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ABSTRACT

The nuclear fusion reactor is a very hot temperature chamber where light atoms are
made to collide each other forming heavier atoms by releasing energy. In this process,
most of the particles are ionized and form a burning plasma. Hence, it is necessary to
know the phenomena involved in the burning plasma to control and protect the devices
and components for the efficient and effective performance of the fusion reactor. There
are several diagnostic systems which help to understand the physics behind the plasma
reaction in the reactor. One of the diagnostic systems is the optical diagnostic system.
It is an essential technique to understand the plasma physics involved in burning plasma,
which helps the further study of the plasma phenomena. Metallic mirrors are used in
fusion reactors like the International Thermonuclear Experiment Reactor (ITER) for
optical plasma diagnostics and imaging systems. Plasma diagnostic systems are
necessary tools for the future success of the ITER for a better understanding of
magnetically confined burning plasma and its other phenomena inside the tokamak
(Toroidal Chamber with Magnetic Coil). The closest mirrors to the plasma environment
for the optical diagnostic is First Mirror (FM).

In the harsh environment of fusion plasma, the FMs need to survive and perform to
reflect the light signals to the analyzing system through the complicated arrangement.
Meanwhile, the FMs surface will gradually change their properties due to adverse
effects of erosion and redeposition of impurities owing to high energetic charge
exchange neutral (CXN) particles, UVs, X-rays, and gamma radiations. Moreover, the
most critical problem is the reduction of optical reflectance. Any changes in the
reflectivity of the FM will affect the reliability of the signals. Despite these extreme

conditions, the reliability of the diagnostic system and the plasma-facing components
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have to maintain the required optical properties for a better understanding of hot nuclear
fusion plasma. To minimize the reduction of optical properties of the FMs, choice of
material plays essential roles, like having low sputter yield, resistance to a chemical
reaction, high thermal conductivity & resistance, high reflectance, and surface quality
sustainability for an extended period of time under the plasma environment.

In search of new inventions or continuous progress of technology to have expected
optical properties of the FMs around the world, different laboratories are researching on
various possible FM’s materials and fabrication techniques. So far, some materials show
matching features to some extent, like; copper (Cu), stainless steel (SS), tungsten (W),
molybdenum (Mo), and rhodium (Rh). However, Mo and Rh are the most attractive and
preferred choice. Both metals can have stability and reliability to withstand the harsh
condition of the plasma environment and have better reflectivity among all the metals.
Among two metals, the monocrystal mirror of Rh shows better optical properties.
However, due to the expensive Rh material cost as well as a technological limitation for
the production (limited size), the Rh thin-film coating on the bulk Mo is considered.
Still, the thin-film surface is consumed into the plasma environment in the long run as it
gets eroded on the mirror’s surface due to the bombardment of high energy charged
particles. Thin films might get detached from the substrate surface due to the stress that
occurs between the two materials (Mo-Rh) when there is a difference in the thermal
coefficient of material and lattice.

The main focus of this thesis work is to provide an experimental study and
fabrication of the thin interlayer coating FMs for the fusion reactor, keeping an

acceptable level of reflectivity and adhesion strength of the coated films.
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For the experiment, we choose the DC magnetron sputtering systems to deposit a
thin film of Rh metal on the bulk Mo substrate. Thin interlayer materials niobium
(Nb) and zirconium (Zr) are chosen as their thermal expansion coefficient falls between
Mo and Rh. We expected to bridge the thermal expansion coefficient of materials that
would respond to thermal expansion reasonably, and coated films will remain attached
to the surface.

In this study, Si (100) wafers are used extensively for checking surface morphology,
deposition rates and thicknesses of the deposited films of Nb, Zr, and Rh at different
parameters. The reflectivity (before and after high-temperature exposure), scratch and
adhesion tests performed on commercially purchased Mo mirrors throughout the
experiment. All substrates were ultrasonicated in acetone and ethanol followed by
rinsing in distilled water (DI) and finally, dried with pure nitrogen gas (N2). Prior to the
deposition, all substrates were heated to 100°C for an hour to remove residual impurities
and to reduce the surface stress

In DCMS, all the target materials of 99.95% purity (50.8 mm diameters, and 6.35
mm thicknesses) were used. A base pressure of 10-12 pTorr, the working pressure of 5
mTorr, and process gas (Ar) 30 SCCM were kept constant for entire experimental
processes. For the characterization of thin film deposition, FE-SEM, EDS, XRD, 3D
nano-system, and UV-VIS spectrometer was used. Lab-made scratch tester was used
for testing scratch strength of the thin films along with adhesive tape test for adhesion
strength.

To date, extensive fabrication methods and their results have been presented in
many articles to develop FMs as per the requirement of the fusion reactor (ITER).

Most of the Mo-Rh thin-film FMs fabricated for the ITER show 70-80% of reflectivity
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[1] in the visible wavelength. Our experimental results of the fabricated mirror
(Rh-Nb/Zr-Mo) also match with the many articles published in a different journal
[1]-[3]. The reflectivity of the mirrors was 70-75% (in the visible wavelength) after
high-temperature exposure. Both the scratch tests on the surface of the mirrors (film
thickness: 190 nm thick) with a load of 0.5-2.0 N at the rate of 37 mm/sec for 10-20mm
of scratch length and the pressure-sensitive tape showed great adhesion strengths.
Mirror fabricated at low power showed better reflectivity as well as better adhesion
strength. Thin films coated at 40 W has a better scratch and adhesion strength than
films coated at 200 W. On the other hand, Ion assisted-oblique angle deposition
(IA-OAD) has good film density, but reflectivity of the mirror was lower than the
normal angle deposition (NAD) processed films.

This thesis has six chapters; chapter 1 composed of essential background to give
information about nuclear fusion, optical diagnostics, and the importance of first mirrors.
This chapter also briefly explains the deposition techniques and motivation for the
research. Chapter 2 discusses the experimental method and brief descriptions about
the instruments and components used in the experiment, the sample preparation process,
and characterization techniques implemented to find out the results of the work.

In our study, we applied three different methods for the deposition of thin-layer
films (Rh-Nb/Zr) on the Mo substrate. In chapter 3, the NAD technique was used,
where surfaces of the target and the substrate are parallel to each other or particle flux
direction are perpendicular (normal- 90°) to the substrate’s surface. Nb was the material
used as interlayer between the Mo substrate and Rh film. Different powers were
supplied (40, 100, 200W) to deposit the films in various time to attain the same film

thickness of Nb (40 nm) and Rh (140 nm) in all samples. Moreover, the comparison

Xvil



between the results with and without interlayer coated mirrors was made. High
temperature (200°C for 6 hrs) exposed mirror has a reduction of reflectivity by 10-15%.
The low power deposition showed better adhesion than a high power deposition process.
Note that, interlayer coated Rh-Nb-Mo mirror is installed in NFRI/KSTAR for testing
its reliability and reflectivity.

Chapter 4 explains the interlayer Zr films deposited by NAD and OAD (oblique
angle deposition) techniques to fabricate Rh-Zr-Mo FMs. The thickness of the
thin-films was the same, as mentioned in the previous chapter. The NAD process
showed better reflectivity of surface than the OAD process. In chapter 5, the
experiment uses the IA-OAD technique to fabricate FMs. The thin film deposited by
the TA-OAD process displayed better adhesion strength than the previous two
deposition techniques but exhibited low surface reflectivity. The analysis showed a
reflectivity of 60%. However, the film thickness of 2 um on Mo substrate was
successfully deposited by this technique without any blister or peeling off signs. This
advantage can be used to increase the reflectivity of the film by polishing technique.
Chapter 6 is about the summary of this thesis, the importance of this research work,
significant findings, scope, and future work for the application of FMs to accomplish
the requirement of the fusion reactor application to realize the fusion energy in the near

future.
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CHAPTER 1

Introduction

1.1.  Fusion plasma

Plasma is a hot ionized gas where electrons are split away from the atoms. Plasma
comprises over 99% of the visible universe [1]-[3]. Plasma can be seen in the form of
stars, nebulas, and auroras glow above the north and south poles in the night sky. The
lightning branch that cracks in the sky, so are the neon signs along our city streets, are

plasma, and so is our Sun that makes life on earth possible [4], [5].

Along with the solid, liquid, and gas, plasma is called "the fourth state of matter,"
Solid changes into the liquid, as a liquid boils, changes into a gas when energy is added,
heating a gas will form the plasma. Plasma is a mixture of electrically neutral, positive
(ions), and negative (electrons) particles. It shows collective behavior because of the
attraction and repulsion of electric forces. Moving charged particles generate an
electric current within a magnetic field, and any movement of a charged plasma particle

affects and is affected by the fields created by the other.

Albert Einstein's famous formula, E=mc?, provides the basis for understanding
fusion. Einstein's theory that mass can be converted into energy was further explored to
discover two practical methods for achieving this energy conversion. Fission is the one
method in which heavy atoms, such as uranium, are split, releasing the internal energy
that holds the atom together. The other method is fusion, fused, or joined. Nuclear
fusion is the process in which two or more light atomic nuclei come very close and
collide at a very high speed to form a new type of heavier atom. During this process,

tremendous amounts of energy are released, and that energy is what we see as light.
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The basic idea of fusion research is to reproduce hotter temperatures than in the core
of the Sun to have nuclear fusion and to produce clean energy. The nuclear fusion
reaction in the Sun produces an enormous amount of helium (*He) and release energy.
We can produce *He in the laboratory with a different combination of reactions between

hydrogen isotopes. Below are some of the reaction combinations.[6]

D +'p—>Hety (+4.98 MeV)
SHe+’He —*He+ 2'p (+12.86 MeV)
D +*He—*He+'p (+18.354 MeV)
2D + 2D — 3He + 'n (+3.268 MeV) -
2D +2D — 3T + 'p (+4.032 MeV)

D +3T — He* + 'n(+17.571 MeV)

Eqn 1. 1 D-T reaction
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Figure 1. 1 Chain reaction of hydrogen isotopes to form *He (Helium) [7]

Figures 1.1, 1.2, and Eqn 1.1 show the chain fusion reaction of the hydrogen
isotopes, which form into helium atom releasing high energy. The most efficient fusion
reaction between two hydrogen isotopes deuterium (D) and tritium (T) produces the
highest energy at the lowest operating temperatures (about 10 keV) and form helium [8].
In this D-T fusion occurs at very high temperature and mixture gas is fully ionized[6].
The neutralized electrostatic charge of the nuclear ions by the presence of an equal
number of electrons and the resulting quasi-neutral gas form plasma. The neutrons
produced by the plasma reactions leave the plasma without interactions. In contrast, the
charged a particles (He*"), which transfer their 3.5 MeV energy to the plasma through

collisions and thus contribute to the heating of the plasma[6],[9].
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Figure 1. 2 D-T fusion reaction

The helium nucleus carries an electric charge; however, the neutron is not charged
and can be absorbed by the walls of the reactor if they are coated with
neutron-absorbing materials. Since the neutrons carry 80% of the energy produced in
this reaction as kinetic energy, when the walls absorb them, this energy is transformed
into heat[7]. Just like other conventional power plants, a fusion power plant will use this
heat [10], [11] to boil water to produce steam, which drives a turbine that generates

electrical energy.

Higher the temperature, the faster the atoms move, and when they collide at high
speed. With that high speed of the collision, atoms overcome the Coulomb force, and
the nuclei fuse with realizing energy. In order to produce fusion energy for practical use

to generate electricity, the deuterium-tritium fuel must be heated to about 100 million
4



degrees Celsius (°C) for a long enough time so that more energy can be released through
fusion reaction. The high-temperature inside the reactor is achieved by confining plasma
in a vacuum chamber in a doughnut-shaped reactor called a tokamak. The term
"tokamak" comes from Russia, which stands for "toroidal chamber with magnetic

coils”[12].

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils

(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1. 3 Schematic 3D diagram of a tokamak (courtesy- iter.org)

The tokamak consists of a toroidal vacuum vessel inside which a strong toroidal
magnetic field is generated by external poloidally wound magnetic coils (figure. 1.3).
But, this field alone is insufficient to confine the plasma as the toroidal geometry of the
toroidal field (B7) is not uniform inside the chamber within the major radius (R) of the

tokamak (BT acR—1) [6].

The resulting £ *xB drift separates ions and electrons that make the plasma unstable thus



to prevent this drift; the magnetic fields are made in helical to the toroidal field a

poloidal magnetic field produced by the plasma current.

The ITER (International Thermonuclear Experimental Reactor) tokamak is the
largest and most powerful fusion device in the world, which has millions of components
and parts. ITER is one of the most ambitious mega projects in the world. And ITER will
be the first fusion device to test the integrated technologies, materials, and physics

regimes necessary for the commercial production of fusion-based electricity[10].

ITER is designed for much higher fusion power gain, or Q > 10, ten-fold of 50 MW
that injected heating power will produce 500 MW of fusion power for long pulses of
400 to 600 seconds. ITER will not capture the power it produces as electricity, but as the

first of all fusion experiments in history to produce energy [10], [13].

Tablel. 1 Parameters of ITER (courtesy- iter.org)

Total fusion power output 500 MW

Q- fusion power > 10

Stored magnetic energy 51 GJ

Magnet temperature 4 K

Plasma temperature 150-300 million °C
Plasma volume 840 m’

Plasma major radius (R) 6.2 m

Plasma minor radius (a) 2.0 m

Blanket maximum thermal load 736 MW




interior vacuum chamber volume 1400 m?
Magnetic field (peak toroidal field) 11.8 T
Magnetic field (peak poloidal field) 6T
Plasma burn time > 400 s
Plasma current (Ip) 15 MA
Plasma surface 678 m?
Auxiliary current drive/heating power 73 MW
Machine weight 23000 ton

1.2.  Diagnostic mirror in the fusion reactor

It is necessary to know the phenomena involve in the burning plasma to control and
protect the devices and components for the efficient and effective performance of the
fusion reactor. Inside the hot plasma, a high level of radiation and neutrons is expected
and it needs to control and to protect the PFCs from the adverse effect of the hot plasma.
There are several diagnostic systems which help to understand the physics behind the
plasma reaction in the reactor. One of the diagnostic systems is the optical diagnostic
system that uses different shapes and sizes of metallic mirrors. ITER itself uses more
than 80 metallic mirrors [14] for the optical diagnostics depending on the locations in
the vacuum vessel and diagnostic requirement. The main purpose of metallic mirrors is
to transmit all the light signals to diagnostics through an intricated (labyrinthine) path in

the shielding block.

A mirror is an object or surface that reflects the light in some wavelength range. The
reflected light can acquire the detail physical characteristic of the source of the light.

The reflectivity of the mirror is measured in the percentage of reflected light per total of
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incident light and the reflectivity may vary with the wavelength of the light

The metallic mirror installed for diagnostic systems in the fusion reactor that face
the hot confined plasma is called "First Mirrors."(FMs). Being the closest element to
the plasma, FMs suffer from intense radiation, from bombardment by CXN particles,
UVs, X-rays, and gamma radiations. FMs also subjected to erosion, redeposition of
impurities on the surface [15] And the most critical problem is the gradual reduction of
reflectance. Despite these extreme conditions, the reliability of the diagnostic system
and the plasma-facing components have to maintain the required optical properties for a
better understanding of hot plasma nuclear fusion. Thus, any changes in the reflectivity
of the first mirror will affect their liability of the transmitted signal to the diagnostic
system. As per the design of the ITER spectroscopic systems, the interest wavelength
range is from 0.05-1000 nm [16] but generally, FMs operation wavelength ranges from
5 nm to 118um [17]. Depending on the locations, mirrors will be exposed to different
levels of particle fluxes, so the quality of the mirrors varies with the requirements and
location. Therefore, the choice of the first mirror material, size, and thickness are made
by considering the interest wavelength range, location where it is being used for the
chosen system. Since wavelength range is fixed by the system to be used, and the

resistance of the material to the degradation mechanisms to be encountered.

1.3. Material choice

According to the location and quality requirements, metallic mirrors are made
into various shapes and sizes. FMs subjected to high radiation, CXN particles, erosion,
and redeposition on the surface [15] and occurs gradual decrease of optical properties.

Therefore, there has been developed various methods and techniques to fabricate the



FMs according to the requirement and material choice.

FM must satisfy some important requirements to be used in the fusion reactor;

It should high reflectivity as possible

Reflectivity should not depend too much on the wavelength in the

operating spectral range.

Resistance to physical and chemical reactivity

High thermal conductivity and resistance to high temperature.

Low sputter yield.

e Fit for the in-situ cleaning

Materials like; copper (Cu), stainless steel (SS), tungsten (W), molybdenum
(Mo), and rhodium (Rh) [8] show matching features to some extent. However, among
all, molybdenum (Mo) and rhodium (Rh) are chosen for the preferred choice of
materials as they can withstand the harsh conditions of the plasma environment and
retain better reflectivity [18]. Both (Rh and Mo) tend to resist chemical and high
temperatures and low sputter yield. Most of the materials lost their optical properties
by erosion and redeposition of contaminants during operation. An SC (single crystal)
Mo/Rh (bulk) has the highest quality of optical properties maintaining expected
requirements for the fusion plasma application. But due to manufacturing
technological difficulties and high cost of SC Rh material limits its use as a single
material in the FM of larger size mirrors (e.g. diameter 350 mm [6] and large up to the
diameter of 500 mm [19]); as a result, it is considered to coat thin layer of highly

reflective material on to the bulk substrate of having similar characteristics.
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The thin-film coating of Rh on the metallic substrate has many advantages on a
single or bulk material mirror. It gives wider possibilities of choosing substrate material
from many metals, can be fabricated in any size and shape with the minimum possible
cost. The film thickness can be chosen according to the requirement of optical qualities.
The coating of thin-film can be made with high adhesion strength so it can last for a

long period of operation time.

However, the FM thin-film surface is consumed as it gets erode, corrode, etch on
the mirrors’ reflective surface due to the bombardment of CXN particles and
contaminants the plasma environment. Thin-film might be detached from the substrate
surface due to the thermal stresses developed between the two different materials (bulk
substrate and thin-film coated materials). Thermal stresses occur with the difference in
the thermal coefficient of the materials and lattice mismatch between them. It weakens
the bonding of two materials at the interface and forms blister and eventually peeled off
the thin layer. This material removed from the surface of the mirror will contaminate the
plasma and will redeposit into the same surface and gradually reduced the optical

properties of the mirror.

Hence it is necessary to minimize such kind of problem and to maintain high
reflectivity in the fusion reactor; we considered introducing thin interlayer material
(Niobium or Zirconium) reducing thermal stresses on the interface of the two material

(Mo/Rh).

Here in this research work, we used Mo as a bulk substrate and Rh as top layer
coating to fabricate First Mirror. Thin-film of Nb and Zr deposited as interlayer material

to bridge between the Mo surface and the thin layer of Rh by DC magnetron sputtering
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technique, which can have high reflectivity as well as better adhesive property to

withstand harsh condition of plasma environment.

1.4. Deposition techniques

Deposition techniques, processes, and equipment for thin film deposition is
regarded as the primary components since the semiconductor and microelectronic
device. It is essential to understand and optimize the deposition procedure to grow good
quality thin films. Therefore, process parameters and equipment are upgraded to meet
the demands of improved quality and economic viability. Another reason for the rapid
growth of deposition technology is due to the more understanding of the physics and
chemistry of films, surfaces, interfaces, and microstructures of different materials.

There are many depositions methods for growing layers [20]-[22] in the various
thickness from few nanometers to tens of micrometers. Thin-film deposition
technologies are classified as either purely physical (physical vapor depositions, PVD)
or purely chemical (chemical vapor deposition, CVD) techniques [23]. Sometimes
both physical and chemical processes combine to deposit thin films such is called

physical-chemical methods or hybrid process, such as

e Magnetron sputtering and e-beam evaporation
e Magnetron sputtering and filtered cathodic arc deposition
e E-beam evaporation and filtered cathodic arc deposition

e PVD, polymer flash evaporation, and magnetron sputtering/evaporation.
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Primary thin film deposition techniques are tabulated in Table 1.2

Tablel. 2 Classification of thin-film depositions techniques

Depositions techniques for thin-film growth

PVD (Physical Vapor Deposition) Chemical vapour deposition (CVD
Thermal PVD Atmospheric pressure CVD
Electron beam PVD Laser-induced CVD (PCVD)
Reactive PVD Electron-enhanced CVD
Sputtering (DC-diode, RF, Magnetron) CVD epitaxy

1.5.  Sputtering method

The very basic and well-known PVD process is the sputtering [9], [22], [26],
where the atoms are ejected from an electrode surface by momentum transfer from
bombarding ions to surface. This deposition is called Sputter deposition as a common

name.

When a surface is bombarded with high energy, positive ions, it causes to eject
the surface atoms by overcoming the internal bonding force (Coulomb force). This
process of ejecting atoms from the surface by a bombardment of positive ions (usually
inert gas ions) by the momentum transfer process between the sputter gas and target
atoms is commonly known as sputtering (cathode sputtering) [27], [28]. Ar (argon) is
usually used as the sputtering gas as it is inert gas and does not interact with any other
materials. The ejected atoms will deposit or condense to form a thin film on a substrate
at some distance. With the neutral atoms, charged atoms and electrons are also emitted

from the surface. The sputtering yield (number of atoms ejected from the surface of the
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target per incident ion) depends on the target size, material composition, binding energy,
base vacuum pressure, process gas pressure, and flow rate, and the experimental
geometry. It also depends on the applied voltage and sputters power at which sputtering
takes place [29]. Sputtering takes place when the kinetic energy of the bombarding
particles is much higher than average thermal energies in the plasma environment.
This can allow a much more pure and precise thin film deposition on the atomic level

[30].

In the sputtering process, the entire target surface is the source, unlike the
evaporation process, where a point on the target is the source. The source surface
implies a higher coverage area during deposition as compared to other evaporation
techniques. The deposition process in sputtering is not purely ballistic. The high kinetic
energy of the sputtered particles (~ tens of eV) gives rise to better adhesion to the
substrate as well as dense film growth. The high KE of particles will impinge the
substrate surface and act like the stitching of atoms on to the surface to form a layer.
The sputtering deposition of a thin film causes re-distribution of atoms on the substrate,
leading to (a) high uniformity, density and interface adhesion of the deposited film (b)
deposition over the large surface area [19]. Usually, the target is water-cooled, and by
cooling provision in sputtering, higher melting point elements can be deposited.
Sputtering processes become versatile methods for preparing high-quality thin films
with a better understanding of the techniques. Commercially available, a wide variety of
cathodes and targets, including various options for magnet strength, also made

sputtering widely used technique for thin-film coating
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1.5.1 Magnetron sputtering

Sputtering sources generally employ magnetrons that utilize strong magnetic
fields to confine charged plasma particles near the surface of the sputter target in order
to increase the sputter yield. In the magnetic field, electrons follow helical paths around
magnetic field lines [31]. This movement causes an increase in more ionizing collisions
with gaseous neutrals near the target surface [32]. The sputtered neutral particles are
much heavier and are unaffected by the magnetic field. The sputter gas usually is an
inert gas such as Ar. The Ar ions created by collisions with electrons and lead to a
higher deposition rate. So, it also means that the plasma can be sustained at a lower Ar

pressure.

A schematic diagram showing the target and magnetron sputtering arrangement
is shown in Fig 1.4. The ExB drift path in the figure, shows the electrons are confined to
increase the sputter yield generated by the magnets installed behind the target. An
electron ejected by the target is affected by the component of the magnetic field bending
towards the target surface (magnetron component) and finally returns, after completion
of the magnetic circuit [33], [34]. As the target material is removed due to sputtering, an

annular erosion profile may appear on the surface of the target like the race track.
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Magnetron Cathode

Anode + (substrate holder

Figure 1. 4 Schematic diagrams showing the magnetron sputtering method

Various types of power supply methods can be used in magnetron sputtering (MS).
Commonly used are (direct current) DC MS, (radio frequency) RF MS, pulse DC, and

recently (high-power impulse) HIPIMS [35], [36].

DCMS is the simplest and less expensive way to operate the magnetron sputtering
using a DC power supply. There are special powers supplies for sputter deposition that
have been manufactured to suppress the arc to occur during the reactive sputter
deposition. The main advantage of MS configuration is that a dense plasma can be
formed near the cathode at low pressures so that ions can accelerate from the plasma to
the cathode or substrate without loss of energy due to charge exchange collisions of
particles. Disadvantages are target material utilization is non-uniform, only about 30%
[37] of whole target material being used, hence to improve the utilization recycle of the
target is being done. Some target designer uses a magnetic pole that extends above the

target surface for improving maximum material utilization.
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DCMS is an economical solution for many types of metal coatings. However, its
limitation is that non-conducting dielectric insulating materials may arc or cause
poisoning the target with the charge due to localization of charge over time and might

completely cease the sputtering process [30].

There some methods developed to overcome these limitations of DC Sputtering, such as
Radio Frequency (RF) Sputtering and High-Power Impulse Magnetron Sputtering
(HIPIMS). RF Sputtering alternates the electrical polarity at Radio Frequency and
prevents a charge buildup on the target or coating material, and self-sustained discharge
is maintained. A typical RFMS employed frequency in the range from 5 to 30 MHz.
However, 13.56 MHz is the most common frequency used for REMS [38], [39]

HIPIMS uses a very high voltage, short-duration burst of energy focused on the
target coating material to generate high-density plasma that results in a high degree of
ionization of the coating material in the plasma [40].

1.5.2 Ion-Beam Sputtering

It is a process where ion beams generated from the ion beam source through glow
discharges in a high vacuum system. For the scientific investigation, sputtering is useful
as effective film-deposition systems for unique materials on relatively small substrate
areas [32]. The ion source comprises the cathode and the anode, which are
concentrically aligned. An electrostatic field is developed inside the ion source with
the application of a high voltage field when Ar gas supplied into that high electric field.
An electric field causes the gas to ionize which results in creating plasma inside the ion
source region with sufficient energy gain, ions are accelerated from the anode region to
the cathode region [41], [42]. The ion beam can be used either, impinges on a target

material and sputter the surface of the sputter towards the substrate or used to assist the
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deposition (ion beam assisted deposition-IBAD) by bombarding the film grown by Ar
ions to change the structure and properties. There are several advantages of ion-beam
sputter deposition. IBAD can improve the adhesion, density of the film growth, control
the stoichiometry, and low optical absorption (short wavelengths) in the thin films [42],
[43]. Glow plasma discharge also results in higher-purity films.

Here in this study, the hollow cathode ion source is used to bombard the ions on
the surface of the substrate, and simultaneously DC magnetron gun will sputter the

target material to grow the film on the substrate

1.6. Motivation and introduction of the thesis

As technology advancement, most of the experimental analysis has become more
comfortable and better to understand. Similarly, the scientific inventions' physical and
chemical properties of the materials and other phenomena have become easier to
understand. Fabrication of first mirrors development has been made significantly from
the several bulk materials to thin layer coating of amorphous to the high-performance
nanocrystalline structure. Furthermore, it is proving reliability in the harsh plasma
environment. But still, thin-film stability and reliability have been the -crucial
performance for the fusion reactor. According to the locations and requirements set up
for the fusion reactor, FMs are fabricated into various shapes and sizes by using
different materials and technologies. With the available number of choices of materials
and depositions techniques; an improvement in the FMs lifetime and reflectivity has

found promising results in the different laboratories research articles.

In particular, several new developments have been made based on the progress

of detector, component fabrication technologies, data acquisition electronics, and
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analysis methods. This has made simple and easy for the diagnostics and the
understanding of fusion physics [44], [45]. The influenced of new devices and
promising results, which in turn encourage and motivate us to do further research to
improve the performance of FM with the thin interlayer coating by using the DCMS
method. We expect with the introduction of the thin layer of the coating decreases the
thermal coefficient between the two material and reduces the thermal distortion and
increases the adhesion of thin-film with the bulk substrate

This thesis aims to fabricate the Mo-Rh first mirror introducing two different
types of materials (Nb and Zr) between Mo and Rh as an interlayer and to compare the
results. This might optimize the optical performance in the hot plasma by retaining
reflectivity and adhesion of the thin-films and extends the lifetime. Other research
works have shown that rhodium material coated on the bulk molybdenum has a
significant improvement in the overall performance, compare to thin layer coating of Cu,
SS, Al, Ag, Mo, Ta, W, and some alloys like ZrO2 [1], [44]-[46]. However, durability
and the reliability of FMs in the environment of plasma is still needed to be improved as
thin-films is being consumed onto the harsh plasma environment due to erosion and
detachment from the surface of the substrate. The deposition of thin-films is to be
performed by applying different techniques with and without ion-assisted deposition,
normal and oblique angle deposition. Furthermore, is to characterized and compare the

results of optical properties and adhesion strengths of the thin films
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CHAPTER 2
Methodology

This chapter describes an experimental procedure, the components used,
development of the vacuum reactor, and brief about the characterization techniques that

apply for the thin film fabricated mirror.

2.1. Development of experimental setup

The experimental reactor has been modified from time to time as per the
requirement of our research. Small components like substrate holder inside the vacuum
chamber, substrate holder for handling outside the chamber prior, and after the
deposition, some small flanges, fixtures, etc. have been designed, fabricated, and
manufactured in the laboratory. Some larger parts have been fabricated in the fabrication
company. Most of the measuring devices and complicated parts were purchased from

various manufacturers around the world.

Earlier our experimental setup was normal incidence angle (target and surface of
the substrate) for deposition, as shown in figure 2.1. But later, the vacuum chamber was
redesigned and fabricated to have dual MS guns where both target Nb/Zr and Rh
(interlayer material and top coating material) can be used simultaneously to deposit
multilayer thin films on a Mo substrate. The re-designed chamber is shown in figure 2.2.
For designing purposes, mechanical designing software, Solidworks, and AutoCAD

were used.

19



RF CCP discharge and
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Figure 2. 1 Normal incident angle thin film deposition single MS gun experimental

setup

Figure 2. 2 Re-designed Stainless steel Vacuum Chamber with Dual MS gun at degree

oblique angle
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Figure 2. 3 Experimental setups (with all components and devices) for thin film

deposition by using DC magnetron sputtering with DC ion source

2.2. Experimental setup

Thin-film was fabricated on the Mo substrate by a sputter deposition method.
It was performed in a high vacuum chamber (both single and dual MS gun deposition)
by using a DC magnetron sputtering source (magnetron sputter source, Korea Vacuum
Technology, as shown in Figure 2.4). Complete experimental setup (dual MS gun type)
with all the components and devices attached to it, is shown in Figure 2.3. To achieve a

high vacuum, the turbo-molecular pump (controller NT20; Turbo vac 361, Leybold
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Vacuum GmbH, Germany) and dry scroll vacuum pump (XDS 35i, Edwards) were

used.

Figure 2. 4 Schematic images of water-cooled DC magnetron sputter gun

Figure 2. 5 Image of 2" diameter and 1/4™” thick Zr target
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In our experiment, we kept a base pressure of 10-12 pTorr and a working
pressure of 5 mTorr for the Ar gas. The distance between the interlayer (Nb/Zr) target
and the substrate was 120 mm, and the Rh target to the substrate was 70mm. All the
target materials had 99.95% purity, with 50.8 mm diameters and 6.35 mm thicknesses
(4science.net, South Korea, as in figure 2.5). Dual DC magnetron sputter guns ( as in
figure 2.4) were ignited one at a time with a different power rating (e.g., 40 W, 100 W,

and 200 W) by using a power supply (SDC1022A, 2 KW psplasma, South Korea).

DC hollow cathode ion sources, as shown in figure 2.6, were used to assist the
DCMS during deposition. Figure 2.6 (a) is the view of the inside structure, and (b) is the
image from the top of the ion source used in the experiment. Dc power to the ion source
is supplied by Matsusada Precision (AU Series 600 W) throughout the ion-assisted

deposition, 10 SCCM Ar gas was supplied through the MFC and control valve.

Figure 2. 6 Hollow cathode ion source

In our study, we applied three different methods for the deposition of thin-layer

films (Rh-Nb-Zr) on the Mo substrate. At first normal angle deposition (NAD)
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technique is used, where surfaces of the target and substrate are parallel to each other or
particle flux direction is perpendicular (90° angle) to the substrate’s surface. The
second method of deposition is to deposit a thin film by oblique angle deposition
(OAD). Here incoming particles incident angle is 54° with the vertical plane and third
deposition process is done by ion-assisted oblique angle deposition (IA-OAD). In all
experiments, the substrate base kept fixed or rotated at a constant speed of 20-25 RPM
through a rotary motion feed-through (MVF-106A, Huntington Vacuum Products,
USA)

In the experimental setup fan and water-cooling systems were employed to cool
the devices and instruments. The heat developed on the sputter gun and ion source
during the deposition were cooled by using chiller (refrigerated bath circulation,
RC-10V, JEIO TECH, South Korea) by circulating cold water around the target area.
This heat was converted from electrical energy from the power supply through the
target to thermal energy. For better heat transfer, the chiller temperature was kept at
20 °C and a flow rate of about 5.5 L/min. The temperature of TMP and dry scroll pump

was controlled by supplying direct tap water during the operation.

Parameters such as the target-to-substrate distance, the working pressure of the
Ar gas, and the flow rate (total flow rate30 SCCM) was kept constant throughout the
procedures. The LineTech Korea MFC (M3030V) and the readout control unit (FM
30VP) were used to manage the gas flow rate. Vacuum valves and vacuum pressure

gauges type were the product of Pfeiffer Vacuum GmbH, Germany.

Fabricated interlayered Mo/Rh mirrors were heat-treated in a vacuum oven (10

Torr, JSVO-30T, jSR, South Korea) on 200 °C for 4 to 6 hours, at a heating rate of
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1 °C/minute, and allowed them to cool naturally to room temperature (RT). This heat
treatment allows the reduced str on the coated films, which were developed during the
deposition. With the results of the heat treatment, we can analyze the thermal effect on

the surface of the mirrors

2.3. Substrate material and preparation method

Substrate materials used for the experiment were Si (100) wafers (Silicon
Technology Corporation) and Mo mirrors (Cloudray Laser Solution, China) on which

target materials were deposited, as shown in figure 2.7 and 2.8. The Si wafers,

however, were used only for thickness measurements.

Figure 2. 7 commercially purchased silicon wafer (100)
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Commercially available Mo mirrors with 20 mm diameters and 3 mm
thicknesses were used as the base materials throughout the experiment. The surfaces of
the Mo mirrors were mechanically polished to achieve an average roughness of 6-10 nm.

The specification of the Mo mirror is shown in figure 2.9.

Specifications

Mo Mirror

Figure 2. 8 Mo mirror manufactured by Cloudray laser technology
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Specifications

Mateial: HQ Mo (Molybdenum)
Wavelength: 10.6 um

Diameter Tolerance ~ +0/-0.13mm
Thickness Tolerance  +0.25mm
FL Tolerance <=+2%

Centration <3 arc minutes
Clear Aperture >90%

Surface Figure <A /2 per 1” Dia
Surface Quality40-20 scratch and dig
- AR/AR coating R<0.5% per surface

Figure 2. 9 Specification of Mo mirror by Cloudray Laser technology (curtesy cloudray

laser Itd)

2.4. Substrate preparation

The Si (100) wafer and Mo mirror substrates were cleaned using an ultrasonic
cleaner (2300, Chosun Scientific Co., South Korea). Substrates were sonicated in
acetone for 10 minutes and in ethanol for 5 minutes. They were then rinsed in
deionized (DI) water and dried with N> gas. Before the deposition, the cleaned samples
were heated for an hour at 100°C to remove residual impurities to reduce the surface
stress to improve the adhesion of the deposited layers. Our Mo substrate sizes of

diameter 20 mm and 3 mm thickness were used.

2.5. Thin-film deposition

A thin film of niobium (Nb), zirconium (Zr), and rhodium (Rh) was deposited on a

Mo substrate in a controlled environment. In all thin-film fabricated samples,
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approximately 190 nm total thickness was maintained (as in figure 2.10) to control the
blister formation and to bulge off the film from the surface. The thin interlayers were 40
nm, and Rh thin film for the top layer was 150 nm thick. We choose the small
thickness of films as the minimum thickness of film 150 nm to several microns was
used for the FMs [24] During the experiment, it is noticed that ambient temperature,
air quality, and humidity affect the quality of the deposited film and deteriorate almost
immediately. So handling the substrate before and after the deposition is crucial. But
after the vacuum heat treatment of the substrate at 200 °C for 4 to 6 hrs (as shown in

figure 2.11), deterioration of film did not appear for a very long time.

(b)

Rh (150nm)

Figure 2. 10 (a) surface image and (b) schematic diagram of Mo coated mirror.
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Figure 2. 11 Image of Rh coated Mo/Rh Mirror (a) deteriorated and (b) fine surface

Distance between the substrate surface and target or work distance (WD) and power
supplied during the thin film fabrication time affect the deposition rate. Substantial
iterations of work have been done to get optimum parameters for better deposition rate
as well as working Ar gas pressure and power for our purpose of work. Table 2.1
highlights the deposition rates of the different targets at different WD and incidence
angle of deposition at 40 W power supplies. The Si wafers were used to check the film
thickness and adhesion at the beginning, as they are cheaper, readily available, and easy
to handle. It is seen that substrate preparation quality directly affects the deposition of

the film. Therefore, we carefully adopted a proper substrate preparation procedure.

Table 2. 1 Deposition parameters during thin-film coating

Parameters Values
Base pressure 10-12 pTorr
Working pressure 5 mTorr
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Ar gas flow rate 30 SCCM

Discharge power of the dual magnetron
40 W,100 W, 200W
sputtering gun

Target-substrate  distance  (Normal
60 mm
angle deposition)

Target-substrate  distance  (Oblique
70 mm and 120 mm
angle deposition)

Approx. 40 nm (Nb) — approx. 150 nm
Film thickness
(Rh)

Target-substrate incidence angle at
54° (vertical)

OAD

Normal incidence angle 90° (with the surface of the substrate)
Target dimensions 50.8 mm diameter, 6.25 mm thickness
Substrate temperature Room temperature

Substrate rotation (revolving) 0 and 25 rpm

320 mm cylindrical height,
Vacuum chamber inner dimensions

370 mm diameter

Later in the study, we also used the ion-assisted deposition to check the quality of

the deposited film, assuming better adhesion and reflectivity. The hollow cathode ion
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source was kept 330mm apart from the surface of the substrate. Simple (lab-made)
faraday cup was used to measure ion current from the source. Figure 2.12 shows the ion
current measured from the FC in different power supplied at different working pressure.
For our purpose, we used 200mA current and 280 V DC supply at 5 mTorr vacuum
pressure, the voltage and current were stable. The 5 mTorr pressure was also a working

Ar pressure during the operation period of all the experiments.

Ar 10SCCM, Bias -20V, source to substrate gap 33.5cm

T T T T
V-1 [ [ [ ] - 300
N ./
g \/-2m [ [ [ / - 280
— = - 260
—~ ] V. 4l/ f \l —
< ol i 240 5
= Voltage curves Z
S /‘ - 220 ©
£ - g
3 4 A/ =
|-1—A—4.3mTorr >
g | |-2—A— 5mTorr >
o I-1 R I-3 émTorr _&
@ 2 A Current curves I-4—4—7mTorr A
S -2 A V-1—m—4.3mTorr w
i V-2—m—5mTorr
A V-3 emTorr
04 14 V-4—m—7mTorr
T T T T T T T T T
100 150 200 250 300
Supply Current (mA)

Figure 2. 12 Ion current at the different vacuum pressure and power supplies.
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2.6. Characterization techniques

Thin-film coating industries are grown dramatically. Films are grown or coated by
various materials by using different processes that necessarily requires characterizing to
determine properties of the coating. Several analytical techniques have been used to
provide information about the characteristics as the chemical composition, amount of
trace impurities, or the physical structure. This information is vital to the researchers or
manufacturers in order to understand the material and to verify the product. Some of
the major instruments used for the characterization of this study were briefly explained

below.

2.7. Field emission scanning electron microscopy (FESEM)

TESCAN MIRA 3, FESEM employs electron beams in order to get information
from a sample at the nanoscale level. The main types of singles that are detected are the
backscattered electrons (BSE) and secondary electrons (SE) which generate an image of
the samples at a very high magnification where 5 to 15 kV acceleration voltage was
used. In the earlier phase of this study FESEM, JOEL (JSM-6700F) was also used for

surface characterization.
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Figure 2. 13 Field emission scanning electron microscopy (FESEM) (TESCAN MIRA 3

)

2.8. EDS (Energy-dispersive X-ray Spectroscopy)

EDS is a standard method for identifying and quantifying elemental composition
in a sample. The EDS analysis was done along with the FESEM (TESCAN),
Energy-dispersive X-ray Spectroscopy analysis has now become standard practice of
the surface morphology, and it is an essential part of an SEM.

2.9. Thickness Monitor

To measure the thin film thickness deposited by DCMS, the Cressington MTM-10
thickness monitor was used, which gives the flexibility to approximate the thickness of
the films. Quartz crystal sensor is used to measure the thickness of the material at which

rate it is being deposited. Most of the time, deposited material on the substrate and

33



reading on the monitor sensor might not be the same. Therefore, thickness monitors
use the tooling factor to compare the amount of material deposited.

Fm = Fi (Tw/T)) 2.1)

where Fjis the initial tooling factor, Tiis the measured film thickness by the

instrument, and Twm is the actual thickness deposited film.

— Mwmﬁ s * o (]

CR'55- JGfO” @Ej

Figure 2. 14 Cressington MTM-10 thickness monitor

2.10. X-ray diffraction (XRD)

XRD is the most widely accepted non-destructive analytical technique to identify
the crystalline structure of the materials sample purity. Here Empyrean, Malvern
Panalytical UK, XRD was used to obtain crystalline phase information, which operates
at 40 kV and 40 mA current using Cu-Ko radiation at room temperature. The
calculation made on the Bragg’s equation, a detector records and processes the x-ray
signal, which in turn converts into a count rate and the reflected X-ray peaks obtain on

each atomic plane in the crystal lattice. In the X-ray diffractometer sample rotates in the
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path of the collimated X-ray beam at an angle 6 and the goniometer rotates at an angle

of 20, while the detector is mounted on the arm to collect the diffracted X-rays and

Figure 2. 15 Image of Empyrean Panalytical X-ray Diffraction (XRD)

2.11. 3D nano surface profiler

It is the non-contact, non-destructive micro or nanoscale surface measurement and
characterization device. The roughness of the films was measured by using a 3D
Nano-surface profiler system (Optical surface profiler NV-2400, Nanosystem, South
Korea). Micro/Nanoscale images were captured by using an 150x objective lens in high

accuracy mode on the area of 50 um?.

35



Figure 2. 16 Photographic images of 3D Nano-surface profiler system (Optical surface

profiler NV-2400)

2.12. UV-VIS spectrophotometer

An ultraviolet-visible spectrophotometer (UV-VIS) is the instrument that
measures the wavelength and intensity of absorption or reflectance of near-ultraviolet
and visible light. The light source is usually a deuterium lamp for the UV range
measurement and tungsten for visible measurements. The prism separates the
wavelengths of this continuous light source, and spectra are obtained by scanning the
wavelength at a single wavelength. Here UV-VIS spectrophotometer (S-3100,
SCINCO Co. Ltd. South Korea) was used for measuring the reflectivity of the

fabricated mirror.
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Figure 2. 17 UV-VIS spectrophotometer (S-3100, SCINCO)

2.13. Scratch tester and peeling test

For basic mechanical (contact test) characterization, scratch and tape tests were
used to check the adhesion strength of the films. The lab-made mini scratcher was used
to perform scratch on the mirror surface, as shown in figure 2.16 (a). A
pressure-sensitive adhesive tape (ASTM D3359, Elcometer, USA) (as in figure 2.16 (b)),
is pressed with a good enough pressure onto the film and rapidly stripped off. The
lab-made scratch tester motor can pull till the approximately scratch length was up to10-
20 mm along the surface of the mirror. The wear tracks were observed with an optical
microscope (2MP, 20x - 400x, 8 LED, USB Digital Microscope, China). Figure 2.16 (¢)
and (d) show the PC and mini microscope setup, which gives real-time imaging on PC

via USB interface and the help of software.
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Figure 2. 18 Lab-made scratchers (a), ASTM D3359 tape (b), and (c)&(d) are a

computer system and mini microscope to capture the magnified images
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CHAPTER 3
Deposition and Characterization of a Rh Thin Films with an Nb
Interlayer on a Molybdenum Mirror for ITER First-Mirror
Application

3.1. Introduction

All the essential optical and imaging systems require high performance for plasma
diagnostics. Most plasma-facing components (PFCs) use metallic mirrors for optical
diagnostics. In particular, reflectivity influences the quality and reliability of the
performance of mirrors. Plasma-facing mirrors have lower-quality reflection due to
erosion owing either to the high energetic charge exchange neutral particles as well as
UV, X-ray and gamma radiation, or impurities deposited on the mirror’s surface by the
materials eroded from the in-vessel components of ITER. Many research laboratories
are investigating the diagnostic mirrors of high-quality, reliable, and cost-effective [25]
that can withstand the plasma environment. The main impact on the optical and the
polarization characteristics are believed to be from the erosion processes caused by the
fast-moving charge exchange neutrals (CXNs) and the mirror’s location in the main
chamber. Different locations of the FM have different heat flux intensity and have a
different rate of degradation of optical properties. The mirror surface which faces the
plasma directly will likely be eroded, and degraded faster. Many researchers have
found that single-crystal (SC) [26] mirrors have better quality as they can maintain their
optical and morphological properties under Ar ion sputtering [27]. SC Mo and
Rh-coated mirrors are reported to be under consideration as the most promising metallic
mirror materials for ITER. The technology for producing Rh-coated mirrors is presently

being developed in several laboratories [28].

39



Neither of the two mirrors mentioned above, however, can significantly preserve its
reflectivity after exposure to the high temperature [29]. The minimization of thermal
distortions in the mirror’s thin layered surface by keeping the thermal stresses at an
acceptable level is an essential structural issue for all mirrors, especially those under
ITER conditions. Hence thin layers were made up of different combined materials, like
Mo and Rh [30]. Mo is considered as a first mirror (FM) due to its excellent
advantages under the sputtering condition, such as its low sputtering yield [31],
cost-effectiveness, corrosion, and heat resistance. Rh thin film can be deposited on the
Mo mirror to enhance the performance in the ITER environment as it has high
reflectivity in the visible range and high thermal resistance properties[32]-[34]. Rh
also prevents oxide and carbide formation as it has low chemical reactivity [2]. Due to
the differences in thermal expansion coefficients and the lattice mismatch between two
materials, surface adhesion of thin films become weaker and are prone to get damaged
easily in the plasma environment. Therefore, to prevent such type of problems,
interlayers are introduced between the thin films. Here, we considered niobium (Nb) as
a suitable interlayer material between Rh and Mo because of its intermediate thermal
expansion coefficient and lattice parameter (Mo: 4.8 um/m-K, 3.15 A; Nb: 7.3x
um/m-K, 3.30 A; Rh: 8.2 um/m-K, 3.8 A at RT) [11].

Instead of high power, we supplied a low deposition power of 40 W, which leads to a
lower deposition rate and a smooth deposition. Ions and electrons of low kinetic
energy at the low supplied power will not damage the surface of the substrate and will
keep the substrate temperature close to room temperature. Higher power means a
higher deposition rate. Higher deposition rates at low temperatures might affect the

single crystal growth [12] and degrade the surface orientation [13]. The thin film will
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be porous in the microstructure and challenging to control the film’s thickness.

In this work, the properties of the Rh thin film on a Mo mirror with a thin Nb
interlayer were studied. The Rh thin films were deposited via DC magnetron
sputtering, and their properties (reflectivity, morphology, and stability) were
investigated. The optical property and the stability of the deposited films before and
after the heat treatment process were also investigated to ensure their longevity in the

plasma environment.

3.2. Experimental Procedure
3.2.1. Materials

Si (100) wafers (Silicon Technology Corporation) and Mo mirrors (Cloudray
Laser Solution, China) were used as substrates on which target materials were deposited.
The Si wafers, however, were used only for thickness measurements. Industrially
prepared Mo mirrors with 20 mm diameters and 3 mm thicknesses were used as the
base materials throughout the experiment. The surfaces of the Mo mirrors were

mechanically polished to achieve an average roughness of 6-10 nm.

The Mo mirror substrates were cleaned using an ultrasonic cleaner (2300,
Chosun Scientific Co., South Korea). Substrates were sonicated in acetone for 10
minutes and in ethanol for 5 minutes. They were then rinsed in deionized (DI) water
and dried with N> gas. Before the deposition, the cleaned samples were heated for an
hour at 100 °C to remove residual impurities to reduce the surface stress and to improve

the adhesion of the deposited layers.
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Figure 3. 1. Schematic diagram of the experimental setup for DC magnetron
sputtering.

3.2.2. Thin-film deposition

Depositions of the thin film were performed in a high-vacuum chamber by using a
DC magnetron sputtering source (magnetron sputter source, Korea Vacuum
Technology), as shown in Fig. 3.1. The turbo-molecular pump (controller NT20;
Turbo vac 361, Leybold Vacuum GmbH, Germany) and dry scroll vacuum pump (XDS
351, Edwards) were used to achieve a base pressure of 12 pTorr and a working pressure
of 5 mTorr for the Ar gas. The distance between the target and the substrate was kept at
120 mm. All the target materials had 99.95% purity, with 50.8 mm diameters and 6.35
mm thicknesses (4science.net, South Korea). Dual DC magnetron sputter guns were

ignited one at a time with a power rating of 40 W by using a power supply (SDC1022A,
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2 KW psplasma, South Korea), while the sample holder was rotated through a rotary
motion feed-through (M/N: MVF-106A, Huntington Vacuum Products, USA). Much
of the electrical energy from the power supply through the target was converted to
thermal energy to heat which was cooled by using chiller (refrigerated bath circulation,
RC-10V, JEIO TECH, South Korea) by circulating cold water around the target area.
For better heat transfer, the chiller temperature was kept at 20 °C and a flow rate was set
about 5.5 L/min. Parameters such as the target-to-substrate distance, the working
pressure of the Ar gas, and the flow rate were kept constant throughout the processes.
The other deposition parameters were summarised in Table 1. To study the thermal
effect, we heat treated the as-prepared mirrors in a vacuum oven (10 Torr, JSVO-30T,
JSR, South Korea) on 200 °C for 6 hours, at a heating rate of 1°C/minute, and allowed

them to cool naturally to room temperature (RT).

Table 3. 1 Parameters used during the DC magnetron sputtering

Parameters Values
Base pressure 12 uTorr
Working pressure 5 mTorr
Ar gas flow rate 30 SCCM

Discharge power of the dual magnetron
40 W
sputtering gun

Target-substrate distance 120 mm
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Approx. 40 nm (Nb) — approx. 150 nm
Film thickness
(Rh)

Target-substrate incidence angle 36° (horizontally)

8 nm (+/- 3 nm)/min (NDb)
Deposition rate
12 nm (+/- 3 nm)/min (Rh)

Target dimensions 50.8 mm diameter, 6.25 mm thickness
Substrate temperature Room temperature
Substrate spinning (revolving) 25 rpm

320 mm cylindrical height,
Vacuum chamber inner dimensions

370 mm diameter

3.2.3. Characterizations

To validate the results of this study, we used various methods and instruments to
characterize all the mirrors. The surface morphologies were observed via field
emission scanning electron microscopy (FESEM; JSM-6700F, Joel, Japan). Film
thickness measurements were done by using FESEM and Cressington MTM-10 (UK).
The film’s crystallinity and microstructure were recorded via X-ray diffraction (XRD;
Empyrean, Malvern Panalytical, UK). The roughness of the films was measured by
using a 3D Nano-profiler system (Optical surface profiler NV-2400, Nanosystem, South
Korea). The images were captured by using an objective lens on the area of 50 um?.

The reflectivity of the deposited films was measured with a UV-VIS spectrophotometer
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(S-3100, SCINCO Co. Ltd., South Korea).
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Figure 3. 2. Schematic diagram of the lab-made scratch tester.

The adhesions of the deposited films on the substrates were tested using two
well-known tests: the tape and the scratch tests. The tape test was completed by using
adhesive tape (ASTM D3359, Elcometer, USA) while the scratch test was performed
using a lab-made scratch tester, as schematically shown in Fig. 3.2. The main
components of the scratch tester were a DC motor, which drove the tungsten-carbide
needle (tip radius: 250 um) [38] across the surfaces of the mirrors to create a scratch
with predetermined vertical loads. The needle holder, which was connected to the
driving shaft of the motor via a piece of yarn, was guided by using a sliding guide that
traveled back and forth in the horizontal direction. The testing mirror was positioned
below the tip of the needle and was attached using double-sided tape to prevent its
movement during scratching. The tip of the needle was cleaned with ethanol and a
lint-free wiper before and after the scratch test. The scratching speed of the tip was set
to 37 mm/s, and the length of the scratch was approximately 10 - 20 mm along the
surface of the mirror. A normal load in the range of 0.5 - 1.5 N was applied on the
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surface to make a scratch mark under a constant rate. The wear tracks were observed

with an optical microscope (2MP, 20x - 400x, 8 LED, USB Digital Microscope, China).

3.3. Results and Discussion

FESEM, in conjunction with energy-dispersive X-ray spectroscopy (EDS), was used
to investigate the surface morphology and elemental composition of the deposited
surface layers. Figure 3.3(a) and (b) show the surface profile and the cross-sectional
SEM images of the Rh/Nb thin film deposited at 40 W. The surface image shows that
the film has dense and uniform grains with an average size of ~15 nm. The thicknesses
of the Nb and Rh interlayers were determined by the cross-sectional FESEM image as
shown in Fig. 3(b). Under the given deposition conditions, the thicknesses of the Rh
thin film and the Nb interlayer were 150 nm and 40 nm, respectively. In the
experiment, we kept the film thicknesses approximately 190 nm because, beyond that
thickness, the deposited thin films appeared to form blisters and peel off due to thermal
expansion and mismatch of lattice parameters [12]. The deposited films were seen to
have dense, columnar structure [8] along the growth direction. The formation of
well-defined columnar structures in the thin film was due to the high surface diffusion
of adatoms and periodically nucleated on the surface of the growing crystals [13]. EDS
images ensure the presence of the Mo material in the pristine form (Fig 3(c)), and fig.
3(d) confirms the presence of Rh as a major element alongside Nb and Mo, in the
Rh/Nb thin-film sample. Minimal traces of impurities, like carbon, were detected as

contaminants on the sample surface.
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Figure 3. 3 FESEM images and EDS elemental compositions of the Rh/Nb thin films
deposited on Mo mirrors via DC magnetron sputtering. Surface (a) and (b)
cross-sectional images of the Rh/Nb thin films. EDS spectra of the (c) pristine Mo

mirror and the (d) Rh/Nb thin film
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Figure 3. 4Figure 3. 5 XRD patterns of the Rh/Nb thin film deposited on a Mo substrate.
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The microstructures of the deposited film were further characterized by using
XRD, as shown in Fig. 3.4. The XRD image shows sharp diffraction peaks at 20 -
40.52°, 58.64° and 73.67°corresponding to the (110), (200) and (211) reflection planes
of the body-centered cubic Mo substrate (JCPDF #00-042-1120), respectively. The Rh
top layer shows distinct reflection peaks at 26 - 41.12° and 47.759°, corresponding to
the (111) and (200) planes, respectively (JCPDF #00-005-0685). The Nb interlayer
shows a very weak diffraction peak at 26 - 38.59°, corresponding to the (110) plane.
We observed from the XRD results that there were no diffraction peaks of other
impurities. The multilayers films of high crystalline purity were deposited with Rh

major elements.

Further, the as-fabricated multilayer Rh/Nb/Mo mirrors were subjected to heat
treatment to study the effect of thermal stress on the microstructures and performances
of the mirrors. The mirrors were heat-treated in a vacuum oven at 200 °C for 6 hours in
a 10 Torr vacuum environment and were cooled naturally to room temperature before
analysis. FESEM images in Figures 3.5(a) and (b) show the surface morphologies of
the Rh/Nb/Mo mirrors before and after the heat treatment. Results revealed that after
the heat treatment, the average grain size of Rh increased from 10-15 to 28-35 nm.
Furthermore, the effects of the heat treatment on the film’s microstructure and grain size
were investigated via XRD. Fig. 3.5(c) shows the high-resolution XRD patterns of the
Rh/Nb/Mo mirror before and after the heat treatment, where the Rh (111) peak was
analyzed. It is shown that after the heat treatment, the full width at half maximum
(FWHM) of the Rh (110) peak was modified and could be obtained through Scherer’s

relation (1) to access the crystalline size.
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Figure 3. 6 FESEM images of the surface morphology of the Rh mirrors (a) before and
(b) after heat treatment (c) XRD pattern and (d) grain sizes of Rh thin films before and

after heat treatment.

D = kA/fcosb, 3.1

Where k was the shape factor 0.9, the X-ray wavelength was 4 (0.15406 nm), S
was the FWHM of the peak, and # was the Bragg diffraction angle (26/2). As could be
seen in Fig. 5(d), the average crystallite sizes (grains) of the Rh thin film had increased
from 13.21 nm before, to 30.37 nm after the heat treatment, which was in good
agreement with the SEM result shown in figures 3.5(a) and (b). Consequently, we
concluded that high-temperature heat exposure induces the growth of the crystalline size

and film density [37], [39]-[41], which in turn would affect the optical properties of the
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films (to be discussed in the next section).
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Figure 3. 7 3D surface images of the mirrors show the surface roughness’s (a) pristine
Mo mirror and the Rh/Nb-thin-film-coated on the Mo mirrors (b) before and (c) after

heat treatment.

The surface roughness of the FM is a critical parameter as it directly affects the
reflectance of the mirror and its performance in the ITER environment. The roughness
levels of the Rh/Nb/Mo multi-layered mirror before and after the heat treatment were
measured using a 3D nano-profiler, and the results were compared with the roughness
levels of the pristine Mo mirror’s surface. Fig.3.6 (a) shows a 3D image of an
industrially manufactured pristine Mo surface, which has an average roughness (Ra) of
8.12 nm. We could see there were many pinholes and tiny hillocks with an average
depth of 400 nm. Figures 3.6 (b) and (c) present the surface of the Rh thin films in this
study, on which the Mo surface with an Nb interlayer was coated, before and after the
heat treatment, respectively. The average surface roughness of the film before the heat
treatment was about Ra 3.89 nm. The number of pinholes decreased, and the surface
became much smoother after the deposition of Rh/Nb films on the surface of the Mo

mirrors. Fig. 3.6 (c) shows the surface profile of the Rh/Nb-film-coated Mo mirror
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after heat treatment. The Rh thin film’s roughness was observed to increase from 3.89
to 6.69 nm, probably due to the grain growth of the Rh top layer during the heat
treatment. Heat treatment at elevated temperature promotes the growth of grains,
which led to the closure of the voids between the grains of the columnar structure and
increased the grain density [42]. Due to recrystallization, some grains had lower film
surface tension, and the film-substrate interface tension grew at the expense of the other
grains. The surviving grains might have (in-plane) diameters much larger than the

film’s thickness and the surfaces tend to become rougher [43].
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Figure 3. 8 Reflectivity spectra of the Mo mirror (a) and R/Nb-coated Mo mirror (b)
measured before and after the heat treatment.

The reflectivity of the FM’s surface, the major characteristic for the optical
diagnostics in ITER, was measured via UV-VIS spectroscopy, and the results were
presented in Fig. 3.7. Figure 3.7(a) shows the reflectivity of the pristine Mo mirror
before and after the heat treatment. The reflectivity of the Mo mirror before heat
treatment can be seen around 60-70% in the UV-vis range but decreased drastically to
20-45% after the heat treatment. Figure 3.7(b) shows the reflectivity of the

Rh/Nb-coated Mo mirror. Initially, the reflectivity of the Rh thin film was higher than
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that of the pure Mo mirror (70-80% in the UV-vis range, more than 85% at 840 nm).
Similarly, the reflectivity of the Rh surface declined after the heat treatment, but the
decline was not as dramatic as in the case of Mo mirror (Fig. 3.7a). The reflectivity of
the Rh coated surface after the heat treatment was found to have decreased about
10-15% (i.e., it retained reflectivity up to 75%). The effects of the heat treatment

process on the drop in reflectivity had been extensively discussed elsewhere [44].

Mirror surface exposed to high temperature for a considerable time would
change the surface morphology and the optical characteristic. Rh/Nb coated Mo
mirrors were exposed to the high temperature, and we found that their microstructures
were modified with the increase in the grain sizes [as shown in Figures 3.4(c) and (d)]
and surface roughness (Fig. 3.6) due to recrystallization. We could conclude that the
increase in the grain sizes and roughness parameters reduced the reflectivity of the

mirror [45].
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Figure 3. 9 Scratch and tape test results for the Rh/Nb/Mo mirrors. Optical microscope
image of a surface line scratch under (a) 0.5 N, (b) I N, and (c) 1.5 N for the Rh/Nb/Mo
mirrors after the heat treatment. (d) Scratch test results of the Rh/Nb/Mo mirrors before
the heat treatment. Rh-deposited mirror (e) before, (f) after, and (g) during the tape test,

(h) scratch marks on the coated mirror.

The adhesion strength of the thin film on the substrate mirror is critical as it
confirms the stability and longevity of the FM. Therefore, the stability and the
adhesion of the deposited Rh/Nb films in this study were confirmed through two
well-known techniques: the tape and the scratch tests. A scratch test was performed
using a lab-made scratch tester, as described in the experimental section. This test was
done at a constant film thickness of 190 nm of the Rh/Nb after heating of the samples at

200 °C for 6 hours. The weight of the needle and holder was 3.5 gm. (0.035 N), the
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minimum force that could be applied to the Rh/Nb/Mo samples. Figures 3.8(a)-(c)
show the results of the scratch test performed under the applied loads of 0.5, 1, and 1.5
N on the heat-treated samples. No apparent damage or unusual wear on the
Rh/Nb-interlayered thin-film surface was observed. The result of the scratch test that
was performed on the surface of the Rh thin film directly deposited on the Mo mirror
without any interlayer was shown in Fig 3.8(d). The edges of the scratch line were not
smooth and had considerable damage marks, indicating weak adhesion between the Rh
thin film and the Mo substrate. The above evidence shows that the depositions of the
Nb interlayer between Rh and Mo were essential for ensuring the strong adhesion of the

Rh thin films.

Moreover, an additional heat treatment process caused the grains of the thin film
to become denser and more compact[42], which increases the hardness and promotes
better adhesion strength. Total film thicknesses were kept under 190 nm as a coating
with higher film thickness would be more brittle [46]. We speculate that the use of the
dual sputtering system for the deposition of both the Nb and the Rh films might be
another reason for the better adhesion as that allowed the immediate deposition of the
subsequent layers, preventing surface oxidation and contamination. In this study,
heating at high temperature was seen to reduce the formation of the crack on the film’s

surface [41] and strengthen the thin film, but at the expense of the reflectivity.

The tape test results are shown in Figures 8(e)-(g) further confirm the stable
adhesion of the deposited films without any blisters. The pressing force given to the
tape against the coated surface was approximately 20 N (pressure load was measured on
the weighing machine for approximation), which is sufficient to stick the tape properly

onto the surface. The scratch and the tape tests show excellent adhesion between Mo
54



and the Rh thin film with the thin Nb interlayer. The introduction of the Nb layer with
suitable and matching parameters (e.g., lattice constant and thermal expansion
coefficient) between the Rh and Mo played a crucial role in reducing the surface tension

during contraction and expansion.

3.4. Conclusion

In conclusion, a new technique for fabricating a rhodium (Rh)-coated molybdenum
(Mo) mirror with a niobium (Nb) thin interlayer was demonstrated with promising
results. The thin-film-coated mirror can withstand high temperatures and has excellent
adhesion quality and acceptable reflectivity. The thermal heating at 200 °C for 6 hours
increased the grain size and roughness while reducing the reflectivity by 10-15%. The
interlayer apparently reduced the problem of thermal expansion between the thin-film
layers. Also, the adhesion property increased with increasing substrate hardness.
Therefore, using Nb as a thin interlayer can increase the adhesion between Mo and the
Rh thin-film layer. Such Mo/Nb/Rh mirrors with better adhesion and high reflectivity
can withstand high temperatures for a longer time and can reduce the formation of the
blisters involved in the deuterium implantation in the ITER first mirror (FM) for the

plasma diagnostic application.
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CHAPTER 4
Characterization of Zr Interlayer Coated Mo/Rh Mirror

4.1 Introduction

In the experimental fusion reactor plasma viewing or optical diagnostics elements,
mirrors are used. Mirrors are used to guide plasma radiation towards the detecting
systems in optical and laser-based (International Thermonuclear Experiment Reactor)
ITER plasma diagnostics system. The mirror which directly faces the plasma
environment called First Mirror. Most plasma-facing components (PFCs) use metallic
mirrors for optical and laser-based diagnostics for their high reflectivity and reliability
in the harsh plasma environment. According to the recent studies, Plasma-facing
mirrors suffer from sputtering the high energetic charge exchange neutral particles as
well as UV, X-ray and gamma radiation and redeposition of plasma impurities onto the
mirror’s surface [26] by the materials eroded from the in-vessel components of ITER
and deteriorate the performance and affect the entire optical diagnostic performance.

Reflectivity, durability, and longevity of the first mirror are crucial in the harsh
plasma environment. To address crucial properties, various organizations investigating

the diagnostic mirrors and are reporting positive results[47]

On the previous chapter proved that using low power DC magnetron sputtering
high-quality mirrors can be fabricated by introducing a thin layer of Nb. Here we are
characterizing Zr coated mirror as well as comparing it with Nb interlayer coated FMs.
The significant impact on the optical and the polarization characteristics are believed to
be affected by the erosion processes caused by the fast-moving charge exchange

neutrals (CXNs) and the mirror’s location in the main chamber. The mirror surface that
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faces the plasma directly will likely be eroded, and thus it degraded faster. Research
articles proved that a mirror composed of crystallites with nano-size guarantees a more
uniform erosion during fusion reactor operation [48]. The surface relief pattern would
remain small with respect to the wavelength of the reflected light, thus ensuring a low
diffuse reflectivity and, ultimately, a more reliable diagnostic. It is also found that
crystalline structured [26][8] mirrors have better quality as they can maintain their

optical and morphological properties under Ar ion sputtering [27].

Still, at the harsh condition of plasma, to preserve higher reflectivity of mirrors is a
major challenge for the actual use of mirrors on the fusion reactor after the exposure to
the high temperature [29].

The maximum estimated erosion rate is about 100 nm/year for a single crystal
molybdenum mirror. The maximum deposition rate in the worst-case scenario is about
~900 nm/year [49][47]. Hence, it is also the major problem for the redisposition of
contaminants and erosion of the mirror surface, and to cleaning the redeposited
contaminants, there has been installing the cleaning system and to recover the possible
degradation of first mirror reflectivity. Also, there are a lot of studies on the mitigation

of deposition on FM surface

Here in this study, we tried to minimize the thermal distortions in the mirror’s
thin layered surface by keeping the thermal stresses at an acceptable level, it is an
essential structural issue for all mirrors, especially those under ITER conditions.
Hence thin layers were made up of different combined materials, like Mo and Rh [30].

Mo is considered as a first mirror (FM) due to its excellent advantages under the plasma

sputtering condition [31].
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The cost-effectiveness, corrosion, and heat resistant characteristic. SC materials
have proven good optical performance under plasma sputtering conditions, and now
they are a primary material for the first mirrors[25]. Rh thin film can be deposited on
the Mo mirror to enhance the performance in the fusion plasma environment as it has
high reflectivity in the visible range and high thermal resistance properties[27],[48],

[54].

Furthermore, the Rh crystal structure is more compact and prevents oxide and
carbide formation as it has low chemical reactivity. However, due to the differences in
thermal expansion coefficients and the lattice mismatch between two materials, surface
adhesion of thin films become weaker and are prone to get damaged easily in the
plasma environment. Thus, to prevent such type of problems, interlayers are
introduced between the thin films. Here, we considered Zirconium (Zr) as a suitable
interlayer material between Rh and Mo because of its intermediate thermal expansion
coefficient and lattice parameters (Mo: 4.8 um/m-K, bec, 3.15 A; Zr: 5.7 yum/m-K, hep

=a-3.23,b-3.23 and c- 5.14 A; Rh: 8.2 um/m-K, ccp, 3.8 A at RT)[36].

Here thin film deposition was accomplished by the various power of 40, 100, and
200 W. The lower the deposition power, the lower the deposition rate and a smooth
deposition but longer time to deposit the thicker films [18]. Low K.E of ion and
electrons will have a lesser impact on the substrate, and energy transfer will be lower,
which in turn keeps substrate temperature close to room temperature. Higher deposition
rates at low temperatures might affect the single crystal growth[37] and degrade the

surface orientation[51].
In this work, the Zr sandwich between the bulk Mo substrate and Rh film as an
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interlayer has been deposited to study the adhesion and reflective properties of the
Mo/Rh mirror. DCMS was used to deposit the films by both normal and oblique
angled deposition techniques and characterized to analyze the optical property and the

stability of the deposited films.

4.2 Experimental Procedure

Substrate material for the experiment was used as Si (100) wafers (Silicon
Technology Corporation) and Mo mirrors (Cloudray Laser Solution, China) on which

target materials were deposited, as shown in the figures 2.7 and 2.8.

The Mo mirror substrates were cleaned using an ultrasonic cleaner. Substrates were
sonicated in acetone for 10 minutes and in ethanol for 5 minutes. They were then
rinsed in deionized (DI) water and dried with N> gas. To remove residual impurities
and surface stress build on while handling, samples were heated for an hour at 100 °C
before placing into the plasma environment to deposit thin film.
4.2.1 Film Deposition

Prior to the actual film deposition on the substrate surface. The vacuum chamber
was thoroughly cleaned and pumped down to vacuum pressure of 10 um as a base
pressure to evacuate the residual gases as much as possible. The high vacuum provides
a long mean free path for the collision of particles during the sputtering and deposition
process [52]. Thin films were fabricated at a working gas pressure of 5 mTorr. Both
normal and oblique angle deposition was adopted to deposit the thin film on the

substrate.
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Figure 4. 1Image of actual Ar plasma deposition of Rh thin film on a Mo-Zr substrate

Figure 4.1 shows the actual Rh target sputtered by DC magnetron gun at 54° degree
oblique angle of deposition (OAD) and figure 4.2 shows the normal angle of deposition
(NAD) where substrate holder is modified in such a way that incidence angle of
sputtered particles is 90° degree or normal to the substrate surface. The model of the
plasma sputtering process and orientation of sputtering guns are shown in figure 4.3.

The parameters that used for deposition of Zr and Rh are shown in table 4.1.
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Figure 4. 2 Dual magnetron sputtering used for NAD with a modified substrate holder.
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Figure 4. 3 Schematic model diagram of dual DCMS guns for OAD
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Table 4. 1 Parameter for the DCMS

Parameters Values
Base pressure 10uTorr
Working pressure 5 mTorr
Ar gas flow rate 30 SCCM

Discharge power of the dual magnetron

sputtering gun

40 W, 100 W, 200 W

Target-substrate distance

60 mm and 120 mm

Film thickness

Approx. 40 nm (Zr) — approx. 150 nm

(Rh)

Target-substrate incidence angle

90° (NAD), 54°(OAD)

Deposition rate

As in table 4.2

Target dimensions

50.8 mm diameter, 6.25 mm thickness

Substrate temperature

Room temperature

Substrate spinning (revolving)

0,25 RPM

Vacuum chamber inner dimensions

320 mm cylindrical height,

370 mm diameter
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Table 4. 2 Deposition rate of Nb, Zr, and Rh at parameter mentioned in table 4.1

Deposition rate (nm/min; +3)
Power supply
Zr Nb Zr
(W) Rh (NAD) Rh (OAD)
(NAD) | (NAD) (OAD | (OAD)
40 8 17 4 5 12
100 22 40 12 16 27
200 43 87 22 33 48
100
1—=— NAD(Zr)
2—e— NAD (Nb)
— 80 3—&— NAD(Rh)

[=2]
o
1

Deposition rate (nm/min
N H

o
1

4—v— OAD (Zr)
5—&— OAD (Rh)
6—<— OAD (Nb)

20

T — T T T T T T T T T
60 80 100 120 140 160 180 200 220

Power supply (W)

Figure 4. 4 Deposition rate graph at 40, 100 and 200 W

4.2.2

The Rh and Zr coated mirrors were characterized by using various methods and

instruments. As explained in chapter 2, the surface morphology of the deposited films

Characterization
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was measured by using field emission scanning electron microscopy (FESEM). The
chemical composition of Rh, Zr coated molybdenum mirror was confirmed by the
energy-dispersive X-ray spectroscopy (EDS). EDS was used in conjunction with
FESEM. Film thickness measurements were measured and cross-checked using
FESEM and thickness monitor. The crystalline structure was recorded with XRD and
A 3D Nano-profiler system was used to measure the roughness of the films’ surfaces of
the interlayer coated mirrors. The reflectivity of the deposited films was measured
with a UV-VIS spectrophotometer Reflectance was the mode of measurement and
measured in the visible range of 400- 1000nm (most effective range of the reflectance
measured for the optical diagnostic in the fusion reactor [8]) of the optical wavelength.
The LapPro Plus computer software converts the reflected optical intensity at each
wavelength, and plotting all the single value gives the line spectrum of the measured

reflectance of the surface.

Contact characterization of the film deposited on the substrates was done by two
methods, namely, the tape and the scratch tests. These two old and conventional are still
used to check the adhesion strength of the films. The adhesive tape (described in
chapter 2) test was done by sticking pressure-sensitive tape on a surface of the
fabricated mirror, and the scratch test was performed using a lab-made scratch tester, as
schematically shown in fig. 2.16. A DC motor used to pull the tungsten-carbide needle
tip with a radius of 250 um [38] across the surfaces of the mirrors to create a scratch
with predetermined vertical loads. The needle holder, which was connected to the
driving shaft of the motor via a piece of yarn, was guided by using a sliding guide that
traveled back and forth in the horizontal direction. The substrate was positioned below

the tip of the needle. The tip of the needle was cleaned with ethanol and a lint-free
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wiper before and after the scratch test. The scratching speed of the tip was set to 37
mm/s; load was applied until the lab-made scratch tester motor can pull till an
approximate scratch length was 10-20 mm along the surface of the mirror. Normal load
in the range of 0.5 - 2 N was applied on the surface to make a scratch mark under a
constant rate. The wear tracks were observed with an optical microscope 2MP, 20x -

400x, 8 LED, USB Digital Microscope.

4.3 Results and Discussion

EDS was used in conjunction with FESEM to investigate the surface morphology
and elemental composition of the deposited surface layers. Fig. 4.5 (a) shows EDS
images that give the confirmation of surface elemental composition i.e., Rh, Zr on the
Mo substrate material along with small traces of impurities carbon and oxygen. Figure
(b) shows a single element of the surface, and that also confirmed that the top of the
film was composed of only one type of material (i.e., Rhodium). Rh is the outermost
coated layer, and the analysis result shows major elements that present were, Rh- 61.96

wt%, Mo-27.68 wt%, C-8.69 wt%, and Zr- 1.67 wt%.

The thickness of the deposited film was measured by a cross-sectional analysis
by FESEM. We have seen that normal angle deposition (NAD) for both 40 W and 200
W are smoother and dense film growth as compare to the oblique angle deposition
(OAD) as shown in figure 4.6 (b) and (d) NAD; (a) and (c) OAD. In OAD substrate was
rotated at 25 RPM to give the uniform deposition on the surface of the substrate. As in
the figures, columnar structures were perpendicular to the substrate, and NAD materials
were larger than that material deposited by OAD by magnetron sputtering. Average

grain sizes after the heat treatment were increased[39].
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Figure 4. 5 EDS and SEM images (a) elemental composition and (b) Rh thin film

surface mapping
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Figure 4. 6 Thickness of the films captured by the SEM, (a) and (c) oblique angle

deposition and (b), and (d) normal angle deposition at 40 and 200 W.
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Under the given deposition conditions, the thicknesses of the Rh thin film and the Zr
interlayer were 150 nm and 40 nm, respectively. In the experiment, we kept the film
thicknesses approximately 190 nm. High film thickness with high the power showed
that surface appeared to form blisters and peel off due to thermal expansion and
mismatch of lattice parameters[53] of the Mo, Zr, and Rh material when the substrate

was around RT.

The deposited films were seen to have the dense, columnar structure[54] along
the growth direction (almost perpendicular to the surface of the substrate). The
formation of well-defined columnar structures in the thin film was due to the high
surface diffusion of adatoms periodically nucleated on the surface of the growing
crystals [40]. The columnar configuration is due to low surface mobility of continuous

deposition of the material [55] on the top of each growing grains in the same direction.
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Figure 4. 7 XRD spectrum of the thin film Rh-Zr on the Mo substrate.
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Fig. 4.7 shows the high-resolution XRD diffraction patterns of the Rh/Zr/Mo
mirror where peaks are at 26 - 40.51°, 58.76° and 73.66° corresponding to the (110),
(200) and (211) reflection planes of the body-centered cubic Mo substrate (JCPDF
#00-004-0809). The Zr interlayer shows a very weak diffraction peak at 26 - 36.511°
and 47.99° (JCPDF #00-005-0665), corresponding to the (101) and (102) planes. The
Rh top layer shows distinct reflection peaks at 26 - 41.12° and 47.96°, corresponding to
the (111) and (200) planes, respectively (JCPDF #00-005-0685). Moreover, the
absence of extra peaks suggests the high purity of the prepared sample. The XRD
peak of Rh (111) shows the high crystalline structure and it shows polycrystalline thin

film deposition.

(a) (b)
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Figure 4. 8 Pristine Mo mirror 3D surface
The fabricated all multilayer Rh/Zr/Mo mirrors were subjected to heat treatment
to reduce the thermal stress on the microstructures, which intact the films firmly to each
other hence better adhesion but slightly in the reduction of mirrors' reflectivity [18],
[56]. The mirrors were heat-treated in a vacuum oven at 200 °C for 4-6 hours in a 10
Torr vacuum environment and were cooled naturally to room temperature before
analysis. Here, all the characterized results were obtained after the heat-treatment of
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the prepared mirrors. Crystalline sizes were calculated by the Scherer’s relation

(Equation 4.1).

D = kA/fcoso, 4.1
Where k£ was the shape factor 0.9, the X-ray wavelength was 4 (0.15406 nm), S
was the FWHM of the peak, and @ was the Bragg diffraction angle (26/2). The result
shows that crystallite became larger after exposure to high temperature. The average
crystallite sizes (grains) of the Rh thin films with Nb and Zr interlayer have almost
similar (approximately grain size increased by 10 nm) for all samples, but higher the

deposition rate larger the grain size and lower the roughness [18], [57].
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Figure 4. 9 3D images of interlayer coated Mo/Zr/ Rh mirror 1 (a-b) at 40 W and 2

(a-b) at 200 W power supplied

The roughness of the surface directly affects the reflectivity of the mirror and
its performance in the fusion plasma environment. The roughness of the Rh/Zr/Mo
inter-layered mirror was measured using a 3D nano-profiler Fig. 4.8 shows a 3D image
of commercially available pristine Mo surface, which has an average roughness (Ra) of
4 £ 2 nm (avg of 5 spot measured images). We can see there are many pinholes and
tiny hillocks with depth and width somewhere 100- 400 nm. Figure 4.9 shows the
surface profile of the Rh/Zr-film-coated Mo mirror after heat treatment. Fig 4.9 (a) and

(b) represents the film-coated at 40 W power and 200 W respectively, where the
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roughness of the Rh thin film’s got smoother with the increase of power, probably an
elevated temperature promotes the growth of grains and that led to the closure of the

voids between the grains of the columnar microstructure and increased grain density

[42].
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Figure 4. 10 UV-VIS reflectivity spectrum of interlayered Mo-Rh mirror coated at 40
W; (1) Zr interlayer Mo-Rh mirror, deposition process of OAD (rotating substrate); (2)

films Zr and Rh coated by NAD process and (3) Nb-Rh films deposited using NAD

method.

100
]| 1=——2Zr-200@O0AD rotating
90| 2=——2Zr-200@NAD

Reflectivity (%)

400 500 600 700 800 900 1000
Wavelength (nm)
Figure 4. 11 Reflectivity graph of Zr interlayered Mo- Rh mirror; (1) deposited by OAD

process where substrate rotated and (2) film prepared by NAD method.
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The reflectivity property of the FM’s surface is a crucial parameter for the
optical diagnostics in the fusion reactor, which collects the scattered light and sends it to
the detector for diagnostics. The reflectivity was measured via UV-VIS spectroscopy,
and the results were presented in figure 4.10 and 11. The reflectivity pattern of the
mirror with thin films fabricated by 40 and 200 W is shown. The mirror prepared by
the 40 W (NAD) power has lesser reflectivity than that of 200 W (NAD) deposited
mirrors. Comparing the reflectivity with Nb and Zr interlayered mirrors (both are
deposited at 40 W NAD), we could not exactly separate which one is better, because
they look identical in the reflectance value. In both power (40 and 200 W) thin-film
mirror fabricated by oblique angle deposition (rotating substrate at 25 RPM) has lower
reflectivity, as in figure 4.10 and 4.11. Reflectivity can be seen around 65-75% (at 840
nm (i.e., NAD deposited mirror retained reflectivity up to 75%). The Rh deposited

with 200 W (NAD) has slightly higher reflectivity.

But with the experiment, we found that higher power deposited films have
weaker surface adhesion. The blister formation, cracks and peeling off the coating were
noticed on the surface. We concluded that because of variation in temperature at the
Mo surface and deposited film layers (Zr and Rh materials) experiences internal thermal
stresses [58] because of different thermal coefficient values and build up internal stress
and strain between the films layers in higher power deposition for the more extended

time [59].
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Figure 4. 12 (a) Lab-made scratch tester and (b) pressure-sensitive tape

The adhesion strength of the film confirms the better stability and the longevity of
the FMs. Here we checked the stability and the adhesion of the deposited Rh/Zr films
by old but convenient two well-known methods: (1) Scratch test and (2) tape test. A
scratch test was performed using a lab-made scratch tester, as described in the
experimental section (as in figure 4.10). The weight of the needle and holder was 3.5
gm. (0.035 N), the minimum force that could be applied to the Rh/Zr/Mo samples
(similar to the Nb interlayer mirror). Figure 4.13 shows the results of the scratch test
performed under the applied loads of 0.5, 1, and 2 N on the power of 40, 100, and 200
W deposited samples. As shown in figure table 4.13, no apparent damage or unusual
wear on the Rh/Zr-interlayered thin-film surface was observed until the 1 N applied the
load at the speed of 37 mm/sec. Comparison is shown on table 4.3; direct comparison
might not be the fair because, the tests were done with the different devices and with
different applied load process. Our device might give an only approximation of the
result but still results show as par with the result found in the previous article [8], [46]
Scratch test for the Zr coated interlayer mirrors also has similar scratch resistance as Nb

coated interlayer mirror. The evidence shows that the depositions of the Zr interlayer
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are as strong as the Nb interlayer coated mirror between Rh and Mo mirror.

Table 4. 3 Scratch test result compared with the previous results of published articles

Parameters

Our test results

Previous results from the

article [8], [46]

Tip materail

Tungsten carbide

Diamond stylus

Spherical tip radius

250 um

200 pm

Scratch speed

37mm/sec

10 N/min (progressive load)

Load application Dead load 0.5, 1,2 N Progressive load 0-20N
Scratch length 10-20 mm 10 mm

Scratch appearance After 1 N After 1 N

Critical load Not calculated 129N

Moreover, an additional heat treatment process caused the grains of the thin film to

become denser and more compact [42], which increases the hardness and promotes

better adhesion strength. We also can say that the use of the dual sputtering system for

the deposition of both the Nb and the Rh films might have another reason for the better

adhesion as that allowed the immediate deposition of the subsequent layers. In this

study, heating at high temperature was seen to reduce the formation of the crack on the

film’s surface [41] and strengthen the thin film, but at the expense of the reflectivity.
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Figure 4. 13.  Images of scratch test for the Rh/Zr/Mo mirrors observed by Optical
microscope image of a surface scratched under; (a) 0.5 Nb, (b) I N, and (c) 2 N for the
40 W power, similarly (d), (e) and (f) for 100 W power and (g), (h) and (i) for 200 W

power

Figure 4. 14. Photographic images of tape test results of Zr interlayer Rh/Mo mirrors
prepared at; (a) 40 W; (b) 100 W and (c)200 W
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Pressure-sensitive tape test result further confirmed the stable adhesion of the
deposited films without any blisters. The pressing force given to the tape against the
coated surface was approximately 20 N, which is sufficient to stick the tape properly
onto the surface. The scratch and the tape tests show excellent adhesion between Mo
and the Rh thin film with the thin Zr interlayer, as shown in figure 4.14. Figure (a), (b),
and (c) are the mirrors fabricated by the power of 40, 100 and 200 W. All the scratch
tests and tape tests show excellent adhesion of the films. However, with repeating tape
test on the same mirror for several times (more than 5 times) shows some films material
stick on the tape from the surface the prepared with the power of 200 W as shown in
figure 4.15 (b), but for the film deposited on 40 W has film intact firmly on the substrate.
Therefore, our study shows (in our available laboratory environment) that low power of
deposition makes slow and uniform deposition, and the temperature of the substrate and
deposited layers remains low to adjust the thermal expansion more safely. Hence the
introduction of the Zr layer with suitable and matching parameters can play a crucial

role in reducing the surface tension during contraction and expansion.

(a) (b)

Figure 4. 15 Image of tape test images of thin film deposited on a Mo substrate,

stripped off test was performed for five times (a) 40 W and (b) 200 W.
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4.4 Conclusion

It can be concluded that a low power deposition has finer grain growth but a
slightly larger grain size than the higher deposition rate of the film. The interlayer
apparently reduced the problem of thermal expansion between the thin-film layers,
provided the above experimental setup and deposition parameters. Reflectivity is higher
than 70% which is expected in the fusion reactor but film deposited with the OAD
process has poor reflectivity than the NAD process. Hence it can assume that NAD
deposition is a better application for the FMs. Also, the adhesion property increased
with an increase in the lifetime of the thin films coated FMs. It can prove that scratch
results are comparable with the Rh-Mo thin-film experimented by the other laboratories.
With the analysis results, Zr can be an excellent material bridging the thermal expansion
coefficient between two primary FMs material; Mo and Rh for the fusion reactor optical

diagnostics.
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CHAPTER 5
Ion Assisted Oblique Angle Deposition of Interlayer Coated Metallic

Mirror
5.1 Introduction

Film coating technology has been around with humankind for more than 2000
years[60]. Since human development, film technology also developed and grown into
more significant industries, and this technology became essential for all kinds of
functional coating and semiconductor industries [20], [52]. To produce novel optical
properties of devices from a various film deposition techniques and available wide
range of materials, the technology needs to adopt specific fabrication techniques,
material deposition, processing, and optical characterization [52][51][61]. Thin film is
generally used to improve the surface properties of materials on which it deposited.
Thin-film deposition techniques are usually divided into two broad categories [3][6];
PVD (physical vapor deposition) and CVD (chemical vapor deposition) processes.
Among these processes, sputtering is the most common way to fabricate thin films. It is
a PVD process where atoms (ions) are ejected from a target material and deposited onto

a substrate in a high vacuum condition.

In this study, film deposition was done by using DC magnetron sputtering (MS).
Oblique angle deposition (OAD; 54° incidence) configuration was applied to obtain
tilted columnar microstructures and dense film. This columnar microstructure depends
on many experimental parameters affecting the growth mechanism, like substrate
temperature, deposition power, deposition angle, target to substrate distance, process or
working gas and flow rate, deposition pressure, and initial substrate roughness [7]. This

initial substrate may strongly affect the shadowing and other particle relocation effects.
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These parameters are critical to controlling the thin film microstructure [65]. To create
different thin-film geometry by repeatedly coating with varying the parameters using

oblique angle deposition is sometimes also called sculptured thin films [54], [66]-[68].

This thesis focuses on how oblique angle deposition (OAD) (tilt angle), hence
the microstructure of thin-film (Rhodium and Zr), affect the reflectivity and adhesion
between the substrate and deposited films for optical applications. Thin films were
deposited by using DC MS at room temperature with fixed deposition conditions
(deposition angle, target-sample distance, process gas pressure and flow rate, deposition
power, ion-assisted current supply). We also used the ion beam assisted deposition
(IBAD) on OAD and compared the characteristics of the films. This technique is an
interest in sensor and electrochromic applications [69]-[71]. We expect the control of
the microstructure and properties of these films will help the understanding of IAD and
OAD for optical applications; thus, this technique can be used for fabricating high

reflectance mirrors such as "First Mirror" for the fusion plasma diagnostics.

IBAD is the technique to enhance the coating quality by increasing the adhesion
of thin films by physical and chemical vapor deposition in a low-temperature process.
IBAD is mainly involved in the alteration of nuclei growth near the surface area of the
substrate. lons are embedded into the material by virtue of its high kinetic energy low

temperatures.[54], [72].

Ion assisted deposition is the combination of two surface coating technologies,
namely, ion implantation and vacuum deposition. Here we used DC MS and hollow
cathode ion source for thin layer deposition, as shown in figure 5.1. The sputtered

atoms from the target with the incident angle of a, (54°) with the vertical plane, and the
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B angle between the ion implantation direction (vertical) and the film growth direction
on the substrate surface. The ion beams provide a controlled energy supply into the
thin films and substrate to improve film growth and adhesion in conjunction with DC
MS deposition. IBAD, unlike conventional coating methods, the thin film is integrated
into the surface, and develop a comprehensive interface, in turn, gives better adhesion
and lessen the chance of peeling. However, it is not always necessary to mix the
interface atoms to achieve an ion beam to improve film substrate bonding [73]. A thin
layer can be bond to the substrate surface by lightly implanting, called ion beam
stitching [63]. In this process, actual atoms will not be displaced by the incoming ions
and atoms particles. Hence low doses of ions are enough for the good adhesion of the

coating.

DC lon Source \DC MS Source .

a®

Figure 5. 1 IBAD on OAD process
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5.2 Experimental Setup

As explained in the previous chapter, the experimental setup for the IBAD, OAD,
and NAD are similar; the only difference is the addition of the ion source to the setup
configuration, as shown in figure 5.2. Si (100) wafer was used for many repetitions of
experimental deposition to prepare the samples that were used to confirm the thickness,
growth structure before experimenting on the actual bulk Mo substrate. Mo mirrors with

20 mm diameters and 3 mm thicknesses were used for all experiments.

As in the experimental setup (figure 5.2), DC ion source is installed at the top of the
reactor, and two MS guns are on the cylindrical wall at the 54° with the vertical plane as
DCMS gun 1 (for Rh target sputtering) and DCMS gun 2 (for interlayer target
materials). The high vacuum of 10 pTorr was created by using TMP and dry scroll
pumps. The angle valve and line valves were used to control the pressure inside the
vacuum. The Ar gas was used as a process gas during deposition, and gas flow was
control by the MFC unit and readout unit. For better cooling and to keep the devices
under controlled temperature, the chiller temperature was kept at 20 °C and the water
flow rate was set about 5.5 L/min. In figure 5.2, the blue colored pipe is for circulating

cold water and black/red pipes for hot water, flowing out of the devices.

In the entire experiment, substrates were prepared as explained in the previous chapter.
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Water in (W/I) (blue line)
Water out (W/O) ((red line)

DC magnetron
sputter gun 1

DC magnetron

MFC meter & sputter gun 2
controller (not visible)
Substrate transfer T™P
window
Rotary motion feed- By-pass valve

through & speed
controller (not visible)

TMP controller

DC ion power supply

DC MS power supply 1

DC MS power supply 2

Dry scroll pump

Figure 5. 2 Experimental setups for the OAD- ion beam assisted thin film deposition.

5.2.1 Film Deposition

The thin film samples were fabricated in a high-vacuum chamber by two
different thin film deposition techniques. First, oblique angle deposition (OAD) and
another one, ion-assisted-oblique angle deposition (IA-OAD) by using a DC magnetron
sputtering source (magnetron sputter source, Korea Vacuum Technology) and a DC

hollow cathode ion source, as shown in figure 5.3 (a &b). It is also called ion assisted
83




oblique angle deposition (IA-OAD), or Ion beam assisted deposition (IBAD). The
oblique angle depositions are usually performed with a fixed substrate, but by
manipulating the microstructure with a rotating substrate or changing the substrate

position, OAD can produce multilayers art-like-sculpture design.

Figure 5. 3 photographic images of DC hollow cathode ion source, (a) revealing

internal parts of the device (b) assemble view

DC magnetron sputtering can be achieved in the low pressure of several mTorr.
However, for better deposition quality, the vacuum chamber should be maintained at
high vacuum pressure. The right vacuum environment provides a longer mean free
path of atoms for collision and has lesser collision before reaching the substrate
surface[74]. To generate a high vacuum condition the chamber was pumped down to a

base pressure of 10 pTorr by the turbo-molecular pump and a dry scroll pump, but Ar
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gas pressure of 5 mTorr maintained as a working gas pressure during the deposition.
Dual DC magnetron sputter guns were ignited one at a time (as shown in the figure5.4)

with a power rating of 40 W, 100W, and 200 W by using power.

DC ion source

DC magnetron [ -?

sputter guns1& 2

Figure 5. 4 Schematic diagram of dual DCMS gun sputtered material deposited one at a

time by the IA-OAD process.

| DC ion source |

!ee \
® oo
]

DC magnetron °°J; DC magnetron
sputter gun 1 fa J % sputter gun 2
1191

o S

Sample holder for

R Sample
\, I
perpendicular

deposition \_ -—ﬂ—- _J

Figure 5. 5 lon beam assisted deposition with slated substrate holder to have normal

angle deposition.
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Samples were prepared with keeping sample holder fixed sample holder and
during deposition applied DC Ion source as well as DCMS at the different power
supplies. The distance between the target interlayer material (Zr) and the Rh was at
120 mm, and at 70mm, respectively for the fixed sample holder deposition process that
we used for all the characterization and analysis of this study. The targets purity of
99.95% were pre- sputtered for 30 mins at the beginning of the operation. However,
after the first deposition, they were pre-sputter only for 5-10 mins each time to remove
impurity remains on its surface[75]. To have a slanted film growth sample holder was
kept fixed (stationary for the Zr deposition). The OAD was carried out by a DC sputter
gun, which has a fixed angle in a vacuum chamber. An incidence angle o of the sputter
gun is 54% with the normal to the substrate. Parameters such as the target-to-substrate
distance, the working pressure of the Ar gas, and the flow rate were kept constant
throughout the processes. The deposited thin film for Rh approximately kept about 150
nm, and interlayer material Zr was thickness of 40 nm throughout the fabrication and
experimental process. The deposition parameters were summarized in Table 5.1. We
choose the ion beam source that uses a supply voltage of 280V and current 200mA for
our IBAD experiment (figure 5.7), as the lower power was very fluctuating and seems
very low ion current impinging on the surface of the substrate. When using a higher
power for the IBAD process, deposited films on the Mo mirror become rougher, and
reflectively obtain below 50%. Fabricated interlayered thin film mirror samples were
heat-treated in a vacuum oven in 10 Torr at 200 °C for 4 hours to reduce the internal

stress of the film layers.
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Rh (150nm)

Figure 5. 6 Multilayer thin films of Zr and Rh on a Mo substrate

Table 5. 1 Experimental parameters for [A-OAD

Parameters

Values

Base pressure 10uTorr
Working pressure 5 mTorr
30 SCCM

Ar gas flow rate

(20 SCCM from main Ar supply unit,

10 SCCM through DC Ion source)

Discharge power of the dual magnetron

sputtering gun

40 W, 100 W, 200 W

Target-substrate distance

70 mm (Rh) and 120 mm (Zr)

Film thickness

Approx. 40 nm (Zr) — approx. 150 nm

(Rh)

Target-substrate incidence angle

54°
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Power (W) | Zr (OAD) | Rh (OAD)
40 5 12
Deposition rate nm/min
100 16 27
200 33 48
Ion beam supply at 280V and 200mA Approx. 4uA

Target dimensions

50.8 mm diameter, 6.25 mm thickness

Substrate temperature

Room temperature

Substrate spinning (revolving)

0, 25rpm

Vacuum chamber inner dimensions

320 mm cylindrical height,

370 mm diameter
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_ V-1;/L S RN S A S 300

g V-2=m [ ] u ) I 280

L] I\ - 260
V4" T [ 3
6 - 240
4 Voltage curves /‘ L
/ 220
N g I
] /A I-1—A— 4.3mTorr
] |-2—A— 5mTorr
I-1 / R I-3 émTorr
2 - A / |-4—A— 7mTorr

\

lon Beam current (uA)
Supply Voltage (volt)

V-1—m—4.3mTorr
V-2—m—5mTorr

-

A V-3 6émTorr
0+ -4 V-4—m— 7mTorr
T T T T T T T T T
100 150 200 250 300
Supply Current (mA)

Figure 5. 7 lon beam current at the different vacuum pressure and power supplies

5.2.2 Characterization

From as our previous analysis, thin film grown on low deposition power provided
satisfactory results of reflectivity and adhesion strength. Hence, for the characterization
of deposited thin films, we mostly compared the films that were deposited in 40 W
power. Characterization of deposited thin films majorly differs from the previous
experiments in terms of extensive use of SEM characterization and Si wafer as a
substrate to study the tilted angle of grown films. DCMS oblique angle deposition
provides the specific angle of incidence to grow the thin layer in a columnar
microstructure. The cross-sectional measurement of the samples confirmed the tilted
film grown by using field emission scanning electron microscopy (FESEM; TESCAN
MIRA 3, Czech). While to confirm the chemical composition of Rh, Zr coated

molybdenum mirror, and Si substrate, energy dispersive X-ray spectroscopy (EDS) was
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used in conjunction with FESEM. The crystallinity and microstructure of the films
were determined via X-ray diffraction (XRD; Empyrean, Malvern Panalytical, UK),
using a Cu anode (Cu K-a= 1.54 A) at room temperature. Columnar (Grain) size was
found to be related to the electric power used in for sputtering of the target material and

ion deposition source. Increased electric power gives a larger grain size [76].

The roughness of the films was analyzed by using a 3D Nano-profiler system
(Optical surface profiler NV-2400). The images captured by using an objective lens on
the area of 50 um?. The reflectivity of the deposited films was measured with a UV-VIS

spectrophotometer (S-3100, SCINCO) in the range of 400-1000 nm.

The adhesions of the deposited films on the substrates were tested by using the tape
and the scratch tests. Adhesive tape (ASTM D3359, Elcometer, USA) was used to test
the strip off the strength of the deposited thin film after heat treatment while the scratch
test was performed using a lab-made scratch tester, as schematically shown in fig. 5.20.
The scratch tester has a DC motor, which drive the tungsten-carbide needle (tip radius:
250 pum) across the surfaces of the mirrors to create a scratch with applied vertical loads
0of 0.5, 1 and 2 N. The needle holder, which was connected to the driving shaft of the
motor via a piece of yarn, was guided by using a sliding guide that traveled back and
forth in the horizontal direction. The testing mirror was placed below the tip of the
needle. The tip of the needle was cleaned carefully before and after the scratch test.
The constant scratching speed of the tip was set to 37 mm/s, and the length of the
scratch was approximately 10 - 20 mm along the surface of the mirror and the silicon
wafer substrate. The wear tracks were observed with an optical microscope (2MP, 20x -

400x, 8 LED, USB Digital Microscope).

90



5.3 Results and Discussion

To check the ion beam assisted deposition on the oblique angle deposition
(IBAD-OAD or IA-OAD) by DCMS, at first experiments were performed on the Si
(100) wafers. Adopting proper substrate preparation procedure, we produce an
excellent thin film (Rh-150nm, Zr-40 nm) on the Si substrate with an interlayer coating.
As shown in figure 5.8, both films were coated by using a 40 W power. 1 (a-b) and 2
(a-b) show the film deposited on a Si substrate with OAD and with IA-OAD processes
respectively. Both films have very fine surface roughness in the area of 50 um. The
average roughness of the films is (Rasi1) 0.79 and (Rasiz) 0.47 nm for OAD and IAOAD,
respectively. Here results of the 3D nano profiler show the ion-assisted deposition has

lesser roughness compare to the OAD.

1a

002 o
Y axis(mm) X axis(mm) 0028 0048

X mm
Ra079nm Rq 099nm Rt690nm Rz 602nm

2a

002
X axis(mm)

* -
Ra.047nm Rq:060nm Rt579nm Rz 467nm

Figure 5. 8 Si wafer roughness images deposited by OAD (1a/1b) and IA-OAD (2a/3b)

process at 40 W power.
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Similarly, in figure 5.9, films were coated on the power of 100 W. Si wafer was
used as a substrate to deposit the Rh and Zr. Figure 5.9 (la-b); (2 a-b) are the film
deposited by the OAD process and by IAOAD, respectively. Here we can notice some
increase in the roughness but relatively small in number. Average roughness (Rasii) 0.92

and (Rasi2) 0.63 nm for OAD and IAOAD respectively

002
Y axis(mm)

Z axis(nm) *4%
173

! 3 002
002 . X axis(mm)
Y axis(mm)

0025

X mm
Ra:0.63nm Rq:0.78nm Rt570nm Rz 491nm

Figure 5.9 Si wafer roughness images deposited by OAD (1a/b) and IA-OAD (2a/b)

process at 100 W power

Films deposited on 200 W power with ion source of 280 v and 200 mA has the

highest roughness among the three different power. As in figure 5.10, average roughness
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(Rasi1) is 1.13 nm for the OAD process and average roughness (Rasiz) 0.89 nm for the

film, which was deposited by IAOAD.

002 002
Y axis(mm) X axis(mm)

002
X axis(mm)

0.025 0.049

X mm
Ra:0.89nm Rq: 1.10nm Rt 8.83nm Rz 7.41nm

Figure 5. 10 Si wafer roughness images deposited by OAD (1a,b) and IA-OAD (2a,b)

process at 200 W power

These 3D nano profiler results show the good surface morphology as the
commercially purchased Si wafer itself has a very smooth surface. All the grain is
orientated uniformly across the surface. There were no pinholes and cracks like in the

Mo substrate. As seen in the previous chapter, the pristine Mo surface has 200 to 400
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nm pinhole size and several small craters. growth in the surface roughness is associated
with the increase in power [77] as an increase in the power increases the thermal heat

and grain sizes of the deposited particle[78][79].

Y axis(mm) ;ﬁx‘“mm)

0 0.025 0.049

X: mm
Ra:2.68nm Rq:3.36nm Rt32.07nm Rz 22.13nm

Figure 5. 11 3D nano surface roughness thin film deposited by (1-a,b) OAD and (2-a,b)

with IA- OAD processes at 40 W

Due to the rougher Mo substrate surface than that of Si wafer, surface roughness
also is seen rougher on the Mo substrate even after the deposition of films. In figure
5.11 (1a-b) and (2a-b), films that deposited on the Mo/Zr/Rh mirror using 40 W power

has avg. Roughness values of Ramo1 4.42 nm (OAD) and Rame2 2.68 nm (IAOAD),
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respectively.

X o
Ra:239nm Rq:295nm Rt 17.19nm Rz 1592nm

Figure 5. 12 Images of 3D nano surface roughness (5-a,b)OAD and (6-a,b) with

1I4-OAD processes at 200 W

As the power increased, film surface roughness also increases, in figure 5.13, 3D
nano profiler result shows that oblique angle deposition at 200 W has higher roughness
value of Ramorap 7.36 nm than that of the film deposited by ion beam assisted using
same power Ramo2ap 2.39. Reduction of surface roughness can be, as ion bombard on
the growing thin films, it leads to higher surface mobility and morphology of the film

surface, thus becomes smooth, dense and continuous films [36], [61].

Further crystalline structure and elemental orientation were analyzed by using
XRD, as shown in figure 5.13. The XRD diffraction patterns show crystallite formed
in a different plane of crystal lattices of the Rh/Zr/Mo mirror corresponds to the plane

(101) and (102) at peak at 26 - 36.511° and 47.99° (JCPDF #00-005-0665) represents
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the Zr interlayer of very weak diffraction. Diffraction spectrum at 26 - 40.51°, 58.76°
and 73.66° corresponding to the (110), (200) and (211) reflection planes of the
body-centered cubic Mo substrate (JCPDF #00-004-0809). The Rh element shows the
distinct reflection peaks at 26 - 41.12° and 47.96°, corresponding to the (111) and (200)
planes, respectively (JCPDF #00-005-0685)[80]. From this, XRD diffraction peaks

show that there were no other impurities on the deposited film.

R Mo(110)
3 _- 3&;5 IM‘ZAngle(ze) o
©
= Mo(211)
= |
c |
E Rh(111)  Mo(200)
- zr(101) | / RR(00) Rh(220)
i J Zr(102) \ Mo(220)
KW L A
T T ' | ' | - T T T .
30 40 50 60 70 80 90
Angle (20)

Figure 5. 13 Image XRD pattern of Mo-Zr-Rh thin
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Figure 5. 14 XRD spectrum of 3 different samples (before and after exposure to high

temperature) that prepared by 40, 100, and 200 W power.

Above figure 5.14 shows the comparisons of six different Mo-Zr-Rh samples
that were fabricated by 40, 100, and 200 W power using the IAOAD process before and
after the heat treatment process. The XRD patterns show that there was no shift of peaks.
In the previous study, the heat-treated Mo samples at 200 °C for 6 hrs showed a slight
shift of peaks and increased grain size [18]. In this experiment, samples were
heat-treated for 4 hrs at the same temperature of 200 °C and left for natural cooling. The
stable peaks might be of exposure to high temperature, and the time, that was just
enough to rearrange the grain or columnar microstructure and to relieve the internal
stresses of the films layer. The study also shows that the heat treatment time and

temperature affect the optical properties of the film [81].
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Figure 5. 15 EDS images of Si substrate (a) and Mo substrate (b)

EDS qualitative analysis of interlayer coated thin films on the silicon substrate
(figure 5.15 a) and molybdenum (figure 5.15 b) revealed a significant presence of
silicon (a), molybdenum (b) with rthodium, zirconium, carbon and oxygen peaks. These
analyses results indicated carbon and oxygen peaks in the EDS could not be rid entirely
due to using carbon tape to secure the sample on the holder, and some contaminants as
oxygen atoms in the vacuum system are always present. Above both XRD and EDS
analysis showed that film was deposited purely by target material of Zr and Rh, but

substrate materials have dominant intensities.
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SEM HV: 15.0 kV WD: 5.01 mm MIRA3 TESCAN| SEM HV: 15.0 kV WD: 5.01 mm MIRA3 TESCAN

SEM MAG: 30.0 kx Det: SE 2pm SEM MAG: 30.0kx  Det: In-Beam SE 2 pm
View field: 9.23 ym  Date(m/dly): 09/17/19 Jeju National University View field: 9.23 ym  Date(m/dly): 09/17/19 Jeju National University

SEM HV: 15.0 kV WD: 5.01 mm MIRA3 TESCAN| SEM HV: 15.0 kV WD: 5.03 mm | MIRA3 TESCAN
SEM MAG: 30.0 kx Det: SE 2 um SEMMAG:30.0kx  Det: In-Beam SE 2 pm

View field: 9.23 um  Date(midly): 09/17/19 Jeju National University View field: 9.23 ym  Date(m/dly): 09/17/19 Jeju National University

Figure 5. 16 SEM morphology of Rh surface deposited on Mo substrate at 40 W; (a) Mo
pristine surface; (b) Zr-Rh thin film surface deposited by NAD; (c) Zr-Rh film deposited

with IA-OAD; and (d) Zr-Rh OAD (fixed substrate)

Along with the EDS, FESEM analysis also performed on the Zr-Rh deposited
surface. Figure 5.16 shows the SEM images of the Rh thin films deposited at 40 W
power. Figure 5.16 (a) is the bare pristine Mo bulk material surface, where we can see
clean surface with large crystalline boundary; (b) image is the surface coated with
normal angle deposition process, (c) image shows the ion-assisted oblique angle
deposition and (d) is the thin film of Rh coated with oblique angle deposition. With the
visual inspection, we can say that grain size is more pronounced on the surface of the
film, which was deposited by only the OAD (fixed substrate) process. The reason for

the increase in the grain will be discussed in the next section.
99



iB4

Figure 5. 17 SEM images of the thin-film OAD process at the power of 40, 100, 200 W.

Using Si wafer as a substrate is easy for handling, storing, and cleaning, hence we
used Si wafers to deposit Zr and Rh films to check the thickness and the orientation of
the film growth. Figure 5.17 reveals the orientation of the films. The columnar
structure was clear and tilted away from the vertical. It is due to the oblique angle of
deposition at 54° degree with the vertical plane. Dual DCMS and DC ion sources were
used for the deposition. In the above figure, 5.17, (a) and (b) films were deposited at 40
W power with ion-assisted deposition and without ion assistance, respectively. The
angle between the film growth direction and the vertical plane is termed as . The

angle of tilt approximately we calculate - 25°. On the images (c) and (d) (figure 5.17)
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films were deposited at the 100W, it has a tilt angle of $-26°.

Similarly, images (e) and (f) (figure 5.17) were the films deposited by the power of
200W and its columnar structure tilted to the B-30° degree. To analyzed the columnar
microstructure, surface morphology optical and mechanical properties of the thin films,
different power supplies were used. As the power increase, the columnar
microstructure also increases with the increase in tilt angle because of the deposition
rate and the temperature increase [82], [83]. This shadowing effect and limited surface
diffusion can produce a higher tilted microstructure like sculpture when parameters

were controlled [84].
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Figure 5. 18 Schematic view of OAD film growth; (a) initially few particles reaching at

the substrate surface at an angle of o. random;, (b) nuclei grows with more ions and
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atoms deposition, (c) columns growth develop as partially shadowing the neighboring
columns and suppressing the growth and (d) columns grow with more tilting towards
the incident angle and some columns completely stop growth, leaving void between two

shadowing columns.

During the oblique angle deposition at an angle of a (incident angle) shown in
figure 5.18 (a), at the initial stage of film formation, few particles of target material
randomly form film nuclei when particles arrive at the substrate surface. As seen in
figure 5.18 (b) nuclei grows into the column as more particles arrive and growth
direction takes towards the source of the particles. As the particles distributed
randomly, nuclei growth will vary as casting shadows to the neighboring nuclei from
reaching the flux and suppress their growth (figure 5.18 ¢). With more extended time,
smaller columns will be shadowed entirely and stop growing because of the shadowing
effect of larger columns, as in figure 5.18 (d). The vanishing of the grown column is
termed as column extinction[54]. This extinction of columns usually leaves a void
between them, which might be the reason to have low adhesion of the films if they were
not controlled properly. Nuclei grow towards the direction of the source with a deposit
of flux on the top of one another, and self-reinforcing behavior develops, with the low
surface mobility adatom growth will take into the form of columnar microstructure.
Sometime this column size can be larger than the deposited film thickness [85]. The
growth of the tilted columns depends on the shadowing between columns, deposition
rate, temperature, pressure, substrate material, and it's surface, substrate preparation,
and target materials [54]. It is found out that increasing substrate temperature has been

shown to decrease column number density [86].
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Introduction of the ion-assisted deposition (IAD), in a high vacuum condition
the void left by the extinction of columns, can be filled, as ions will fall on that void
space where the shadowing effect started due to outgrown of neighboring columns.
Hence conjunction with the ion beam assisted deposition (IBAD) or IAD oblique angle
deposition (IA-OAD) can be implemented to have a smoother and stronger surface of
the film. This IA-OAD process might increase the optical properties too. We saw in
figure 5.8- 5.12, 3D nano surface profiler observed the roughness decrease with the

IA-OAD process on the films for the same parameters of the deposition.

100
i 1 Si 40@IAOAD
904 2——40@0AD
1 3——40@IA0AD
804 4——Rn40@NAD
1 5——nNb40@NAD

Reflectivity (%)

400 | 560 | 660 | 760 | 860 | 960 | 1000
Wavelength
Figure 5. 19 Graph of reflectivity of the Zr-Rh fabricated thin-film coated mirrors at 40
W power, (1) Si substrate coated mirror has the lowest reflectivity (40%) as compared
to all other Mo substrate coated mirrors, (2)OAD film has around 50% with tilted
columnar structure on the Mo substrate; (3) mirror has nearby 55% of reflectivity due
to ion-assisted deposition; (4 and 5) both mirror has highest among all almost 77% of

total reflectivity, both were deposited normal angle of deposition
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The reflectivity of the thin film surface is the vital parameter for the optical
diagnostics, and reflectivity must be fair enough to reflect the signals. As in figure
5.19 (1), Zr-Rh coated Si substrate has very low reflectivity (40%) measured by the
UV-Vis spectroscopy. Low reflectivity might be due to the translucent nature of the
wafer and the possibility of light transmitted through the Si substrate is high. Figure
5.19 (2), OAD mirror has slightly more reflectivity than Si substrate, reason can be as
the porosity of the films due to shadowing and column extinction. Hence the light
might have been dispersed from the film surface even though the surface is smooth. In
figure 5.19 (3) spectrum of IA-OAD has reflectivity around 55%. The ion deposition
on it filled slight improvement in the reflectivity as the porous or void space.
Nevertheless, as the column grows a continuous bombardment of energetic ions on the
top of the column might rupture the surface, thus reflectivity of the film reduced,
although adhesion strength of the films is reasonably stable. Figure 5.19 (4 and 5) both
Nb and Zr interlayered coating was performed by normal angle deposition. SEM images
show that the surfaces of the films are smoother and have a high reflectivity percentage.
It is due to the uniform deposition of the particles with a concentrated flux of target
material [87], [88]. The reason for the lower reflectivity of OAD and IA-OAD might
be due to the porosity and the damage of the columnar microstructure [87]. The
deposition power increase, the columnar microstructure also increases the
microstructural damage or porosity of the films[89]. The tilt angle of measurement
also affects the reflectivity of the surface. So, measuring from a different direction may

have a different value of reflectance [90].
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Figure 5. 20 Image of the lab-made scratch tester (a) and pressure-sensitive tape (b)
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(@) 0.5N, 40w (b) 1.0N, 40w (c) 20N, 40w

(d) 0.5N, 100 w

(g) 0.5N,200w | (i) 2.0N,200w

Figure 5. 21 Scratch test results of IA-AOD technique thin film surface deposited by
three different power (a) ,(b) and (c) by 40 W, (d), (e) and (f) by 100 W; (g), (h) and (i)
by 200 W.

For reliability and durability of films, surface adhesion must be good enough to
sustain specific force and scratches. Surface film prepared by the process of [A-AOD by
40, 100 and 200 W powers were tested their adhesion strength by scratch test and
pressure-sensitive test, as shown in figure 5.20. Lab-made scratch tester was used to
scratch on the surface by applying a minimum vertical load of 0.5, 1, and 2 N. figure
5.21 shows the scratch marks made by sliding the needle along the surface of fabricated

multilayers films. As in Figure 5.21 (a, d, and g) in all films, 0.5 N did not damage the
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surface. The film deposited by 40 w power (figure 5.21 b) also has no apparent
damage on the surface by the scratcher applied a vertical load of 1 N, but in the figure
5.21 (c, f and 1) all have visible scratch marks by the 2 N load on the films. In all films.
These results show that the IA-OAD technique has better film adhesion with the
substrate; it is due to the compact deposition of film layers by filling up the void space
by the extra ions from the ion source [91]. Another reason for stronger adhesion is due
to relieving the internal stress by heat treatment and heating films might increase the
column size to have tight-fitting between columns [92]. As per the Mie theory, small

partials are absorbed higher than the bigger particles [58].

Figure 5. 22 photographic image of Zr-Rh coated Mo mirror; Mirror prepared by 40 w

(a), 100 W (b) and 200 W (c) power with the lon beam assisted OAD process

As in the figure 5.22, tape test was performed for thrice for all samples, giving
pressure about of 20 N force, we thought this force was enough to test the pressure
stripping of the coated film by the pressure-sensitive tape. In the 5.22. Figure (a), (b)
and (c¢) are the mirrors fabricated by using the power of 40, 100 and 200 W; all the test

result shows no stripping or peel of the thin films from the substrate surface.
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All the above results show the scratch tests and tape tests show good adhesion of the
films by IA-OAD techniques. Films become stronger by energetic ions bombardment on

the surface of the substrate, which acts as the stitching of the nuclei. [61]

5.4 Conclusion

Ion beam assisted deposition on oblique angle deposition (IBAD-OAD) shows the
excellent adhesion and durability of the film by compact and dense columnar
microstructure film growth. However, adhesion strength comes with the loss of
reflectivity. Thus, we can conclude that thin films fabricated by using IBAD-OAD
might not have enough reflectivity to perform an optical diagnostic on the fusion
reactors. Still, the Zr is a good candidate material that bridges the thermal expansion
coefficient of two (Mo and Rh) choice materials. Therefore, with all the above results
we can conclude that by using techniques of IA- OAD, film growth structure and its
properties is more useful in other microelectronics and semiconductor application rather

than optical diagnostics of the fusion reactor that needs higher reflectivity (above 70%).
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CHAPTER 6

Summary, Future Work and Conclusion

6.1 Summary,

This chapter summarizes the overall view of this thesis work, possible future
work, and the conclusion. The thesis is a comprehensive study of fabrication of metallic
mirrors by the introduction of thin interlayer material between two choices of metals to
produce “First Mirror” for the fusion reactor. Nuclear fusion power has been taken as
the most attractive long-term production of clean energy solutions in the future.
Although it was all started with the ambitious project, now it is proving as the scientific

The essential task of controlling and to know phenomena of the thermonuclear
fusion plasma, requires a large number of optical diagnostic systems that are based on
reflected, scattered plasma electromagnetic radiation by a chain of optical elements.
The most important components of the optical diagnostic are the metallic mirrors that
directly face the burning plasma. The exposure to the extremely high-temperature
plasma environment FMs is subjected to erosion and re-deposition of the contaminants
on the surface, affecting their reflectivity performance. This phenomenon of
degradation of optical performance is the critical issue to FMs durability and longevity.
There have been lots of research carried out to tackle this problem and to implements
the best material and fabrication method. Considering the optical performances and
properties of materials to withstand the harsh environment of fusion plasma, the Mo and
Rh have been chosen for the FMs’ material. However, the high production cost of

bulk Rh mirrors and limited technical issues of producing large mirrors (up to 500 mm
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diameter); instead, thin film deposition on the Mo substrate is seen as more feasible to
fabricate Mo-Rh mirrors.

We understood that FMs are in different sizes and shapes that depend on the
location and requirements of the fusion reactor. FMs subjected to high radiation, CXN
particles, erosion, and redeposition on the surface and occurs gradual decrease of optical
properties. Therefore, there has been developed various methods and techniques to
fabricate the FMs according to the requirement and material choice.

FMs must satisfy some essential requirements to be used in the fusion reactor;

It should high reflectivity as possible

. Reflectivity should not depend too much on the wavelength in the operating

spectral range.

. Resistance to physical and chemical reactivity
. High thermal conductivity and resistance to high temperature.
. Low sputter yield.

Progressive degradation of optical properties is the primary concern of the FM
application in the fusion reactor. In several choice materials that could be used for the
fabrication of the mirror, we were motivated to improve the performance of the FMs
and tried to reduce the thermal coefficient gap of different materials.

This thesis aims to fabricate a thin layer of Nb or Zr materials between Mo and the Rh
material by using lab-scale equipment (experimental setup for DC magnetron sputtering
system) and analyze with the available devices and instruments in the Jeju National

University.
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We can summarize our thesis as;

o A new technique for fabricating a rhodium (Rh) coated molybdenum
(Mo) mirror with niobium (NDb) thin interlayer, can withstand high temperature and has
excellent adhesion strength with acceptable reflectivity as compare to the other research
articles (Usual reflectivity of FMs are above 70% is considered high reflectivity in the
fusion plasma).

o Mimicking the plasma environment, we treat samples at high
temperatures at 200°C for 6 hours and cooled down naturally to room temperature.
This heat treatment increases the grain size and roughness of the surface, eventually
reducing the reflectivity by 10-15%.

° Apparently, we can see from the scratch test till the 1 N dead load
applied on the deposited film can resist scratch of tungsten carbide spherical tip radius
of 250 um under the scratching rate of 37 mm/sec by the lab-made scratch tester. We
have compared this scratch test with the results of the standard CSM Micro Scratch
tester instrument. which has a diamond stylus, a spherical tip radius of 200 um.
During the test, the load is applied 0-20 N progressively at a rate of 10 N/min for the
scratch length of 10 mm. Our test result shows similar resistance but still, we think it
is not fair to compare the results of both scratch tests as they are tested under different
types of devices and testing processes. Nb interlayer reduces the thermal expansion
problem of the deposited thin film by bridging between the Rh and Mo interfaces.
From the experiment, we have seen the lower deposition power (40 W) has fine grain
growth.

o Zr interlayer also shows the same bridging characteristics as that of Nb

interlayer material between Mo and Rh. Tape test revealed that sufficient pressure
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given to pressure-sensitive tape stick on the deposited film has good adhesion strength.
Force applied to the tape by hand was approximately 20 N. 200 W deposited film failed
after 5 or more continuous tape test processes.

o Zr and Nb interlayer coated Mo-Rh mirrors (40 W power) have the
reflectivity around 75% after heat treatment at a temperature (at 200 °C for 6 hours).
This reflectivity also comparable to the other research articles and claim acceptable
reflectivity for the fusion reactor diagnostic system. Results also show that higher power
deposition has higher reflectivity (80-85%, 200 W) but later appears thermal distortion
on the thin film layers.

) Zr-Rh mirror fabricated by the Oblique angle deposition process
(substrate rotating) has a lower reflectivity percentage than that of the normal angle
deposition process. At 800 nm wavelength deposited thin films have 10% different
(NAD and OAD) in reflectivity

° Exposed to high-temperature, the thin-film deposited substrate at 2000 C
for 4 hrs shows a slightly small growth of grain sizes than that of heat-treated samples
for 6 hrs.

o Ion beam assisted deposition (Rh-Zr-Mo) on oblique angle deposition
(IBAD-OAD) (fixed substrate) shows the good adhesion and durability of the film by
compact and dense columnar microstructure film growth. Scratch test results show,
better adhesion and scratch resistance compare with films deposited without
1on-assisted deposition.

® Thin films fabricated by using IBAD-OAD have good scratch resistance

and adhesion property but have low reflectivity (approx. 55%, 40 W power), it is much
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lower reflectivity of the FMs that are tested for the in-situ for fusion reactor. acceptable

performance for an optical diagnostic on the fusion reactor.

6.2 Conclusion

The focus of this thesis was to investigate the potential another new way of
fabricating Rh thin films on the Mo bulk substrate with interlayer coating. Our
characterization and analysis showed that the thin film of Rh-NB/Zr-Mo was fabricated
successfully.

Deposited thin films are polycrystalline in nature and they have high reflectivity
(about 75% for 40 W) even after high-temperature heat treatment (at 200 °C for 4-6 hrs)
(for mimicking the fusion plasma) with the result we can conclude that reflectivity of
the fabricated mirror is good enough (usually FMs reflectance test in-situ were above
70%) and fabricated FM can be used in a fusion plasma for the optical diagnostic.
Interlayer material both Nb and Zr, can be the good candidate materials if Mo and Rh
material really needs the interlayer coat to reduce thermal stresses on the interface
between two different materials.

With our experimental setup, a higher thickness coat can be fabricated due to
technical and time constraints, and we deposited 190 nm of thin layers over the entire
experiment. Even that thin layer scratch and tape test show the good adhesion strength
with our lab-made scratch tester and pressure-sensitive tape. Results show 1 N of load
with the scratch rate of 37 mm/sec, no apparent damage to the surface. But still
recommended testing in standard scratch tester instrument which will give accurate and

reliable results.
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The roughness of the surface increases with the increased supplied power in the
OAD process but decreases when the ion beam assisted the deposition. (IA-OAD).
Average roughness is in the range of 2-5 nm for IA-OAD but reflectance drop-in can be
due to void and porosity in the layer.

Hence, the experimental study can conclude that techniques of the IA-OAD
process are more useful in other microelectronics and semiconductor applications than

optical diagnostics of the fusion reactor due to its poor reflectivity.

6.3 Future Work

As far as the future work and future research areas are concerned, it is believed
that there is a lot of room available to produce high quality of FMs with applying
interlayer between Mo-Rh mirrors. The work in this thesis has been carried out with our
available resources in our laboratory and university. It is important to the in-situ test
of the fabricated mirror to know the exact optical performance and lifetime. It would
be better to do a scratch test with a standard instrument than a lab-made device which
might give accurate results.

The size of the mirror differs from location and position inside the reactor.
Hence it is possible to fabricate larger and thicker films and tests in an actual plasma
environment. There has been fast and continuous progress in the field of fusion power
to realize in the near future, therefore continuously trying out with new innovative ideas,
new technologies, and hard work can reach the goal successfully.

Future work can be included removable of contaminants re-deposited on the

mirror surface. Polishing of IA-OAD films’ surface to have higher reflectivity because
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our experimental results show that the IA-OAD process has better adhesion strength but
lower reflectance.

Therefore, continuously trying out with new innovative ideas, new technologies,
and hard work can guarantee the high quality and better performance of the optical
mirror as per the requirement of the fusion reactor application to realize the fusion

energy in the near future.
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