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ABSTRACT

In this project, Thin Metal Films an optical coating company is requiring the
upgrade of a desktop research type radio frequency magnetron sputtering
machine which was custom made for a European funded project and was gifted
to it after the project completion. As the machine had no usage history, it had to

be investigated and its capabilities and characteristics identified.

The first part of the project, focused on restoring the machine using a systematic
approach by utilising a technique called Plan Do Check Act, where a continuous
feedback loop is used to identify problems and finding solution to them. Within
the restoration process the aim was to improve the coating uniformity and
machine’s repeatability. The restoration of the machine consumed almost the

entire project duration leaving a little time for second part of the project.

The second part was to use the restored machine, to develop single and
multilayer Broad Band Anti-Reflective Coatings for Zinc Selenide and diamond
optics. The optics are to be used in Attenuated Total Reflectance accessory units

for Infrared spectroscopy.

Based on the literature review and multiple decision criteria, yttria and ytterbia
were showing promising results in adhering very well to a diamond surface and
improving its transmission. Therefore, using Macleod software, a single layer
quarter wavelength coating was designed and theoretically examined. It was
found that a quarter wavelength ytteria at 5000 nm and a quarter wavelength
ytterbia at 3370 nm can increase the transmission on both ZnSe and diamond
optics to maximum of 98% and 95% accordingly.

The coatings have not actually been deposited on the optics due to both targets
breaking before conducting the actual experiments.

Keywords:
Anti-Reflective Coatings, Diamond prism, Zinc Selenide optics, Yttrium, Ytterbia,
Infrared, RF PVD sputtering, Thickness Uniformity
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1 INTRODUCTION

1.1 Overview

As the application of radio frequency (RF) magnetron sputtering is increasing,
many optical coating businesses are focusing on the opportunities that this
technique offers. In this project, Thin Metal Films, TMF, an optical coating
company is requiring the upgrade of a desktop research type RF magnetron
sputtering machine. The machine, a custom made for a European funded project,
was gifted to TMF after the project completion. As the machine had no usage
history, it was up to the company to establish the machine’s capabilities and it's

features by rapid testing and continuous improvement.

The first part of the project focuses on the restoration of the machine. Being able
to restore it, it will be used in development of single and multilayer Anti-Reflective
Coatings (ARC) for Zinc Selenide (ZnSe) and diamond optics. The optics are to
be used in Attenuated Total Reflectance (ATR) accessory units for Infrared (IR)
spectroscopy. The restored machine will have a capability to repeatedly deposit
ARC on 150 optics at a time, with dimensions of 2.4mm diameter and 1.25 mm
height, in a single run and within acceptable tolerances and deposition rate.

The restoration of the sputtering machine and the ability to coat such small optics
in a mass production will help in the development of a new capability which
creates a great business opportunity for TMF to give them a competitive edge

over other local and regional companies.

The second part of the project focuses on designing Broad Band Anit-Reflective,
BBAR, 2-16 ym wavelength coatings for the ZnSe and diamond optics. Based on
the literature review, only handful of studies have been conducted for developing
ARC for diamond optics. And none of them have investigated the coatings
performance for a broader wavelength of 2-16 pm.

Therefore, the project took the following approach to solve the addressed
problems. Firstly, a systematic approach was used to restore and upgrade the
RF magnetron sputtering machine. Secondly, ARCs were designed using

Macloed software to enhance the transmission for the optics. Based on the



designed coating specifications, the restored machine was used to deposit the

coating on the optics.

1.2 Aims and Objectives:
The aim and objectives of the project are as follows:

1. Restore and upgrade the RF Magnetron Sputtering machine by:
a. Standardising its process
b. Automating it
c. Improving its coating uniformity
d. Enhancing its vacuum performance and repeatability
2. Use the restored machine to manufacture Physical Vapour Deposition,
PVD, coating on ZnSe and diamond optics by:
a. Designing a jig to hold the substrates
b. Researching and selecting the best material for the coating
structure
c. Design a coating structure using Macloed software to enhance the
performance of ZnSe and diamond optics for the use in ATR
accessory unit
d. Applying the coating on the optics using the restored machine
3. Investigate the developed coatings on ZnSe and diamond optics by:
a. Reflection and Transmission tests using spectroscopy
b. Comparing the performance of the coated and uncoated optics in

terms of improvement in transmission and reduction in reflectance.



2 LITERATURE REVIEW AND BACKGROUND THEORY

2.1 Anti-Reflective Coatings (ARC)

Optical coatings or Thin-Film Optical Filters are the two phrases used
interchangeably in literature to describe materials applied to surfaces in order to
modify the reflection or transmission of light at those surfaces [1]. In simple terms,
the function of optical filters is to pass some wavelengths of light, within the
electromagnetic spectrum, and reflect or absorb all other wavelengths that are
detected. Even though the aim of the project was to design and develop a BBAR
ARC; other type of coatings including High-Reflective Coatings, HRC, Bandpass
Filters and Beam Splitters, BS, were also briefly covered to appreciate the variety
of applications of optical coatings in the industry. Different types of the optical

coatings are put together in Figure 1.

Optical
Coatings
l \ 4 \ 4 L
Bandpass Filters Anti Reflection Beam Splitters . High Reflection
(BF) (AR) (BS) Edge Filters (EF) HR)

Vi X : : /" Wide-Band/ "\ = 5 g
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: ) \ BS . B
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\ ry ) \ / \_ Trichoic Filters / \ / \

—— - ——— ~ i Harrﬁonic 3 Er'h —— "

/" Narrow-Band ‘ \ [ Generation [Enhancec vctallic)
\_ Dielectric Filter ) \ We-Band AR ) | Experiments | ‘ HRC 4
: Filters -

‘ “Circular and r Supe}wide X
| Linear Variable |\ Infrared AR
Filter " .

|

/ Reflex or Phase
\_Conjugate Filter /

Figure 1: Overview of Optical Coatings in the industry [2][3].



ARCs are the most used coatings in the optical industry and they are designed
and produced in many ways and through different techniques. The demand for
optical systems that are used in a broader IR wavelength range, such as ATR
accessory units, made it necessary to understand the optical and physical
limitations of the optical thin films coatings [4]. To make it simpler to follow, the
ARCs were divided into the following four categories taken from Hiroyuki,
Shigenori and Tetsuro, 1977: 1. Single Layer ARC, SAR, 2. Multilayer ARC, VAR,
3. Broadband Multilayer ARC, WAR, and 4. Dual Wavelength Band ARC, DAR

[5].

2.1.1 Single Layer ARC

The most commonly used material in developing Single Layer ARC, SAR, in
industry is Magnesium Fluoride (MgF2) [3]. MgF2 has excellent performance in
the Short Wave IR Range, SWIR, 1-3 um and in the Mid Wave IR Range, MWIR,
3-5 um but it's performance decreases in the Long Wave IR Range, LWIR, 8-12
um [6]. Therefore, it would not be the best option for BBAR coating.

To achieve a good SAR, ideally a compound is used that has a refractive index
that is midway between the indices for air and the optical substrate. And the
optical thickness of the SAR layer should be chosen to be quarter of the desired

wavelength [7]. The quarter wave optical thickness, QWOT, is defined as

4nd (2-1)
QWOT = —
A
where ndis the optical thickness which is a product of n, refractive index, and d,
the physical thickness of the coating. And A is the wavelength at which the QWWOT

occurs [3].
The reflectance of a single quarter wave thick film can be calculated by:

- ng — nons 2 (2-2)
ng +non



where nrs the index of the film, neis the index of the medium and nsis the index
of the substrate [3].

In absorbing thin films, the transmission, reflection and absorption of light can be

summarised in a basic formula that is:
R+T+A=1 (2-3)

where, Ris the intensity reflection, 7is transmission ratio and A4 is the absorption
in the filter. For more information on basic concept of lights and optics including

Angle of Incidence, Critical Angle and Polarisation please refer to [2,3].

As mentioned earlier, very few studies have been conducted for developing ARCs
used for diamond optics. The main reason for the lack of research in the area
could be due to the high cost of diamond and its limited applications. Reinhard,
et al., 2012, used a Silica (SiO2) as an ARC material for single crystal diamond
optic for a specific wavelength of 1.6 um which is classified as SWIR in the
spectral range of between 1-3 um. They coated the SiO2 on diamond using the
Plasma Enhanced Chemical Vapour Deposition, PECVD, with Nitrous oxide
(N20) and Silane (SiH4) feed gases. They concluded that a single layer SiO2 with
a thickness of 280 nm on both side of the diamond optic can increase the
transmission to 98.7% [8].

Yeung, et al., 2012, also applied a single layer quarter wavelength of SiO2 on two
planar diamond substrates using magnetron sputtering with target wavelength
being 0.5-0.6 um. The thickness of the silica layer was measured to be (95 + 5
nm). They claimed that the silica layer adhered robustly to the diamond and
managed to reduce the reflection from 17% to nearly 2% [9].

Lu, et al., 2009, performed set of experiments on diamond film IR windows to
increase its AR performance using single layer hafnium dioxide (HfO2) and yttria
(Y203). They prepared the thin films using reactive magnetron sputtering using
pure hafnium (Hf) and yttrium (Y) metal targets in reaction with a mixture of argon
and oxygen (Ar/Oz) gases. The targeted spectral range was the 3-5 um and 8-12
um. After applying a quarter wavelength coating of HfO2 and Y203, the IR



transmission of the coated diamond film in the LWIR has increased to 88% and
88.2% respectively. And on the MWIR the IR transmission has increased to 66.8
and 64.9% for both HfO2 and Y20s3, respectively, Figure 2 [10].
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Figure 2: FTIR spectra of diamond coated with SAR HfO; and Y.Os at the mid-
wave IR range [10].

Even though the SAR coating can reduce the reflection at a specific wavelength
to near zero, it can actually increase reflection at wavelengths other than that for
which the coating is optimised [7]. Therefore, to produce a high performance
BBAR, SAR coating can never be the ideal solution as it will not produce the

desired results.

2.1.2 Broadband Multilayer

Broadband Multilayer ARC, WAR or BBAR, have been examined by Kruschwitz
and Pawlewicz, 1997. They have examined 14 oxide/ fluoride thin films in the
wavelength range of 0.6-12 um and tested them for adhesion, abrasion and
humidity absorption, too. The materials were coated using electron beam
evaporation on Fused Silica, Zinc Selenide and Gallium Arsenide substrates.
Bismuth Oxide (Bi203), Cerium Fluoride (CeF3) and Neodymium Fluoride (NdF3)

provided good IR transmittance but yttrium (Y203) performed best overall [4].

A few years later, Mollart and Lewis, 2001, tried to develop a coating that can be
used on Chemical Vapour Deposition, CVD, diamond optics that are used in

airborne imaging applications in the range of 8-12 ym. The materials used were



ytterbium (Yb203), Zirconium (ZrOz), Y203 and HfO2. They deposited Y203 in two
different ways. Firstly, using an amorphous silicon layer to adhere the coatings to
diamond optics and then deposited the yttrium coating layers. In the second
method, they deposited the Y203 layers without applying an adhesion layer.
Based on the multiple impact jet apparatus, MIJA, characterisation test, it was
found that the coating layers started to strip when the Damage Threshold
Velocity, DTV, was in the range of 220-248 ms™*. That implied the diamond silicon
interface had poor adhesion and was not strong enough to hold the coatings
together. The Y203 coatings, on the other hand, had a good adhesion to the

diamond surface and boosted the diamond optic transmission by 7-9% [11].

Transmittance
Substrate
o Fittodata
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o
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Figure 3: A, Transmission spectrum of diamond coated with Si/Y,0s. B,
Transmission spectrum of diamond coated with Si/Yb2O3[11].

In 2007 Child, et al., decided to use oxidised metals, Y203 and ZrO2, for ARC on
diamond due to their simplicity to produce using reactive sputtering and are
resistant to high temperature in oxidising environment. They also argued that both
Y203 and ZrO2 have a suitable refractive index for AR on diamond and display
low loss in the IR wavebands. Even though ZrO:2 coating displayed a poor
performance due to optical loss at longer wavelengths (>10 um), Y203 showed
much better results. They claimed that by using a thin QinetiQ proprietary layer
followed by a quarter-wave of Y203 a robust AR coating can be achieved to be

used on diamond at elevated temperatures [12].



2.1.3 Multilayer ARC

Yan, et al., 2011, have used a combination of Aluminium Nitride (AIN) and Y203
as coating materials on diamond optics. They used the AIN as an interlayer to
enhance the adhesion between the diamond surface and the Y203 coating layers.
The coating layers were designed to increase the transmission and the anti-
oxidation characteristics of diamond optics. The target waveband for the
experiment was set for LWIR, 8-10 ym where diamond has a good transmission
[13]. They managed to design a coating system that increased the VAR effect by
28% when applied in the form of Y203/AIN//diamond//AIN/Y203 [13].

Komlenok, et al. 2018, have also designed a LWIR VAR that covers a spectral
range of 8-12 yum and can withstand radiation loads with high intensity laser beam
of 3MW cm in a continuous mode laser exposure [14]. Using an ion-beam
assisted evaporation technique they have deposited an uneven seven-layers
structure of zinc sulphide (ZnS)/ZnSe and Lead(ll) Fluoride (PbF2) on both sides
of CVD diamond plates. The total physical thickness of the structure was 5.8 ym
and the deposited VAR achieved a transmission of 94% over the spectral range
of 8-12 um, Figure 4 [14].
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Figure 4: A, Coating structure of VAR type coating for CVD diamond plates. B,

Transmission spectrum of the coated and uncoated diamond with VAR [14].

2.1.4 Dual Wavelength Band

Some of the ARCs recently developed were to function in two distinctive bands

of the electromagnetic spectrum. Such coatings are called dual-band ARC, DAR,



which are constructed in a multilayer stack structure. Vapenka, Vaclavik and
Mokry., 2013, designed and fabricated DAR coating on three substrates including
ZnSe for visible, VIS, and IR applications. They have used ZnS and yttrium
fluoride (YF3) as target materials to create their multilayer structure coating for
optical bands between 0.8-0.9 um and between 9.5-10.5 pm using a thermal
evaporation method. By laying six alternating ZnS and YFs layers on ZnSe
substrate they managed to improve the transmittance in both VIS and IR
wavebands by up to 40% [15].

Rahmlow, etal., 2013, also developed a DAR coating for application in the IR
region of 3.5-5 um and 7.8-10.5 um wavelength. They designed their multilayer
coating system with ZnS and YFs material on ZnSe substrate. They compared
the transmission on ZnSe substrate by applying three systems of 8, 15 and 27
layers of ZnS and YFs. They concluded that even though the “design performance
improves with an initial increase in film thickness and the number of layers, the
improvement in film performance becomes increasingly small and the slope of
the trend changes from nearly horizontal to nearly vertical” [16]. And in their set
of experiments, they concluded that 15 layers coating system had the best
transmission of 98% in the range 3.5-5 um and 97.6% in the range of 7.8-10.5
um wavelength at zero angle of incidence given the complexity of the designed
coating systems, Figure 5 [16].
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Some other researchers have taken a similar route to design DAR coatings like
[16] but with the aim to have them with low reflectance at specific wavelengths
like 546nm, 1060 nm and 11000 nm. Zhupanov, et al., 2015, have used ZnSe as
substrate and ZnS/YbFs as coating layer materials for developing a triple band
ARC. They used computational manufacturing experiments to simulate the runs
in order to find the optimum number of layers required to achieve high
performance DAR. Based on their calculations they came up with a 9-layer
structure of ZnS and YbFs. Even though the maximum transmission was
measured as 85% it has been concluded that it was still in an acceptable level
[17]. The only challenge they faced was the monitoring of the refractive index of
each layer during the deposition and they had to use a combination of different
modern design techniques to choose the most practical design for their

application [17].

2.2 Other Types of Optical Coatings

2.2.1 High Reflective Coatings

High Reflective Coatings’, HRCs, function is exactly opposite to the ARCs where
their main function is “to reflect a major portion of the incident light” [2]. In general,
there are two types of HRCs: Metallic and Dielectric. The Metallic thin films, MTF,
have been used for many centuries. The main materials used for MTF are silver,
gold and aluminium. Even though the aim is always to achieve the highest
possible reflection in HRC but in some cases, those coatings should also be
accompanied by an extremely low absorption feature which leads to another area
of HRCs, the Dielectric HRC [3].

The dielectric coatings are normally produced by stacking number of quarter-
wave layers with alternating high and low RI. In such type of coatings, the higher
the number of the layers the greater the reflectance. And the absorption can be

made very small by using a transparent material [2].

2.2.2 Bandpass Filters

Bandpass Filters, BPS, are described by Macleod as filters that “possess a region
of transmission bounded on either side by regions of rejection” [2]. The BPS are
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broadly divided into broadband and narrowband filters. The main types of BPS
are two edge filters in series, Farby-Perot filters, narrow-band dielectric filters,
circular and linear variable filters and Phase Conjugate filters which are described

in more details in reference books [1-3].

2.2.3 Beam Splitters

The main function of Beam splitters, BS, is to “divide the ray of light into two
beams” [3]. The main types of BS are the Wide-Band BS, the Dichroic and the
Trichroic filters. Rancourt, 1987, separates the wide-band BS into two categories:
the Slab BS and the Cube SB [3]. More information about the BS can also be

found in the reference books [1-3].

2.3 Substrates Materials

There are many substrates used in the optical industry; however, the material
choices are normally driven by the specific wavelength region over which an optic
must function. They can be classified as flexible or rigid, even though high quality
optics are made of rigid materials. The below table shows number of substrate

materials used for optical filters taken from [3].

Table 1: A list of substrate materials used for optical filters and their short and

long wave limits [3].

Long-
Short wave
wave limit
Material limit (um) (nm)
Si0; 0.12 45
A0, 0.14 6.5
MgF. 0.1 7.5
CaF; 0.13 12.0
GaAs 1.0 15.0
Si 1.2 15.0
BaF, 0.25 15.0
Ge 1.8 23.0
C (diamond) 0.25 80.0+
ZnSe (CVD)* 05 220
IRTRAN — 1 (MgF5) 05 7.5
IRTRAN — 2 (ZnS) 0.4 145
IRTRAN - 3 (CaF.) 0.13t 115
IRTRAN - 4 (ZnSe) 05 220
{RTRAN - 5 (MgO) 0.23t 9.0
JRTRAN — 6 (CdTe) 0.9 33.0

Notes: Transmigslon limits include surface reflections and are fora T = 10 percent level
and for a sample thickness of 2 mm, IRTRAN data from Kodak Publication U-72, unless ctherwise
indicated. IRTRAN is an Eastman Kodak Company trademark.

*CVD Incomorated brochure.
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As mentioned earlier, the aim of the project was to design a BBAR coating for
ZnSe and diamond optics which covers the wavelength of 2-16 um. Table 1,
shows the ranges over which some materials are transparent. Both diamond and
ZnSe cover the specified range of 2-16 pm where diamond covers the range of

0.25-80 um and ZnSe covers the range of 0.5-22 um.

2.3.1 Zinc Selenide (ZnSe)

ZnSe is microcrystalline in structure. Even though single crystal ZnSe is available,
it is not common. It is produced using CVD by synthesis from Zinc vapour and
H2Se gas, forming as sheets on Graphite susceptors. ZnSe is normally used for
high power CO2 lasers due to its low absorption, at their 10.6 um characteristic
wavelength. It is one of the commonly used material for lenses, windows and
spectroscopic ATR prism for its low absorptivity at IR wavelengths, where
transmission is in the range 0.63 - 18 um, Figure 6. As it has high refractive index
of approximately 2.4 at 10.6 um, ZnSe requires ARC if high transmission is
required [18-20]. It is also used as coating material in the BBAR application in

specialised wavelength bands within 0.6-18 pm spectral range [18,19].
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Figure 6: ZnSe IR transmission graph [18].

Different substrate thicknesses results in different transmission spectrums
[21,22]. As shown in Figure 7, the transmission spectrum of ZnSe with thickness

of 1 mm is much better compare with 2 & 4 mm thickness substrates.
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Figure 7: IR transmission graph for various thickness ZnSe substrates [20].

The ZnSe substrates which were used in this project as witness samples were IR

polished optical windows with a diameter of @25 mm and thickness of 1 mm,

Table 2.

Table 2: Specification and characteristics of the used ZnSe taken from the

original data sheet [20].

Specification

Range

Transmission Range
Refractive Index
Reflection Loss
Absorption Coefficient
Reststrahlen Peak
dn/dT

dn/du=0

Density

Melting Point
Thermal Conductivity
Thermal Expansion
Hardness

Specific Heat Capacity
Dielectric Constant
Youngs Modulus (E)
Shear Modulus (G)
Bulk Modulus (K)
Elastic Coefficients
Apparent Elastic Limit
Poisson Ratio
Solubility

Molecular Weight
Class/Structure

2.3.2 Diamond

0.6 to 21.0pm

2.4028 at 10.6um

29.1% at 10.6um (2 surfaces)
0.0005 cm™ at 10.6pum
45.7um

+61 x 10" K™ at 10.6pm at 298K
5.5um

5.27 g/cc

1525°C *See notes below

18 W m™" K™" at 298K
7.1x10°¢ K™ at 273K

Knoop 120 with 50g indenter
339 Kg K™

n/a

67.2 GPa

n/a

40 GPa

Not Available

55.1 MPa (8000 psi) (1)

0.28

0.001g/100g water

144.33

HIP polycrystalline cubic, ZnS, F43m

CVD can be used to grow diamond, too. Over the last few decades, this technique

has evolved dramatically and now it is possible to grow diamond by CVD in a
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range of material grades with diverse characteristics that could be used for
specific applications. It is broadly produced into two categories: polycrystalline

and monocrystalline [23].

In general, monocrystalline CVD diamond has lower absorption and scattering
compare with polycrystalline CVD diamond which makes it a better choice for
BBAR applications. Both mono and polycrystalline diamonds offer extreme
hardness and strength, excellent transparency, lower thermal expansion and high
thermal conductivity compared with other optical materials such as ZnSe and ZnS
[23,24].

The transmission spectrum of the CVD diamond is shown in Figure 8. There is a
drop in the transmission in the region of the 2.5-7 um which has been investigated

in details in references [11,25-27].
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Figure 8: IR transmission spectrum of CVD diamond [20].

The optics used in the project were type lla monocrystalline diamond prisms.
Their dimensional specifications are shown in Figure 9, where the diameter of the

prism is @2.4 mm.
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Figure 9: Drawing of the diamond prism used in the project.

The BBAR coating had to be applied to the entrance facet, Face A, and exit facet,
Face B, so that the signal to noise ratio is increased through increase of energy

throughput of the ATR accessory.

Since diamond and ZnSe have a similar refractive indexes, 2.3-2.4, a similar
BBAR could be used on diamond once the binding layers of the coating were

appropriately selected [27,28].

2.4 PVD Sputtering Techniques

There are number of methods available for optical coating deposition in the
industry. The most common one is the deposition under vacuum which is known
as Physical Vapour Deposition, PVD, within which there are different techniques
including Thermal Evaporation, Sputtering and other energetic processes [2]. In
the sputtering technique, the target material, electrode, is bombarded with
energetic ions from a reactive gas, such as oxygen or nitrogen, or a transporter
gas, typically argon. The ejected atoms and molecules from the target then travel

toward the substrate, condense and form a film [2,3,29].

2.4.1 RF Magnetron PVD Sputtering

Research into the area of electrode and gas-phase phenomena in variety of glow
discharges (especially RF discharges) has resulted in the development of many
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useful processes for thin films deposition. One of the processes is called
magnetron sputtering [29]. The magnetic field is generated by using a magnetron
which creates a static magnetic field at the cathode location, parallel to the
cathode surface. This results in more production of secondary electrons emitted
from the cathode due to ion bombardment to be constrained and move in a
direction perpendicular to both the electric field and the magnetic field, known as
E x B drift, Figure 10 [30]. That in turn can result in an extremely dense plasma
that can reach the substrate more easily and rapidly which results in a dramatic

increase in the deposition rate [31].
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Figure 10: A, Basic illustration of RF Magnetron Sputtering. B, Top view of the
cathode illustrating the magnetic field and ExB drift path caused by the
magnetron. C, Side view of the cathode [30,32].

When dealing with inorganic compounds, which are electrically non-conducting
materials, DC voltage cannot be applied. Therefore, RF power is applied between
the two electrodes, cathode and anode. With alternating electric field resulted
from the RF supply, the positive ions and electrons flow in sequence to the target
and neutralise the surface charge accumulation, Figure 11 [31,33]. RF power
supply is essential for the deposition of dielectric materials such as Y203 and
Yb203. Working with coating machines requires extreme care and attention when
deciding on the coating parameters, such as base pressure, sputtering pressure,
sputtering power, dc bias voltage and temperature which are discussed in the

experimental and discussion sections.
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Figure 11: Detailed illustration of the RF magnetron sputtering [34].

2.4.2 Effect of RF Power Mode and DC Self-bias on Sputtering

When an RF electric field is applied to the electrode, the electrons continuously
move forward and backward and hit the powered electrode at every alternating
half of the RF cycle. A blocking capacitor acts as an isolator for a self-induced
DC field. The impinging of electrons on the powered electrode allows the build-
up of a negative DC field in addition to the AC field. This negative potential is the
called the DC self-bias [35].
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Plasma Potential
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Figure 12: A simple illustration of the plasma distribution across the chamber
[35].
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Regions A and B, in Figure 12, are the ion sheaths which are typically a few
millimetres layers that are between the plasma bulk and the electrodes, both
anode and cathode [35,36].

DC BIAS = =V + Vpy (2-4)

Where DC Bias is the average energy of ions accelerating towards the cathode,

powered electrode, Vacis the self-bias voltage and 1V}, is the plasma potential [35].

The RF power generator which is set as forward power control contributes to a
proportional increase of the dc self-bias. Even though it might look as if it is a
linear relationship, but in reality, this proportionality is affected by the chamber
pressure, too [37,38].

The dc self-bias voltage can be controlled by the chamber pressure. The dc self-
bias can increase by reducing the chamber pressure. The relationship between
the dc self-bias and the pressure is linked to the mean-free-path of electrons,
Figure 13. The larger mean-free-path of electrons, the higher dc self-bias voltage
which its inverse proportionality to pressure is defined by the kinetic theory of gas
[35,39].
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Figure 13: illustration of the mean free path [39].
The formula of the mean free path is as follows:

1= vt 1 (2-5)
C ngmrivt  ngmr?

where, vtis the distance the electron moves in time tand collides with every ion

in the cylindrical tube of volume mr?vt surrounding the path of the electron [39].
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2.5 Coating Characterisation

The characterisation of a thin film depends on the process used in creating it as
well as the potential application for it. Sometimes it is more sensible to use the
characterisation tools to determine the properties of the thin film itself rather than
the used substrate [40].

Table 3: Useful characterisation methods based on the information needed [40].

Information Method Comments or range of applicability
Composition
Surface composition XPS Outer 10 nm
AES Outer 10 nm
SIMS Outer 1 nm
LEIS Outer < 1nm
Depth distribution lon sputter profiles with Less than a few um
XPS, AES, or SIMS
RBS/NRA Up to 2 um
Film thickness XRR 10 nm < thickness < 1 um
XPS 1 nm resolution, 10 nm depth
TEM Need cross-section
RBS Up to 2 um
Ellipsometry
Structure XRD Phases and orientations
RHEED Structure during growth
LEED Surface structure
TEM electron diffraction Structure with spatial resolution
Film surface roughness AFM
Profilometry
Molecular structure Raman/IR Non-destructive
TOF-SIMS Destructive

Table 3, which was copied from Baer and Thevuthasan, 2010, organise the
characterisation methods by types of information that can be extracted from a
specific sample.

2.5.1 Profilometry

Profilometry can be used to measure the physical thickness of the thin film using
a contact probe by dragging the stylus along a step created in the order between
the coated and uncoated part of the substrate. It can also measure the substrate
and thin film surface roughness [41]. There are number of vary accurate
profilometers such as DektakXT which can measure step heights, trench depths
and roughness on thin films, Figure 14. It provides a step height repeatability of
0.6 nm [42]. In using profilometer it is always a good practice to take multiple
measurements and use the average value, so it gives better representation of the

surface measured.
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Figure 14: DektakXT profilometer [42].

2.5.2 Ellipsometry

Ellipsometry is an optical instrument used for the analysis of many thin films,
Figure 15. The technique is based on the analysis of the change in the polarised
light which is reflected from the sample which in turn probes the complex
refractive index (or dielectric function. It can extract information such as film

thickness, crystal quality, chemical composition, or electrical conductivity [40,41].
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Figure 15: Rudolph Ellipsometer AutoEL used in the experiments.

Ellipsometry measures the differences in reflectivity using two parameters by
recording the differences in the amplitude and phase of the reflected waves by:
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R 2-6
p = L - tan¥ exp(id) (2-6)
Rs

Where pis the amplitude ratio between reflected Rrand Rs polarisation which are
the amplitude reflectivity parallel and perpendicular to the incidence of light. 4 is
“the difference between the phase angle of the parallel and perpendicular
components of the incoming wave and outgoing wave” , and ¢ is “the angle
whose tangent is the ratio of the magnitudes of the total reflection coefficients”
[40].

2.5.3 IR Spectroscopy

IR spectroscopy is one of the characterisation tools used for molecular structure
analysis by measuring absorption of IR radiation passing through a sample. The
IR radiation, over a range of different frequencies, results in molecular vibrations
within molecules and different bond vibration can give different information about
the compound [43,44].

Conventional IR spectrometers, Figure 16, have two beams of radiation, one
passes through the sample and the other passes through a reference cell. When
the radiation across a defined frequency range is passed through the sample,
frequencies are absorbed by the sample which result in less radiation transmitted
and collected by the detector. The detector compares the intensity passing
through the sample with the intensity passing through the reference, which can
also be air, and record the spectrum as transmittance against the IR wavelengths
[45].
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Figure 16: Schematic diagram of dispersive IR spectroscope [46].
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The basic interrelated formulas in spectroscopy are:
c=vA (2-7)

where cis velocity of light 3.0x108 (m s), vis the frequency in (Hz) and A is the

wavelength in (m),
E =hvl (2-8)

where £ is the energy for a mole of photons (kJ mol?), 4 is Planck’s constant
6.63x103* (Js) and L is Avogadro constant 6.02x10% (mol™?).

For calculating the frequency (cm™) of absorption of a bond, the following formula

1 k(M + M) (2-9)
V= ome |T MM,

where kis the force constant of a bond between atoms of masses M; and M.

can be used:
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3 EXPERIMENTAL PROCEDURES, RESULTS AND DISCUSSION

3.1 Machine Description

The desktop RF dual magnetron sputtering machine, a compact research
machine manufactured by IONVAC-Process, was made by an Italian based
company specialised in design and manufacture of thin film deposition systems

Figure 17.

The machine is a dual magnetron as it has two magnetrons where each holds a
2” inch diameter target. The targets are mounted and attached to the magnetrons
on the lid of the chamber and the substrates are fixed on the rotary table which
has a diameter of 180 mm, Figure 18. The deposition occurs downwards as the
target material sputters the substrate which is mounted on the table. The size of
the chamber is considerably small where the chamber’s diameter is 200 mm and
the height is 220 mm. The maximum output power is 300 W which is generated
by a BDS-HF300 RF generator for low pressure plasma applications. It is
controlled by a touch panel and software for automation. Only one magnetron
can be connected to the power generator at a time. The cooling pipes are
attached to the turbo pump and the two magnetrons to keep them cooled during
operations. The water flow is controlled by a manual knob and the flow can vary

depending on the number of turns that the nub is turned.

There are three ports in the chamber where the first one is located on the front of
the chamber and is used as viewing window and securely sealed. The second
port is located on the left side of the chamber and is connected to the
turbomolecular vacuum pump. And the third and smallest port is connected to the
pressure gauge. Both, vacuum pump and pressure gauge have their own control

panels which can also be controlled manually.

There is a gas inlet valve that controls the flow of the sputtering gas, argon in this
case, into the chamber. Before entering the chamber, the argon gas passes
through a furnace at a temperature of 700 °C to make sure no oxygen enters to

the chamber. A gate valve allows the gas into the chamber.
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Figure 17: IONVAC-Process RF dual magnetron sputtering machine

The substrate holding table is attached to a rotary mechanism that can be rotated
at a specific speed. For the purpose of the experiments, the speed has been fixed
at 40 rpm. The height of the table is adjustable in accordance with the size and
shape of the substrate. Even though the maximum distance between the target
and rotary table is 10.5 cm, the movement is limited to a maximum of 6.6 cm due
the shutter holder obstructing any further movement. A single shutter is attached
to the top lid and covers one of the magnetron at a time. The shutter can alternate
depending on which magnetron is in use by operating a switching mechanism on

the control panel.
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Figure 18: Schematic of the chamber from inside.
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The machine is grounded at the rotary table, the base plate of the chamber and
the sealants of the bottom lid of the chamber. There is a plug-in option for applying

DC Bias to the rotary table, if required.

As mentioned in the introduction, the machine had no previous usage history and
its capabilities and features were unknown to the company. Therefore, a basic
standard operating procedure was developed to run the machine manually which

is shown in the following section.

3.2 Experimental Procedure

By describing the machine and its capabilities, it was evident that the machine
could not be used for coating development and production before undergoing a
major restoration process. The restoration process of the machine which became
a major part of this project was conducted through use of the PDCA (Plan-Do-
Check-Act) cycle. PDCA is a systematic iterative 4-steps methodology used
mainly in continuous improvement process. It is a tool used for systematically

improving processes or machines in a direct feedback loop.

1. Needs Automation 1. Standard procedure

2. More modification to extend the run time 2. Automating the run

3. Decide on the size of the working space 3. Uniformity #100mm diameter
4. Non/uniform 4. Modify mask

5. Decide on material 5. Mask’s material identification
6. Fix Pumping issue 6. Leak detection

7. Gas inlet automation

8. High performance pressure gauge

9. Design new rotary mechanism

10 Automate power and DC Bias to act interchangeably
11. Plasma containment

7. Fix pressure during sputtering

8. Accurate Pressure reading and compare
9. Use the readings from new gauge

10. Take average reading of the DC Bias
11. Plasma arcing

1. Analyse the results of the initial runs

2. Programme tested

3. Measure the thickness across the rotating table
4. Measure the thickness after mask installation
5. Effect of the mask’s material on results

6. Improved uniformity but not repeatability

1. Run the machine twice

2. A programme written

3. Training on Dektak and Ellipsometer

4. Create a mask/ modify masks

5. Create an Aluminium mask and modify using file
6. Leak detector using Helium gun

7. Check the vacuum performance 7. Change O rings

8. Pressure reading 8. Install gas flow controller

9. Pressure comparison between both gauge 9. Install accurate pressure gauge

10. Check Repeatability 10. Change the rotary mechanism

11. Check Plasma in the chamber 11. Programmme for DC bias and power change

12. Design and install steal mesh inside the chamber

Figure 19: PCDA for restoring the sputtering machine

It starts with defining specific problems, objectives, in the PLAN section. And then
it is followed by the DO section which is the implementation stage with focus on

data collection. In the CHECK section, the collected data are then analysed, and
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the results are compared against the expected results. On the ACT section,
based on the results obtained, conclusions are made on whether a specific
change should be made or not. And the cycle repeats itself until all objectives are
met. For more details on the PDCA process, refer to references [47][48][49].

Figure 19 shows the whole PDCA cycle used in restoring the machine.

Even though the PDCA cycle was the basis for the whole machine restoration, it
was only structurally discussed in developing the standard procedure and
machine automation to demonstrate its importance and its impact in the overall

restoration process.

Following the PDCA cycle, to have consistency in the results, a standard
procedure for running the machine was written and followed in the plan section.
The procedure started with substrate preparation where a silicon strip was cut
from a silicon wafer. Then, it focused on the machine set up including step-by-
step instructions on machine pumping down to base pressure, gas line bleeding,
warming up period, sputtering power set up, sputtering pressure control, venting
the machine and finally sample measurement. A detailed flow chart describing

the standard procedure is shown in Figure 20.
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In the second step of the PDCA cycle, the machine was run twice, using similar
parameters as shown in Table 4 in order to check its repeatability. The
parameters included the warm-up period which is the time were the machine is
sputtering while the shutter is closed. The pressure, which is the recorded
pressure before and while sputtering. And the set power during warm up period
and actual sputtering. While following the procedure, it was seen that there were
some variations in the recorded parameters including the sputtering pressure and
dc bias.

Running the machine only two times was one of the weaknesses in the analysis
at this stage, because repeatability cannot be determined by having results from
two trials only. More runs were required to analyse the repeatability of the
machine. However, due to time constraint, it was decided to carry out with the
experiments and use at least three trials to determine the repeatability of the
machine.

Table 4: Recorded parameters for Trial 1 and Trial 2.

Paramters Paramters
Warm-up ti Di P Warm-up ti D P
arm 'up UES Pressure (mbar) S ower Trial 2 arm 'uptlme Pressure (mbar) © ower
(mins) (v) (w) (mins) (v) (w)

5 8.92E-03 n/a 50 5 8.83E-03 n/a 50

Trial 1

?putter!ng S (iiE, DC Power Sputter!ngtlme A (iiEn DC Power
time (mins) (v) (w) (mins) (v) (w)

15 8.23E-03 338 50 15 8.48E-03 330 50

On the third step of the PDCA cycle, the coating thickness was measured on the
long silicon strip substrate, which was placed across the centre covering the

whole diameter of the rotary table, Figure 21, using the profilometer, DektakXT.

Figure 21: Silicon strip taped down across the rotary table using Kapton tape.
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For every 0.5 cm away from the centre of the substrate, three measurements
were performed. The average of the three measurements was used for identifying
the coating thickness. Thickness variations in the results were obvious by looking
at the profile of the coating in Figure 22. The maximum thickness in Trial 1 was

161 nm while the maximum thickness in Trial 2 was 174 nm.

,_.
~
S

g

Coatingthickness (nm)
= @ ©
<] 8 &g

o
S

o

7 %65 6 55 5 45 4 35 3 25 -2 -15 -1 0O5 0 05 1 15 2 25 3 35 4 45 5 55 6 65 7
Distance from the centre (cm)

et Trial 1 Trial 2

Figure 22: Coating thickness measurement in trial 1 and trial 2 before

automation.

It was very difficult to control the process parameters to the same values and at
the same times at each run, e.g., the warm-up time, ramp-up power and open
and close the shutter promptly. Even though the machine was run manually, it
had the hardware and software capability to be automated.

On the fourth step of the PDCA cycle, based on the results obtained from the step
three, it was decided that process automation was vital for controlling basic

parameters and steps while the machine was in operation.

Therefore, a programme was developed to automate the machine that allowed
the user to control the input RF power, the substrate table rotation, the shutter
open and close commands and the timing for each step during the sputtering.
The programme was able to include functions necessary in the warming up and

cooling down periods.
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The automated programme resulted in more consistency on the basic operations
of the machine which in turn allowed to focus on other enhancement to improve

machine’s performance and repeatability.

3.3 Experimental Results and Discussion

3.3.1 Coating Materials

Before going into the details of the machine restoration process, the coating
materials had to be selected. Materials used in the development of ARC for ZnSe
and diamond optics include ZrO2, ZnS, Y203, Yb20s3, YbFs, YF3, SiO2, MgF2,
HfO2, ZnSe and PbF2 which were discussed previously in the literature review.

From the materials been discussed, only few could be potentially used for the
project to develop ARC. To identify the most suitable materials, a qualitative
approach known as multiple decision criteria was used. Four criteria were
identified to be key in the process of selecting most suitable materials for ARC.
The first three criteria were based on the material showing excellent transmission
in the short, mid, and long wavelength of the IR region. The Short Wave IR Range
is called (SWIR) which covers the 1-3 um wavelengths. The Mid Wave IR Range,
(MWIR) covers the 3-5 um wavelengths. And the Long Wave IR Range (LWIR)
covers 8-12 um wavelengths. The fourth defined criteria was that the material
should have good adhesion to the diamond surface. This was established by
collating different research papers and scoring the materials used against the
predefined criteria. The scoring for the first three criteria was based on score from
0-3, zero being poor transmission and three being excellent transmission. And

the scoring for the fourth criteria was either:

e -1, for poor adhesion,
e 0, for no information, and

e 1, for good adhesion

Based on the scoring results, the most promising materials to be used for ARC

development in the project were Y203 and Yb20s.
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Table 5: Multiple decision criteria for material selection for ARC development

Material Selection using Multiple Decision Criteria
Criteria

Chemical | SWIR | MWIR LWIR | Adhesion Literature
Material Formula | 1-3m | 3-5m | 7-14m (+/-1) Score | references
Silicon Si 3 3 0 1 7 [6][9]1[11][18]
Silica SiO2 3 3 0 1 7 [8][18]
Magnesium Fluoride | MgF2 3 3 1 0 7 [61[18]
Zinc Sulfide ZnS 3 3 2 0 8 [6][14][15][16][17]
Zinc Selenide ZnSe 1 3 3 1 8 [6][14][18]
Ytterbium Fluoride YbFs3 1 3 3 1 8 [17]
Yttrium Flouride YF3 3 3 0 8 [15] [16]
Lead (Il) Fluoride PbF; 0 0 3 -1 2 [4][14]
Hafnium Dioxide HfO. 3 3 3 -1 8 [4] [10][11]
Zirconium Oxide ZrO> 3 3 0 1 7 [4][11]
Yttria Y203 3 3 3 1 10 [4][10][11][22][13]
Ytterbia Yb203 3 3 3 1 10 [11]

Yttria (Y20s3)

Is a white rare-earth dielectric ceramic that is air-stable. It is normally in the form
of powder but using Hot Isostatic Pressing, HIP, can be formed into different size
target for sputtering purposes. It is a promising material for optical applications
due to its excellent properties. It has high refractive index, high band gap energy,

great thermal conductivity and broad transparency range [50-52].

Table 6: General specifications of Yttria target [2,53].

Material Symbol Meting Density of Refractive Target Target
Point Index Diameter | thickness
g/cm3
(°C) @20°C @589 nm (mm) (mm)
Yttria Y203 2410 5.01 1.79 250.8 3.18

Ytterbia (Yb203)

Is one of the more commonly encountered oxides of ytterbium. It is also a white

dielectric ceramic that is stable in air. Yb2Os targets are also manufactured by
forming the powder into solid plates through HIP process. It is a highly insoluble

thermally stable suitable for glass, optic and ceramic applications. High purity
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Yb20s3 targets with the highest density and smallest possible grain sizes are used

in CVD and PVD of optical components [54].

Table 7: General specifications of Ytterbia target [2,53].

Material Symbol Meting Density of Refractive Target Target
Point Index Diameter | thickness
g/cm3
(°C) @20°C @550 nm (mm) (mm)
Ytterbia Yb203 2346 9.17 1.9 ?750.8 3.18

After choosing Y203 and Yb203 as target materials, it was time to progress into

machine restoration.

3.3.2 Coating Thickness Uniformity

Making sure the coating thickness is uniform across the substrate is crucial in
developing optical thin films. Non-uniform thickness directly resulted in varying
refractive index which resulted in having poor performance AR films. To check
the coating uniformity of the machine, in trial 3, the machine was run for 30
minutes using the new automation setup. The recorded process parameters were
detailed in Table 8.

Table 8: Process parameters for trial 3.

Parameters
Warm-up time

Trial
il (mins)

Pressure (mbar) DC (v) Power (w)

2 1.60E-02 n/a 50
4 1.60E-02 n/a 70
5 1.60E-02 n/a 80

Sputtering time

(i) Pressure (mbar) DC (v)

Power (w)

0 1.60E-02 328 90
15 1.60E-02 358 90
30 1.60E-02 356 90

Figure 23 clearly showed that the deposition was not uniform and there was major
thickness variation across the whole chamber. The highest deposition thickness
was measured in the centre of the chamber and the lowest was measured on the
sides, near the walls of the chamber. The refractive index of the deposited thin
film was also measured using the Ellipsometer at every 5 mm across the
substrate. The refractive index turns to change in a similar pattern as the

thickness but taking an inverse shape.
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Figure 23: Trial 3, coating thickness uniformity measurement.

To be able to produce high performance AR thin films, it was determined that the
thickness uniformity was key. Lack of uniformity causes a shift of characteristic
wavelength and thickness errors could cause serious reduction in thin films

performance [2].

Therefore, it was decided to create a mask to improve the coating uniformity in
the chamber. Before doing so, a decision was to be made on the size of the
uniform area within the working space. The size of the effective working space
was decided by the space required to fit in 150 diamond optics with dimensions
of @2.4mm diameter. The specifications of the diamond prisms were detailed in
Figure 9.

A drawing of whole working space was created, and a jig was designed to be able
to hold the 150 diamond prisms and the ZnSe witness sample. Based on the
produced drawing, Figure 24, it was decided that the effective working space
where the coating thickness should be uniform is @10 cm along the centre of the

chamber.
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Figure 24: Left: Proposed drawing for the jig. Right, Fabricated jig to hold 150

diamond optics and a witness sample.

As mentioned earlier, the position of the rotary table could only be adjusted in the
range of 6.6 cm, limited by the length of the rotary shaft from the bottom and by
the shutter fixture from the top. And the closest distance between the target and
the substrate was 3.2 cm. The next step was to set the rotary table at the right
height which basically dictates the substrate-target distance. Zhang, et al, 2012,
in their research of thin film thickness uniformity concluded that in general the
thickness uniformity will increase with the decrease of target-substrate distance
[55]. Learning from it, it was decided to measure the thickness uniformity at

different heights by gradually raising the rotary table towards the target.

10.5 cm

VACUUM_/

PuUMP

Figure 25: The position of the rotary table at the furthest point from the target.
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In trial 4, the target material was SiO2 and the machine was run for 30 mins. The

recorded process parameters are shown in Table 9.

Table 9: Process parameters for trial 4.

Parameters
Trial 4 Warm-}Jp time Pressure (mbar) bC Power
(mins) (v) (w)
4.5 1.56E-02 n/a 50
5 1.56E-02 n/a 50
?putter‘mg Pressure (mbar) bC Power
time (mins) (v) (w)
0 1.56E-02 398 120
15 1.57E-02 378 120
30 1.57E-02 370 120

Looking at the thickness profile, at the lowest height which is shown in Figure 25,
the maximum thickness was around 80 nm and the shape of the coating profile
was a normal bell shape with a coating uniformity of 5 cm in the centre of the
chamber Figure 26.

100
80 | b A S " . - )
60 T

a0 | I

Coating Thickness (nm)

20 |

-8 -75 -7 65 6 55 -5 -45 4 -35 -3 -25 -2 -15 -1 -05 0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8
Position from the centre (cm)
Trial 4

Figure 26: Coating thickness and uniformity at the furthest point from the target.

In trial 5, when the table was raised only above the vacuum port, the thickness
has improved while the shape of the coating profile remained same, as shown in

Figure 27. The recorded process parameters are in Table 10.
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Table 10: Process parameters for trial 5.

Parameters
Trial 5 Warm-.up time Pressure (mbar) bC Power
(mins) (v) (w)
4.5 1.52E-02 n/a 50
5 1.52E-02 n/a 50
Sputter!ngtlme B ke DC Power
(mins) (v) (w)
0 1.54E-02 450 120
15 1.53E-02 432 120
30 1.52E-02 434 120

120
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60
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40

20
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Figure 27: Coating thickness and uniformity at height above the vacuum port.

Next, the table was raised as close as possible to the target. This time, the overall
thickness dropped from maximum 101 nm in trial 5 to 89 nm in trial 6. Also, the
shape of the coating profile was influenced by the magnetron’s magnetic field and
resulted in an uneven thickness profile in the centre of the chamber as shown in
Figure 28. The recorded process parameters are in Table 11.

Table 11: Process parameters for trial 6.

Parameters
W -up ti DC P
Trial 6 arm .up ime Pressure (mbar) ower
(mins) (v) (w)
5 1.52E-02 n/a 50
Sputteri DC P
'pu er!ng Pressure (mbar) OWer
time (mins) (v) (w)
0 1.55E-02 398 120
15 1.56E-02 352 120
30 1.57E-02 370 120
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Figure 28: Coating thickness and uniformity at three different heights.

After identifying the best position for the rotary table which was 7.1 cm away from
the target surface, the next step was to create a mask, Figure 29. The mask acts
as an interceptor of the sputtered material between the target and substrate and

can improve uniformity [56].

=

VACUUM_
PUMP

e

Figure 29: The identified ideal position for the rotary table.

The mask had to be designed in such way that could assist in achieving thickness
uniformity of a @10 cm area in the centre of the working table. Also, it had to fit
within the space between the target and the rotary table considering the presence

of the magnetron’s shutter and any other obstructing objects, Figure 30.
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Figure 30: Mask’s position in the chamber.

Taking the thickness of the jig into account, the mask could only be placed below
the shutter. Before developing the mask, a mask holding fixture was designed
and fabricated. It was designed to fit it on top of the argon gas inlet post with
clearance holes on its sides to avoid blocking the gas flow entering the chamber.
The material used in the fixture was stainless steel and it was made of two-part
assembly unit. The first part was a collar with a long post which was designed to
fit on the gas inlet post. The second part was a movable collar used to hold the

mask and adjust its position, Figure 31.

Figure 31: Left, Drawing of the magnetrons and the location of the temporary
mask holder and mask. Right, 3D view of the mask and mask holder.
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Initially, a circular shape mask with diameter of @4.00 cm was created to cover
the centre of the working space. By doing so, it was hoped it can bring the coating
thickness of the centre down and change it more like the sides of rotary table. An
extension arm, with a length of 1 cm and width of 0.3 cm was used to connect
the mask to the movable collar as illustrated in Figure 31. The mask was made

of 1 mm thick aluminium sheet, Figure 32.

Figure 32: Mask #1 made of 1 mm thick aluminium.

Two trials, 7 & 8, were performed with sputtering time of 30 mins. The process
parameters for both trials are shown in Table 12. The power was ramped up
during the 5 mins warm up period from 50 to 70 W, before sputtering at 120 W.

Table 12: Process parameters for trials 7 & 8.

Parameters Parameters
i Warm-up time bC Power Trail 8 Wi e Pressure (mbar] e ok
Trial 7 (mins) Pressure (mbar) ) (w) () ( ) ) w)
4 1.50E-02 n/a 50 1 1.50E-02 n/a 50
5 1.50E-02 n/a 70 3 1.50E-02 n/a 70
5 1.50E-02 n/a 80
Sputter!ng time e e DC Power SpUtterng time . oC Ea—
(mins) (v) (w) {mins) Pressure (mbar) ) -
0 1.52€-02 424 120 0 1.58E-02 430 120
15 1.54E-02 426 120 15 1.60E-02 426 120
30 1.54E-02 426 120 30 1.60E-02 426 120
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Figure 33: Trial 4 and 5 using the Mask #1.

As it is obvious from Figure 33, the coating profile has changed, and the coating
profile was no longer flat in the centre due to the insertion of the mask between
the target and the substrate. Table 13 shows the average measurements of the
coating from the centre to the sides of the substrate in both trials. It was also
noticed that the mask has affected the overall coating thickness rather than only
the centre part. The coating thickness from 3.5 — 5 cm has dropped in average
by 9.9 nm. The variation in uniformity from the centre to 5 cm was calculated as
25%.

Table 13: Average measurements from the centre to the sides of the substrate
for trials 7 & 8.

Average from the centre to the side (Ellij )
Left side Right side Left measurements Right measurements Average Trail 8 Average Trial 7
(nm) (nm) (nm) (nm)

-7.5 7.5 0 26 26 34.6

-7 7 273 37.8 32.55 40.15

-6.5 6.5 312 45 38.1 45.8

-6 6 37 47.9 42.45 50.4

5.5 55 409 51.7 46.3 54.35

-5 5 45.1 54.7 49.9 58.3

-4.5 4.5 47.5 57.1 52.3 61.15

-4 4 50 56.5 53.25 63.25

-35 35 50.7 54.6 52.65 65.35

-3 3 50.7 51.9 513 66.3

-2.5 25 489 49.2 49.05 66.35

-2 2 46.5 45.2 45.85 67.1

-1.5 15 42 41.5 41.75 66.75

-1 1 413 41.1 41.2 66.35

-0.5 0.5 40.7 40| 40.35 66.4

0| 0| 40.3 40.3 65.7|
Uniformity centre to 5 cm = 12.95 8.8

The next step was to modify the mask and get the thickness uniformity across O-
5 cm as flat as possible. The target material was changed to Y203 as it was one

of the selected material for the experiments. The target was mounted on
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magnetron B. The mask was modified from 1-7 cm by sticking cardboard on the

original mask, Figure 34.

Figure 34: Demonstration of Mask #2, aluminium mask thickened from 1-7 cm by

cardboard.

The base pressure was recorded as 4.4 x10°> mbar and sputtering pressure at
1.6x 102 mbar. The warm up period was set for 5 mins and the sputtering time
was set to 45 mins. The power for sputtering Y203 was set to 90 W and the power
was ramped up during the warm up period from 50 to 70 W.

The recorded process parameters are in Table 14.

Table 14: Process Parameters for trial 9.

Parameters
Warm-up time

Trial 9 (s

Pressure (mbar) DC (v) Power (w)
2 1.60E-02 n/a 50

4 1.60E-02 n/a 70
5 1.60E-02 n/a 80!

Sputter!ngtlme Pressure (mbar)  DC (v) Power (w)
(mins)
0 1.60E-02 320 90
15 1.60E-02 324 90
30 1.60E-02 304 90

45 1.60E-02 296 90

Based on the results obtained, it was obvious that the modified mask had to be
altered more by thinning the mask from 3-5 cm away from the centre, Figure 35.

The variation in thickness from the centre to 5 cm was 13.9%, Table 15.
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Table 15: Coating thickness measurements for trial 9.

Position from the centre Average (nm)

7 1129
6.5 113.8
6 116.75
5.5 119.05
5 120.95
4.5 124.15
4 127.95
3.5 1329
3 138
2.5 140.6
2 140.05
15 1375
1 135.95
0.5 135.45
0 136.9

Uniformity Centre to 5 cm= 19.65
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Figure 35: Trial 9 using Y03 target and mask #2.

The mask was modified 7 times after that, by thinning and thickening it from
different places each time. During each run all parameters were kept constant.
The sputtering pressure, which is controlled by a manual gas inlet valve, was also
kept constant by constantly adjusting the pressure to 1.6 x 10-2 mbar. The only
parameter changing from one run to another was the dc bias voltage. It was
ranging from 298 to 304 V.

The average coating thickness for all 7 runs was calculated in order to evaluate

the thickness uniformity, Table 16.
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Table 16: Coating thickness for trial 10-16 and average of all 7 trials.

Position from the centre Trial 10 | Trial11 | Trial12 | Trial13 | Trial14 | Trial15 | Trial 16 | Average

7 69.1 85.2 79.9 86 83.3 86.6 86.6 82.39

6.5 67.9 88.7 83.2 88.2 87.6 90.35 90.35 85.19

6 70.05 92.8 86.9 91.15 90.65 93.7 93.7 88.42

5.5 71.85 95.15 88.95 94.25 935 97.05 97.05 91.11

5 734 97.35 91.9 95.7 95.65 98.9 98.9 93.11

4.5 75.25 98.7 93.9 97.35 96.65 101 101 94.84

4 77.7 99.65 95.95 98.85 99.015 102.9 102.9 96.71

3.5 79.95 101 97.9 100.3 101.49 103.65 103.65 98.28

3 82.1 102.85 99.25 102.15 102.95 104.75 104.75 99.83

2.5 83.6 104.15 100 103.75 105.1 105.1 105.1 100.97

2 84.3 104.55 100.6 104.55 106.9 105 105 101.56

15 84.7 103.25 100.5 104.55 107.15 104.3 104.3 101.25

1 84.8 102.75 100.75 104.45 107.6 102.1 102.1 100.65

0.5 85.05 104.2 100.75 104.5 108.05 100.75 100.75 100.58

0 85 104.7 100.4 104.7 108.1 99.8 99.8 100.36

Uniformity Centre to 5 cm= 11.65 7.35 8.8 9 12.45 5.85 9.25 8.44

The average reading, of the 7 trials, showed very promising results as the
uniformity from center to 5 cm has improved to 8.44 nm. However, the variation
in thickness should be within 5 nm in a 100 nm thick film which translate to + 5%

of the overall film thickness.

80

60
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Figure 36: Average coating profile of trial 10-16.

By looking at the average coating profile in Figure 36, it was decided to modify
the mask, by thinning it from 3-5 cm, in order to increase the coating thickness

on that area, Figure 37.
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Figure 37: Demonstration of Mask #3 modified by thinning it from 3-5 cm.

Trial 17 was run by the same parameters shown in Table 17. The only changing

parameter was the dc bias which was giving different reading at each run.

Table 17: Process Parameters for trial 17.

Base Pressure (mbar): ‘ 4.40E-05|Time to Pump down (mins): ‘ 20:00
Trial 17 Warm-.up time Pressure (mbar) | DC (v) | Power (w)
(mins)
2 1.60E-02 n/a 50|
4 1.60E-02 n/a 70|
5 1.60E-02 n/a 80|
Sputter!ng time Pressure (mbar) DC (v) Power (w)
(mins)
0 1.60E-02 284 90|
15 1.60E-02 290 90|
30 1.60E-02 294 90
45 1.60E-02 264 90|

The results were impressive as the thickness uniformity improved dramatically

and variation in the thickness reduced to 4.6%, Table 18.

Table 18: Coating thickness measurements for trial 17.

Position from the centre Thickness (nm)
7 66
6.5 72.85
6 75.85
5.5 77.65
5 79.2
4.5 80.25
4 80.85
3.5 81.35
3 82.2
2.5 82.5
2 82.7
1.5 82.65
1 83.05
0.5 82.9
0 82.9
Uniformity centre to 5 cm = 3.85
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Figure 38: Trial 17 thickness profile using mask #3.

As it is obvious from the graph, the thickness profile was flat and within the

defined limits.

Before proceeding any further, a major modification was needed to make sure
the mask is permanently fixed and does not move. Earlier, it was mentioned that
the mask’s fixture was attached to the gas inlet post, but it was not fixed robustly
meaning if it was knocked by mistake, it could move and effect the thickness
uniformity. Therefore, a hole was drilled behind the gas inlet, on the top lid, to fix

the mask fixture permanently to prevent the mask from moving at all, Figure 39.

Permanent

mask fixture

Figure 39: Mask permanent fixture on the top lid of the machine.
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As a result of the change, a new mask had to be made to fit on the same post
and have the same effect as mask #3. The new mask was made of a 3 mm thick
aluminium to ensure flatness and avoid any bending. The center part of the mask
was copied from the previous version and then was lengthen from the end to

reach the permanent fixture and the mask holder, Figure 40.

Figure 40: Demonstration of Mask #4 created after permanent fixture placement.

Repeating the run using the new mask was done in trial 18. The same parameters
as previous runs were used in this trial; however, the base pressure was reduced

to 3x10° mbar from 4.4x10° mbar.

Table 19: Process Parameters for trial 18.

Parameters
Bleeding time (mins):  15:00 Cooling down time (mins): 28:06
Base Pressure (mbar): 3.05E-05 Time to Pump down (mins): 13:07

Warm-up time

Trial 18 X Pressure (mbar) DC (v) Power (w)
(mins)
2 1.60E-02 198 50
4 1.60E-02 240 70
5 1.60E-02 260 80
Sputter!ngnme Pressure (mbar) DC (v) Power (w)

(mins)

0 1.60E-02 296 90
15 1.60E-02 320 90
30 1.60E-02 322 90
45 1.60E-02 320 90

The results shown in Table 20 and Figure 41 clearly proved that the thickness

uniformity was within the specified limit, where the variations in coating thickness
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from the center to 5 cm was 4.1%. Therefore, the uniformity within the area of

@10 cm diameter was achieved.

Table 20: Coating thickness measurements for trial 18.

Position from the centre Thickness (nm)
7 102.59
6.5 106.64
6 108.02
5.5 110.06
5 111.18
4.5 111.20
4 112.19
3.5 113.31
3 114.74
2.5 115.81
2 116.01
15 116.05
1 115.55
0.5 114.83
0 115.33
Uniformity centre to 5 cm = 4.87
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Figure 41: Trial 18 thickness profile using mask #4.

The next step was to check if the thickness uniformity was same for the second
magnetron, magnetron A. Therefore, the trial was performed on magnetron A
using mask #4. The Yb2Os target was used for the run as it was the other
candidate material intended for use in the experiments. The process parameters

for sputtering Yb203 were quite different from Y20s.

The base pressure was reduced to 1.5x10° mbar and the sputtering power was
set on 100 W. The warm up period was increased from 5 mins to 17 mins. A
cooling period was also added to allow the chamber to cool down for 7 mins. The

sputtering period was reduced to 30 mins while power was increased to 100 W.
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Table 21: Process parameters for the trial 19 using Yb203 target.

|Parameters

Bleeding time (mins):  15.00 Cooling down time (mins): 00:00

Base Pressure (mbar): 1.50E-05 Time to Pump down (mins): 91.00

Trial 19 szrm-up time Pressure (mbar) DC (v) Power (w) AR
(mins) (mbar)
7 1.59E-02 102 30-90 2.61E-02 37.57
17 1.61E-02 260 100 2.63E-02 37.13
Avg 1.60E-02 181 2.62E-02
Sputter!ng time Pressure (mbar) DC (v) Power (w) AR Flow

(mins) (mbar)

0(90s) 1.60E-02 310 98 2.61E-02 37.00
15 1.60E-02 308 97 2.61E-02 36.93
30 1.60E-02 308 95 2.61E-02 36.91
Avg 1.60E-02 309 97 2.61E-02
C»oollngéown Pressure (mbar) DC (v) Power (w) TR Flow
time (mins) (mbar)
7 1.59E-02 250 90-30 2.61E-02 36.90
Avg 1.59E-02 250 2.61E-02

As it was evident from the results, the thickness profile for magnetron A was not
similar to the thickness profile for magnetron B. Thickness variation on magnetron
A was 13.3% while the thickness variation on magnetron B was 4.1%.

Table 22: Coating thickness measurements for trial 19.

Position from the centre | Thickness (nm)
7 105.34
6.5 115.04
6 128.96
5.5 135.58
5 139.93
4.5 142.75
4 136.64
35 131.21
3 127.85
25 126.36
2 125.77
1.5 123.75
1 123.61
0.5 124.49
0 123.99
Uniformity centre to 5 cm = 19.15
140 }F 4§’/—§—\3
130 ¥ 3 z z ¥ E
E 100
g
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Figure 42: Comparing thickness profiles between magnetron A (Trial 19) and

Magnetron B (Trial 18) using mask #4.
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Therefore, a new mask was developed to enhance the coating uniformity for

magnetron A. After 11 test runs, the mask was finally ready for use, Figure 43.

Figure 43: Demonstration of Mask #5 thinned by 6.5 mm from 0-2.5 cm.

The process parameters for trial 20 were same as trial 19 as shown in Table 23,

but the sputtering time was increased by 15 mins.

Table 23: Process parameters for the trial 20 using mask #5.

Parameters
Bleeding time (mins):  15.00 Cooling down time (mins):
Base Pressure (mbar): 1.50E-05 Time to Pump down (mins): 64.00
Trial 20 Wa-rm-up time Pressure (mbar) DC (v) Power (w) S Flow
(mins) (mbar)
175 1.65E-02 126 30-90 2.62E-02 38.50
7.5-18 1.66E-02 256 100 2.62E-02 38.18,
Avg 1.66E-02 191
Sputter!ng time Pressure (mbar) DC (v) Power (w) [ACEE Flow
(mins) (mbar)
0 (90s) 1.71E-02 288 98 2.62E-02 39.22
15 1.71E-02 288 100 2.62E-02 39.05
30 1.71E-02 288 98 2.62E-02 39.02
45 1.70E-02 288 98 2.62E-02 38.92
Avg 1.71E-02 288 99 2.62E-02
C.oollng }iown Pressure (mbar) DC (v) Power (w) [ACETe Flow
time (mins) (mbar)
6 1.65E-02 256 90-30 2.62E-02 38.23
Avg 1.65E-02 193 2.62E-02

Table 24: Coating thickness measurements for trial 20.

Position from the centre Thickness (nm)
7 233.30
6.5 246.73
6 256.42
5.5 272.98
5 284.23
4.5 285.59
4 286.79
35 287.91
3 287.98
2.5 283.77
2 284.16
15 282.26
1 282.65
0.5 283.36
0 283.26
Uniformity centre to 5 cm = 5.7
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The coating thickness uniformity improved greatly, and the variation in overall

thickness from centre to 5 cm was 1.9%, shown in Table 24 and Figure 44.
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Figure 44: thickness profile of magnetron A using mask #5, Trial 20.

Even though sorting out the coating thickness uniformity was a great step towards
restoring the machine, there was a major problem with the findings. Despite using
the same parameters on every trial, the overall thickness was never the same in
any two consecutive runs. That raised a question: could the machine produce
repeatable results given all the parameters are fixed?

To be able to answer this question, a closer look at the problems encountered

during the machine’s runs was vital.

3.3.3 Pressure Regulation

Looking at the results in previous section, it was suspected that change in the
base pressure is affecting the coating thickness in the runs. Therefore, the
machine was run 3 times at 3 different base pressures and the results were

reported in the Table 25.

Table 25: Trial 21, 22 & 23 run with different base pressures.

Base Sputtering

Wi
Mask # Mask Type | Power (w) Pressure arm up Pressure
(mbar) Pressure (mbar)

Max DC volt | Max Thickness (Min Thickness|  Thickness
bias (v) (nm) (nm) Uniformity

Sputtering | Ramping

Ri Material
un ateria Time (mins) | up (mins)

(mbar)

Trial 21 |Yttria 45 5 4 Al+paper 90 2.10E-05 1.60E-02 1.60E-02 302 146 109 23.6
Trial 22 |Yttria 45 5 4 Al+paper 90 3.00E-05 1.60E-02 1.60E-02 300 105 83 4.75
Trial 23 |Yttria 45 5 4 Al+paper 90 4.40E-05 1.60E-02 1.60E-02 294 84 66 3.85
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Figure 45: Relationship between the base pressure and coating thickness.

It was clearly obvious from the graph, Figure 45, that generally the lower the base

pressure, the higher the coating thickness is. Gaboriaud, 2012, also suggests

that the lower the base pressure, vacuum, the higher the energy of the sputtered

atoms which arrive on to the substrate surface, which in fact increases the

deposition rate [57].
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Figure 46: Relationship between the base pressure and dc bias.
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By looking at the obtained data from the 3 trials, another interesting relationship

could be suggested. The change in the base pressure was also effecting the dc

bias voltage during sputtering which in turn could be reason for the increase in

deposition rate and coating thickness [58]. This was clearly apparent in Figure 46

and Figure 47.
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Figure 47: Relationship between the voltage dc bias and coating thickness.

Based on the above findings, it was decided to try and fix the base pressure to
3x10-5 mbar. The machine was run 9 times using the exact same parameters,
Table 26.

Table 26: Trials 24-32 with exact same parameters including fixed base pressure,

sputtering pressure, and power.

. . Base Sputtering Max . . .
Trial # 'I's|§|u:t(fr::§) ::r(n"[:::sg) Mask P(ox;ar Mask Type | Pressure Pressure M:::‘;:)o't Thickness e '{:::I)mess J:::::Is:y
(mbar) (mbar) (nm)

Trial 24 45 5 6 90 AL 3.00E-05 1.60E-02 322 191 142 16.14
Trial 25 45 5 7 90 AL 3.00E-05 1.60E-02 320 180 134 29.35
Trial 26 45 5 7 90 AL 3.00E-05 1.60E-02 318 193 139 21.35
Trial 27 45 5 8 90 AL 3.00E-05 1.60E-02 322 103 86 4.58
Trial 28 45 5 9 90 AL 3.00E-05 1.60E-02 324 145 125 12.34
Trial 29 45 5 10 90 AL 3.00E-05 1.60E-02 324 150 123 7.97
Trial 30 45 5 11 90 AL 3.00E-05 1.60E-02 324 182 140 12.45
Trial 31 45 5 12 90 AL 3.00E-05 1.60E-02 324 170 152 18
Trial 32 45 5 13 90 AL 3.00E-05 1.60E-02 306 73 60 4.49

Despite using the same parameters, the results were not close or even
comparable to each other at all. It was evident that fixing the base pressure was
not resulting in reproducing the same voltage dc bias at each run. And having
different voltage dc bias has in turn resulted in variation in the coating thickness

on all runs, Figure 48.
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Figure 48: Relationship between the voltage dc bias and coating thickness

operating at 3x10° mbar base pressure.

By investigating the issue further, it was found that the accuracy of the pressure
gauge, Compact Full Range Gauge from Pfeiffer, was within £30% and its results
reproducibility was +5% in the range of 1x10-® — 100 mbar. Also, it was found that
the measuring signal is calibrated for N2, Oz, dry air and CO, which meant it

should have been corrected for other gases such as argon [59].
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Figure 49: Calibration graph for converting Pfeiffer gauge readings to air

pressure for different gases [59].
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Therefore, an accurate pressure gauge, Baratron capacitance manometer, was
installed on the machine to monitor the pressure alongside the original pressure
gauge. The unit of the Baratron was Torr and its accuracy was +0.12% [60]. The
Baratron could operate independent of the gas composition used in the chamber,

eliminating the need for calibration for different gasses.

An automated mass flow controller, MFC, was also installed to automatically
regulate the flow of the gas to the chamber. The MFC had an accuracy of 1% of
the set point. Its installation removed the necessity of manually adjusting the gas
flow throughout the run which also helped in making sure the sputtering pressure

stayed same at every run.

The machine was run for 3 times to check if the changes had any effect on fixing
the dc bias or producing repeatable thickness results.

Table 27: Trials 33-35 with new pressure gauge and automated MFC.

Base Warm up Warm up Sputtering Sputtering

Trial # TS.;“:(:::&) ::'("':::sg) Mask | Power (w) | Pressure Pressure Pressure MFC Pressure Pressure MFC M:B[:i:lo“ M {nm) i {nm) Jniformity
(mbar) (mbar) (mbar) (mbar) (mbar)

Trial 33 45 5 30 90 3.00E-05 1.67E-02 1.97E-02 1.64E-02 1.96E-02 300 55 46 254

Trial 34 45 5 30 90 3.00E-05 1.65E-02 1.97E-02 1.60E-02 1.93E-02 310 74 63 3

Trial 35 45 5 30 90 3.00E-05 1.65E-02 1.97E-02 1.60E-02 1.93E-02 314 118 95 13.18

Even though the installed MFC made it easier to run the machine, it had no
positive impact on the dc bias whatsoever, Figure 50. In fact, it had a negative
effect on the coating thickness as it dropped from an average of 154 nm in the

trials 24-32 to average of 82 nm in the trials 33-35.
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Figure 50: dc bias and coating thickness on trials 33-35.
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While keeping the new setup in place, it was decided to find a new approach to
fix the voltage dc bias in order to get the same coating thickness and improve the

repeatability of the machine.

3.3.4 DC Bias vs rf Power

When the RF power is applied, ultimately it creates a dc self-bias voltage. The
developed DC bias level may fluctuate due to thermal changes in sheath
resistance because of changes to the substrate’s surface or changes in the

overall process conditions [35,37].

To control the dc bias, a new programme was developed to keep it constant
during deposition by adjusting the forwarding power. An upper limit of 150 W was
put in place in the programme in order to avoid excessive power going through

the target and possibly damaging it.

The machine was run 6 times, 3 consecutive runs a day, to check the
effectiveness of the programme and to determine if it produced repeatable
results. A new Yb20s3 target was mounted on magnetron A. The programme
duration was set to 45 mins. Based on the recommendations on how to sputter
ceramic targets, longer warming up and cooling down periods were set in order
to avoid any damage to the target as a result of thermal shock. The warming up
period was set at 10 mins so the power is ramped up from 30-110 W. The
sputtering power was put on 120 W. The cooling down period was set for 11 mins
for the power to ramp down from 110-20 W. The only difference between the runs
in the first day and the second day was the base pressure, as can be seen in
Table 28.

Table 28: Trials 36-41 with the new programme (Fixed dc bias).

Base Sputtering
Pressure Pressure MFC
(mbar) (mbar)
45 120 2.00E-05 2.61E-02 402 241 212 23.98
45 120 2.00E-05 2.61E-02 410 315 264 9.83
45 120 2.00E-05 2.61E-02 402 315 258 19.71
45 100 1.50E-05 2.61E-02 340 251 207 14.74
45 100 1.50E-05 2.61E-02 346 291 246 26.79
45 100 1.50E-05 2.61E-02 340 288 246 22.35

Max DC volt | Max Thickness |Min Thickness| Thickness
bias (v) (nm) (nm) Uniformity

Sputtering | Power

Trial # D
L ay Time (mins) (w)

Trial 36
Trial 37
Trial 38
Trial 39
Trial 40
Trial 41

N(N[(N|R [P~
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Figure 51: Results of the Trial 36-38 with fixed dc bias (day 1).
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Figure 52: Results of the Trial 39-41 with fixed dc bias (day 2).

By looking at the results from both days, it was evident that the thickness on the
2" and 3" runs of each day were very similar, which indicates that the new control
software is working properly. That means fixing the dc bias was the right step in
solving the repeatability issue of the machine; however, an important question
had to be answered, the reason behind different thickness at the first run of each
day? It can also be seen that the readings on trial 36 were highly scattered
compare to the rest of the measurements. Errors in the measurements could be

potentially the reason for that scattering.

3.3.5 Vacuum Performance and Outgassing

Few potential reasons could create varying results in the first run of both days.

The most important reason might be outgassing, which is the “flux of a solid or
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liquid, and is quantity of gas leaving the surface per unit time at a specified time

after the start of evacuation” [61].

Inside a vacuum chamber, all parts including the walls, the rotary table and the
shutter “release the gases they absorbed because the same forces that helped

trap gasses in them have diminished” [62].

The most serious and common source of outgassing comes from hydrogen due
to water vapour resulting from the exposure of the system to air, [63]. The
machine used in the experiments, was always left overnight at atmospheric
pressure, and sometimes even for few days. That increases the chance of
building up moisture inside the chamber as all compartments absorb a
considerable amount of water vapour. That increased the rate of outgassing and
could potentially have influenced the results in the first run.

The machine did not have a heating system to reduce the outgassing through a
baking process which was suggested by Lofgran, 2013. Therefore, it was
suggested to increase the warming up period by another 10 mins and sputter at
high power, 120 W, while the shutter is closed in order to heat up the chamber
and reduce the effect of outgassing as much as possible. The other reason for
sputtering for another 10 mins was to reduce the chance of outgassing of the
target material as it was exposed to the air, too.

The attempt was unsuccessful due to cooling pipes installation around the
chamber to control the temperature during sputtering, Figure 53. The cooling
pipes prevented the chamber from getting hot and stopped the effect of the so-
called backing process. Hence, the repeatability of the results did not improve at

all.
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Figure 53: Water cooling pipes for temperature control.

Dirtiness of the chamber is the second major cause for outgassing in vacuum
chambers. The coating layers developed on the walls of the chamber, the
substrate holders, the rotary table, the shutter and the dark space shields are all
major sources of contamination and outgassing in the chamber. Grinham and
Chew., 2017, stated for aspects related to reducing outgassing in vacuum
chambers which were: choice of material, cleaning and handling, surface

treatment and baking [64].

By looking at the condition of the chamber, it was decided to strip the machine
down and perform a thorough cleaning of the walls and all parts of the chamber
by removing all the coatings which were stuck on them. The main stainless steel
was carefully removed and cleaned using ScotchBrite. The top lid and the target
holders were also cleaned with ScotchBrite carefully. The rotary plate, mask,
shutter and dark space shield were sand blasted, as suggested by [65]. All parts
were wiped using Isopropyl Alcohol, IPA, and put back together. A liner was
fabricated and put inside the chamber so to prevent the coating deposition on the
wall of the chamber. By doing so, the liner could be removed for cleaning

purposes and put back without the need to take the machine apart, Figure 54.
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Figure 54: the chamber before cleaning, B, Chamber after cleaning.

The Baratron was also replaced, as it was reported that its response rate was

very slow. Therefore, a new Baratron with 0.1 mbar resolution was installed which

had a 20 msec response time. The old Baratron had only 2 hours warm up period;

however, the new one had a 4 hour warm up period.

The machine was run 4 times, 2 consecutive runs a day, to check if the machine

was going to produce repeatable results. All other parameters including the fixed

dc bias were fixed untouched.

Table 29:Trials 42-45 after cleaning the chamber and installing of a new Baratron.

Base

Warm up

Warm up

Sputtering

Sputtering

Max

Trial 42

Trial 43

Trial 44

m Max Thickness (nm) @ Max DC volt bias (v)

Trial 45

tteril Max D It Min Thick Thicki
Trial # Material 1:::; (:Ii:‘:) Power (w) | Pressure Pressure |Pressure MFC | Pressure Pressure MFC ah);asc(\:l)o Thickness in (n::)ness Unil;:or"meist s
(mbar) (mbar) (mbar) (mbar) (mbar) (nm) Y
Trial 42 Ytterbia 45 100 1.50E-05 1.62E-02 2.62E-02 1.62E-02 2.62E-02 324 311 267 19
Trial 43 Ytterbia 45 100 1.50E-05 1.60E-02 2.62E-02 1.61E-02 2.62E-02 320 316 275 13
Trial 44 Ytterbia 45 100 1.50E-05 1.64E-02 2.62E-02 1.64E-02 2.62E-02 314 296 253 30
Trial 45 Ytterbia 45 100 1.50E-05 1.61E-02 2.62E-02 1.60E-02 2.62E-02 312 307 264 29
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Figure 55: Trial 42-45 after cleaning the chamber and installing a new Baratron.
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The results of the runs were much improved, Figure 55. Despite having different
dc biases the runs produced almost same coating thickness. The average coating

thickness was 307 nm and the standard deviation was 4.22 nm.

The fact that the trails were conducted on two different days, using the exact
same parameters, gives the confidence that the machine was now capable of
producing repeatable results which was the main aim of the restoration process.
Whether cleaning the chamber was the major factor in getting repeatable results

or the new Baratron is something that should be investigated later.

3.3.6 Plasma Ignition and Arcing

During sputtering, occasionally, arcing could be noticed. Even though the arcs
were not constantly occurring, they caused a real concern. As when they occur,
they can cause damage by locally melting the surface of the target or even the
substrate. The result of this could be contamination to the source and degradation
of the structure [66].

Generally arcing occurs as a result of electric field anomalies due to growth of
the ionisation of the gas and the subsequent breakdown of the insulating qualities
of it which results in a short circuit between the electrodes [66]. However, there
are two other classes of arc sources which are the mechanical and disruption of
surface equilibrium in the chamber. For details on all classes and sources of arcs

in sputtering machines and the physics of arcs, please refer to reference [66] [67].

In trial 37, by looking at the target surface while sputtering, it could be noticed
that there was arcing near the target surface and all over the chamber too. Few
minutes into the run, a long crack appeared on the surface of the target and a
sudden drop on pressure and power was observed, Figure 56.

The cause of the crack could be due to several factors, including local arcing.
Other reasons for it, might be due to poor bond between the target and the copper
plate which were glued using conductive silver epoxy or temperature variations
caused by higher temperature on the surface of the target compare with the bulk

material, [66].
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Figure 56: Cracked Yb.O3 target.

Another reason could be the sudden pressure drop due to outgassing of the
temperature sticker which was placed on the rotary table to monitor the
temperature before and after the cooling pipes installation. As it appears, the

arcing only happened when the stickers were placed in the chamber.

In another note, after the installation of the cooling pipes, the plasma was not
igniting at low power. Therefore, it was decided to start the warm up period at
high power for 5 seconds, while opening and closing the shutter, to get the
plasma ignited. This technique was not working consistently at each run. While
investigating the issue, it was noticed that a plasma was appearing under the
rotary table, too. Therefore, a cylindrical metal mesh was fabricated and to cover
the area under the rotary table, Figure 57. By doing so, the plasma was contained
within the area above the rotary table. The mesh has resulted in plasma ignition

consistently at every run.

Figure 57: Mesh installation in the chamber.
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The idea of the mesh was to basically ground the whole area under the rotary
table and to avoid the plasma traveling any further by trapping the electrons near
the mesh. This technique was used by Roy, etal., 2014, to increase the intensity
of ion beams by preventing uncontrolled ion beam neutralization by stray
electrons. The unwanted secondary electrons were suppressed using a radial

mesh liner that was positively biased inside a beam drift tube [68].

Unfortunately, a day prior conducing the experiments on ZnSe substrates, both
target materials, Yb203 and, broke while performing test runs to get the thickness

to the required level.

The Y203 was a new target used for the first time, when a crack appeared on its
surface after 40 mins of deposition. Some black spots appeared around the target
holder and along the crack and the power gradually dropped from 90 to 68 W. By
looking at the target closely, the bonding material has disintegrated and oxidised
on the surface of the target which meant it could not be used anymore. As
ordering new targets takes few weeks to arrive, it was decided to work on the
theoretical side of coating designs using Macleod software.

3.3.7 Coating Design and structure

Based on the multiple decision criteria results, the materials that showed
promising results for development of BBAR were Y203 and Yb203 [10,11]. The
studies also showed that both materials have good adhesion to diamond and they
would not necessarily require an underlay such as Si or AIN [11]. Therefore, it

was decided to use a single layer Y203 and Yb203 on both substrates.

For the diamond optics, using Macloed software, a single layer quarter
wavelength coating was designed at 9 um wavelength to achieve maximum

transmittance from 3-5 and 8-12 um [10].
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Figure 58: Transmission spectrum for diamond optics coated with quarter

wavelength of Y,O3z at 9 pm.

The coating thickness, was given by the software as 1269 nm. The refractive
index for Y203 was 1.773 and for diamond was 2.376. That means the optical

thickness of the layer is 2249.93 nm.

The same approach and parameters were used for developing a single layer
quarter wavelength coating design for ZnSe sample at 9 um. The coating

thickness was 1269 nm and the refractive index of ZnSe was given as 2.412.
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Figure 59: Transmission spectrum for ZnSe optics coated with quarter

wavelength of Y,Oz at 9 pm.

The transmission spectrum of the ZnSe was very similar to the coated diamond

optics spectrum with a difference that the transmission was slightly higher in ZnSe
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in the range of 3-5 and 8-12 um. The maximum transmission for coated ZnSe
increased from 82.61% to 98.39 at 3 um and while the maximum transmission for

the coated diamond optics increased from 83.33% was 98.07%, Figure 60.
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Figure 60: Transmission comparison between coated diamond and ZnSe optics

with quarter wavelength YOz at 9 um.

As shown, in the graph there is a great variation in the transmission from 2-7 um
due to the transmission pattern in the diamond structure. In order to reduce this
variation in transmission, it was suggested to design the coating using a quarter
wavelength at 5 pm.
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Figure 61: Transmission comparison between coated diamond and ZnSe optics

with quarter wavelength YOz at 5 pym.
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By looking at the statistics of the two wavelengths, Table 30, the maximum and
minimum transmission in both cases is almost same with the difference that the
local minimum and maximum are at different wavelengths. However, as the aim
IS to develop a BBAR 2-16 pm, then the best option is to use the quarter
wavelength that gives a better transmission across the whole of the specified
spectrum. To identify which one is one of the two wavelengths is better, the
standard deviations of both spectra were calculated, Table 30. Based on the
results, the standard deviation of quarter wavelength of Y203 at 5 um was better.
Therefore, it was decided to use the quarter wavelength of Y203 at 5 um for
developing the coating.

Table 30: Statistical comparison between the Y.Os coating at two different
guarter wavelengths.

Statistical comparison of the transmission spectrum
at 5000 nm at 9000 nm
Coated Coated Coated Coated
Diamond ZnSe Diamond ZnSe
Max Transmission 98.08 98.36 98.08 98.39
Min Transmission 83.33 82.47 83.32 82.43
Std dev 4.14 4.40 4.48 4.82

By choosing the quarter wavelength of Y203 at 5 um, the time required for
deposition is also reduced by 44.4% as the coating thickness was dropped from
1269 nm to 705 nm.

In order to calculate the time required for deposition, the deposition rate should
be calculated. By looking at the results from trial 18, where the uniformity of the
coating was almost flat for Y203, the maximum coating thickness was measured
as 114.74 nm. To calculate the deposition rate, the maximum coating thickness
was divided by the length of the deposition which was 45 mins. That resulted in
having the deposition rate as 2.55 nm/min-. It meant, it would take 277 mins,
equivalent of 4.6 hours, to create a single layer Y203 coating with thickness of

705 nm on either diamond or ZnSe optics.

The same procedure was followed for Yb20Os material, too. For the diamond

optics, using Macloed software, a single layer quarter wavelength coating was
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designed at 9 um wavelength to achieve maximum transmittance from 3-5 and
8-12 pm.
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Figure 62: Transmission spectrum for diamond optics coated with quarter
wavelength of Yb,Os at 9 um.

The coating thickness, was given by the software as 1162 nm. The refractive
index for Yb2Os was 1.935 and for diamond was 2.376. That means the optical
thickness of the layer is 2248.87 nm.

For developing a single layer quarter wavelength coating design for ZnSe sample
at 9 um, the coating thickness was 1269 nm and the refractive index of ZnSe was
given as 2.412.
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Figure 63: Transmission spectrum for ZnSe optics coated with quarter

wavelength of Yb,Os at 9 um.
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The transmission spectrum of the ZnSe was different from the diamond

transmission spectrum. The transmission of the coated ZnSe drops below the

uncoated ZnSe at the range of 2-2.5 um and 4-5 um which indicates that the

proposed coating design is not fit for purpose.

Therefore, it was decided to re-evaluate coating design. By looking at different

wavelengths, it was found that a quarter wavelength coating of Yb203 at 3370 nm

was a giving good transmission results.
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Figure 64: Transmission comparison between coated diamond and ZnSe optics

with quarter wavelength Yb203 at 3370 nm.

By choosing the quarter wavelength of Yb20s at 3370 nm, the transmission

increased from 83% to 95% in both diamond and ZnSe coated optics, Figure 64.

Table 31: Statistics for Yb203 coatings at 3370 nm wavelength for both diamond

and ZnSe.
Statistical information of the transmission spectrum
at 3370 nm
Coated Diamond Coated ZnSe
Max Transmission 95.01 95.50
Min Transmission 84.50 84.73
Std dev 3.32 3.48

The coating thickness was 435 nm. By looking at the results from trial 20, where

the uniformity of the coating was almost flat for Yb203, the maximum coating
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thickness was measured as 287.98 nm. To calculate the deposition rate, the
maximum coating thickness was divided by the length of the deposition which
was 45 mins. That resulted in having the deposition rate as 6.4 nm/min-1. It meant,
it would take 68 mins to create a single layer Yb20O3s coating with thickness of 435

nm on either diamond or ZnSe optics.

The designs discussed in this section, were single layer coatings. The reason for
that is a limitation in the machine’s capability which was discovered in the coating
uniformity section. Based on the findings, for each magnetron a specific mask
was developed so as to produce uniform coating thickness. That meant, for
multilayer coating deposition, the machine would have to stop for every layer of
coating, so that a suitable mask is used based on the magnetron in use. That
would be a major problem for the company as it will make the process costly and
very time consuming. There is a way to solve this problem, by designing a
compromising mask that would work well for both magnetrons, but not produce
the best thickness uniformity for either of them. That might be able to solve the

problem but could potentially result in low quality thin films.

However, for single layer coatings, the next step is to use the sputtering machine
to coat the ZnSe and diamond optics and use the ATR accessory for IR
spectroscopy in order to measure the transmission for both coated and uncoated
diamonds and ZnSe optics and compare their performance in terms of
transmission and reflection and the signal to noise ratio.
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4 CONCLUSIONS

In this project the overall aim was to produce BBAR coatings on ZnSe and
diamond substrates operating in 2-16 um. The coatings had to be produced using
a desktop based research- RF magnetron sputtering machine, which had never
been used for AR coatings, nor had its intended use been specified by the
manufacturer. Therefore, it had to be restored, adapted and calibrated in order to
be used for developing ARCs. The machine has gone through successful cycles
of restoration and adaption: Firstly, the coating thickness uniformity for each
magnetron, A and B, was improved to less than 5% in overall thickness of 114

and 288 nm, accordingly.

Secondly, the machine’s vacuum performance was improved as result of a series
of changes, aimed at taking accurate readings of the pressure in the chamber,
and regulate the gas flow within the chamber. This was achieved by installing an
accurate Baratron pressure gauge which had a fast response time and installing
a mass flow controller to regulate the flow of gas inside the chamber. Which when

linked with software control allowed accurate setting of the chamber pressure.

In order to improve the repeatability of the machine, the 3 improvement was a
programme developed to fix the dc bias throughout the sputtering time by
changing the RF input power. This has resulted in a massive improvement to the

repeatability of the machine.

But further change was required to complete a successful restoration cycle. That
was the analysis of outgassing in the chamber and how to minimise its effect on
coating’s performance. That was done, firstly, by increasing the warm up period
by 10 mins so that the machine is heated up and the water vapour is extracted
from major parts of the chamber including the walls, rotary plate and the shutter.
The second method used to reduce the effect of outgassing was to take the
machine apart and clean every single part that was covered with the coatings.
This in fact has resulted in getting repeatable results and improved the machine’s

performance.
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Finally, single layer ARCs were developed to coat on ZnSe and diamond optics.
The material used, Y203 and Yb203, were selected for the development of ARCs
through the search in literature. Both materials have shown promising results in
terms of increasing the transmission in diamond and ZnSe and in terms of their

adhesion to diamond surface.

Therefore, single layer coatings for ZnSe and diamond optics were designed
using Macleod software. The proposed designs for Y203, suggested a single
layer quarter wavelength at 5 um, where maximum transmission could reach
98%. The coating thickness of the layer was calculated to be 1269 nm which
would take 4.6 hours with a deposition rate of 2.55 nm/min-1. For Yb203, a single
layer quarter wavelength at 3370 nm wavelength could potentially boost the
transmission to 95%. The coating thickness layer was calculated to be 435 nm
which could take 68 mins to achieve that level with a deposition rate of 6.4

nm/min-1.

Unfortunately, the theoretical and experimental results could not be compared at
this stage due to targets being broken. Once the materials arrive, the coating can
be deposited on ZnSe and diamond optics. Finally, the coated optics could be
examined using IR spectroscopy technique to compare their performance against

the uncoated optics.

If successful, the restoration of the sputtering machine and the ability to coat such
small optics in a mass production will help in the development of a new capability
which creates a great business opportunity for TMF to give them a competitive
edge over other local and regional companies.
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5 FURTHER WORK

There is wide range of further work for future students interested in optical
coatings. Being able to use the machine to consistently produce repeatable
results would give future researchers work on improving the machine even further
and improve the ARC quality. The immediate works that can be carried out are

as follows:

e Establish if the new programme that records the dc bias of the first run and
uses it for consecutive runs, works properly.

e Use the sputtering machine to deposit the designed coatings on ZnSe and
diamond optics.

e Use the transmission measurements obtained by IR spectroscopy on the
manufactured coated and uncoated diamond optics which were measured
while installed in the ATR accessory. Investigate if the Y203 and Yb203 coated
diamonds, using the restored machine, have equal or better transmission and

reflection performance.

71






REFERENCES

1.

2.

10.

Cushing D. Enhanced Optical Filter Design. SPIE; 2011.
Macleod A. Thin-Films Optical Filters. 3rd edn. IOP Publishing; 2003.

D. Rancourt J. Optical Thin Films User’'s Handbook. McGraw-Hill; 1987.
289 p.

Kruschwitz JDT., Pawlewicz WT. Optical and durability properties of
infrared transmitting thin films. Optical Society of America. 1997; 36(10):
2157-2159.

Matsunami H., Matsumoto S., Tanaka T. Antireflective Coating. Japanese
Journal of Applied Physics. 1977; 16(8): 1491-1492. Available at:
DOI:10.1143/JJAP.16.1491

Burgener MR. A Tutorial on Infrared Optical Materials. 2016. Available at:
http://www.hsrc.ac.za/uploads/pageContent/8248/Fact sheet HAST and
DBE_14 June 2017.pdf

Fink M. Types Of Anti-Reflective Treatments And When To Use Them.
Omegafilters.Com. 2009; : 28-31. Available at:
http://www.omegafilters.com/userfiles/file/Omega Optical_Types of Anti-

Reflective Coatings and When To Use Them.pdf

Reinhard DK., Tran DT., Schuelke T., Becker MF., Grotjohn TA., Asmussen
J. SiO2antireflection layers for single-crystal diamond. Diamond and
Related Materials. 2012; 25: 84-86. Available at:
DOI:10.1016/j.diamond.2012.02.011

Yeung TK., Le Sage D., Pham LM., Stanwix PL., Walsworth RL. Anti-
reflection coating for nitrogen-vacancy optical measurements in diamond.
Applied Physics Letters. 2012; 100(25). Available at:
DOI:10.1063/1.4730401

Lu FX., Guo HB., Guo SB., He Q., Li CM., Tang WZ., et al. Magnetron

sputtered oxidation resistant and antireflection protective coatings for

73



11.

12.

13.

14.

15.

16.

17.

18.

freestanding diamond film IR windows. Diamond and Related Materials.
Elsevier B.V.; 2009; 18(2-3): 244-248. Available at:
DOI:10.1016/j.diamond.2008.09.008

Mollart TPU., Lewis KL. Transition metal oxide anti-reflection coatings for
airborne diamond optics. Diamond and Related Materials. 2001; 10: 536—
541.

Childs S., Smith G., Mollart T., Allen W., Bennett R. Anti-Reflection Coating
of Diamond, For Use at Elevated Temperatures. Optical Interference
Coatings, OSA Technical Digest (CD)(Optical Society of America). 2007,

Yan F., Liu Z., Liu W. The preparation and properties of Y20O3/AIN anti-
reflection films on chemical vapor deposition diamond. Thin Solid Films.
Elsevier B.V.; 2011; 520(2): 734-738. Available at:
DOI:10.1016/}.tsf.2011.04.119

Komlenok MS., Pivovarov PA., Volodkin BO., Pavelyev VS. High-damage-
threshold antireflection coatings on diamond for CW and pulsed CO 2
lasers. Laser Physics Letters. IOP Publishing; 2018; 15.

Vapenka D., Vaclavik J., Mokry P. Design and fabrication of anti-reflection
coating on Gallium Phosphide, Zinc Selenide and Zinc Sulfide substrates
for visible and infrared application. EPJ Web of Conferences. 2013; 48:
00029. Available at: DOI:10.1051/epjconf/20134800029

Rahmlow, Jr. TD., Lazo-Wasem JE., Wilkinson S., Tinker F. Dual band
antireflection coatings for the infrared. 2008; 6940: 69400T. Available at:
DOI:10.1117/12.780288

Zhupanov V., Fedoseev V., Trubetskov M., Amotchkina T., Tikhonravov A.
Design and production of three line antireflection coatings for visible and
far infrared spectral regions. 2015; 9627: 962706. Available at:
DOI:10.1117/12.2191161

Janos Technology. Optical Materials Selection Guide. Janos Technology.
2018. Available at: http://www.janostech.com/knowledge-center.html

74



19.

20.

21.

22.

23.

24,

25.

26.

27.

(Accessed: 22 August 2018)

[-VI Infrared. Infrared Materials. 20009. Available at:
http://lwww.iiviinfrared.com/pdfs/II-VI_InfraredMaterials2009-04a.pdf

CRYSTRAN. Zinc Selenide (ZnSe). CRYSTRAN LTD. 2012. Available at:
https://www.crystran.co.uk/optical-materials/zinc-selenide-znse
(Accessed: 22 August 2018)

www.physics.com. Absorption and Transmission of light and the Beer-
Lambert Law. Www.Physics.Com. 2006. Available at:
www.physics.uoguelph.ca/~pgarrett/Teaching.html (Accessed: 22 August
2018)

Sheffield Hallam University. Beer’s Law. Sheffield Hallam University. 2018.
Available at:
https://teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/beersl1.htm
(Accessed: 22 August 2018)

Anoikin E., Muhr A., Bennett A., Twitchen D., de Wit H. Diamond optical
components for high-power and high-energy laser applications. 2015;
9346: 93460T. Available at: DOI:10.1117/12.2079714

THOMAS ME., TROPF WJ. Optical properties of diamond. Johns Hopkins
APL Technical Digest. 2001; 1(1).

Piccirillo C., Davies G., Mainwood A., Scarle S., Penchina CM., Mollart TP.,
et al. Temperature dependence of intrinsic infrared absorption in natural
and chemical-vapor deposited diamond. Journal of Applied Physics. 2002;
92(2): 756—763. Available at: DOI:10.1063/1.1483380

Balmer RS., Brandon JR., Clewes SL., Dhillon HK., Dodson JM., Friel I., et
al. Chemical vapour deposition synthetic diamond: Materials, technology
and applications. Journal of Physics Condensed Matter. 2009; 21(36).
Available at: DOI:10.1088/0953-8984/21/36/364221

Element Six. The Element Six CVD Diamond Handbook. Element Six Ltd.

75



28.

29.

30.

31.

32.

33.

34.

35.

2017. Available at: https://www.e6.com/wps/wcm/connect/29732550-
b8eb-4081-a05d-
2bf3c6ab0360/Element+Six_CVD+Diamond+Handbook A5 r3_vl1.pdf?M
OD=AJPERES&CACHEID=29732550-b8eb-4081-a05d-2bf3c6ab0360

Spectral Systems. Diamond Anti-Reflection Coating. Spectral Systems.
2014. Available at: https://www.spectral-systems.com/wp-
content/uploads/2014/04/Diamond-Coating-AN-6-13-14.pdf (Accessed: 22
August 2018)

Kern W., Schuergraf K. Deposition technologies and applications:
introduction and overview. Handbook of Thin-Film Deposition Processes
and Techniques. I. Available at:
http://scholar.google.com/scholar?hl=en&btnG=Search&qg=intitle:Depositi

on+Technologies+and+Applications+:+Introduction+and+Overview#9

Seshan K. Handbook of Thin-Film Deposition Processes and Techniques.
Noyes Publications. 2002. 629 p. Available at: DOI:10.1016/S0026-
2692(99)00122-6

Depla D., Mahieu S., Greene JE. Sputter deposition processes. Handbook

of Deposition Technologies for Films and Coatings. 2010; : 253-296.

Alfonso JE., Pacheco F., Castro P. A., Torres J. Influence of the substrate
bias voltage on the crystallographic structure and mechanical properties of
Ti6AI4V coatings deposited by rf magnetron. Physica Status Solidi (C).
2005; 2(10): 3786—3789. Available at: DOI:10.1002/pssc.200461766

Granger P., Priestland C. The design and performance of an rf sputtering
machine with continuous production capability. Vacuum. 1971; 21(8): 309—
313. Available at: DOI:10.1016/0042-207X(71)90002-9

Hughes M. What is DC Sputtering? Semicore Equipment, Inc. 2016.
Available at: http://www.semicore.com/news/94-what-is-dc-sputtering
(Accessed: 23 August 2018)

Powell J. The Importance of DC Self-Bias Voltage in Plasma Applications.

76



36.

37.

38.

39.

40.

41.

42.

43.

44,

PTI Blog. 2016. Available at:
http://www.palomartechnologies.com/blog/the-importance-of-dc-self-bias-

voltage-in-plasma-applications (Accessed: 27 August 2018)

Stenzel RL., Gruenwald J., lonita C., Schrittwieser R. Electron-rich sheath
dynamics. Il. Sheath ionization and relaxation instabilities. Physics of
Plasmas. 2011; 18(6): 1-9. Available at: DOI:10.1063/1.3601860

Manitou Systems. RF & DC Substrate Bias Considerations. Manitou
Systems. 2016. Available at: http://manitousys.com/home/ask-the-rf-witch-

doctor/rf-substrate-bias-considerations/ (Accessed: 27 August 2018)

Lanham SJ., Kushner MJ. Effects of a chirped bias voltage on ion energy
distributions in inductively coupled plasma reactors. Journal of Applied
Physics. 2017; 122(8): 1-9. Available at: DOI:10.1063/1.4993785

Tipler P. Mean Free Path. 1978. 35-36 p. Available at:
http://bcs.whfreeman.com/webpub/Ektron/Tipler Modern Physics
6e/Classical Concept Review/Chapter_10 CCR_10_Mean_Free_Path.pdf

Baer DR., Thevuthasan S. Characterization of Thin Films and Coatings.
Thin Films From Free Atoms and Particles. 1985; : 325-351. Available at:
DOI:10.1016/B978-0-12-410755-7.50014-2

Ucer B. Design And Production of Antireflection Coating For Ge , Znse and
Zns in 8-12 Micrometer Wavelength -1. 2009; (December): 72.

Bruker. DektakXT User Manual. 2011; : 83.

Learn Chemistry. SpectraSchool. Royal society of Chemistry. 2018.
Available at: http://www.rsc.org/learn-
chemistry/collections/spectroscopy/introduction#IRSpectroscopy
(Accessed: 24 August 2018)

Labcompare. Infrared Spectrophotometer. Labcompare Ltd. 2009.
Available at: https://www.labcompare.com/Spectroscopy/116-Infrared-

Spectrophotometer-IR-FTIR-Spectrometer/ (Accessed: 24 August 2018)

I



45.

46.

47.

48.

49.

50.

51.

52.

53.

The Royal Society of Chemistry. Infrared Spectroscopy. Unilever. 2014.
Available at: DOI:10.1049/esej:19980302

Sasivardhan O. INTERPRETATION OF IR SPECTROSCOPY.
Slideshare.net. 2016. Available at:
https://www.slideshare.net/oskp/interpretation-of-ir-spectroscopy
(Accessed: 24 August 2018)

Naukowe Z. The Improvement on The Basis of PDCA and SDCA Cycles.
2015; 2(2): 60-71.

Pietrzak M., Paliszkiewicz J. Framework of Strategic Learning: The PDCA
Cycle. Management. 2015; 10(2): 149-161. Available at:
http://search.ebscohost.com/login.aspx?direct=true&db=bth&AN=110130
672&site=eds-live

Sokovic M., Pavletic D., Pipan KK. Quality Improvement Methodologies —
PDCA Cycle, RADAR Matrix, DMAIC and DFSS Industrial management
and organisation Industrial management and organisation. Journal of
Achievements in Materials and Manufacturing Engineering. 2010; 43(1):
476-483.

Cathay Advanced Materials Limited. Yttrium Oxide Y203 Yttria target.
Cathay @ Advanced Materials Limited. 2018. Available at:
http://lwww.cathaymaterials.com/sdp/122091/4/pd-1069404/1925831-
2801197/Yttrium_Oxide_ Y203 Yttria_target.html (Accessed: 23 August
2018)

Kang W., Bernstein ER. Formation of Yttrium Oxide Clusters Using Pulsed
Laser Vaporization. Bull. Korean Chem. Soc. 2005; 26(2): 345-348.

CoorsTek. YTTRIA. CoorsTek. 2016. Available at:
https://www.coorstek.com/english/materials/technical-
ceramics/specialty/yttria/ (Accessed: 23 August 2018)

BISHOP CA. Materials Vacuum Deposition Guide. Neyco. 2013;

78



4.

55.

56.

S57.

58.

59.

60.

61.

62.

American Elements. Ytterbium Oxide Sputtering Target. American
Elements. 2018. Available at:
https://www.americanelements.com/ytterbium-oxide-sputtering-target-
1314-37-0 (Accessed: 23 August 2018)

Zhang Y., Song Q., Sun Z. Research on Thin Film Thickness Uniformity for
Deposition of Rectangular Planar Sputtering Target. Physics Procedia.
Elsevier B.V.; 2012; 32: 903-913. Available at:
DOI:10.1016/j.phpro.2012.03.655

Swann S. Film thickness distribution in magnetron sputtering. Vacuum.
1988; 38(8-10): 791-794. Available at: DOI:10.1016/0042-
207X(88)90465-4

Gaboriaud RJ. Sputtered NiCr: what are the effects of base pressure of
deposition chamber? Université de Poitiers. 2012. Available at:
https://www.researchgate.net/post/Sputtered_NiCr_what_are_the_effects

_of base pressure_of deposition_chamber (Accessed: 25 August 2018)

Ward L., Junge F., Lampka A., Dobbertin M., Mewes C., Wienecke M. The
Effect of Bias Voltage and Gas Pressure on the Structure, Adhesion and
Wear Behavior of Diamond Like Carbon (DLC) Coatings With Si
Interlayers.  Coatings. 2014; 4(2): 214-230. Available at:
DOI:10.3390/coatings4020214

Pfeiffer. Compact FullRange ™ Gauge. 2008.

MKS Instruments. 627D Baratron® Heated Capacitance Manometer
Manual (1034144-001). 2013. Available at:
https://www.mksinst.com/Docs/R/627D-1034144-001-MAN.pdf

Patel VT., Mukherjee S., Makawana MM. Review on different methods for
reducing outgassing rate from vacuum materials. International Journal of

Advance Engineering and Research Development. 2017; 4(4): 17-20.

Lofgran SC. THIN FILM DEPOSITION &amp; VACUUM TECHNOLOGY.
Brigham Young University—Idaho; 2013. Available at:

79



63.

64.

65.

66.

67.

68.

http://www.mtixtl.com/tech-articles/Thin ~ Film  Deposition  (Thermal-

evaporation).pdf

Avdiaj S., Erjavec B. Outgassing of hydrogen from a stainless steel vacuum
chamber. Materiali in Tehnologije. 2012; 46(2): 161-167.

Grinham R., Chew DA. A Review of Outgassing and Methods for its
Reduction. Applied Science and Convergence Technology. 2017; 26(5):
95-109. Available at: DOI:10.5757/ASCT.2017.26.5.95

Reid RJ. Vacuum Systems: Procedures for the Cleaning of Vacuum Items.
2003.

Grove TC. Arcing problems encountered during sputter deposition of

aluminum. Advanced Energy Industries. 2000.

Anders A. Physics of arcing, and implications to sputter deposition. Thin
Solid Films. 2006; 502(1-2): 22-28. Available at:
DOI:10.1016/).tsf.2005.07.228

Roy PK., Yu SS., Eylon S., Henestroza E., Anders A., Bieniosek FM., et al.
Results on intense beam focusing and neutralization from the neutralized
beam experiment. Physics of Plasmas. 2004; 11(5 PART 2): 2890-2898.
Available at: DOI:10.1063/1.1652712

80



