement of an interstitial impurity from one interstitial site to any

other interstitial site and is a characteristic of small atom impurities. This diffusion is usually
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quicker than vacancy diffusion due to the fact that bonding of interstitials to the surrounding
atoms is normally weaker and there are many extra interstitial sites than vacancy sites to jump
to and the direction of flow of atoms is opposite the vacancy flow direction as shown in Fig.

2.12 and in the current study interstitial diffusion is applicable [96,97,99].

Interstitial atom
Interstitial site

Energy
;
3

Interstitial site Lattice position

Fig. 2.12. Schematic representation showing interstitial diffusion.

In Fig. 2.12 a smaller atom on an interstitial site diffuses through the lattice between host atoms.
With this method, there is still an energy barrier to overcome, but it is lower due to the smaller

atom, and there are also many vacant places for it to disperse to [118].

2.5. Zinc-Molybdenum Thin Films

Zn-Mo systems have found applications in various spheres of every day technological
applications and this has led to more research being conducted on these systems. Previous
studies focused on factors affecting crystalline size of both Zn and Mo films, atom mixing and
phase formation. In a study by Hara et. al. (2020) a solution of citrate complexes and mixed Zn
(D-Mo (VI)-citrate was used to grow films. It was reported that in preparing the films, the
reduction process was related to zinc citrate and Zn (I)-Mo (VI)-citrate mixture. The influence
of chemical additives (Triton, D-sorbitol and PEG-2000) on the quality of the films was
investigated to see its effect on the morphology of microstructures. The XRD results revealed
that a hexagonal closed packed structure was dominant in a solution with PEG-2000, while a
solution with D-sorbitol and Triton exhibited hexagonal closed structure Mo-Zn with MoO>
phase present. The physical properties of the Zn-Mo alloy were studied in order to obtain its
melting point profile under nitrogen ambient. Differential thermal analysis (DTA) was a
characterization technique of choice for this study of melting temperature profile. The results

of this study indicated that Zn-Mo have a melting temperature of approximately 416 °C and
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XRD results revealed that the grain size of the Zn-Mo alloy decreased with increasing Mo

content and no intermetallic phases were formed [48].

Zn-Mo thin films were also prepared and reported by Olvera et al. (2017) where a mechanical
process used was mill-balling of Zn and Mo down to a crystal size of approximately 36 nm.
The starting martials were 50 Mo + 50 Zn (wt %) powders. The ball milling process was done
in ambient conditions using high energy planetary pulverisette for 100 hours. The
microstructure of the sample was studied using XRD and the measurements were done for

different milling times as shown in Fig. 2.13 [108].
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Fig. 2.13. The X-ray diffraction patterns of the Zn-Mo for different milling times [108].

The XRD results showed that at 0 hours milling sharp Bragg peaks of Mo and Zn were observed
with Mo and Zn exhibiting body centred cubic and hexagonal phase respectively. When the
milling duration was increased step-wise, Mo diffraction peak shifted due to dissolution of Zn
into Mo matrix. At longer milling times there was larger shit of Mo diffraction peaks
accompanied by diminishing Zn diffraction peaks. This led to a formation of Mo-Zn
intermetallic phase with a body cubic centre. The formation of Zn-Mo intermetallic phase was
only possible since due to mechanical alloying technique used being non-equilibrium synthesis
technique. The decrease in the crystalline size also contributed to the Zn-Mo formation due to

the diffusion length and increased surface area [108].

Brewer et. al. (1980) and Landolt-Bornstein et al. (2008) proposed the theoretical Zn-Mo
equilibrium phase diagram. The diagram in Fig. 2.14 shows formation of two intermetallic

phases of MoZn7 and MoZn>. The (Mo) + (MoZn7) two-phase region is located at < 88.4 at %
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Zn, and the MoZnaz-rich phase can only be found at 96.4 < at % Zn < 97.1. This MoZn;-rich
phase does not exist in the > 97.1 at % Zn region [106,107].
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Fig. 2.14. Mo-Zn equilibrium phase diagram [106,107]

Zn-Mo layers electrodeposited from the aqueous citrate solution were studied. Aqueous citrate
solutions were proposed as baths for electro deposition of Zn—Mo alloy coatings because are
non-toxic and form strong complexes with Zn and Mo. The results showed that the surface
morphology of Zn—Mo coatings differs according to the Mo content and the substrate used also
influenced the morphology of Zn—Mo coatings. XRD analysis did not show the presence of
Mo oxides, neither metallic Mo nor other Mo compounds. Only the hexagonal system of the

Zn phase was present in the deposits found [47,49].

Kosugi et al. (2017) studied effect of the addition of Mo on the structure and corrosion
resistance of Zinc—Iron (Zn-Fe) plating. The preparation of Zn—Fe—Mo plating was performed
by considering different pH values of the range 4.0 to 5.7. 10 mA ¢cm 2 while the current density
was fixed. The intense peaks of Zn-Fe-Mo alloy phases were detected as the Mo concentration
decreased as shown in Fig. 15 below. The addition of Mo into Zn—Fe was considered to
improve its corrosion resistance. The plating obtained by this experiment showed high

corrosion resistance when the electrically-deposited layer formed a FesMo-based alloy phase

[9].
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Fig. 2.15. XRD patterns of the Zn—Fe—Mo plating deposited from a plating bath with
different Mo concentrations [9].

Swigtek et al. (2017) examined structural and microstructural properties of Zn-Mo alloy layers
electrodeposited from aqueous citrate solution. The surface morphology of Zn-Mo coatings
differed according to the content of molybdenum. Mo content was characterized by flake-like
particles protruding from the compact cellular-platelet layer. The layers with high Mo content
additionally consisted of agglomerates of short needles and elongated platelets. XRD was used
to further characterise the Zn-Mo layers and single-phase deposits with the same type of crystal
lattice (hexagonal) were visible on the XRD patterns of Zn-Mo layers. With the increase in the
content of Mo atoms in the Zn structure it was also observed that the shape of the crystallite
varied from flattened oval to almost spherical and then tended to plate shape. The presence of

ZnO was also detected in the layer comprising of the highest number of Mo atoms [119].

Another study on Zn-Mo layers demonstrated that the surface morphology of Zn-Mo coatings
differed according to the Mo content and the substrate used have an influence on the
morphology of Zn-Mo coatings. XRD data indicated that the presence of Mo causes
fragmentation of the crystallites and that the increase in the content of Mo atoms in the Zn
structure, the crystallite volume drops sharply and then reach an almost constant value with the

shape of the crystallite also slightly altered [47].
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2.6. Lead Free Zn Alloys

In a long list of Pb free alloys that have been researched to replace Sn-Pb, Zn alloys have been
proposed as a candidate in the area of high temperature solders. Various metals have been tried
for alloying Zn to form solders and several research groups have worked on Zn-Sn [41]. Kim
et al. (2008) reported on Zn-xSn system (with x = 20, 30, and 40 wt %) and it was noted that
all the samples composition showed good electrical and thermal conductivity and no inter-
metallic compound formation. Other alloys that were studied (such as Au-Sn and Bi-Ag) as
substitutes for Pb free, appeared to be brittle when inter-metallic compound was formed and

this led to poor performance as high temperature solders [41,55].
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Fig. 2.16: Zn-Sn binary phase diagram at standard temperature and pressure [55].

Fig. 2.16 shows a phase diagram of Zn-Sn and from the diagram there is no evidence of the
existence of inter-metallic phase. One of the drawbacks of Sn-Zn system as a high temperature
solder is its eutectic temperature of approximately 200 °C. At temperatures of around 250 °C, a
solid liquid transformation takes place and this is difficult to control due to expansion of the
liquid. Several cures to this phenomenon have been explored and this includes restricting Sn
wt % loading to below 30 %. This result in approximately less Zn-Sn liquid at eutectic
temperature, with an effect of relative stability and control of the solders at high temperature.

Nevertheless, more work is needed to be done in this system [55,56].
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Aluminium (Al) is the other element that have been used to alloy Zn for soldering purposes.
Agapie et al. (2015) reported that the most promising Zn-Al composition for soldering is from
the binary phase diagram with eutectic Zn-5-6 wt %-Al alloy [57]. The samples in this study
were prepared by melting the metals in an electric graphite crucible bars as electrical resistors
under flux blanket. The resultant molten alloy was cast in a mould to obtain bar. Similarly to
Zn-Sn system, Zn-Al alloy exhibited no inter-metallic crystallographic phase as observed from

binary phase diagram in Fig. 2.17.
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Fig. 2.17. Zn-Al binary thermal equilibrium phase diagram [57].

Based on the phase diagram data, the eutectic Zn-0.8-Al-3 wt % has the most promising
physical properties for high temperature soldering, due to its melting point of approximately
380 °C. By increasing the Al content, it has been observed that the conductivity of the Zn alloy
increases. The Zn-Al system with 0.83% wt % Al loading has the most promising physical
properties for high temperature soldering due to its melting point of approximately 380 °C. By
increasing the Al loading it has been observed that the conductivity of the Zn alloy also

increases [57].

Zinc-Nickel (Zn-Ni) have also been investigated to improve the wettability of the zinc alloys
for soldering. Mallick et.al. (2016) prepared samples from high purity micro-powders of Ni
and Zn blocks. Ni powder was pre-heated and added to a Zn melt prepared in a graphite crucible
heated by gas fired pit furnace. The melt was homogenised by manual stirring with a desired
proportion of Ni added in the melt. They have found that increasing Ni content has had an

advantageous effect on the Zn-Ni solder alloy. The alloying contents increased hardness and

31



tensile strength with the formation of Zn—Ni intermetallic [58]. Fig. 2.18 below is an XRD

spectrum showing Zn phase and gamma phase of Zn-1.5 wt %-Ni alloy.
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Fig. 2.18. X-ray diffraction patterns of Zn-Ni alloy [58].

The XRD patterns of the existence of an intermetallic compound is observable at diffraction
angle of approximately 20 =44.5°. This observation of the intermetallic compound is consistent
with the absence of a Ni peak diffraction peak. The phase diagram of the system as shown in
Fig. 2.19 displays all the possible stoichiometric phases that can be realised from this system

[58].

Binary Zn-Mg alloy has also been studied for soldering application and such system is mainly
for light alloy uses. Zn-Mg has the ability to improve the mechanical and electrical of Zn for
better soldering. A series of Zn-Mg alloys with varying Mg wt % were prepared by Galib et al.
(2019). The XRD patterns of the Zn-Mg alloys in Fig 2.19 shows (a) show formation of inter-
metallic phase Zn,Mg at approximately 43° angle. This phase is also illustrated in the phase

diagram of the system on Fig. 2.19 (b).
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Fig. 2.19. (a) The X-ray diffraction patterns of Zn and Zn-Mg, (b) phase diagram of Zn-
Mg system [109].

2.7. Annealing

Annealing is a heat treatment that affects the properties of materials and it improves ductility
and the strength of the metallic system. The process of annealing affects the surface
morphologies of materials and their physical, chemical, optical and catalytic properties [51].
When a material undergoes annealing, its atoms are activated thermally and this leads to
structural changes as the temperature increases. During annealing, atoms in the material
become more energetic and thus increases the rate of diffusion. Diffusion can be activated
annealing by laser heating and thermal annealing [96,97]. The movement of atoms and
variations in the structure during the process of annealing is represented in stages namely;

recovery, recrystallization and grain growth as shown in Fig. 2.20.
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Fig. 2.20. Schematic representation of the three stages of annealing [111].

The recovery stage occurs before the strain free grains may appear at very low temperatures of
the annealing process. At this stage the material is softened and defects such as dislocations are
minimized and the internal stress is removed. The second stage is recrystallization where the
newly appeared strain free grains combine to replace the deformed ones by internal stress.
During grain growth stage, the microstructure roughens to form structure different from the

original before the process of annealing [100,101,111].
2.7.1. Real-time RBS annealing

Real time RBS is the most convenient way to carefully monitor the growth kinetics in bi-
metallic systems through ramped isothermal temperature annealing. This is an accurate and
powerful technique to study solid state thin film reactions. With real time RBS one can study
all the phases of the system from generated spectra throughout in a single experimental run
using one sample. This approach is referred to as real-time RBS due to the fact the data from
the measurement is generated in real-time through the annealing. The advantage of real-time
RBS over other in-situ strategies such as XRD and resistance measurements is that the
thickness of the growing layer can be measured as function of temperature. Real-time RBS
provides excellent kinetic study and activation energy of the reaction when two or more
elements reacts as a linear temperature is ramped. This allows for a quicker and correct

characterization of thin solid state reactions. [59-60].

Theron et al. (1998) used in-situ real-time RBS to study marker motion during CrSi> formation
in the Si/Pd>Si/Cr system. They compared results obtained using in situ, real-time isothermal

anneals and ramped temperature anneals with those obtained by other authors using
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conventional annealing. They made other example which involved the use of an inert Tantalum
marker to determine the origin of Silicon supply when CrSi is formed on top of Pd>Si. They
annealed and analysed samples in situ and RBS spectra were obtained with 2 MeV alpha
particles using a backscattering angle of 165° and tilting the sample 10° towards the detector.
RBS spectra were obtained continuously and accumulated spectra stored at regular intervals
(every 10 s). As reported, they annealed the first set isothermally at a number of temperatures
ranging from about 195 °C to 320 °C and the samples of the second set annealed at different
ramp rates ranging from 0.1 to 30 K/min. Fig. 2.21 shows in-situ real-time RBS spectra of the

formation of CrSi2 on Pd2Si at 425 °C [60].
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Fig. 2.21. In situ, real-time RBS spectra of the formation of CrSi2 on Pd2Si at 425°C [60]

The real-time RBS analysis clearly showed that some Pd>Si must have dissociated although
this only occurred during the initial stages of CrSi> formation. In this study it was illustrated
by the measurement of the reaction kinetics of Pd>Si formation that real time RBS can study
reactions. The activation energy and pre-exponential component should be acquired from a
single sample by way of ramping the temperature, whilst continuously carrying out RBS

measurements [60].

Mtshali et al. (2019) used real-time RBS to investigate diffusion kinetics and stoichiometric
evolution using 2 MeV He" ions on Silicon-Titanium-Cobalt thin film samples. The thermal

annealing was carried out with linear temperature ramping from room temperature to 350 °C
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at 20 °C per minute and from 350 °C to 650 °C at 3 °C per minute. One sample was (as-
deposited) and another was first annealed at 450 °C under argon gas flow for three hours to
kick-start the reaction before the real-time RBS experiment. They found out that the diffusion

of the elements could be tracked as the temperature is ramped up [114].
2.7.2. Femtosecond laser annealing

A femtosecond laser is defined as a laser which emits optical ultra-short pulses with a duration
in the domain of femtoseconds (107!° s) with a known spot size [61]. Ultra short pulsed lasers

overcome some shortcoming of long pulses laser system for micro and/or nano-scale

fabrication.
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Fig. 2.22. Ultra Short and Long laser pulses [62]

In femtosecond laser pulses according to Fig. 2.22, there is less thermal processing compared
to short-pulse laser (which include nanosecond pulses and microsecond) and hence ultra-short
pulses have advantages over long laser pulses. Another advantage of ultra-short laser pulses is
the reduced heat impact. When a material is constantly annealed using long pulses it gradually
loses its original structure and changes characteristics because of the increased heat impact
compared to ultra-short. Femtosecond laser has less damage on the surface of the material as it
is highly collimated with short and fast pulses. Evidently, in the diagram above in short pulses
there is no heat transfer to surrounding material while in long pulses the heat is severely
transferred. Furthermore, in long pulses there is melt zone while it’s not available in short pulse.
Long pulse duration results in greater peak torque, normalized torque, as well as torque-time

integral. The pulse repetition rate is the number of pulses emitted per second [61,62].
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Studies using lasers have been undertaken with different laser types and pulse regimes with
femtosecond laser being utilized for ultrafast pulse related projects [35,63]. Tong et al. (2007)
studied the effect of the laser fluency on structural and optical characterization of thin CdS
films synthesized by femtosecond pulsed laser deposition with a laser incident energy in the
range 0.5-1.5 mJ/pulse. A femtosecond pulsed Ti: Sapphire laser composed of a pulse stretcher
with a regenerative amplifier was focused on a rotating CdS target. The laser had a pulse
frequency of 1 kHz, beam diameter of 8 mm and it emitted 90 fs pulses at a central wavelength
of 800 nm. The XRD results from this study showed that CdS thin films are dominantly
hexagonal structure. They also reported that by increasing the laser incident energy from 0.5
to 1.2 mJ/pulse the intensity of the CdS diffraction peaks appeared more intense and sharper.
Another observation was that when the laser incident energy was raised to 1.5 mJ/pulse, the
intensity of CdS diffraction peaks became slightly weak which indicated that the crystalline
quality of the CdS thin films slightly decreased. The CdS thin film deposited at the laser
incident energy of 1.2 mJ/pulse displayed relatively good structure and optical properties. The
results from this study have shown that crystallinity, surface quality and the optical

characteristics of the CdS thin films are strongly dependent on the laser incident energy [63].

Zhu et al. (2015) used an amplified Ti:sapphire laser system with the incident laser beam
perpendicular to the surface to irradiate Si. Laser incident energy of 6 mJ/pulse at a wavelength
800 nm wavelength was used and the average laser fluency was controlled by laser beam
splitters. The study revealed that femtosecond laser irradiation on Si solid leads to the formation
of a composite of nano-crystalline, amorphous and Si substrate surface with microstructures.
The transformations between crystalline Si and amorphous Si with the femtosecond pulse laser
irradiation may provide a new method to make low cost infra-red Si detectors [64]. Shao-Xu
et al. (2012) investigated the effect of femtosecond laser irradiation and subsequent thermal
annealing on the electronic, optical, and optoelectronic properties of silicon supersaturated with
sulphur by ion implantation. When conducting experiments, the focused laser spot was 350 pm
in diameter and was exposed to an average of 480 pulses. The implanted samples were
thermally annealed in N> for 30 min at 825 K after femtosecond laser irradiation. Some ion
implanted samples without laser irradiation were also annealed at different temperatures for
comparison. Femtosecond laser irradiation and subsequent thermal annealing can electrically
and optically activate the supersaturated sulphur in silicon, and improve the photodiode
fabricated from the laser-irradiated sample [65]. Neimash et al. (2016) performed a study where

laser light at relatively low power was used to initiate and sustain the process of Sn-induced
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crystallization. Laser annealing was proven to supply the opportunity of fine-tuning the nano
crystals size and concentration, which is important in photovoltaic and thermoelectric devices
fabrication. The local temperature within the laser spot and duration of the heating process
control the formation rate, size and concentration of Si nanocrystals and, therefore, depend on
the irradiation power and exposure time to laser radiation. Fig. 2.23 shows the SEM

micrographs for the analysed selected region of interest from this work.

(c) (d)

Fig. 2.23. SEM images of the 3-layer structure Si/Sn/Si. The thicknesses of the deposited layers
were X: V:Z = 100: 50: 100 nm. Panels (a) and (b) are images of the surface with different
magnification. Panels (c) and (d) are tilted images of the chipped surface [95].

The light reflection from the surface of the sample was reportedly negligible because of the
surface morphology of the sample shown in the figure above. Evidently from Fig. 2.11, the
surface appeared like black soot, featuring thereby significant property of energy loss
minimization due to reflection, which has proved to be important for the solar cells industry.
The results showed that Si nanocrystals formation rate, their size, and concentration are
controlled by the local temperature within the laser spot and duration of the heating process

and, therefore, depend on the irradiation power and exposure time to laser radiation [95].

38

http://etd.uwc.ac.za/



2.8. Characterization techniques

2.8.1. Field Emission Scanning Electron Microscope

Field emission scanning electron microscope (FE-SEM) is a type of a microscope which uses
a focused beam of electrons to scan a surface of a sample to create a high-resolution image.
FE-SEM produces magnified images of an object being measured with the features of the
sample highly resolved. This high resolution is achieved due to the short wavelength nature of
the electrons which is much smaller than those of light [115]. The effect of the wavelength of
the probing matter can be demonstrated by the Abbe equation;

4o A
"~ 2nSind

(1

Where d is the resolvable feature size, which could be the distance between two object or
particles on the sample, 4 is the wavelength of the probing particles (electrons) # is the index
of refraction of the medium and 0 is the half angle of the converging spot on the sample from
the lens. The denominator of equation 1 is a representation of a lens numerical aperture and the

simplified equation is;

N[ >

)

The resolution of the features of the sample being measured are limited by the wavelength
because the shorter the wavelength the greater the resolution. The limit of resolution is also

affected by the aberration of the lens and the coherence of the probing electrons.

2.8.1.1. Sample characterization using FE-SEM

A beam of electrons in the FE-SEM is generated using a field emission gun by applying a high
potential difference between a Miiller type Schottky emitter. A negative potential relative to
the electrode creates a gradient for the electron to accelerate through to the samples. The

advantage of field emission gun is its high brightness which have an influence on the resolution
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[116]. The FE-SEM used was used for morphological characterization of Zn-Mo thin films. A
beam of electrons is channelled down the evacuated chamber through a pin hole aperture just
below the emission gun and these monoenergetic and coherent electrons are shaped by a series
of electromagnetic lenses (condenser lens and objective lens). Once the electrons interact with
the sample signals ranging from secondary electrons, backscattered electrons and X-rays can
be generated and these are detected via detectors. The detector creates snap shots which are
displayed on a computer display screen. Fig.2.24 shows a schematic representation of the

interaction of the electrons in the SEM and the signal generated.
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Fig. 2.24. (a) Signals produced during the electron beam-specimen interaction in the SEM
microscope and (b) the regions from which the signals can be detected [71].

Characteristic X-rays and Auger electrons determine chemical composition, while
backscattered electrons are necessary to demonstrate contrasts with regards to composition in
multiple specimen (using atomic number). Secondary electrons provide topographical

information of the specimen [66-70].
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2.8.2. X-ray diffraction (XRD)

XRD is a non-destructive analytical technique used in order to obtain crystallographic
information of a material. The technique is based on the interaction of monochromatic X-rays
and the periodic crystal lattice of a material. The energy and incidence angle of the X-rays and
the electron density of the sample influence the penetration depth of X-rays. With this
technique, only information about the crystal grains near the surface can be analysed and this
is because X-rays will only penetrate the surface of the material, reaching a few um into the

material [74-77].
2.8.2.1. X-ray diffraction principle

XRD instrument is equipped with an X-ray tube from which the X-rays are extracted and
directed towards the sample. When the X-ray photons interact with the sample the photons
react with the material in several different ways, however in XRD only the diffracted photons
are of interest [ref]. During diffraction the X-rays become scattered on the different crystal
planes of the sample material and the diffracted rays are recorded by the detector for analysis.
X-rays interact with the lattice when propagating through a crystal of the sample and are
diffracted according to Bragg's law equation below. Diffraction of X-rays by the elastic
scattering leads to formation of diffraction patterns. The combination of constituent atoms,
crystal structure, and lattice constants is different for every material or phases and as a result
unique set of diffracted intensities are produced making the phase identification process
possible [78,79]. The mathematical expression of Bragg’s law is stated in Eq. 3 and the

schematic representation in Fig. 2.25.

nl = 2dSin0
3

Where n is the integer, 1 is the X-ray wavelength, d is the crystal plane spacing and 6 is the

angle between the incident X-rays and the crystal plane.
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Fig. 2.25. Schematic representation of Bragg’s law of diffraction of X-rays.

Bragg's law states that a constructive interference occurs when the spacing, d is equal to nk (a
whole number, n of wavelength). When the X-ray is incident onto a crystal surface its incident
and scattering angle are equal [80]. In the current study XRD experiments were conducted

using a Bruker D8-Advance-8 advance X-ray diffractometer.
2.8.3. Rutherford backscattering spectrometry (RBS)

RBS is a widely used non-destructive ion beam analysis technique for elemental composition
determination, impurity distribution, depth profiling and areal density. This technique uses
helium ions (He") of MeV energy to probe the sample under investigation. The alpha beam is
produced by particle accelerator and the beam is then collimated and filtered using a series of
electromagnetic magnets along the beam line. The energy range of alpha particles used in the
RBS analysis is between 0.5 to 6 MeV. During interaction between the sample and alpha beam,
the incoming charged particles are backscattered from the atoms in the near - surface region of

the sample and the experimental setup is presented in Fig. 2.26.
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Fig. 2.26. Representation showing RBS experimental set-up [81].

When the alpha particles strike the target sample some particles are backscattered and detected
using silicon surface barrier detector. The detector is placed at the backscattering angle as large
as possible to collect the largest number of scattered ions. The detector signal is then magnified
and reshaped in the preamplifier. The detector and preamplifier are powered by the electronic

equipment which then stores data in the form of backscattering spectra [81-83].

In RBS, the interaction between the alpha particles and the atoms of the sample is governed by

kinetic factor, energy loss and differential scattering cross section.
2.8.3.1. Kinematic Factor

The kinematic factor is described as the ratio of the incident energy after an elastic collision to
that before the collision. The interaction between the incident particles with target atoms is
considered an elastic collision which obeys laws of conservation of momentum and energy
[84]. Fig. 2.27 below illustrates elastic collision between a projectile of mass M and the target
atoms of mass Ma. For scattering that occurred at the surface of the sample, the only energy
loss is due to the momentum transferred to the atoms of the target material and the kinematic

factor is given by Eq. 4.

larget atom Recoil atom

M, Nt
Projectile Vo ,E, L~ v,,E, M,

e

o
-
o
ot
ot

Backscattered
Particle

v, E M,

Fig. 2.27. Elastic collision between a projectile of mass M; and the target atoms of mass M

[88]

The ration k of the projectile energy during collision between an incident energetic particle M,,

with M, is described as K = E; /E,. Since the collision is considered to be elastic, both energy
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and momentum are constant and therefore the ratio of projectile's energy can be determined for

M;<M, as;

1 2
E, (M, — M,? sin sin %)% + M, cos cos 6
E, M, + M,

“

Where M is the mass of the incident particle, M2 is the mass of the target atom and 0 and 6
are defined as the angle between the incident ion before and after scattering. The kinematic
factor is a function of M1, Mz and 6 only. From the equation it can be deduced that the energy

of scattered projectile by heavier elements is higher than those scattered by the lighter elements.

The significance of the kinematic factor is that by measuring the energy backscattered, one can
determine or identity the mass of the target atom [81]. The preferred position of the detector
for backscattered particles is at an angle of 180°. The graph in Fig. 2.28 shows kinematic factor
for a scattering angle 165° as a function of the target mass M, for different beam particles. The
kinematic factor which is the ratio E; /E, becomes constant as the mass M, of target increases

for different incident atoms.
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Fig.2.28. Graph shows kinematic factor for a scattering angle 165° as a function of the target
mass M, for different beam particles of Lithium, Helium and Hydrogen ions [81].
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2.8.3.2. RBS differential scattering cross section

When the incident particles interact with target atoms, incident atoms experience collisions and
loose energy during that collision. Scattering cross-section is a parameter that defines the extent

and probability of the collisions. This parameter is described in terms of a differential cross

do

section (E) which is the relative number of backscattered atoms into a detector’s solid angle

dQ for a given flux of incident particles. The scattering cross section is given as:

1/2 2

+ cos@

2 y [1 - ((%) sin9>2
o [1 - ((%) sin9>2

do(6) (zlzze2>

df 4E 1/2

S))

Where z; and z, are atomic masses of the projectile atom with M and target atom with M»
respectively. The equation shows that the probability of scattering is inversely proportional to
the square of the incident energy and therefore as the energy of the projectile decreases the
probability of scattering increases. The scattering cross section is much greater at small angles
[85,86]. The scattering cross section have an influence on the yield and shape of the spectrum

and spectrum yield of backscattered particles is given by equation:

Y =0d(0,)RQNAt/cosH,
(6)

Where 6(01) is the scattering cross-section at angle 8 and (2 is the detector solid angle. Q is the
number of incident particles and N is the atomic density, At is the thickness of target and 0> is

the angle between the incident beam and the target surface.

2.8.3.3. Energy loss and stopping power

During beam interaction with the target sample, the incident ions lose energy when traversing
the material which leads to deceleration of the ions before and after collision. The deceleration

of ions in the target material is described as the stopping power, which enables the
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determination of the elemental depth distribution. A projectile with energy E striking on a
target, will penetrate into it and kinetic energy of the projectile decreases. The amount of energy
lost per distance Ax traversed depends on the identity of the projective, and the density and

composition of the target [81,87].

Ax

E-AE i o E
Transmitted Incident particles
particles

Thin target
Fig. 2.29. [llustration of energy loss per distance Ax traversed through a thin target.

The diagram in Fig. 2.29 illustrates the beam of energy E impinging the target and losing energy
as it traverses. AE is the energy lost as it traverses distance Ax into a target of electron density
n, and energy of the transmitted particle is E-AE. The energy loss per unit length dE/dx at the

energy E of the incident projectile is defined using the formula:

AE _dE
Ax_dx()

(M

The accuracy of the stopping cross section have an influence on determination of target

thickness and depth profile measurement by RBS [81,87,88].
2.8.4 Atomic Force Microscope (AFM)

AFM is a technique used in the surface analysis of rigid material down to the level of the atom.
This technique uses a mechanical probe to magnify surface features and produces 3
dimensional images of the surface [89]. A typical AFM system set up is comprised of a

cantilever with an extremely sharp tip, a scanner, a sample stage, laser and a photodiode
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detector as depicted in Fig. 2.30. AFM operate on the principle of surface sensing using a sharp
tip mounted at the end of a cantilever. The tip bends in response to the force exerted on the tip
by the sample and is used to image the target sample by raster scanning across the surface line

by line.

AFM has two general modes of operation which are the static mode also known as the contact
mode and the dynamic mode which is refers to the non-contact and the tapping mode. In each
of the modes there are dominant interaction forces which give information about the
topography of the sample. The repulsive forces are seen in the contact mode and the attractive
forces in the non-contact mode. In the tapping mode at high frequencies both the repulsive and
the attractive forces are experienced. In tapping mode, the probe makes the contact with the
sample at regular intervals. In contact mode there is a constant slight contact between the
sample and the probe which maintains the contact force. The mode is dependent on the type of
sample to be measured and physical characteristics to be studied [89-91]. The applied forces
during the interaction between the AFM tip and the samples surface are attractive or repulsive
depending on the distance between the tip and the sample. The force is attractive if the distance
is big enough and repulsive if it is small due to overlapping of electron orbitals between tip and
sample. Contact mode AFM has repulsive interaction forces, non-contact with attractive van
de Waals forces and the tapping mode using vibrating tip to examine the surface. The tip
position gives a three-dimensional image of the sample surface and the contours of the tip -

sample force closely follow the surface topography [92-94].
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Fig. 2.30. Operation principle of atomic force microscopy [93]
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The sample surface topography image is acquired using a feedback mechanism that enables the
scanners to maintain the tip at constant force or tapping mode above the sample surface. A
cantilever attached to a probe monitors the force and the higher the cantilever deflection the

higher the force experienced by the probe.
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CHAPTER 3: RESEARCH METHODOLOGY

3.1 Introduction

A bi-layer of Zn and Mo thin films were prepared using electron beam evaporation system. In
this chapter, a detailed description on sample preparation and characterization techniques used
to study Zn-Mo thin films deposited on substrates will be presented. Thin film analysis is
accomplished through logical utilization of different characterization techniques which are
discussed in details throughout the chapter. Samples roughness and topography were analysed
using AFM and XRD was used to study the microstructures and to identity crystallographic
phases formed. Morphological structure of the samples was examined using scanning field
emission SEM. RBS technique was used for determination of materials thickness, depth profile
and diffusion mechanism and program software SIMNRA was used for simulation of the

experimental data.
3.2. Deposition of Zinc and Molybdenum thin films

A thin bi-layer of Zn and Mo were deposited using electron beam evaporation system in Fig.
3.1 (a). Before deposition the electron beam evaporator chamber was pumped down to base
pressure of 1 x 10”7 mbar. This was achieved by first pumping down the chamber using rotary
pump followed by a turbo pump. When the pressure reached 1 x 10 mbar, titanium
sublimation pump cooled by liquid nitrogen was deployed to further improve the vacuum to a
base pressure of 1 x 10”7 mbar. Once this base pressure was reached, the target materials were
then de-gassed using the electron beam, this was done to remove any residual adsorbed
atmospheric gasses that were not pumped out. The system has a crucible shutter placed between
the evaporant vapour source and the substrate holder which is used to stop the deposition by
closing it when the desired thickness is achieved. The amount of thickness deposited and
deposition rate are monitored through a crystal balance monitor controller mounted close to
the substrate. Evaporation process and parameters were controlled and monitored using

controls in Fig. 3.1 (b).

Once this procedure was completed the target materials were evaporated and deposited at a rate
between 2.4 and 1.2 A/s and the substrate temperature was set to room temperature. The

evaporation process was monitored using a thin film monitor.
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Fig. 3.1. Electron beam evaporator system setup used for Zn-Mo film deposition

A beam of electrons was generated from a resistively heated tungsten filament and accelerated
towards the target material placed in a crucible. These electrons cause the target material to
evaporate and as the vapour impinges the surface, the gas (hot vapour) molecule may lose
enough kinetic energy during collision with the substrate surface atoms forming chemical bond
with atoms of the substrate. The mobility of the atoms on the surface of the sample is higher
and therefore they are settling down on equilibrium positions [29]. Atoms of the evaporant are
being held and grown as the thin film on the substrate and forming nuclei of different sizes and
this is followed by the formation and merging of the critical nuclei to form one mass

(coalescence) of film.
3.3. X-ray diffraction measurement on Zn-Mo thin films

XRD provides information on the atomic arrangement in materials, crystallographic phases,
and crystal orientation (texture). Other crystallographic parameters, such as grain size, strain,
lattice parameters and crystal defects can be calculated from the XRD data. External factors
such as pressure, temperature and cooling rate during recrystallization can affect the
arrangement of atoms in the material. Amorphous solid materials are an assembly of atoms
with an irregular atomic arrangement, and have no periodic repetitive structure, while

crystalline materials, have atoms that are arranged in regular and repeated pattern [72-73].

The Bruker AXS D8 ADVANCE X-ray diffractometer was used to study Zn-Mo films. This
equipment has a source that produces CuK,; (with wavelength of A= 1.5406 A) coherent and

monochromatic X-rays and it is fitted with a Ni-filter. During the XRD measurements the
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system was operated at a voltage of 40 kV and a current of 40 mA. The diffraction angle (20)
was scanned from 30° to 60° with an increment step of 0.01° and the X-ray photons counted

for 1 second at each step. The indexing of the Bragg’s peak was done using JCPDS catalogue.

3.4. Real-time RBS measurement on Zn-Mo thin films

The solid state reaction of different metallic systems can be easily tracked using only a single
sample during one experimental run under real-time RBS. This has a considerable
advantageous over other ex-situ set-up. In real-time RBS, the sample is continuously analysed
while simultaneously heated at a certain temperature ramp rate to induce phase formation solid
state reaction. The information about any changes in composition of the material is derived

from a single sample by linear ramped thermal annealing [59-60].

3.045 MeV He"™" beam was generated using a 3 MV Tandetron accelerator and Fig. 3.2 shows
the RBS experimental setup used to investigate Zn-Mo films in the current study. The sample
was mounted on the sample stage and tilted 10° towards the detector. In order to measure
temperature during annealing thermocouples were connected from the back through a narrow
hole so that a tip was located inside the copper below the sample and the detector placed at an
angle to measure back scattered particles. In-situ RBS was used to monitor and track reaction

dynamics with one Zn-Mo sample.

Fig. 3.2. Scattering chamber with sample stage connected to thermocouple for real-time RBS
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Before the commencement of the experiment the base pressure inside the scattering chamber
was pumped to be 1x10° mbar and monitored in the data room. Zn-Mo bi-layer on a glass
substrate was annealed at a ramp rate of 2 °C/minute from room temperature to 400 °C. The
detection of backscattered alpha particles was achieved by a detector placed at 150° relative to

the sample stage and the collected charge was 20 pC.

3.5. AFM measurements on Zn-Mo thin films

AFM is a high resolution microscope that enables the examination of surfaces of materials.
This instrument provides quantifiable and accurate surface height, waviness and roughness
information, presented in a three-dimensional topographic micrograph. This technique have a
great atomic resolution to measure surface roughness in a sub-micrometre scale. The
examination of the roughness and topography of Zn and Mo films grown on a substrate was

conducted using AFM with a VEECO Nano-scope III shown in Fig. 3.4.

Fig.3.3. Atomic force microscopy instrument used study the topography of Zn-Mo samples.

The AFM was operated in tapping mode using Si tips and the frequency of the tip was 10 Hz
and the area measured was 25 pm X 25 um. Roughness analysis and raw data analysis were

done using Nano-scope software where the area of choice to be examined was be selected.
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3.6 SEM measurements on Zn-Mo thin films

Auriga Ziess field emission scanning electron microscope was used to characterize the surface
morphology microstructure of the samples. The sample were loaded in a load-lock of the
apparatus which was pumped down to a base pressure before the samples were loaded to ultra-
high vacuum pressured analysis chamber for measurements. A field emission gun was operated
at a terminal voltage of 5 kV, the electrons were guided down the column of the microscope to
the sample stage using both the objective and condenser electromagnetic lenses. The GIMINI
2 Ziess in-lens detector which use both the backscattered electrons and secondary electron was
used to generate a micrograph. The working distance of the measurement was set at 5 mm and

different magnification ranging from 10 000X to 100 000X were used for imaging.
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Chapter 4

4.1. Results and discussion

4.1.1. Background

Thin films of Zn deposited on a substrate, (Mo) layer grown on top of Zn, were fabricated using
electron beam evaporator. Both the pristine and annealed samples of these metallic bi-layers
were studied for their surface morphology using field emission scanning electron microscope
(FE-SEM) and atomic force microscope (AFM). The microstructure of both the pristine and
annealed samples were analyzed using X-ray diffractometer to determine the crystallographic
nature of the materials. These characterization techniques were also used to determine the

growth mechanism of both metals while forming a bi-layer.

The reaction kinetics and evolution of the metallic bi-layer thin film during annealing were
tracked in real time mode using Rutherford backscattering spectrometry (RBS). This
experiment was conducted in a high vacuum RBS chamber using alpha particles as probing
particles. This experiment also helped to determine the eutectic temperature of the system and
the stoichiometry of the product after annealing.

The advantage of using real-time RBS, was to eliminate the possibility of introducing error in
the measurements, by using a single sample to collect all the annealing temperatures RBS

spectra in one experimental run.

4.1.2. Morphology and microstructure of Pristine Films

A metallic bi-layer of Zn on silicon substrate with a layer of Mo on top of Zn, was grown using
electron beam evaporator. This was achieved by first depositing a thin film of Zn onto a silicon
substrate using the deposition conditions in table 1. The electron beam evaporator chamber was
first evacuated using rotary pump and turbo pump to a base pressure of 1 x 10”7 mbar. The high
purity target metals were first de-gassed to remove any traces of ambient gases adsorbed. This
was achieved by slightly heating the target metals with the electron beam before shutter that
shielded the silicon substrate was opened for deposition. The deposition rate and the thickness

of the deposited film was monitored using crystal balance positioned above the sample holder.
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Deposition Deposition rate

Elements Thickness (A) Current (mA)
Pressure (mbar) | (A/min)

Zn 2x10¢ 3-6 1000 15

Mo 8x107 2-4 1000 45

Table 4.1: Parameters of the deposition of Zn-Mo thin film using electron beam evaporator

The FE-SEM micrograph of Zn film on a silicon substrate is as shown in Fig. 4.1, it can be

observed from the micrograph that the film has many dense grains distributed throughout the

surface of the substrate. The Zn crystals seem resemble a hexagonal shape at a close look, with

some crystals having a distortion.
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Fig. 4.1. The FE-SEM micrograph of Zn film on a silicon substrate.

Atomic force microscope micrograph of the Zn film was measured using the tapping mode,
with the canter liver vibrating with a frequency of 10 Hz and the scan area fixed at
10 pm x 10 pum, the root mean square roughness of the film was determined to be 156 nm. The

micrograph of the Zn is as shown in Fig. 4.2.
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Fig. 4.2 AFM micrograph of a Zn layer deposited using scanning electron beam.

The roughness of the film is representative of the irregular Zn crystal sizes is observed form
the FE-SEM micrograph in Fig. 4.1. The microstructure of the Zn film was studied was X-ray
diffractometer in 0 - 20 configuration, monochromatic X-ray with a wavelength of 1.54 A was
used to probe the films. The step size of the measurement was set at 0.019 ° per second, this
measurement was conducted at room temperature. The diffraction pattern of the Zn film is as

plotted in Fig. 4.3.
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Fig. 4.3. A plot of X-ray diffraction patterns of Zn atom deposited using electron beam

evaporator.
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The AFM micrograph in Fig. 4.4 exhibit smoother surface morphology, with not much
discernable features on the surface. This lead to suggest that the film is more amorphous with
a very short ranged ordering of atoms. The root mean square surface roughness was measured
to be 4.18 nm. This range of surface roughness suggest that the film followed the Stranski—
Krastanov (S-K) growth model with the adatoms coupling with the substrate being stronger
than the adatoms to adatoms coupling forces at the beginning of the nucleation and coalescence

stage of the growth.
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Fig. 4.4. Atomic force microscope micrograph of Mo film grown by electron beam evaporator.

The microstructure of the Mo film was studied using X-ray diffractometer, from the plot of the
diffraction pattern plot in Fig. 4.5 it is observed that the film is amorphous in nature since there
are no discernable Bragg’s peak detected from the sample. This result is in line with the AFM

micrographs that showed the film to have very small roughness that suggested amorphous film.
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Fig. 4.5 X-ray diffraction pattern plot of the as-deposited Mo thin film grown by electron beam

evaporator.

4.1.2.1 Bi-metallic thin film study

Mo-Zn thin film was deposited using the electron beam evaporator with the deposition
conditions shown in table 1. A layer of Mo was deposited onto Zn after the Zn film was cooled
off after deposition. The thickness of each layer was approximately 50 nm, as measured by

crystal balance in the deposition chamber.

FE-SEM micrograph of bi-metallic film of Zn-Mo (Mo on top of Zn) in Fig.4.6 exhibit rougher
crystals with the edges not being as well defines as in the film of Zn only. This is due to the
atoms of Mo layer not growing epitaxially onto Zn film, this is because of the strong amorphous

nature of the Mo film as observed from the X-ray diffraction microstructure of the film in Fig.

4.5.
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Fig. 4.6. FE-SEM of bi-metallic film of Zn-Mo grown using electron beam evaporator.

The Atomic force microscope micrograph of Zn-Mo film in Fig.4.7 shows that the film has
higher roughness, with the root mean square roughness being 126 nm. The roughness of the bi-
metallic film is greater than the roughness of the individual films, this could be as a result of

the non-epitaxial growth of Mo onto Zn leading to the crystals that are more distorted.
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Fig. 4.7. Atomic force microscope micrograph of Mo-Zn film deposited using electron beam

evaporator with Mo as a top layer.

The Microstructure of the Zn-Mo film was probed using X-ray diffractometer in 6 - 20
configuration, from Fig.4.8, the diffraction pattern plot the Zn-Mo layer, shows Mo to be
amorphous, since there is no discernable Bragg’s peak that can be detected from the plot. On

the other hand, the Zn film has clear Bragg’s peak indicating its crystalline nature.
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Fig. 4.8. X-ray diffraction pattern of Mo-Zn film deposited by electron beam evaporator.

The un-annealed sample structure of Zn-Mo bi-layer films shown slightly larger nanoparticles
with greater difference in shapes and many spherical, dense smaller nanoparticles between
larger particles. The addition of Mo have resulted to the surface having bigger nanoparticles
compared to Zn film only. The morphology and microstructure of Zn-Mo films depends on the
Mo content and the substrate used [47]. Figure 4.9 shows AFM results for Zn-Mo bi-layer

system on glass substrate in 3-D plotting.
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Fig.4.9. Atomic Force Microscopy results of Mo-Zn deposited by electron beam evaporator.

From the 5 um x 5 um scanned area of as-deposited Zn-Mo bi-layer, the average roughness of
the surface is 21.6 nm. The deposition of Mo on top of Zn increases the surface roughness, and

thus enhancing corrosion resistance [9].

4.1.3. Real-time RBS analysis of bi-layer film

RBS in an in-situ real-time data collection mode was used to study the atomic depth profile,
while heating the sample at a set ramping rate. This heating of the sample was done to induce
atomic diffusion and atoms mixing in the sample. This method is advantageous for studying
diffusion and the atom mixing of the bi-metallic system, and this is achieved by running a

single sample.

Fig. 4.10 shows RBS spectra of the as-deposited Mo-Zn film probed with 3.05 MeV energetic
alpha particles from the Tandetron accelerator before annealing. In real-time RBS experiment,
the samples undergo a thermal annealing with a ramping rate of 3 °C/min, from room
temperature to 400 °C. The Chamber pressure was monitored throughout the experiment and
the pressure was measured to be 1x 10~® mbar. The element with heavy atomic mass appears
on high energies and upper channels, while light elements located on low energies and lower
channels. High atomic number of an element gives high yield, and low atomic number gives

low yield [4].
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Fig. 4.10. Normal RBS results of Mo-Zn film before thermal annealing real-time RBS.

The film thickness can be deduced from the peak width of the spectrum, and elements have
their own surface position energy that can help in identifying them, but in a case of bi-metallic
systems, elements energies are bound to shift to lower energies due to energy loose during
Rutherford backscattering. In this case Mo atoms are on the surface position, and with Zn atoms
are below Mo atoms on the second layer, hence the Zn peak is shifted to lower energies on the
spectrum. Fig 4.11 shows the collected spectra of the temperature of interest from the thermal

annealing of the sample during the real time RBS run.
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Fig. 4.11. Collected RBS spectra of Mo-Zn system thermally heated at a ramp rate 3 °C/min.

From the plot, the evolution of the sample can be observed, this starts with mixing and/or
diffusion of the atoms at the film inter-phase as the annealing temperature increases. From Fig.
4.11 it can be suggested that the Zn atoms are interacting with Mo atom as the temperatures
increases, this is observed from the Zn peak decreasing in the RBS plot at 340 °C and a valley
between the two peaks lifting to form shoulder. This phenomenon is indicative of atoms
migration though the top layer (Mo layer). The width first peak (Mo peak) at 246 °C appears
wider, suggesting the Mo and Zn atoms have mixed forming an alloys, this can be seen the
simulation data. As the temperature increases more of the Zn atom are mixed and Mo resulting

in further widening of the front peak, with a now mainly Mo (Zn) layer.

The activation energy and the diffusion coefficient of the reaction can be calculated using the

Arrhenius plot in a logarithmic format as shown in Eq. 5.

)

Ink = InA — =2
R
3)
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Fig. 4.12 shows a schematic representation depicting the Mo and Zn atoms interaction during
thermal annealing at temperatures of interest, as deduced from the RBS spectra in Fig. 4.10

and the related simulation shown in appendix A.
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Fig.4.12. Schematic representation of the Mo-Zn thin evolution and atom migration during

thermal annealing in the RBS chamber.

The sample schematic depiction of atoms migration during thermal heating, give an insight

into the diffusion and mixing of the Zn atom, bringing more clarity of the RBS simulation

results depth profile.

At temperature 340 °C Zn started diffusing through Mo and inter-mixing with the Mo atoms.
Some of the Zn atoms started to evaporate off even though there are still more Zn remaining in
the sample as shown by the Zn peak on the spectrum. Diffusional breakdown of fully
intermixed depositing atoms controls the formation of multiphase structures in alloyed thin
films. At very low temperatures there is a lack of atomic mobility leading to single phase
structures mostly, and when increasing the temperature there is sufficient mobility for the

formation of equilibrium phases.

The spectra obtained throughout the experiment from room temperature to 400 °C when
annealing using real-time RBS are presented on a contour plot shown in Fig. 4.13, with three
distinct bands representing Mo, Zn and Silicon substrate in the system. The difference in the

peak height is represented by different colours in the contour plot with red representing the

65

http://etd.uwc.ac.za/



areas with the highest counts, the green representing the area with the lowest counts than red

and blue the lowest counts. The yellow line is the height between the red and green lines.
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Fig. 4.13: Contour plot representation obtained during real-time RBS analysis in 2-D from

room temperature to 400 °C for silicon substrate.

The contour plot provides clear view of the exact temperature where Zn atoms start diffusing
through Mo and thus forming intermetallic Zn-Mo phase. From Fig. 4.13 the movement of
atoms was noticeable at temperatures around 300 °C leading to very low Zn signals at

temperature around 340 °C.

Fig.4.14 shows schematic diagram of thickness of Zn atoms and Zn-Mo growing layer against
the increasing temperature from room temperature to 400 °C. There is a big decline in Zn
signals which is evident in the figure below, leading to the growth in Zn-Mo growing layer
thickness, showing that Zn atoms have diffused through Mo and mixed with Mo forming an

alloy and some of the Zn evaporated at higher temperatures.
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Fig. 4.14: The graph of temperature against the thickness of the growing Zn-Mo layer and Zn
layer from 300 °C. The values are taken from SIMNRA software after simulation of the whole

set of spectra from where the noticeable movements of atoms begin (around 300 °C).

The series of spectra from the temperature where the diffusion of Zn and Mo atoms at the inter-
phase started to be observed from the spectra were selected, and simulated and analysed using
SIMNRA software. The thickness of the layers and concentration of the constituent atoms
recorded as the temperature increases, the activation energy calculations performed from the
data (Thickness of layers and temperatures) recorded were used. In the schematic plots
displayed in Fig. 4.15, from the data (thickness and temperature) acquired when simulating
using SIMNRA software, the plots were constructed and activation energy determined from

the slope.
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Fig. 4.15. Plots showing data (temperature, composition and thickness) from SIMNRA

software simulations and activation energy calculations from the slopes.
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The reaction dynamics which were monitored through real-time RBS showed that the atoms
Zn and Mo atoms started reacting at the inter-phase at around 300 °C as reported, thus that’s
where the SIMNRA analyses was started and data extracted. With the monitoring program
being set to count three spectra at a time with a rate of 3 °C/min. From the plotted range of
spectra in Fig. 4.15, the activation energy from the slope was estimated to be 0.31 eV (29.94
kJ/mole).

4.1.4. Surface Morphology and Microstructure of annealed Mo-Zn films

The annealed Mo-Zn films were further characterized for their surface morphology using FE-
SEM and AFM, several temperatures (300 °C, 340 °C and 360 °C) of interest were chosen for
the analysis. From the FE-SEM micrographs in Fig. 4.16, the surface morphology of the sample
at 300 °C exhibited sphere like structures.

The observation of the surface morphology evolution can be explained based on the RBS

simulation data, as shown in Table 4.1.
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Fig. 4.16. FE-SEM micrographs of annealed Mo-Zn film and temperatures of interest showing

evolving surface morphology.
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Annealing FE-SEM observation

Temperature

300 °C 1. Spherically shapes particles from Mo and Zn atoms bi-layer are

observed.

2. At a higher magnification, there are ripples observed on the
surface of the spheres that are due to Mo atoms which has
crystallized from amorphous state seen in the as deposited film as

seen from XRD pattern in Fig. 4.6.

340°C 1. The Zn start to diffuse and mix with Mo atoms at the inter-
phase, as observed from texture change on the sample surface, and
nucleation islands are seen on the film, and the film appearing to

have cluster that are more densely packed.

2. At higher magnification, the Zn-Mo atoms exhibit granular
conglomerate of the sample surface, this correlates to the RBS

analysis, which showed Zn and Mo mixing.

360 °C 1. Zn-Mo atoms has formed crystals of the sample surface, with

the spherical shaped cluster merged into to semi-continuous film.

2. At higher magnification, there were no cluster observed as it
was the case in 300 °C annealing, only dispersed crystals are

observed.

Table 4.2: Observation of the FE-SEM at various annealing temperatures.

The FE-SEM cross section micrographs of the samples of the sample at temperature of interest

are discussed in Table 4.2, based on the FE-SEM in Fig. 4.17.
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Fig. 4.17. FE-SEM cross-section micrographs of annealed Mo-Zn film and temperatures of

interest showing evolving surface morphology.

Annealing FE-SEM cross-section observation
Temperature
300 °C 1. At 300 °C the Mo and Zn atomic layers can be clearly

distinguished, from their contrast which is based difference in
atomic numbers, with darker layer being Mo and Zn a brighter
region.

2. The diffusion of Zn starts at this temperature as noted from the
brighter regions (Zn atoms) moving to the to the darker region

(Mo atoms)

340 °C 1. At this temperature Zn and Mo atoms have mixed forming a
rough surface morphology with a cone like structures being
observed. These cones like microstructure are Zn-Mo alloy based

on the RBS data.

360 °C 1. The surface morphology appear smoother, with the thickness
of the film reduced, due evaporation of some of the Zn atom after
diffusion.

2. The smoothness is as results of mixing of atoms resulting

collapse of the cones structures observed at 340 °C.
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Table.4.3 Observation of the FE-SEM cross section of the sample at temperatures of interest.

Samples Mean Area Mean Length
As-deposited(small crystals) | 19.125 nm 17.78nm
As-deposited(large crystals) | 54.375 nm 53.29nm

Annealed at 300°C 38.2 um 37.029 pm

Annealed 340°C(small) 31.286 nm 30.195 nm

Annealed 340°C(large) 56.429 nm 55.18 nm

Annealed 360°C The surface morphology | The surface morphology

appear smoother resulting

to no clear shaped particles

appear smoother resulting

to no clear shaped particles

to conduct measurements. to conduct measurements.

Table 4.4. A table presenting the estimated mean area and length using ImageJ software of the
identified particles for the samples, as-deposited, annealed at 300 °C, 340 °C and 360 °C.

From ImageJ software particle analyses performed, samples exhibited variation in sizes of the
visible and measurable particles, and their distribution. As-deposited sample for Zn-Mo system
on glass substrate has the surface distributed particles of different sizes with a mean area
ranging from 19.125 nm to 54.375 nm. When the sample annealed at 300 °C there is noticeable
variation in sizes of the particles on the surface, with the mean area (recorded as 38.2 um) and

length (37.029 um) showing an increase compared to un-annealed sample.

Nevertheless, when annealed at 340 °C the sizes of the surface crystals decreases and that’s also
evident on the estimated mean area ranging from 31.286 nm to 56.429 nm, and length from
30.195 nm to 55.18 nm. There was a complete mixing of surface particles at 360 °C annealing
temperature leading to complications in measuring mean area and determining distribution of
particles. SEM surface analyses contributed in the height examination of the deposited atoms,

and Fig. 4.13 below displays cursor height results of the un-annealed sample.
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4.1.4.1. Atomic Force Microscope (AFM) analyses

The AFM micrographs of the 300 °C, 340 °C and 360 °C temperatures were plotted in 2-D and
3-D configuration as shown in Fig. 4.18.

300 °C

a8 pm

1: Height

Fig.4.18. 2D and 3D AFM micrographs of Zn-Mo sampZes at températures 300 °C; 340 °C and
360 °C.

From the AFM micrographs, the evolution of the sample surface roughness as the annealing
temperature increases can be observed from Fig. 4.18, the root mean square roughness of the
sample can be said to be reduced as the annealing temperature increases, even though this does

not take place in a linear fashion as shown in

Annealing Temperature (°C) Average Roughness (nm)
Un-annealed Zn/Mo 21.6 nm
Annealed Zn/Mo at 300 °C 19.6 nm
Annealed Zn/Mo at 340 °C 25.2 nm
Annealed Zn/Mo at 360 °C 24.7 nm

Table .4.5. Atomic force microscope sample roughness analysis.
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With the increase in temperature, the sizes of crystals on the surface tend to grow bigger, and
consequently combine with other neighbouring crystals, this occurs by Zn and Mo atom
forming nucleation sites, which then agglomerate and coalesce resulting in bigger crystal of
mixed Zn and Mo atoms. As the temperature increases (nucleation barrier is reduced) [15],
these islands combine to form the surface which become smoother with the increase in
temperature. A higher nucleation density has been reported to be essential to form smoother

films [44].

The variation on the annealing temperature influences the texture of the surface effectively, as

it can improve the surface material for the desired properties [119].

4.1.4.2. X-ray diffraction analyses

Fig. 4.19 shows X-ray diffraction patterns of the Zn-Mo sample at 300 °C, 340 °C and 360 °C
annealing temperatures. The evolution of the microstructure of the film as observed from the
diffraction patterns, shows that the Zn atoms migrate from the beneath the Mo layer to close to
the surface, as seen from the increase in the intensity of the Zn Bragg peak at 20 = 36.4°. At
300 °C there is an emergence of Zn-Mo diffraction pattern, this however does not appear that
higher temperatures. This could suggest that at this temperature the Zn and Mo atoms start to

mix and as the temperature increases, the Zn atoms migrate to near the surface of the sample.

The formation of Zn/Mo intermetallic phases on as-deposited sample was not visible from the
XRD. The intensive Zn peak was noticeable at 20 = 36, 29°, and weak diffraction peak of Mo
observed at 20 = 40, 52° before annealing. The traces of Zn/Mo intermetallic phase was

observed for sample annealed at 300 °C around 26 = 40, 91°.
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Fig. 4.19. XRD results for samples prepared using electron beam evaporation system and

further annealed using a furnace at different temperatures 300 °C, 340 °C and 360 °C.

The entire pattern was analysed and searched for any available phases consists of Zn-Mo. The
formation of Zn-Mo intermetallic phases on as-deposited sample was not visible from the
XRD. The intensive Zn peak was noticeable at 20 = 36, 29°, and weak diffraction peak of Mo
observed at 26 = 40, 52° before annealing. The traces of Zn-Mo intermetallic phase was
observed for sample annealed at 300 °C around 20 = 40, 91°. The intensity of the Zn has
increased when comparing un-annealed and annealed at 300 °C samples with the diffraction
peak of Zn increases on those samples with the increase in temperature. The crystallite size of
Zn and Mo phases from as-deposited to annealed samples are calculated using Scherrer

equation (Eq. 6) and displayed in Table 4.6.
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Where, A is the x-ray wavelength.
B3 is the full width half maximum (FWHM)
0 is the Bragg angle
D is the crystallite size
Samples A (nm) 20 (Rad) B3 Size D (nm) | Material
As-deposited 1.540598 | 0,64 0,4 3,47 Zn
0,71 1,5 0,92 Mo
Annealed (300 °C) | 1.540598 | 0,64 0,21 6,6 Zn
0,70 0,9 1,54 Mo
0,72 0.8 1,71 Zn-Mo
Annealed (340 °C) | 1.540598 | 0,71 1,1 1,26 Mo
Annealed (360 °C) | 1.540598 | 0,71 1,3 1,07 Mo

Table 4.6. Results of the crystallite sizes on differently annealed samples, 300 °C, 340 °C and

360 °C calculated using Scherrer equation.

With intermetallic Zn-Mo phase only visible at temperature around 300 °C, then at 340 °C Zn
peak appeared to be diminishing. The intensities of Mo and Zn were varying with annealing
temperature which that can indicate the movement of atoms from one layer to another, resulting
in different stoichiometry. As the temperature increases, the intensity of Zn peaks drops.
Annealing temperature has a major effect in the microstructure and the arrangement of atoms

in the material, as it activates atoms thermally, resulting in a changed structure and properties

[18].

4.2 Summary and results overview
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Zn and Mo thin films on a glass and silicon substrate were successfully synthesized using
electron beam evaporation system. Microstructure and Morphology of pristine Zn and Mo films
were examined through SEM, AFM and XRD. Prepared Zn-Mo system was subjected to linear
ramp from room temperature to 400 °C at a rate of 2 °C/min. At very lower temperatures below
100 °C there were no noticeable variation on the concentration of atoms of materials. However,
as the temperature increased severely, Zn peak started dropping and that was noticeable at
temperature around 300 °C for films deposited on silicon and 240 °C for films prepared on glass.
With the Zn peak decreasing as the temperature increases, there was also a growing layer of
Zn-Mo resulting from the diffusion of Zn atoms through Mo. It is also evident from SIMNRA
simulations performed that the thickness of the layer having too much concentration of Zn
drops, and the surface layer which had less concentration of Zn at lower temperatures, have
grown up in thickness. For the films deposited on glass substrate, there were three peaks
including the peak of Arsenic, which might be from elements making up glass. Even though
there was a third peak between Zn and Mo, SIMNRA simulations proved that Zn concentration
drops as the temperature increases, and this decline is because of Zn atoms diffusing through
Mo, forming an alloy and some of Zn lost through evaporation. The collection of spectra from
where the reaction starts for both substrates (silicon and glass) was analyzed with the thickness
of the layers noted with respect to annealing temperature. Hence, activation energies were
estimated for both substrates, with Zn-Mo bi-layer system on silicon having 0.31eV (29.94
kJ/mole), and on glass having 0.27eV (26.4 kJ/mole).

Bi-layer Zn-Mo films on glass were later subjected to vacuum annealing with the pressure 5 X
10" mbar, and their microstructure and morphologies studied. With the increase in annealing
temperature, there is a remarkable growth in particles but subsequently decrease in size as the
temperature neared 400 °C. AFM studies showed that there is a decrease in average roughness
as the temperature increases, but that comparison can be made on films having the same
thickness since the thickness of the grown thin films has an effect on the surface average
roughness. The addition of Mo proved to have an impact on the microstructure of the films.
XRD studies showed that there were no Zn-Mo intermetallic phases observable at lower

temperatures, and was later observable at the annealing temperature around 300 °C.
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CHAPTER 5

Conclusions and recommendations
5.1 Conclusions

The aim of the study was to prepare Zn-Mo thin films on glass substrate using electron beam
evaporation system, compare and track diffusion kinetics using real-time RBS. The annealing
was done isothermally (real-time RBS) where real-time RBS was used to track the diffusion

kinetics in Zn-Mo metallic system from room temperature to 400 °C.

In this study the preparation of bi-layer thin films using e-beam system have been achieved, on
a silicon substrate. Microstructure and morphology of un-annealed and annealed samples have
been examined using XRD and SEM respectively. Zn-Mo thin films grown were annealed in
in-situ real-time RBS and diffusion kinetics being tracked simultaneously during annealing.

The surface roughness of the thin films before and after annealing were analysed through AFM.

Real-time RBS detailed a clear view on the formation of Zn-Mo phases and the temperature
where the reaction begin and provides quantitative information throughout the reaction period.
Annealing have the great effect on the morphology and microstructure of thin films, because
of the growth it causes in the atoms of material, and thus leading to varying crystallite sizes
and morphologies. This study aimed to compare and track diffusion kinetics using real-time

RBS.

In-situ real-time RBS showed that the concentration of constituent atoms in Zn-Mo system
depends on the temperature. At very lower temperature, there were no movements on the atoms
of the whole system, and they were more noticeable as the temperature increased above 200
°C. When the temperature reached 300 °C, that’s where the movement of Zn atoms was fully
observable towards Mo and later evaporate as the temperature neared 400 °C. SIMNRA
simulations before and after real-time RBS showed that Zn has diffused through Mo, forming
Zn-Mo phase and some Zn lost through evaporation. The movement of atoms was noticeable

at temperatures around 300 °C leading to very low Zn signals at temperature around 340 °C.

After full analysis from real-time RBS, samples were annealed in a vacuum using furnace at
three temperatures and examined properties through AFM, SEM and XRD. Zn and Mo thin
films on a silicon substrate were successfully synthesized using electron beam evaporation

system.
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Prepared Zn-Mo system was subjected to linear ramp from room temperature to 400 °C at a
rate of 2 °C/min. At very lower temperatures below 100 °C there were no noticeable variation
on the concentration of atoms of materials as stated. With the Zn peak decreasing as the
temperature increases, there was also a growing layer of Zn-Mo resulting from the diffusion of
Zn atoms through Mo. It is also evident from SIMNRA simulations performed that the
thickness of the layer having too much concentration of Zn drops, and the surface layer which
had less concentration of Zn at lower temperatures, have grown up in thickness. The collection
of spectra from where the reaction starts for silicon substrate was analyzed with the thickness
of the layers noted with respect to annealing temperature. Bi-layer Zn-Mo films on glass were
later subjected to vacuum annealing with the pressure 5 x 10 mbar, and their microstructure
and morphologies studied. With the increase in annealing temperature, there is a remarkable
growth in particles but subsequently decrease in size as the temperature neared 400 °C. Zn-Mo
bi-layer system before and after annealing as well as Zn film on silicon was characterised

through different characterisation techniques.

SEM micrographs have exhibited the dense and bigger grains coalesces uniformly, which
become bigger and bigger as the temperature increased during annealing. The grains combine
at high temperature near 400 °C, resulting to changed surface morphology and particle sizes.
At high magnification in 300 °C temperature there were ripples observed on the surface of the
spheres that are due to Mo atoms and there were visible spherically shaped particles from Mo
and Zn atoms. The Zn and Mo atoms started to mix and the film appeared to have cluster that
are more densely packed at 340 °C. Zn-Mo atoms has formed crystals of the sample surface,

with the spherical shaped cluster merged into to semi-continuous film at 360 °C.

XRD data showed no visible Zn-Mo phase before annealing, and later observable after
annealing at 300°C. The intensity of the Zn has increased when comparing un-annealed and
annealed at 300 °C samples with the diffraction peak of Zn increased on those samples with the
increase in temperature. The evolution of the microstructure of the film as observed from the
diffraction patterns, showed that the Zn atoms migrated from the beneath the Mo layer to close
to the surface. At 300 °C Zn-Mo diffraction pattern emerged, this however did not appear at
higher temperatures. This could suggest that at this temperature the Zn and Mo atoms started
to mix and as the temperature increases, the Zn atoms migrated to near the surface of the
sample. As the temperature increased, the intensity of Zn peaks dropped. Annealing

temperature has a major effect in the microstructure and the arrangement of atoms in the
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material, as it activates atoms thermally, resulting in a changed structure and properties. The
addition of Mo proved to have an impact on the microstructure of the films. XRD studies
showed that there were no Zn-Mo intermetallic phases observable at lower temperatures, and

was later observable at the annealing temperature around 300 °C.

AFM studies showed that there is a decrease in average roughness as the temperature increases,
but that comparison can be made on films having the same thickness since the thickness of the
grown thin films has an effect on the surface average roughness. The average surface roughness
of the bi-layer Zn-Mo system before annealed was studied and from the AFM micrographs, the
evolution of the sample surface roughness as the annealing temperature increased the root mean
square roughness of the sample can be said to be reduced as the annealing temperature
increased. It showed that the surface is rough at low temperature compare to high. However,
the thickness of films also proved to have significant impact on the surface average roughness.
The samples synthesized with bigger thickness exhibited the surface with less average

roughness. As the temperature increased the crystals of the mixed Zn and Mo atoms got bigger.

In conclusion, from this work it was investigated and proved that annealing temperature in real-
time RBS has major influence on the surface and stoichiometry of the samples. It was evident
from the analysis that as the temperature of annealing increased there was a severe movement
on the atoms of the target material, and thus changing properties. The morphology of the
surface of the sample depends on the annealing temperature, since it was proven that as the
temperature increased, the surface becomes smooth. The study proved that the substrate,

thickness, annealing have huge impact on the reaction dynamics on bi-layer thin metallic films.
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Appendix A

Rutherford backscattering spectrometry simulated plot of the Zn-Mo samples used to calculate
activation energy
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