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Abstract

This thesis outlines the fundamental aspects of various coating fabrication methods

as well as the fundamentals of thin �lms and coatings that are typically studied and

utilised to achieve high laser induced damage threshold (LIDT) properties. An overview

of the two di�erent novel high energy electron cyclotron resonance ion beam sputter de-

position (ECR-IBSD) setups used to fabricate the coatings are described, along with

the fundamental theory and setups of all the characterisation methods used for the

�lms discussed. The materials of interest were hafnium oxide (HfO2), scandium oxide

(Sc2O3), and di�erent mixture percentages of these two materials with silica (SiO2).

The e�ects of the reactive and sputtering oxygen partial pressures on the structure,

stoichiometry, and optical properties of the HfO2 and Sc2O3 thin �lms were system-

atically investigated. The amorphous structures of both �lms were determined using

X-ray Di�raction. Energy-dispersive X-ray Spectroscopy and Rutherford Backscatter-

ing Spectrometry were carried out for the composition and stoichiometry analysis, which

suggested the formation of over-stoichiometric �lms. The transmission and re�ectance

spectra of the �lms were measured using a spectrophotometer, where the spectra were

analysed by an optical �tting software SCOUT, which utilises the model modi�ed by

O'Leary, Johnson and Lim, to extract the optical properties of the �lms. In addition to

this study, by utilising a novel 24-beam ECR-IBSD system, mixed �lms of HfO2:SiO2

and Sc2O3:SiO2 with di�erent mixture percentages were investigated. The as-deposited

mixed �lms were also found to possess an amorphous structure. The optical constants

of the mixed �lms were extracted in the same manner as those of pure HfO2 and Sc2O3

�lms. In addition to studying the �lms at as-deposited, the e�ects of post-deposition
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heat treatment on the structure and optical properties of all the �lms were also inves-

tigated.

From this work, it was established that the in�uence of oxygen incorporation in pure

materials from an optical and structural perspective shows that ECR-IBSD provides

over-stoichiometric HfO2 and Sc2O3 �lms. From the HfO2 study, it was found that

both the refractive index and extinction coe�cient decreased with the increase of the

oxygen content, whereas the bandgap energy increased. For Sc2O3 �lms, there was no

real correlation with changing the oxygen content during deposition on the optical prop-

erties, except for the OJL bandgap energy, which increased as the oxygen percentage

increased. The e�ects of annealing are as follows: the HfO2 �lms remained amorphous

after annealing to 500°C and became crystalline with a monoclinic structure after an-

nealing to 700°C, whereas Sc2O3 �lms remained amorphous even after annealing to

900°C.

For mixed materials, this study focused on the in�uence of di�erent mixture percentages

on the optical, structural, and LIDT properties of the �lms. The mixture materials �lled

the values for the refractive index between the two pure materials, indicating that the

refractive index can be tuned by changing the mixture percentage, which is the case for

both HfO2:SiO2 and Sc2O3:SiO2 mixed �lms. The same results were also found for both

the extinction coe�cient values and OJL bandgap energies of the mixed �lms, leading

to the ability to easily fabricate �lms with tunable optical properties. The structure of

the �lms in this study is as follows: in both cases, the �lms remained amorphous when

heat treated up to 700°C. As the annealing temperature reached 900°C, the mixed �lms

with less than 10% SiO2 became more crystalline. In addition to the heat treatment

study, LIDT testing was also carried out for these �lms, which provided unexpected

results, where the main damage morphologies suggest that the main types of damage

observed were absorption induced damage and pits due to inclusions. Laser damage is

very sensitive to contamination within the nanosecond regime, and a large amount of

discharge occurs inside the chamber during deposition, which leads to contamination of

the �lms, which can lower the LIDT values.
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For future studies, working towards di�erent methods to mitigate the discharges during

deposition is important, as this will provide a better understanding of the causes laser

induced damage of the �lms fabricated by ECR within the nanosecond regime. Further

discussion of future work and experiment utilising ECR-IBSD have also been presented

in details.

iv



Contents

Abstract ii

List of Figures x

List of Tables xxiii

Abbreviations xxvi

Acknowledgements xxx

Preface xxxii

1 Thin Film Optical Coatings 1

1.1 Introduction to Thin Films . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Thin Films Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Thin Film Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.4 Thin Film Structure Zone Model . . . . . . . . . . . . . . . . . . . . . . 5

1.5 Optical Coatings for Laser Optics . . . . . . . . . . . . . . . . . . . . . . 6

v



1.6 Previous Studies on High LIDT Materials . . . . . . . . . . . . . . . . . 8

1.7 Damage Mechanisms of Optical Materials . . . . . . . . . . . . . . . . . 15

2 Coating Development Techniques 24

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.2 Chemical Vapour Deposition Techniques . . . . . . . . . . . . . . . . . . 25

2.2.1 Thermal CVD . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.2 Plasma Enhanced CVD . . . . . . . . . . . . . . . . . . . . . . . 25

2.2.3 Pulsed CVD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.3 Physical Deposition Techniques . . . . . . . . . . . . . . . . . . . . . . . 26

2.3.1 Pulsed Laser Deposition . . . . . . . . . . . . . . . . . . . . . . . 26

2.3.2 Thermal Evaporation . . . . . . . . . . . . . . . . . . . . . . . . 27

2.3.3 Sputtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Coating Characterisations 38

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2 Optical Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.1 Optical Transmittance and Re�ectance . . . . . . . . . . . . . . . 38

3.2.2 Refractive Index and Extinction Coe�cient . . . . . . . . . . . . 40

3.2.3 Absorption and Absorption Coe�cient . . . . . . . . . . . . . . . 42

3.2.4 Bandgap Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

vi



3.3 Spectrophotometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.4 SCOUT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.4.1 The OJL Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4.2 The Drude Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4.3 Harmonic Oscillator . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.5 X-ray Powder Di�raction . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.5.1 Bragg-Brentano Geometry . . . . . . . . . . . . . . . . . . . . . . 53

3.5.2 Grazing-Incidence Geometry . . . . . . . . . . . . . . . . . . . . . 54

3.6 Energy Dispersive X-ray Spectroscopy . . . . . . . . . . . . . . . . . . . 55

3.7 Rutherford Backscattering Spectroscopy . . . . . . . . . . . . . . . . . . 56

3.8 Post-deposition Heat Treatment . . . . . . . . . . . . . . . . . . . . . . . 56

3.9 Laser Induced Damage Threshold . . . . . . . . . . . . . . . . . . . . . . 57

3.9.1 Fundamental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.9.2 LIDT Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4 Experimental Setup 60

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2 Substrate Cleaning Procedure . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 System Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.3.1 600-System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

vii



4.3.2 Combimat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.3.3 Experimental Con�guration . . . . . . . . . . . . . . . . . . . . . 68

4.4 Characterisation Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4.1 Spectrophotometer . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.4.2 XRD Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.4.3 EDS Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.4.4 RBS Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.4.5 LIDT Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.4.6 Post-deposition Heat Treatment . . . . . . . . . . . . . . . . . . . 82

5 Hafnium Oxide 84

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2 As-Deposited HfO2 Films . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.2.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.3 E�ects of Annealing on HfO2 Films . . . . . . . . . . . . . . . . . . . . . 108

5.3.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.3.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6 Scandium Oxide 134

viii



6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.2 As-Deposited Sc2O3 Films . . . . . . . . . . . . . . . . . . . . . . . . . . 137

6.2.1 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 137

6.3 E�ects of Annealing on Sc2O3 Films . . . . . . . . . . . . . . . . . . . . 147

6.3.1 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 147

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

7 Hafnia Silica Mixture 160

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.2 As-Deposited HfO2:SiO2 Films . . . . . . . . . . . . . . . . . . . . . . . 162

7.2.1 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 162

7.3 E�ects of Annealing on HfO2:SiO2 Films . . . . . . . . . . . . . . . . . . 180

7.3.1 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 181

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

8 Scandia Silica Mixture 196

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

8.2 As-Deposited Sc2O3:SiO2 Films . . . . . . . . . . . . . . . . . . . . . . . 197

8.2.1 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 198

8.3 E�ects of Annealing on Sc2O3:SiO2 Films . . . . . . . . . . . . . . . . . 212

8.3.1 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . 213

ix



8.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

9 Conclusion 229

Bibliography 234

List of Publications and Conferences 263

x



List of Figures

1.1 Schematic illustration of the di�erent structures thin �lms can be organ-

ised once fabricated, where (a) crystalline, (b) polycrystalline and (c)

amorphous . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Schematic illustration of the three basic modes of thin �lm growth, where

(a) Volmer-Weber, or island growth, (b) Frank-Van der Merwe, or layer-

by-layer growth, and (c) Stranski-Krastanov, or island and layer growth [1]. 4

1.3 A schematic diagram of the structure zone model, representing the e�ects

of substrate temperature and argon discharge gas pressure on the struc-

ture of metal �lms (deposited by magnetron sputtering). This image is

extracted from [2], where the author has extracted this from Thornton [3]

(Copyright 1974, American Vacuum Society). . . . . . . . . . . . . . . . 5

1.4 Single-shot LIDT at 1030 nm and pulse duration of 500 fs as a function

of the optical bandgap energy. Each point corresponded to a di�erent

sample. Figure extracted from [4]. . . . . . . . . . . . . . . . . . . . . . 10

1.5 Single-shot LIDT at 1030 nm and 500 fs pulse as a function of the re-

fractive index. Each point corresponds to a di�erent sample. Figure

extracted from [4]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.6 The high and low refractive index materials from 10 di�erent damage

competitions. The �gures were extracted from [5]. . . . . . . . . . . . . . 12

xi



1.7 Intrinsic LIDT values of mixture thin �lms tested with single shot 1030

nm, 500 fs pulse duration. Each point corresponds to a di�erent sample,

with di�erent mixture percentages. Both �gures extracted from [4]. . . . 13

1.8 Single shot (or 1-on-1) LIDT at 1030 nm as a function of (a) Scandium

fraction in the �lms, and (b) the optical bandgap. The �lms were de-

posited by reactive deposition from a metal target. Both �gures are

extracted from [6]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.9 Di�erent laser induced processes and mechanisms that may arise as a

function of the pulse duration. Image extracted from [7]. . . . . . . . . . 15

1.10 Examples of thermal damages on optical coatings due to laser irradiation.

The images are examples of the following: (a) and (b) delamination [8,9],

(c) absorption induced [8], (d) melting [10], (e) recrystallisation [10], and

(f) stress due to absorption [10]. The scales for (a) and (b) are not

displayed as they were not provided by the source. . . . . . . . . . . . . 16

1.11 (a) - (c) shows examples of craters within the damage sites due to inclu-

sions on the thin �lms. The images have been extracted from Ristau et

al. for (a) [8], LIDARIS for (b) [9] and Laseroptik for (c) [10]. The scale

for (b) is not displayed as it was not provided by the source. . . . . . . . 18

1.12 Examples of femtosecond laser induced damages on thin �lms. (a) is an

example of melting and ablation, extracted from [9], and (b) is an example

of ablation, extracted from [11]. The scale for (a) is not displayed as this

was not provided by the source. . . . . . . . . . . . . . . . . . . . . . . . 19

1.13 A schematic diagram of (a) One photon ionisation, (b) Multiphoton ion-

isation, (c) Tunnel ionisation and (d) Avalanche ionisation, which are

examples of non-linear e�ects that can occur due to laser irradiation.

The �gures are reproduced from [12�15]. . . . . . . . . . . . . . . . . . . 21

xii



1.14 Schematic diagram of defect's layers on the optics, reproduced from [9]. 22

1.15 Example of bulk damage, extracted from [9]. The scale is not displayed

as it was not provided by the source. . . . . . . . . . . . . . . . . . . . . 23

2.1 A schematic diagram of E-beam Evaporation reproduced from [16]. . . . 28

2.2 A schematic diagram of Molecular Beam Epitaxy reproduced from [17]. 28

2.3 A schematic diagram of Magnetron Sputtering reproduced from [18,19]. 30

2.4 A schematic diagram of (a) IBSD and (b) DIBSD reproduced from [20,21]. 32

2.5 A schematic diagram of di�erent types of ion sources reproduced from [20]. 33

2.6 Schematic diagram of the electron and ion orbits, where E = 0, based on

the Right-Hand rule, where the magnetic �eld B is travelling upwards

through the paper. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.7 Images of ECR sources used in this study. . . . . . . . . . . . . . . . . . 37

3.1 Schematic diagram of bandgap transitions, where: (a) direct allowed, (b)

direct forbidden, (c) indirect allowed and (d) indirect forbidden transi-

tions [22,23] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2 Density of states in the OJL band gap model [24, 25] . . . . . . . . . . . 46

3.3 Schematic diagram of a single beam spectrophotometer, reproduced from

[26] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.4 Schematic diagram of electron shell distribution, showingKα X-ray being

produced, reproduced from [27,28] . . . . . . . . . . . . . . . . . . . . . 52

3.5 Schematic illustration of Bragg condition and Bragg's law . . . . . . . . 53

3.6 Schematic illustration of Bragg-Brentano Geometry, reproduced from [29] 54

xiii



3.7 Schematic illustration of Grazing-Incidence Geometry, reproduced from [29] 55

3.8 Di�erent locations where there can be damages on an optics due to the

laser irradiation. The di�erent types of damage morphologies are shown

in the �gure. This �gure has been extracted from LIDARIS [9]. . . . . . 58

4.1 Schematic and photographed images of the custom-built ECR-IBSD sys-

tem used. The �gures also contain numbered labels for each of the compo-

nents that were described in the text, along with labels in the schematic

diagram of all the important components. . . . . . . . . . . . . . . . . . 63

4.2 Schematic and photographed images of the Combimat system. The �g-

ures also contain numbered labels for each of the components that were

described in the text, along with labels in the schematic diagram of all

the important components. Again, this system utilises ECR ion sources,

where the Combimat has a total of 24 ion sources. . . . . . . . . . . . . 64

4.3 Schematic (a,b) and photographed (c) images of the Combimat system.

The �gures contain numbered labels for each of the components that were

described in the text, along with labels in the schematic diagram of all

the important components. . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.4 A schematic diagram showing the electrical feed-through for the di�erent

components in the chamber, as well as the mass �ow controllers for the

gases used during the deposition. #6a is the high frequency feed-through

for the individual sources, #8 and #9 is the sputtering and reactive gas

mass �ow controller, respectively. . . . . . . . . . . . . . . . . . . . . . . 67

4.5 A schematic diagram of the combimat's sputtering process. The schematic

is showing one source and one target for simplicity. . . . . . . . . . . . . 68

xiv



4.6 A schematic of IBSD process, outlining the geometric factors which can

contribute to di�ering sputter plume distributions (ion incidence angle

(α), polar emission angle (β) and scattering angle (γ)). The schematic

has been reproduced from [20]. . . . . . . . . . . . . . . . . . . . . . . . 71

4.7 The target set-up for the HfO2:SiO2 coatings, where the white targets

are HfO2 and the clear targtes are SiO2. . . . . . . . . . . . . . . . . . . 75

4.8 The target set-up for the Sc2O3:SiO2 coatings, where the white targets

are Sc2O3 and the clear targtes are SiO2. . . . . . . . . . . . . . . . . . . 77

4.9 Photon RT UV-VIS-IR Spectrophotometer, where (b) is showing the

setup for transmittance, and (c) is showing the setup for re�ectance.

The number labels are as follow: (1) Light source, (2) Detector, and (3)

Substrate holder. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.10 XRD system used within this project. The setup shown is for the BB-

XRD method, where a collimator is used. . . . . . . . . . . . . . . . . . 80

4.11 The schematics diagram of the S-on-1 LIDT setup provided by RhySearch

[30] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.12 The Carbolite Furnace for annealing samples . . . . . . . . . . . . . . . 83

5.1 The transmittance and re�ectance data obtained for the three con�gura-

tions by utilising the Photon RT, where the data for blank substrate has

been included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.2 Example of Experimental and Fitted data from SCOUT for one of the

samples discussed in this chapter. . . . . . . . . . . . . . . . . . . . . . . 90

5.3 The refractive index of all three con�gurations. . . . . . . . . . . . . . . 92

5.4 The extinction coe�cient of all three con�gurations. . . . . . . . . . . . 94

xv



5.5 The average bandgap energy of the �lms acquired from SCOUT for all

three con�gurations. The error bars show the standard deviation of �ve

separate �ttings for each sample. . . . . . . . . . . . . . . . . . . . . . . 95

5.6 The average thicknesses of the �lms acquired from SCOUT for all three

con�gurations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.7 EDS data for con�gurations (i) and (ii), where con�guration (iii) and 0%

Oxygen Background samples were not measured. . . . . . . . . . . . . . 100

5.8 RBS data acquired for the �lms discussed in this chapter. The data was

measured by M. Chicoine. . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.9 XRD data acquired for the as-deposited �lms in this study, by utilising

the Bragg-Brentano method. (*) denotes the peaks that are emerging for

the annealed sample, in comparison to the as-deposited samples. . . . . 102

5.10 Transmittance and re�ectance data of as-deposited, 500°C and 700°C

annealed samples from con�guration (i) . . . . . . . . . . . . . . . . . . 110

5.11 Transmittance and re�ectance data of as-deposited, 500°C and 700°C

annealed samples from con�guration (ii). . . . . . . . . . . . . . . . . . . 112

5.12 Transmittance and re�ectance data of as-deposited, 500°C and 700°C

annealed samples from con�guration (iii). . . . . . . . . . . . . . . . . . 113

5.13 The refractive index of all three con�gurations. . . . . . . . . . . . . . . 115

5.14 The extinction coe�cient of all three con�gurations. . . . . . . . . . . . 118

5.15 The average bandgap energy of the �lms acquired from SCOUT for

all three con�gurations at As-deposited (black), 500°C (red) and 700°C

(green). The error bars show the standard deviation of �ve separate

�ttings for each sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

xvi



5.16 The average thickness of the �lms acquired from SCOUT for all three

con�gurations at As-deposited (black), 500°C (red) and 700°C (green).

The error bars show the standard deviation of �ve separate �ttings for

each sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.17 BB-XRD data acquired for the 500°C �lms within this study. . . . . . . 124

5.18 BB-XRD data acquired for the 700°C �lms within this study. . . . . . . 125

5.19 GIXRD data acquired for the 500°C �lms within this study. . . . . . . . 126

5.20 GIXRD data acquired for the 700°C �lms within this study. . . . . . . . 127

6.1 Transmittance and re�ectance data for as-deposited Sc2O3 . . . . . . . . 138

6.2 The refractive index of all �lms in the study with di�ering oxygen per-

centages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.3 The extinction coe�cient of all �lms in the study with di�ering oxygen

percentages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.4 The average bandgap energy of the �lms acquired from SCOUT. The

error bars show the standard deviation of �ve separate �ttings for each

sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

6.5 The average thicknesses of the �lms acquired from SCOUT. The error

bars show the standard deviation of �ve separate �ttings for each sample. 144

6.6 RBS data acquired for the �lms discussed in this chapter. The data was

measured by M. Chicoine. . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.7 XRD data acquired for the as-deposited �lms in this study, by utilising

the GIXRD method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

xvii



6.8 Transmittance and re�ectance data of as-deposited, 500°C, 700°C, and

900°C annealed samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.9 The refractive index at λ = 1064 nm for as-deposited (black), 500°C

(red), 700°C (green) and 900°C (blue) annealed temperature. The error

bars show the standard deviation of �ve separate �ttings for each sample. 150

6.10 The extinction coe�cient at λ = 1064 nm for as-deposited (black), 500°C

(red), 700°C (green) and 900°C (blue) annealed temperature. The error

bars show the standard deviation of �ve separate �ttings for each sample. 151

6.11 The average bandgap energy of the �lms acquired from SCOUT at as-

deposited (black), 500°C (red), 700°C (green) and 900°C (blue) annealed

temperature. The error bars show the standard deviation of �ve separate

�ttings for each sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.12 The average thickness of the �lms acquired from SCOUT at as-deposited

(black), 500°C (red), 700°C (green) and 900°C (blue) annealed tempera-

ture. The error bars show the standard deviation of �ve separate �ttings

for each sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6.13 GIXRD data acquired for the annealed �lms within this study. . . . . . 156

7.1 Transmittance and Re�ectance data for as-deposited HfO2:SiO2 samples

with di�erent mixture percentages. . . . . . . . . . . . . . . . . . . . . . 163

7.2 Dispersion of the refractive index for the range of λ = 200 - 2500 nm of

the �lms with di�erent mixture percentages . . . . . . . . . . . . . . . . 165

7.3 The refractive index at λ = 1064 nm of the �lms with di�erent mixture

percentages. The error bars show the standard deviation of �ve separate

�ttings for each sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

xviii



7.4 Dispersion of the extinction coe�cient for the range of λ = 200 - 2500

nm. Y-axis displays the extinction coe�cient on a logarithmic scale. . . 167

7.5 The extinction coe�cient at λ = 1064 nm. The error bars show the

standard deviation of �ve separate �ttings for each sample. . . . . . . . 168

7.6 The average bandgap energy of the �lms acquired from SCOUT. The

error bars show the standard deviation of �ve separate �ttings for each

sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

7.7 The average thicknesses of the �lms acquired from SCOUT. The error

bars show the standard deviation of �ve separate �ttings for each sample. 170

7.8 Di�erent EMAmodels and its refractive index at di�erent volume fraction

of HfO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

7.9 XRD data acquired for the as-deposited �lms in this study, by utilising

the GIXRD method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

7.10 Example of Damage Probability Curves based on the ISO-standards for

pure thin �lms studied in this chapter. The damage occurrence corre-

sponds to a value of 100% and when no damage appears the �uence sites

is designated at 0%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

7.11 LIDT values for all the �lms studied in this chapter as a function of the

refractive index and bandgap energy. . . . . . . . . . . . . . . . . . . . . 176

7.12 Observed damage sites for pure HfO2 �lm with (a) low and (b) high �uence.178

7.13 Observed damage sites for HfO2(92%):SiO2(8%) �lm with (a) low and

(b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

7.14 Observed damage sites for the HfO2(80%):SiO2(20%) �lm with (a) low

and (b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

xix



7.15 Observed damage sites for the HfO2(41%):SiO2(59%) �lm with (a) low

and (b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

7.16 Observed damage sites for the pure SiO2 �lm with (a) low and (b) high

�uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

7.17 Transmittance and re�ectance of annealed spectra for some of the samples

investigated in this chapter. Three di�erent samples are shown: pure

HfO2, pure SiO2 and one of the mixed materials (HfO2(41%):SiO2(59%)). 182

7.18 The refractive index at λ = 1064 nm. The error bars show the standard

deviation of �ve separate �ttings for each sample. . . . . . . . . . . . . . 184

7.19 The extinction coe�cient at λ = 1064 nm. The error bars show the

standard deviation of �ve separate �ttings for each sample. . . . . . . . 185

7.20 The average bandgap energy of the �lms acquired from SCOUT. The

error bars show the standard deviation of �ve separate �ttings for each

sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

7.21 The average thicknesses of the �lms acquired from SCOUT. The error

bars show the standard deviation of �ve separate �ttings for each sample. 187

7.22 GIXRD data acquired for the annealed �lms within this study. . . . . . 188

7.23 LIDT vs HfO2 percentage for both as-deposited and annealed �lms . . . 190

7.24 Cracks observed on the �lms due to annealing. . . . . . . . . . . . . . . 191

7.25 Observed damage sites for annealed pure HfO2 �lm with (a) low and (b)

high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

7.26 Observed damage sites for annealed HfO2(92%):SiO2(8%) �lm with (a)

low and (b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

xx



7.27 Observed damage sites for the annealed pure SiO2 �lm with (a) low and

(b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

8.1 Transmittance and re�ectance data for as-deposited . . . . . . . . . . . . 198

8.2 Dispersion of the refractive index for the range of λ = 200 - 2500 nm . . 200

8.3 The refractive index at λ = 1064 nm. The error bars show the standard

deviation of �ve separate �ttings for each sample. . . . . . . . . . . . . . 200

8.4 Dispersion of the extinction coe�cient for the range of λ = 200 - 2500

nm for the di�erent mixed percentages. Y-axis displays the extinction

coe�cient on a logarithmic scale. . . . . . . . . . . . . . . . . . . . . . . 201

8.5 The extinction coe�cient at λ = 1064 nm for the di�erent mixed per-

centages. The error bars show the standard deviation of �ve separate

�ttings for each sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

8.6 The average bandgap energy of the �lms acquired from SCOUT. The

error bars show the standard deviation of �ve separate �ttings for each

sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

8.7 The average thicknesses of the �lms acquired from SCOUT. The error

bars show the standard deviation of �ve separate �ttings for each sample. 204

8.8 Di�erent EMAmodels and its refractive index at di�erent volume fraction

of Sc2O3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

8.9 XRD data acquired for the as-deposited �lms in this study, by utilising

the GIXRD method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

8.10 Damage probability curve for pure Sc2O3 �lm . . . . . . . . . . . . . . . 208

8.11 LIDT values for all the �lms studied in this chapter as a function of the

refractive index and bandgap energy. . . . . . . . . . . . . . . . . . . . . 209

xxi



8.12 Observed damage sites for pure Sc2O3 �lm with (a) low and (b) high

�uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

8.13 Observed damage sites for Sc2O3(94%):SiO2(6%) �lm with (a) low and

(b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

8.14 Observed damage sites for the Sc2O3(78%):SiO2(22%) �lm with (a) low

and (b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

8.15 Observed damage sites for the Sc2O3(52%):SiO2(48%) �lm with (a) low

and (b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

8.17 Transmittance and Re�ectance of annealed spectra for some of the sam-

ples investigated in this chapter. The samples shown are pure Sc2O3 and

Sc2O3(52%):SiO2(48%). . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

8.18 The refractive index at λ = 1064 nm. The error bars show the standard

deviation of �ve separate �ttings for each sample. . . . . . . . . . . . . . 216

8.19 The extinction coe�cient at λ = 1064 nm. The error bars show the

standard deviation of �ve separate �ttings for each sample. . . . . . . . 217

8.20 The average bandgap energy of the �lms acquired from SCOUT. The

error bars show the standard deviation of �ve separate �ttings for each

sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218

8.21 The average thicknesses of the �lms acquired from SCOUT. The error

bars show the standard deviation of �ve separate �ttings for each sample. 219

8.22 GIXRD data acquired for the annealed �lms within this study. . . . . . 220

8.23 The LIDT values for all the �lms studied in this chapter (a) and (b)

annealed at 480°C, (c) for both as-deposited and annealed �lms. . . . . . 222

8.24 Cracks observed on the �lms due to annealing. . . . . . . . . . . . . . . 223

xxii



8.25 Observed damage sites for annealed pure Sc2O3 �lm with (a) low and (b)

high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

8.26 Observed damage sites for annealed Sc2O3(94%):SiO2(6%) �lm with (a)

low and (b) high �uence. . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

xxiii



List of Tables

4.1 The gases con�gurations through the ion sources, neutraliser and back-

ground for all 3 setup that were carried out in this experiment . . . . . . 69

4.2 The gases con�gurations through the ion sources, neutraliser and back-

ground for this experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3 The number of targets that are being sputtered by the ion sources for

di�ering percentages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.4 The number of targets that were sputtered for each run . . . . . . . . . 76

5.1 The di�erent thicknesses of HfO2 thin �lms with di�erent con�gurations 97

5.2 The di�erent thicknesses of HfO2 thin �lms with di�erent con�gurations

at 500°C and 700°C annealed temperatures . . . . . . . . . . . . . . . . 123

6.1 The di�erent thicknesses of Sc2O3 thin �lms with di�erent oxygen con-

centrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.2 The di�erent thicknesses of Sc2O3 thin �lms with di�erent con�gurations

at 500°C, 700°C and 900°C annealed temperatures . . . . . . . . . . . . 155

7.1 The di�erent bandgap energies of HfO2:SiO2 thin �lms with di�erent

HfO2 volume percentages. . . . . . . . . . . . . . . . . . . . . . . . . . . 169

xxiv



7.2 The di�erent thicknesses of HfO2:SiO2 thin �lms with di�erent HfO2

volume mixture percentages . . . . . . . . . . . . . . . . . . . . . . . . . 171

7.3 Di�erent EMA models for HfO2 volume fraction in the mixed coatings

studied in this chapter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

7.4 The di�erent refractive indices of HfO2:SiO2 thin �lms with di�erent

mixture concentration at as-deposited, 500°C, 700°C and 900°C annealed

temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

8.1 The di�erent bandgap energies of Sc2O3:SiO2 thin �lms with di�erent

Sc2O3 volume percentages. . . . . . . . . . . . . . . . . . . . . . . . . . . 203

8.2 The di�erent thicknesses of Sc2O3:SiO2 thin �lms with di�erent Sc2O3

volume percentages. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

8.3 Di�erent EMA models for Sc2O3 volume fraction in the mixed coatings

studied in this chapter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

8.4 The di�erent refractive indices of Sc2O3:SiO2 thin �lms with di�erent

mixture concentration at as-deposited, 500°C, 700°C and 900°C annealed

temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

xxv



Abbreviations

A � Absorption

Al2O3 � Aluminium Oxide/Alumina

ALD � Atomic Layer Deposition

AlF3 � Aluminium Fluoride

AMRL � Advanced Materials Research Laboratories

AR � Anti-Re�ective

Ar � Argon

BB � Bragg-Brentano

CRD - Cavity Ring Down

Cu � Copper

CVD � Chemical Vapour Deposition

d � Thickness

DC � Direct Current

DIBS � Dual Ion Beam Sputtering

DIBSD � Dual Ion Beam Sputter Deposition

E-beam � Electron Beam

Ec � Conduction Band

ECR � Electron Cyclotron Resonance

EDS (or EDX) � Energy Dispersive X-ray Spectroscopy

EFI � Electric Field Intensity

Egap � Bandgap Energy

EMA � E�ective Medium Approximation

xxvi



Ev � Valence Band

FM � Frank-Van der Merwe

GIXRD � Grazing Incidence X-ray Powder Di�raction

H � Hydrogen

He � Helium

Hf � Hafnium

HfO2 � Hafnium Oxide/Hafnia

HfO2:SiO2 � Hafnia-Silica

HIPIMS � High-power Impulse Magnetron Sputtering

HPPMS � High-power Pulsed Magnetron Sputtering

HPRS � High Pressure Reactive Sputtering

HR � Highly Re�ective

IAD � Ion Assisted Deposition

IBD � Ion Beam Deposition

IBS � Ion Beam Sputtering

IBSD � Ion Beam Sputter Deposition

ICDD � International Centre for Di�raction Data

IR � Infrared

ISO � International Standard Organisation

JCPDS � Joint Committee on Powder Di�raction Standards

k � Extinction Coe�cient

KKR � Kramers-Kronig Relation

LEDs � Light-emitting Diodes

LID � Laser Induced Damage

LIDT � Laser Induced Damage Threshold

LRO � Long Range Order

MBE � Molecular Beam Epitaxy

MgF2 � Magnesium Fluoride

n � Refractive Index

Nb2O5 � Niobium Oxide

xxvii



Nd:YAG - Neodymium-doped Yttrium Aluminium Garnet

O (or O2) � Oxygen

OJL � O'Leary, Johnson and Lim

PCI - Photothermal Common-path Interferometry

PDF � Powder Di�raction File

PECVD � Plasma Enhanced Chemical Vapour Deposition

PLD � Pulsed Laser Deposition

ppm - Parts per million

PVD � Physical Vapour Deposition

R � Re�ectance

RBS � Rutherford Backscattering Spectroscopy

RF � Radio Frequency

RLVIP � Reactive Low Voltage Ion Plating

RT � Room Temperature

Sc � Scandium

Sc2O3 � Scandium Oxide/Scandia

Sc2O3:SiO2 � Scandia-Silica

SEM � Scanning Electron Microscope

SiO2 � Silica/Silicon Dioxide

SK � Stranski-Krastanov

SMA � SubMiniature version A

SRO � Short Range Order

T � Transmittance

Ta2O3 � Tantalum Oxide/Tantala

TiO2 � Titanium Dioxide/Titania

UHV � Ultra High Vacuum

UM � Unbalanced Magnetron

UV � Ultraviolet

VIS-NIR � Visible to Near Infrared

VM � Volmer-Weber

xxviii



XRD � X-ray Powder Di�raction

Y2O3 � Yttrium Oxide/Yttria

ZrO2 � Zirconium Dioxide/Zirconia

xxix



Acknowledgements

First, I would like to thank my supervisor, Professor Stuart Reid, for providing me with

the opportunity to complete my PhD in his group. Without Prof. Reid's guidance,

encouragement, and support, this experience would have been unachievable. I would

like to thank him for his patience in correcting my paper and thesis, as well as answering

all the silly questions I have had for him over the years. I have been very lucky to have

a supervisor who has cared so much about my PhD.

I would also like to thank my second supervisor, Professor Alan Kemp, for his support,

encouragement, and understanding in helping me to succeed in my studies. I would

like to thank Prof. Kemp for the recommendation of di�erent studies that would be

bene�cial and relevant to my PhD.

I would like to express my deepest gratitude to Dr. Marwa Ben Yaala for her additional

support, extensive knowledge, insight, and guidance over the years, for being someone

that I can bounce my ideas and steer me towards the right path. This has allowed me

to grow as a researcher and being able to guide my own PhD to its end, and for this, I

am indebted to you.

I would also like to acknowledge Dr. Kieran Craig for his additional support in my re-

search. His extensive knowledge, insight, wisdom, and invaluable constructive criticism

helped me complete my PhD e�ciently.

I would like to thank my former and current group members for the good atmosphere,

the support we have provided for each other, and all the discussions we have had

xxx



throughout the years. Thank you Dr. Imogen Birney, Dr. Svetoslava Angelova, Sean

MacFoy, Callum Wiseman, Dr. Gavin Wallace, Dr. Mariana Fazio, and Steven Arm-

strong for making this PhD a positive experience.

I would like to extend my gratitude to Gooch and Housego for their support, especially

Dr. Peter MacKay and his direct support of the work that was carried out. I would

like to thank him for his time in discussing my project with me and o�ering advice on

di�erent aspects of the project.

I would like to recognise Dr. Maider Olasolo at AMRL (University of Strathclyde)

for her assistance in setting up XRD and EDS measurements, along with Dr. Martin

Chicoine and Professor François Schiettekatte for their assistance in carrying out the

RBS measurements at the University of Montreal.

Finally, I would like to express my deepest appreciation to my parents, my siblings,

and my partner throughout my academic journey. Words cannot express my gratitude

to my mother and my best friend, Phuangpen Buachum. Your love and support in

everything that I do has made me who I am today, and I would like to say thank you

for always believing in me and pushing me to be the best version of myself. I would

also like to take this opportunity to thank my stepfather, John Bannerman, for not

only being my father �gure but also for supporting and encouraging me every step of

the way, and thank you for accepting me into your family with open arms. I am also

extremely grateful for having a partner like Axel Ngoy, who understands the pressure

of academia, always supports me in completing my PhD, and is always around to keep

me grounded and cheer me up whenever I have a di�cult day. Last but certainly not

least, I would like to thank my cat, Cruise, for his quiet and comforting presence during

my late-night writing sessions and for keeping me entertained during these times.

xxxi



Preface

This thesis is a record of research carried out on optical coatings deposited using novel

high energy ion beam sputter deposition technique, known as electron cyclotron reso-

nance technology. This study was conducted between October 2018 and October 2023.

The main focus of these coatings is to yield a high laser damage threshold. This re-

search was mainly conducted at the University of Strathclyde, with the exception of

LIDT testing and RBS measurements.

In Chapter 1, an introduction to thin �lms is provided, along with the �lm structure and

mechanisms. Then, an introduction to optical coatings that are typically used for laser

optics is described, along with a literature review of previous studies by other authors on

high laser induced damage threshold materials, which give way to the materials studied

in this thesis. Finally, typical laser damage mechanisms of optical materials are shown

and described, along with the causes and examples of the damage that can be seen.

In Chapter 2, the di�erent coating development techniques are presented and described.

Particular attention was given to ion beam sputter deposition and the novel high energy

electron cyclotron resonance ion sources used in this research.

In Chapter 3, di�erent coating characterisation techniques that have been used in this

research are described. This chapter presents a comprehensive overview of the various

techniques used in this study and their operational principles.

In Chapter 4, the experimental setup is described. First, the substrate cleaning pro-

cedure before the coating fabrication is described. This was followed by the setup of

xxxii



the two ECR-IBSD systems used to fabricate the coatings in this research. Then, the

experimental con�guration of each fabricated optical coating material (HfO2, Sc2O3,

and mixed materials) is described. Finally, the setup and con�guration of each charac-

terisation method are described. All characterisation techniques were carried out and

analysed by the author, with the exception of LIDT testing and RBS measurements,

which were carried out by RhySearch and M. Chicoine at the University of Montreal,

respectively.

In Chapter 5, research on HfO2 optical coatings produced by the author is presented and

discussed. All spectrophotometry measurements and SCOUT �ttings were performed

by the author at the University of Strathclyde. The RBS measurements were performed

by M. Chicoine at the University of Montreal. EDS and XRD measurements and anal-

ysis were carried out by the author at the Advanced Materials Research Laboratories

within the University of Strathclyde, with the assistance of Dr. M. Olasolo with the

system setup for measurement. The e�ects of the heat treatment on the �lms were also

investigated and discussed.

In Chapter 6, research on Sc2O3 optical coatings produced by the author is presented

and discussed. All spectrophotometry measurements and SCOUT �ttings were per-

formed by the author at the University of Strathclyde. The RBS measurements were

performed by M. Chicoine at the University of Montreal. EDS and XRD measurements

and analysis were carried out by the author at the Advanced Materials Research Lab-

oratories within the University of Strathclyde, with the assistance of Dr. M. Olasolo

with the system setup for measurement. The e�ects of the heat treatment on the �lms

were also investigated and discussed.

In Chapter 7, research on HfO2:SiO2 mixed �lms produced by the author is presented

and discussed. All spectrophotometry measurements and SCOUT �ttings were con-

ducted by the author at the University of Strathclyde. LIDT measurements were carried

out by RhySearch. XRD measurements and analysis were carried out by the author
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1 | Thin Film Optical Coatings

1.1 Introduction to Thin Films

Thin �lm materials are fabricated using di�erent deposition or growth methods, which

are divided into two categories: Physical Vapour Deposition (PVD) and Chemical

Vapour Deposition (CVD), which are further discussed in Chapter 2. These di�erent

deposition methods provide di�erent characteristics and structural properties for each

thin �lm, such as amorphous, polycrystalline, crystalline, or even mixed phases [33].

There are a variety of thin �lms based on the structure such as amorphous, crystalline,

polycrystalline, nanocomposite, multilayer, and superlattice structures. In contrast to

thick �lms, which can be created through methods such as screen printing, thin �lms

are formed by the deposition of atoms, ions, and molecules from gaseous or liquid

phases [33]. Thin �lms can be used in a wide range of �elds and industries, including

semiconductor electronics, LEDs, integrated circuits, optical coatings, pharmaceuticals,

and medicine, for example, where the properties of the �lms can be manipulated to be

used for the application needed.

The main focus is the fabrication and characterisation of optical coatings, where the

main application is focused on laser optics for di�erent �elds, for example: medical (op-

tical systems for surgical instruments, �uorescence microscopy, dentistry, eye surgery,

optical tweezers [34�37]), astronomy [38�40], biotechnology [35], defence (optical-based

imaging, communications [41]), energy (fusion, energy mining [34, 42]), quantum tech-

nology [43], and sensing (distance sensing, chemical detection [44]). An optical coating
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Chapter 1. Thin Film Optical Coatings

can be described as one or more layers (or combinations) of thin �lms deposited on an

optical component (i.e. lens, mirror, or prism), where they are used to enhance the

transmission, re�ection, or polarisation properties of light through the optical compo-

nent. Optical coatings can be used in various ways, depending on their application; for

example, they can be designed to be used as anti-re�ective (AR) coatings, where the

re�ection is reduced to less than 0.1%; highly re�ective (HR) coatings, where the re�ec-

tivity is more than 99.9%; designed to enhance the polarisation properties of an optical

component, that is, s- or p-polarised, or a combination of both; or optical �lters, which

selectively transmit or re�ect light at certain wavelength range through the addition of

interference coatings, with Dichroic �lter being commonly used in optical systems [7].

An optical coating can be designed to have a combination of thin layers of materials

(i.e. oxides or metals), and the performance of the coating is dependent on the number

of layers, individual thicknesses, and refractive indices of the layers [7]. Typically, to

design these multilayer optical coatings, one would have to study the properties of in-

dividual single layers that are of interest in order to design a full stack of optical layers

that �ts the original purpose of the optical component.

1.2 Thin Films Structure

In thin �lm coatings, three typical atomic structures can be produced: crystalline,

amorphous, and polycrystalline. For crystalline materials, the atoms are arranged in

a regular pattern, which repeats over long-range, in three dimensional order, or both

short- and long-range for polycrystalline materials [45].

Amorphous materials lack long range order (LRO) in crystalline materials, but the short

range order (SRO) still exists, where the atoms are arranged in a random pattern [46].

However, this random pattern can be described in many forms including topological,

substitutional, and vibrational disorders [47, 48]. Topological disorder is the type that

is used to describe amorphous materials, as it has no LRO and there are various degrees

depending on the SRO a structure may have [49].
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For polycrystalline materials, the structure can be described as having several crystalline

grains, where they are randomly orientated in di�erent parts of the lattice [49]. Hence,

with this structure, there is also a lack of LRO. Figure 1.1 below shows the di�erences

between the three structures.

(a) Crystalline (b) Polycrystalline

(c) Amorphous

Figure 1.1: Schematic illustration of the di�erent structures thin �lms can be organised once fabricated, where
(a) crystalline, (b) polycrystalline and (c) amorphous

1.3 Thin Film Mechanisms

Thin �lm growth typically has three modes, which are brie�y described below and are

known as: Volmer-Weber (VM), Frank-Van der Merwe (FM), and Stranski-Krastanov

(SK) modes.

The Volmer-Weber (VM) mode occurs as island growth when the cohesion between the

atoms of the target material is greater than the adhesion between the target atoms

and substrate. In turn, adatoms are more bound to each other than to the substrate,

forming clusters or islands [50�53].
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Frank-Van der Merwe (FM) mode is a layer-by-layer growth, which occurs when the

adhesion between the adatoms and the substrate are greater than that of the adatom-

adatom interactions. This method is the preferred method for producing smooth �lms

because of layer-by-layer growth [50,52�54].

Both layer and island growth modes occur in the Stranski�Krastanov (SK) mode. In

the SK mode, islands are formed after a few monolayers are formed on the surface of

the substrates. This transition from layer to island growth occurs at a critical layer

thickness, which is highly dependent on chemical and physical properties, such as the

surface energies of the substrate and �lm [50�54].

In Figure 1.2, three possible thin �lm formations are shown, where each of the three sce-

narios can be observed during the formation. Hence, these three methods complement

each other.

Substate Substate Substate

(a) Volmer-Weber

Substate Substate Substate

(b) Frank-Van der Merwe

Substate Substate Substate

(c) Stranski-Krastanov

Figure 1.2: Schematic illustration of the three basic modes of thin �lm growth, where (a) Volmer-Weber, or
island growth, (b) Frank-Van der Merwe, or layer-by-layer growth, and (c) Stranski-Krastanov, or island and
layer growth [1].
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1.4 Thin Film Structure Zone Model

As discussed previously, the growth and properties of thin �lms depend on several

factors. These include the �lm material, substrate and its temperature, background

pressure, and the energy and �ux of the �lm forming particles [20,55�57]. Typically, thin

�lms deposited by PVD at room temperature can achieve amorphous or polycrystalline

structures [20,58].

Movchan and Demchishin [59] when �rst characterised the structure of evaporation

deposited coatings, realised that there are three di�erent structure zones as a function

of T
Tm

, where T is the substrate temperature and Tm is the bulk melting temperature

of the �lm material [52, 60]. Later, Thornton [3, 61, 62] developed a zone diagram for

sputtering deposited thin �lms, where it describes the correlation between the �lm's

morphology and the process parameters, and taking into account the e�ect of sputtering

gas by adding an additional zone, Zone T. The structure zone model is illustrated in

Figure 1.3.

Figure 1.3: A schematic diagram of the structure zone model, representing the e�ects of substrate temperature
and argon discharge gas pressure on the structure of metal �lms (deposited by magnetron sputtering). This
image is extracted from [2], where the author has extracted this from Thornton [3] (Copyright 1974, American
Vacuum Society).
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In Zone 1, the �lm's structure is open-voided tapered �brous structure. This is because

of the low-angle incidence of the particles as a result of the collision between the sput-

tered and gas particles during the transportation of the sputtered material particles

to the substrate. Another reason for this structure is due to the limited di�usion of

adatoms on the substrate surface, which results from the low substrate temperature,

where this also leads to the material structure to be amorphous [2, 57].

For Zone T, the �lm texture is now wider columns with �at surfaces, due to the inter-

action between the thermally enhanced surface di�usion �lling the space between the

columns, and the bombardment of the energetic particles leads to the �attening of the

column surface [2, 57]. At this stage, the material structures remained amorphous.

In Zone 2, the thermal surface and grain boundary adatom di�usion increases with

the increase of substrate temperature, where the columns are widened and the spaces

between the columns are reduced. The material structure in this zone have increased in

crystallinity, and many properties of the �lm are comparable to those of bulk materials

[2, 57].

Lastly, in Zone 3, the spaces between the column boundaries are narrowed and internal

thermal crystallisation of the columns occurs, where bulk di�usion is dominant in the

�nal structure of the material, leading to highly crystallised internal structures [2,57,60].

1.5 Optical Coatings for Laser Optics

HR mirrors are crucial components in any laser system and play a critical role in laser

operation and performance. In an optical cavity, light is ampli�ed by repeatedly re-

�ecting between two mirrors, where one of these is the HR mirror. HR mirrors also

provide the necessary feedback mechanism for stimulated emission to occur, facilitate

mode selection, and ensure e�cient light ampli�cation within the optical cavity. Their

contribution is essential for the overall functioning and performance of laser systems.

Hence, optical coatings that are utilised in laser optics are of interest in this study.
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Laser optics are designed for use in many di�erent laser applications and systems. Laser

optics typically uses a speci�c substrate, coating, or both to provide a speci�c perfor-

mance for a certain wavelength of the laser. Many laser optics require low absorption

and high laser damage threshold coatings to avoid damage to the optical component,

which can lead to the failure of laser systems. Several factors can a�ect the damage

threshold of the thin �lm used in laser optics, including the substrate and its roughness,

the deposition process and parameters, and the target materials used during deposition.

The substrate used plays an important role in providing a stable base where the �lms

are grown, and the grinding and polishing marks on the substrates can also in�uence

the uniformity and roughness of the thin �lms. These defects can lead to a decrease in

laser damage resistance owing to subsurface impurities that are trapped in the polishing

marks [63�66].

The deposition process used to fabricate thin �lms also has a large e�ect on the physical

and chemical properties of the �lms, which in turn a�ects the laser damage threshold

of the thin �lms and optics. As previously mentioned, there are two categories of

deposition processes, where CVD processes tend to leave behind organic contaminants

in the �lms, which compromises the �lms for high laser �uence applications; hence,

PVD processes are typically preferred [63]. Most high damage threshold optics that

have been reported are created by utilising PVD process, where electron beam (E-

beam) evaporation has been the preferred process for high �uence applications [63].

However, E-beam evaporated �lms provide a porous thin �lm, which leads to higher

posibilities of contaminants that can �ll the surface voids, and these �lms typically

have lower refractive indices compared to their bulk forms. With undesirable properties

associated with the porous structure, denser �lms are often sought after. Ion assisted

deposition (IAD) can be utilised in an E-beam process by adding a plasma source to the

system to overcome the porosity of the coating. The use of IAD can provide a denser

coating because of the bombardment of ions on the coated surface [55, 56]. Another

method to fabricate denser coatings is by utilising ion beam sputter deposition (IBSD,

further discussed in Chapter 2) to fabricate thin �lms, which provides characteristics
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that are desirable in laser damage resistant �lms. IBSD is a high energy process which

can fabricate amorphous thin �lms with properties close to those of bulk, with high

density, high refractive indices, and less porous structure. Coatings fabricated by IBSD

can exhibit high laser damage threshold which provides evidence that this technique is

promising for creating thin �lms required for laser optics in high-power laser systems

[63].

However, while di�erent groups acquired di�erent values of the measured laser induced

damage threshold (LIDT) based on di�erent coating fabrication methods, it has been

found that the damage typically can be found in the high index material of a coating

stack of laser optics [63, 67]. With HR and AR coatings being the common designs

of laser optics coatings, any improvements that can be carried out for the high index

materials of these stacks are highly sought after [63]. This leads to the investigation

of fabricating thin �lm optical coatings by utilising IBSD technique within this project

to obtain a high LIDT by manipulating the di�erent deposition parameters, as well

as investigating mixture materials to be utilised as the high index material within a

multilayer stack.

1.6 Previous Studies on High LIDT Materials

As mentioned previously, the laser damage resistance of optical components is the main

concern for most high power laser systems, where optical coatings are typically the

�rst source of failure for laser optics. With numerous methods that can be explored

and utilised to fabricate coatings, as well as to carry out LIDT testing, it is often

challenging to select which materials are suitable for use in the design of laser optics.

Many groups have con�rmed that high index materials in a multilayer stack are the

main cause of failure in the LIDT testing of optical coatings, where dielectric coatings

are typically used. Several factors must be considered for these dielectric thin �lms,

including the optical, thermal, mechanical, and electronic properties that can a�ect the
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laser damage resistance upon laser exposure, where these properties are also dependent

on the deposition conditions. The choice of material can in�uence the LIDT of optics

through its refractive index and bandgap energy values. This is because the refractive

index can modify the electric �eld intensity values and distribution, as well as the

spectral response. The materials typically used in high power laser systems are oxides

and �uorides [5].

Several groups have reported a linear dependency between the intrinsic LIDT and the

optical bandgap energy for di�erent materials [4,68�71], as well as the refractive index.

This is due to the linear dependency on the bandgap energy and the refractive index

that have been found [4].

Gallais et al. [4] have reported an extensive study of optical thin �lms which have been

fabricated by di�erent methods, where they have been characterised and damage tested

in similar conditions. The study was carried out at 1030 nm for a pulse duration of 500

fs for single layers of oxide, �uoride, and mixture of materials. For pure oxides, a linear

dependence of the LIDT on the bandgap value has been observed in IBSD oxide �lms,

and this has been further discussed by Mero et al. [69]. There is a very low dispersion of

results which is important because the �lms have been fabricated by di�erent deposition

techniques, where the samples have very di�erent intrinsic and physical properties,

such as the band structure, density of defect states, thermal properties, density, and

adherence of the �lms, which can cause the laser damage. Gallais et al. suggests that the

linear behaviour can be explained by taking into account the physical process involved

in the ionisation processes and their dependency with the bandgap (i.e. photoionisation

or impact ionisation). The intrinsic LIDT, or internal LIDT, vs. bandgap energy is

shown in Figure 1.4, which was extracted from [4]. The materials that have been

studied are: AlF3, Al2O3, HfO2, MgF2, Nb2O5, Sc2O3, SiO2, Ta2O3, TiO2, Y2O3 and

ZrO2. The di�erent methods of fabrication include electron beam evaporation (with and

without ion assistance), IBSD, and magnetron sputtering, which are further described

in Chapter 2.
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Figure 1.4: Single-shot LIDT at 1030 nm and pulse duration of 500 fs as a function of the optical bandgap
energy. Each point corresponded to a di�erent sample. Figure extracted from [4].

As mentioned, the relationship between the bandgap energy and refractive index ex-

hibits linear behaviour, leading to an observed linear tendency between the LIDT and

refractive index, as shown below in Figure 1.5 [4].
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Figure 1.5: Single-shot LIDT at 1030 nm and 500 fs pulse as a function of the refractive index. Each point
corresponds to a di�erent sample. Figure extracted from [4].

For oxide materials, the dispersion of the results shown is related to the dependency on

the refractive index, where this is dependent on the density and optical bandgap [4].

Both the density and optical bandgap are also dependent on the manufacturing process,

which is an important consideration in the fabrication of oxide layers for laser optics.
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Gallais et al., with agreement from other authors, showed that HfO2 is one of the most

attractive high index materials for multilayer coatings for laser applications. Another

material that provides high LIDT for high refractive index layer is Sc2O3, both of which

are of interest and have been investigated in this project. For low index materials, SiO2

exhibits the highest LIDT value [4]. Thus, SiO2 is typically used as a low index material

in laser optic multilayer stacks.

Stolz [5] presented at the Optical Interference Coating conference (2019) the �ndings of

the trends observed during the last ten years in the thin �lm laser damage competition,

where the best pair of low and high refractive index materials are consisted of SiO2/HfO2

pairs, within the picosecond regime. This pair of thin �lm coatings remains the preferred

pair of materials in the design of multilayer dielectric optics which are used in high

power laser systems and have been widely studied by many researchers [38, 72�76].

Figure 1.6(a) shows the high refractive index material that has been tested within the

competition from the years 2008-2017, and Figure 1.6(b) shows the low refractive index

materials that have been submitted for the damage competitions, where one can see

that SiO2 is the most common material used.
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(a) High Index Materials

(b) Low Index Materials

Figure 1.6: The high and low refractive index materials from 10 di�erent damage competitions. The �gures
were extracted from [5].

For mixture materials, also investigated and reported by Gallais et al. [4], the �lms

were fabricated by IBSD technique, where the pure materials were placed side-by-side

and the targets were moved to acquire the desired percentage of the mixture. By
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mixing di�erent materials, this leads to the possibility to tune the optical constants,

microstructural properties and reduce the roughness and/or residual stress [4, 77]. By

optimising the electric �eld distribution by using mixture materials, this can lead to

the improvement of LIDT of the multilayer compared to utilising pure oxide materials

only [4, 78]. Figure 1.7 below shows the mixture materials versus the bandgap energy

and refractive index. The mixtures that were investigated are as follows: AlF3-Al2O3,

Al2O3-SiO2, HfO2-SiO2, Nb2O5-SiO2, Sc2O3-SiO2, Ta2O5-SiO2, and ZrO2-SiO2.
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(a) LIDT as a function of bandgap energy. The black solid line corresponds to the pure material bandgap energy trend.
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Figure 1.7: Intrinsic LIDT values of mixture thin �lms tested with single shot 1030 nm, 500 fs pulse duration.
Each point corresponds to a di�erent sample, with di�erent mixture percentages. Both �gures extracted from [4].

From this study, the authors have found that the Sc2O3-SiO2 mixture is of interest
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because it has a relatively high damage threshold compared to other mixture materials

that have been studied. This material is said to be an interesting choice for high index

material to produce the coatings for the optics for high power laser systems [4]. Mende et

al. [6] have also carried out the study of varying the mixture percentages of Sc2O3-SiO2

�lms. From this study, it was found that the mixture with 75% Sc2O3 and 25% SiO2

yielded the highest LIDT value, which was also higher than the values obtained for pure

materials (Figure 1.8). These studies show that mixture materials are an interesting

concept to investigate for the use of laser optics; hence, they were also investigated in

this study.
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1.7 Damage Mechanisms of Optical Materials

Many types of defects can alter the LIDT values of a laser optic, where defects can exist

in the substrate or thin �lms. The presence of these defects creates an intensi�cation

of light, which leads to laser damage at the defect location and can propagate further,

thereby degrading the �lm [68]. Once the damage is initiated, further exposure of the

site to the laser will allow the damage site to become larger.

The �rst point of focus in the discussion of the damage mechanism is that for optical

materials, the pulse duration of the laser beam during LIDT testing has a large impact

on which mechanism leads to damage [12]. Figure 1.9 below shows the dependence

of various laser induced damage mechanisms and processes that may occur after laser

irradiation on the pulse duration, extracted from [7]. The main damage mechanisms

are strongly dependent on the optics material and thin �lms, including their optical

properties, thermal conduction, absorption, and defects.

10-14 10-12 10-8 10-610-10 10-4 10-2

Pulse Duration (s)

Carrier Excitation

Carrier Relaxation

Structural and
Thermal Events

Non-linear Effects

Carrier - Carrier Scattering

Carrier - Phonon Scattering

Dielectric Breakdown

Thermal Effects

Figure 1.9: Di�erent laser induced processes and mechanisms that may arise as a function of the pulse duration.
Image extracted from [7].

For long pulses, where the time duration is longer than the relaxation time of the

irradiated material, is typically in the microsecond to nanosecond regime. In this case,

laser damage is typically linked to thermal e�ects, shock waves, or dielectric breakdown.

The �lms absorb light through free electrons that were excited by the �rst photons.
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These damages are based on heating the �lms until melting, material expansion, or

modi�cation of the optic and �lm has occur. In many cases within this regime, the laser

induced damage can be attributed to an excess of thermal energy and the �lm absorbing

the laser radiation, leading to catastrophic failure by mechanical disruption [8]. This

can also be attributed to the increase in mechanical stress in the coating from the

thermal expansion of the materials due to the laser heating of the coating; at a certain

thermal stress level, the coating can crack or delaminate from the optic. In another

case, absorption is the main cause of damage, where the �lm reaches the melting point

before delamination occurs, and the �lm structure changes (the �lm becomes more

crystalline). With this type of damage mechanism, the damage to the �lms is usually

shown as discolouration or an increase in surface roughness [8]. Below are some examples

of these damages extracted from [8�10].

(a) (b) (c)

(d) (e) (f)

Figure 1.10: Examples of thermal damages on optical coatings due to laser irradiation. The images are examples
of the following: (a) and (b) delamination [8,9], (c) absorption induced [8], (d) melting [10], (e) recrystallisation
[10], and (f) stress due to absorption [10]. The scales for (a) and (b) are not displayed as they were not provided
by the source.
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Laser damage within the nanosecond regime is also due to defects, such as particles,

nodules, or structural defects. With these defects, they can be absorbers which induce

thermal defects, i.e. melting or evaporation of the �lms or mechanical failure, or they

can also lead to light intensi�cation that causes further damage to the material than

the top layer of the �lms [68]. When there are inclusions in the �lms within the crystals

of the transparent material, this can be either dust or metal inclusions from the targets

or the system walls. When the inclusion is small (10 � 0.1 µm), they will absorb the

laser radiation and causes stress to build up between the absorbing inclusion and the

crystals due to the thermal expansion of the inclusion - which can lead to craters within

the damage sites [79, 80], as shown in Figure 1.11 below [8�10]. These types of defect-

induced damages are the most commonly observed mechanism and have been studied

exhaustively [10,80�82], where a deposition process that can reduce the inclusion defects

is sought after. The geometry and orientation of the inclusions are also important for

the damage threshold, where several groups have modelled a sphere, plate, and rod

shaped inclusions, where it was found that the plate and rod shaped inclusions failed

at lower laser �uences than the sphere [79,82,83].
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(a) (b)

(c)

Figure 1.11: (a) - (c) shows examples of craters within the damage sites due to inclusions on the thin �lms. The
images have been extracted from Ristau et al. for (a) [8], LIDARIS for (b) [9] and Laseroptik for (c) [10]. The
scale for (b) is not displayed as it was not provided by the source.

This thermal damage mechanism discussed should also be considered for short pulse

lasers, where the �lms cannot cool down in between the pulses. The crack damages due

to thermal absorption can be observed di�erently depending on the laser pulse length.

For example, at very long pulses (microsecond), melting of the �lms are most common,

whereas at very short pulses (femtosecond), ablation is often witnessed [83].
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(a) (b)

Figure 1.12: Examples of femtosecond laser induced damages on thin �lms. (a) is an example of melting and
ablation, extracted from [9], and (b) is an example of ablation, extracted from [11]. The scale for (a) is not
displayed as this was not provided by the source.

Dielectric breakdown occurs in dielectric materials under the in�uence of strong electric

�elds, where this can lead to either avalanche or multiphoton phenomena. Typically,

avalanche ionisation happens at the pulse lengths of 10−10 − 10−13 s, and multiphoton

absorption occurs at pulse lengths lower than 10−13 s [79, 80]. At short nanosecond

pulses, thermal e�ects are less likely to occur, and dielectric breakdown occurs due

to the little time for the heat to di�use in between pulses, and there is less energy

needed to be deposited in order to induce the dielectric breakdown [7, 84]. Once this

breakdown begins, plasma formation and the associated ablation mechanisms can occur.

With slightly longer pulses than the nanosecond regime, the combination of thermal and

dielectric breakdown damage mechanisms can be observed [7]. However, for ultrashort

pulses of around 10 picoseconds or less, the thermal damage mechanism are negligible

[85]. In this case, non-linear e�ects can occur, including multiphoton ionisation, tunnel

ionisation, and avalanche ionisation [7, 86].

For short pulses, the heat conduction time signi�cantly exceeds the pulse duration,

where this is typically in the order of picosecond or shorter [68, 87]. At this range, the

LIDT of optics are mostly due to the material limitations rather than the presence of

defects [68, 88], and a linear scaling between the LIDT and the electric �eld intensity

(EFI) enhancement has been reported [68,88�90]. With this knowledge, it can be used

as a model to calculate the measured LIDT as the product of the intrinsic properties of
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the �lms (also known as the intrinsic LIDT) and the maximum EFI.

Within the short pulse regimes, laser induced processes may occur as follows: the

electron excitation from ground state to the conduction band (photoelectric e�ect)

requires the electron to absorb the photons with total energy higher than that of the

bandgap energy. This electron excitation is a result of non-linear excitation, where

this can be due to multiphoton ionisation or tunnel ionisation. The excitation rate

can be described by the Keldysh theory [8, 68, 91] for the photon ionisation and the

Drude model of free carrier absorption [8]. Multiphoton ionisation is due to one single

electron absorbing a few photons, leading to the cumulative energy of these photons

being higher than the bandgap energy, and allowing the transition of the electron to the

conduction band. The Keldysh theory can also be applied to the tunnelling e�ect [8].

In the tunnel ionisation case, the bandgap is deformed by the extremely high electric

�eld from the laser, lowering the Coulomb barrier, which allows the electron to tunnel

into the conduction band [8,68]. The electrons in the conduction band can still absorb

more photons, allowing them to reach even higher energy states, leading to other non-

linear excitations to occur. These excitations are a direct result of electron-to-electron

relaxation, which can cause impact ionisation. With impact ionisation, the electron

with high energy states can ionise another electron from the valence band, leading to

two excited electrons in the conduction band [12]. They can then be heated by the

laser, and once they have enough energy, they can impact more valence electrons [12].

With the repetition of the impact ionisation, this can lead to the avalanche e�ect to

occur. With these types of laser induced processes, it shows that a way to increase

LIDT is to utilise �lm materials that have higher bandgap energies in order to reduce

the multiphoton ionisation and tunnel ionisation, where it then leads to the impact

ionisation and avalanche e�ect [68]. Figure 1.13 shows the schematic of single photon,

multiphoton, tunnel and avalanche ionisation.
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Figure 1.13: A schematic diagram of (a) One photon ionisation, (b) Multiphoton ionisation, (c) Tunnel ionisation
and (d) Avalanche ionisation, which are examples of non-linear e�ects that can occur due to laser irradiation.
The �gures are reproduced from [12�15].

Other laser induced processes that can occur, based on Figure 1.9, in thin �lms are:

carrier-carrier scattering and carrier-phonon scattering. The former can be described

as when the electrons are accelerated by an electric �eld, they can collide with other

electrons, scatter them, and causing them to collide with more electrons. In the latter

process, this is where the electrons are once again accelerated by the electric �eld,

where they then excite the phonons, or they cause the vibrations within the lattice

of the materials, where this process can result in thermal e�ects in the �lms when

irradiated by the laser, leading to damage that can be observed on the �lms [7].
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Damages on laser optics can also occur as subsurface damage in addition to bulk damage.

For subsurface damage, these are present in every optic at the top surface, often observed

as cracks, residual stress, contaminants or voids due to the manufacturing processes

of the optics [7, 92]. When a laser is exposed on the optic, subsurface damage can

increase the absorption and scatter, increasing heat at these areas, leading to system

failure in high power laser systems due to mechanical stress. Scattering can also occur

from inclusions present in the optics due to contamination during melting or bubbles

due to the reactions occurring during melting. However, these are mostly removed

during polishing, although it is almost impossible to avoid these defects during the

manufacturing and polishing of the optics [7]. Again, the thin �lm coatings on these

optics can also enhance the defects, leading to the damages that have been discussed,

and lowering the LIDT. Figure 1.14 below also shows a schematic diagram of defect

layers that can possibly be found on an optic, extracted from [9].

Coating Defects

Cleaning caused Defects

Adsorbed gasses
Oxide Layer
Beilby Layer
Polished Layer

Defect Layer:
Subsurface Damages

Deformed Layer

Defect-Free Layer

0.1 – 1 μm 

1 – 100 μm 

100 – 200 μm 

Figure 1.14: Schematic diagram of defect's layers on the optics, reproduced from [9].

For bulk damage, signi�cant absorption can take place at high laser intensity, leading

to localised heating. This optical breakdown occurs when a large number of electrons

are excited into the conduction band, leading to large degree of free electron density,

allowing non-linear absorption to increase. This will also lead to electron avalanche

ionisation [7,93]. When utilising ultrafast laser pulses, the bulk material does not have

time to heat through localised absorption, leading to Coulomb explosion [7]. This is
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where the build-up of the electrostatic force can break the molecular bonds, and causes

lattice fracturing due to the high electric �eld from the ultrafast pulses [7, 94]. Below

is an example of what a bulk damage may look like (Figure 1.15), where the image is

extracted from [9].

Figure 1.15: Example of bulk damage, extracted from [9]. The scale is not displayed as it was not provided by
the source.
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2 | Coating Development

Techniques

2.1 Introduction

In this chapter, di�erent techniques for the fabrication of optical thin �lms are discussed

based on the available literature, where the method used for the �lms described in this

thesis is discussed in more detail in Section 2.3.3.2, under "High Energy ECR Ion

Sources". Many di�erent deposition technologies have been used throughout the years,

in both industry and research, in order to fabricate thin �lm optical coatings, where

these are categorised into two main processes: physical and chemical process. The

choice of deposition technique is essential for the fabrication of thin �lm materials, as

the deposition technique can essentially determine all the properties and characteristics

of the �lms and can also be used to modify existing properties. However, attention

must be given to the choice of technique, as not all deposition techniques result in

identical properties such as microstructure, surface morphology, electrical properties,

biocompatibility, and optical properties [95]
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2.2 Chemical Vapour Deposition Techniques

Chemical vapour deposition (CVD) is a term used for techniques of thin �lm deposi-

tion via a series of chemical reactions. In PVD, thin �lms are created by evaporation,

ion bombardment, or sputtering of target materials, whereas CVD involves chemical

reactions under speci�c conditions, such as temperature, pressure, momentum, mass,

and energy transport. CVD technique provides high growth rate and o�ers good repro-

ducibility of coatings with the same or similar properties, such as: mechanical, optical,

chemical and physical [95]. CVD is commonly used to fabricate coatings from materials

with low porosity properties which are problematic to evaporate or sputter. Some CVD

techniques have been discussed below:

2.2.1 Thermal CVD

Thermal CVD process typically utilises heating lamps to rapidly heat the substrate to

activate the energy needed for the reaction to take place. The �lm surface is exposed

to thermal energy from either the condensing atoms or substrate heater to create the

�lms. The thermal surface energy is responsible for mobilising the atoms, which leads

to a uniform thickness of the �lms. The surface chemistry and surface atom mobility

are aided by the substrate temperature. [55, 56,95]

2.2.2 Plasma Enhanced CVD

Plasma Enhanced CVD (PECVD) is used to deposit thin �lms from gaseous state to

solid state on the substrates. The chemical reaction takes place after the creation

of plasma in the chamber, which leads to the deposition of the �lms. PECVD utilises

electrical energy to generate plasma and sustain the reaction process rather than thermal

energy. Hence, this is the main bene�t of utilising PECVD, as the deposition process

can be carried out close to ambient temperature [95, 96].
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2.2.3 Pulsed CVD

Pulsed CVD is also known as atomic layer deposition (ALD). ALD is the technique of

choice for ultra-thin �lms, as it is based on self-limiting reactions between two gaseous

precursors, where the thin �lms are deposited layer-by-layer on the substrate. It uses

only surface chemical reactions to build up the ultra-thin �lms, with the ability to

achieve very precise control of the thin �lm thickness down to the atomic level - where

currently, this cannot be achieved by any other PVD or CVD techniques [55,56,95,97].

2.3 Physical Deposition Techniques

Physical vapour deposition (PVD) technique is a technique that involves the transfer

of materials at the atomic level. PVD is an atomistic deposition process in which there

is a physical dissociation of atoms, condensation, and nucleation of these atoms onto a

substrate in either a vacuum or low pressure gaseous environment [95].

Generally, PVD processes are used to deposit �lms with thicknesses in the range of a

few to thousands of nanometers; this process can also be used to fabricate multilayer

coatings [95]. Typically, the entire deposition chamber is kept under vacuum, which

allows particles to travel freely [96]. PVD covers a wide range of deposition techniques,

which are discussed below:

2.3.1 Pulsed Laser Deposition

Pulsed laser deposition (PLD) utilises a high-power laser as a source to sputter the

target material. The laser beam is focused inside a vacuum chamber to eject atoms

from the target material, which is then deposited onto a substrate [96, 98]. The target

absorbs the laser pulses, which leads to electronic excitation, and is converted into

thermal, chemical, and mechanical energy. This conversion then results in evaporation

and plasma formation, where the ejected atoms travel through vacuum and are deposited
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on a typically hot substrate [96].

2.3.2 Thermal Evaporation

Thermal evaporation is a deposition process which has been extensively used to fabricate

thin �lms on solid materials [55, 56, 95]. During the thermal evaporation process, it is

often carried out under high to ultra-high vacuum, and the trajectory path of the target

material to the substrate is a straight path, with minimal interference - essentially a

collisionless path for the atoms to arrive on the substrate surface [55, 56, 95, 96]. The

vapour �ux is created by heating the target surface in vacuum using an electric resistance

heater [96], where the �ux is then condensed onto the substrate to form a thin �lm.

As mentioned, this process is carried out under vacuum, where the vapour does not

collide with other atoms in the chamber, which reduces the impurities in the �lms being

grown [96]. Typically, the thermal evaporation process provides a higher deposition rate

than other PVD processes [95].

The evaporation process has also been reported for di�erent con�gurations, as discussed

in the following sections [55,56,95,96]:

2.3.2.1 Electron Beam Evaporation

Electron beam (E-beam) evaporation occurs when the target material is bombarded

with an E-beam created from a charged tungsten �lament to evaporate and convert

it to a gaseous state for deposition onto the substrate. This technique is carried out

under high vacuum, where these atoms that are in a vapour phase can precipitate and

form a thin �lm coating [55]. A magnetic �eld can also be added to focus the electrons'

trajectory.

E-beam evaporation is one of the most commonly used process to fabricate thin �lms,

due to several advantages: (i) it can yield signi�cantly higher deposition rates compared

to other techniques; and (ii) it has very high material utilisation e�ciency, leading

to cost reduction, which is highly sought after in industry. A schematic of E-beam
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evaporation is shown in Figure 2.1. An ion-assist source can also be added to the E-

beam setup, which is known as ion assist deposition (IAD), where the assisting ions

can further manipulate the �lm's properties (i.e. hardness, surface morphology, and

density) by adding energy to the outermost layers as the �lms are being formed. This

can also lead to better bonding and adhesion of the �lms to the substrate [55, 56].

Radiation Heating

Substrate

Evaporation Plume

Electron Gun

Target

Crucible

Thin Film

Figure 2.1: A schematic diagram of E-beam Evaporation reproduced from [16].

2.3.2.2 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is used to grow epitaxy through active interaction of

single or numerous molecular beams on the surface of a heated crystalline substrate

material. This method is used to fabricate �nely controlled single-crystal epitaxial

�lms in ultra high vacuum. Fast shutters are employed inside the chamber between

the sources and substrate for precise control of thickness, lattice match, composition,

dopant concentration, and interfaces at the atomic layers [55, 56, 95]. A schematic of

the MBE is shown in Figure 2.2.

Effusion Cells

Shutter

Thin Film Substrate

Figure 2.2: A schematic diagram of Molecular Beam Epitaxy reproduced from [17].
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2.3.2.3 Reactive Evaporation

Reactive evaporation involves the evaporation of atoms from the target material in the

presence of a reactive gas inside the chamber. During the evaporation process, the

atoms react with the gas chemically to form a thin �lm layer on the substrate. Reactive

evaporation is used to fabricate stoichiometric oxides and alloys by introducing oxygen

(for oxide coatings) or nitrogen (for nitride coatings) as reactive gases. [95,99,100].

2.3.3 Sputtering

Sputtering process is a non-thermal vaporisation techniques where individual atoms are

"knocked-o�", or ejected, from the target surface due to atomic collision by high en-

ergy particle bombardment. This is the direct result of collisions between the incident

energetic particles with the target's surface atoms. These energetic particles can be

generated using an ion or plasma source. Once the atoms are liberated from the surface

of the target, they travel through the vacuum chamber and deposit onto suitably posi-

tioned substrates, creating thin �lms. [55, 56, 60, 95, 96, 101]. Sputtering techniques can

also be used to etch the surfaces of substrates to clean or further improve its roughness,

due to its ability to remove atoms [95].

Sputtering deposition is a name given to a variety of sputtering processes, and an

overview of how di�erent sputtering deposition techniques operate is discussed below:

2.3.3.1 Magnetron Sputtering

During the sputtering process, due to ion bombardment, typically secondary electrons

are emitted from the target's surface. Magnetron sputtering uses the magnetic �eld

to restrict the movement of these electrons as close to the target surface as possible

(Figure 2.3) [95]. The magnets are typically placed behind the target to con�ne the

secondary electrons to the target, prevent them from reaching the substrates, and allow

heavier atoms to travel [52, 60]. With magnetron sputtering, the electrons follow cy-

cloidal trajectories along the target, which increases the probability of ionisation of the
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sputtering gas, leading to denser plasma formation, which in turn leads to an increase

in the deposition rate [52,60,102].

There are many methods of magnetron sputtering; for example, DC magnetron sputter-

ing is used for conductive target material, whereas RF sputtering is used with insulating

materials as well as conductive materials. This is due to the alternating current with

high frequency is required to eliminate charge accumulation due to the ceramic target

materials [103]. Other methods of magnetron sputtering include unbalanced magnetron

sputtering (UM), high-power impulse magnetron sputtering (HIPIMS), and high-power

pulsed magnetron sputtering (HPPMS), which have been widely discussed in the liter-

ature [52,55,56,60,95,103].

Water
Cooling

Target

Ar gas

Anode (+)
Substrate Thin Film

Cathode (-)

Power SupplyMagnets

Plasma Glow 
Discharge

Figure 2.3: A schematic diagram of Magnetron Sputtering reproduced from [18,19].

2.3.3.2 Ion Beam Sputter Deposition

Ion beam sputtering (IBS), also known as ion beam deposition (IBD) or ion beam

sputter deposition (IBSD), is a PVD technique which has some advantages over other

PVD techniques [20]. IBSD typically uses a broad beam ion sources with low energy ions

to sputter a target. The sputtered particles condenses on the substrate, where a thin

�lm is form. IBSD is a known PVD technique which produces thin �lms with desirable
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properties, close to those of bulk materials. Examples of these desirable properties are

dense �lm structures, improved adhesion of �lms to substrates, less defects, and better

controlled composition of the materials [20,95].

IBSD setup consists of an ion beam source, a target, and a substrate holder. IBSD relies

on impinging the target surface with ions to remove the material, where the atoms that

have been removed travel towards the substrate to form a thin �lm layer [20]. If there are

any reactive gases involved in the process, this is known as reactive sputter deposition

and is brie�y described in later section. Another setup available in combination with

IBSD is to add an assist source, where the assisting ions provide additional energy to

the growing �lms, which can further manipulate the �lm's properties. This process

is known as dual ion beam sputter deposition (DIBSD) [20]. A schematic drawing of

typical IBSD and DIBSD is shown in Figure 2.4.

Target

Ion Source

Ion Beam

Sputtered Flux

Thin Film
Substrate

(a) Ion beam sputter deposition
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(b) Dual ion beam sputter deposition

Figure 2.4: A schematic diagram of (a) IBSD and (b) DIBSD reproduced from [20,21].

There are many advantages of using the sputtering process, for example, being able

to control the stoichiometry and regulate the �lm thickness. Nevertheless, IBSD does

have disadvantages compared with other PVD techniques. The growth rate is typically

much lower than that of other methods, upscaling can be more complicated, and the ion

source components are more complex; therefore, it can be more challenging to maintain

than that of magnetron or evaporation sources [20,95].

In IBSD, there are several di�erent types of ion sources that can be used to create ion

beams to bombard the target material. These sources are shown in Figure 2.5, with a

brief description of each type of source. High energy ECR was the type of source used

throughout this thesis.
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(d) High Energy ECR-type Ion Source used in this study, where
there are no grid used to accelerate the ions

Figure 2.5: A schematic diagram of di�erent types of ion sources reproduced from [20].

Broad-beam Ion Source

Typically, gridded broad-beam ion sources are used in IBSD systems, where the sources

consist of a discharge vessel for ion generation and a multi-aperture grid system for

ion acceleration and extraction (Figure 2.5a). Inside the discharge vessel, plasma is

generated by electron impact, where the electrons are accelerated and collide with the

injected gas atoms, where the ions are then formed [20].

Kaufman-type Ion Source

In Kaufman-type ion sources, or DC-type, electrons are emitted by the hot cathode

that is heated using a direct current (Figure 2.5b). These electrons then collide with

the injected gas atoms, creating ions and electrons along with secondary electrons from
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the ion impact on the cathode surface [104]. With these types of sources, their lifetimes

are limited because of the bombardment of ions on the cathode. This bombardment

leads to the erosion of the cathode as well as possible contamination of the cathode

material on the �lms. A solution for this problem is to utilise RF-type ion sources or

ECR ion sources [104].

RF-type Ion Source

With RF-type ion sources, electrons are accelerated by a capacitively or inductively cou-

pled radio frequency (RF) �eld, where the most commonly used type is the inductively

coupled RF ion source (Figure 2.5c). In an inductively coupled system, an electric �eld

is generated by time variation of the magnetic �eld. The electric �eld is strongest near

the coil and does not drive the ions into the conductor surface and hence, reduces the

damage to them. RF ion sources typically use low RF frequencies, and they do not at-

tempt to couple to any plasma resonance; thus, they behave similarly to Kaufman-type

sources but with di�erent electron acceleration mechanisms [104].

High Energy ECR-type Ion Source

With ECR-type sources, the plasma is created by the use of a magnetic �eld and a

microwave to heat the electrons, where they cause electron impact ionisation on the

injected gas molecules (Figure 2.5d). The charged electrons make a circular orbit in the

direction perpendicular to the magnetic �eld lines inside the cavity due to the Lorentz

force:

F = e−(E+ v×B), (2.1)

where e− is the electron charge, E is the electric �eld, v is the velocity of the electron,

and B is the magnetic �eld.

To understand the behaviour of the electron orbit, presume a case where the electric �eld
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is E = 0. A particle in motion perpendicular to a magnetic �eld experiences a force

perpendicular to both the particle velocity and magnetic �eld [105]. As this force is

transverse to the velocity and �eld, the particle moves in a circular orbit, perpendicular

to the magnetic �eld [105]. As the electrons spin counter-clockwise with respect to the

direction of the magnetic �eld (due to the Right Hand rule), the ions spin clockwise due

to the opposite electric charges of the particles (Figure 2.6). Hence, in ECR processes,

right-hand polarised waves are typically used in order to have the electric wave �eld

travelling in the same direction as the electrons [105].

B F

v

(a) Electrons

BF

v

(b) Ions

Figure 2.6: Schematic diagram of the electron and ion orbits, where E = 0, based on the Right-Hand rule, where
the magnetic �eld B is travelling upwards through the paper.

The motion of these electrons occurs at an angular frequency known as the electron

cyclotron frequency:

fc =
e−B

2πme
, (2.2)

where me is the mass of the electron.

The orbiting radius, also known as the cyclotron radius, is given by:

ρ =
mv⊥
e−B

, (2.3)
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where v⊥ denotes the transverse electron velocity.

With the injection of microwaves and an alternating electromagnetic �eld perpendicular

to the magnetic �eld, a condition can be met, where the microwave frequency matches

the electron cyclotron frequency. This leads to the electric �eld component of the wave

to be in resonance with the electron orbit, accelerating the electrons [105].

The ECR sources used in this thesis, developed by Polygon Physics (Grenoble, France)

[106], contain a compact
λ

4
microwave cavity tuned to 2.45 GHz, which can operate for

a range of extraction potentials (from 0 - 10 kV in this case). Alongside the permanent

magnets around the cavity, and the electric �eld at the cavity exit being positively

biased with respect to ground, a plasma can be ignited with the help of microwave

power and ionisation of the injected gas molecules by the accelerated free electrons.

The ion beam goes through the extraction electrode, towards the focus electrode, which

can be used to manipulate the shape of the beam - depending on the voltage at which

the focus electrode is held [106].

As mentioned, these ECR sources use aperture electrodes rather than an extraction grid

to extract the beam, leading to minimal contact between the beam and the electrodes.

This is advantageous as, �rstly, there will be a lack of contamination in the �lms due

to the extraction grid, which can be seen in �lms grown by other ion sources [106]. Sec-

ondly, the lifetime and associated maintenance cycles of the ECR sources are extended

due to the limited erosion of the electrodes. Lastly, these ECR can operate at a wider

range of extraction potentials (0�10 kV) compared to that of RF-ion sources, which

typically have a working voltage no higher than 2 kV [102, 107]. However, even with a

higher extraction potential, the deposition rate was observed to be considerably slower

in the ECR-IBSD process than in RF-IBSD, leading to a longer run time required to

achieve the same thicknesses of the thin �lms. Images of the ECR sources used in this

study are shown in Figure 2.7.
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Figure 2.7: Images of ECR sources used in this study.

As mentioned, the �lms that were produced and discussed in this thesis were fabricated

using the ECR-IBSD technique, which is a novel process that has previously yielded the

lowest IR absorption in amorphous silicon thin �lms [108], but otherwise underexplored

for optical coating development. This study is the �rst to report the study of laser

optics by utilising the novel ECR-IBSD technique, which includes optical and structural

characterisations, as well as the �rst reported LIDT results that have been carried out.

For IBSD processes, inert gases, such as argon or xenon, are typically used. However,

other gases such as oxygen or nitrogen can also be used. These latter gases are of

interest in the growth of oxide or nitride thin �lms to avoid contamination of �lms with

inert gases [20].

2.3.3.3 Reactive Sputter Deposition

Reactive sputter deposition is typically used to fabricate compound thin �lms. During

the sputtering process, reactive gases, such as oxygen or nitrogen, are introduced into

the deposition chamber, and the gas reacts with the target material to form a compound

thin �lm. The inert gas typically used for this process is argon, and there is a possibility

of combining the inert gas with ionised reactive gas, or the reactive gas can be introduced

into the chamber on its own [52, 60, 95]. The percentage of reactive gas added to the

chamber can be controlled to produce a certain stoichiometric ratio of the compound

material.
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3.1 Introduction

In this chapter, the di�erent characterisation methods used to extract information about

the fabricated thin �lms are discussed. The basic background of each characterisation

method has been described, and a literature review of the optical properties which have

been investigated is also discussed in this section.

3.2 Optical Properties

When light is incident on thin �lms, three main phenomena occur: transmission, re�ec-

tion, and absorption. This information can be obtained by utilising a spectrophotometer

(Section 3.3) or by similar methods (i.e. ellipsometry). By utilising these measurements,

optical �tting can be performed to determine the optical constants and properties of

thin �lms.

3.2.1 Optical Transmittance and Re�ectance

When photons of a selected wavelength with beam intensity I0 are directed towards

a �lm, photons with energies greater than that of the �lm's bandgap energy (Egap)

can excite the electrons in the valence band into higher states (absorption), and those
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with energies less than Egap are transmitted. This is due to the fact that the photons

with less energy than Egap does not excite the electrons in the valence band into higher

states [101,109]. The transmittance can be calculated by,

T (%) =
It
I0

× 100, (3.1)

where T (%) is the transmittance in percentage; It and I0 are the intensity of transmitted

photons and incident light, respectively.

The T spectra can be divided into three distinct regions [60]:

� UV Region - where there is a strong absorption edge, which is related to the

band edge

� Visible Region - where there are extreme maxima and minima which are mod-

i�ed by interference e�ects, which can be related to the thickness of thin �lms

� Infrared Region - where the �lm enters a re�ecting regime with metallic prop-

erties

As for the re�ectance, this is the percentage of the ratio of the intensity of light re-

�ected to that of the incident light. To measure the re�ectance of thin �lms using a

spectrophotometer, incident light of known wavelength is directed onto the surface of

the �lm, and the intensity of the re�ected light is measured [101]. The re�ectance can

be calculated by,

R(%) =
Ir
I0

× 100, (3.2)

where R(%) is the re�ectance in percentage and Ir is the intensity of the re�ected light.
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3.2.2 Refractive Index and Extinction Coe�cient

Optical properties are typically obtained from how light interacts with thin �lms, where

the refractive index (n) and extinction coe�cient (k) of a coating are very important

parameters in thin �lm research. Both n and k are related to the dielectric function

(ε) and can be computed over a wide range of wavelengths. The determination of the

refractive index and its dispersion in thin �lms has wide applications in the modelling of

optical coatings, where one can de�ne the complex refractive index (ñ) as [101,110�112]:

ñ = n+ ik, (3.3)

where this is related to the velocity of propagation by [110]:

v =
c

ñ
. (3.4)

As previously mentioned, both n and k are related to the dielectric constant (ε), which

is expressed as [110],

εr = ñ2, (3.5)

where the dielectric constant is de�ned by [101,110�113]

εr = εr1 − iεr2, (3.6)

where

εr1 = n2 − k2, (3.7)
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and

εr2 = 2nk (3.8)

where εr1 and εr2 are the real and imaginary parts of the dielectric function, respectively

[101,110�112]. Hence, the complex dielectric functions of materials and their variations

with wavelength can be used to comprehend the di�erent features of the T and R spectra

of thin �lms [113].

As n and k cannot be calculated directly, several methods can be carried out through

indirect measurements. In this project, the method is carried out by calculating and

�tting the measured T and R spectra, where SCOUT programme is utilised. Within

SCOUT, the Kramers-Kronig Relation (KKR) was used to calculate the real and imag-

inary parts of the dielectric functions as a function of wavelengths [102,113,114].

Other methods that have been studied for the determination of n and k are as follows

[110,115]:

� The Cauchy equation [116]

� The Sellmeier relations [116,117]

� The Lorentz classical oscillator model [116�118]

� Swanpoel envelope method [119]

where Poelman and Smet [115] have carried out these methods and have reported the

same kind of dispersion behaviour of the refractive index being observed based on the

di�erent techniques [110].

Additionally, many factors can a�ect the refractive index of thin �lms, such as deposition

techniques, deposition parameters, substrate temperature, annealing temperature, �lm

thickness, material mixing ratio, and the stoichiometry of the �lms [110].

As k can be related to the absorption of the coating materials (further discussed in
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Section 3.2.3), it can be used to provide information about the optical absorption prop-

erties of a material when absorption measurements cannot be carried out directly. This

is important for the optics utilised in laser systems, as they can be directly related to the

mechanisms that cause LIDT. By calculating both n and k of the materials of interest,

this allows for precise modelling of coatings that will be utilised in laser systems, aid

the understanding of the materials which can help with the design to minimise loss due

to absorption, leading to enhanced system e�ciency.

The correlation between k and LIDT is signi�cant, as higher absorption (higher k) leads

to greater local heating, reducing LIDT owing to thermal damage mechanisms. Addi-

tionally, absorption can also in�uence non-linear e�ects such as multiphoton ionisation,

tunnel ionisation, and avalanche ionisation, impacting the LIDT, as discussed in Section

1.7. For example, in multiphoton ionisation, materials with high values of k will absorb

more photons at the laser wavelength, which leads to a lower LIDT by increasing the

possibility of defects or free carriers which further damages the coatings, as well as leads

to non-linear absorption, which can lower the material's resistance to laser damage.

Thus, understanding and accurately measuring both the refractive index and extinction

coe�cient is essential for optimising optical material performance and durability, espe-

cially in high-intensity laser applications. The uncertainty in the measurement of both

n and k depends on the technique and equipment used, along with data interpretation.

In the latter case, this depends on the model used to calculate both n and k, where

di�erent methods provide slightly di�erent values for n and k. In this thesis, the un-

certainty quoted is the standard deviation of the results based on �ve di�erent �ttings,

using the optical �tting software SCOUT, unless explicitly stated otherwise.

3.2.3 Absorption and Absorption Coe�cient

Optical absorption occurs when photons of given wavelengths are directed onto a sam-

ple, where photons with energies higher than that of Egap are absorbed. This optical

absorption can aid in the determination of the Egap or forbidden gap energy [101].
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For any given material, one can calculate the absorption (A) based on the T and R

data by utilising the following assumption:

T +R+A = 1, (3.9)

where the scattering of light is assumed to be negligible. However, for thin �lms, the T

and R data tend to have "fringes", where one will have to correct for this by correcting

the transmission (TC) [25], where:

TC = T +A, (3.10)

and

TC +R = 1, (3.11)

where TC can also be written as:

TC =
T

1−R
. (3.12)

The absorption coe�cient can then be calculated based on the Beer-Lambert law:

IT = I0e
−(αd), (3.13)

where IT is the transmitted intensity after the correction. Hence,

IT
I0

=
T

1−R
= e−(αd), (3.14)
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where if the thickness (d) of the �lm is known (which can be extracted through an optical

�tting software, or, for example, by using a surface pro�lometer), one can calculate the

absorption coe�cient (α) by,

α =
− ln( T

1−R)

d
, (3.15)

where α contains the relevant information for analysing the Egap. There are several

ways to compute Egap, for example, by utilising the OJL method or Tauc's method,

which will be discussed in the following sections (Section 3.2.4.1 and Section 3.2.4.2).

As α is also dependent on the wavelength of light that is being absorbed, as well as the

material of the �lms, it can also be described in relation to the extinction coe�cient

(k) as,

α =
4πk

λ
. (3.16)

3.2.4 Bandgap Energy

The bandgap energy (Egap), or the forbidden gap energy, is the di�erence between two

bands: the valence band (Ev), which is the lowest energy level, and the conduction band

(Ec), which is the highest level where an electron can be considered free for conduction.

In other words, Egap is the minimum energy required to excite electrons so that they

can participate in conduction.

There are two types of band-to-band (interband) transitions in bandgaps: allowed

and forbidden, where both of these transitions also exist in direct and indirect transi-

tions [22]. In allowed transitions, the probability of photon-induced electron transitions

is high, occurring without signi�cant restrictions. In forbidden transitions, the prob-

ability is much lower due to the small momentum of photons which makes it di�cult

to satisfy the momentum conservation requirement, where forbidden transitions often
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require multiple steps or the assistance of phonons to satisfy momentum conservation,

which reduces the overall probability of such transitions. Figure 3.1 shows the optical

transitions that may occur between the Ev and Ec.

Conduction Band

Valence Band

(a)

(b) (c)

(d)

Egap
(indirect)

Egap
(direct)

Energy

Wave Vector

Figure 3.1: Schematic diagram of bandgap transitions, where: (a) direct allowed, (b) direct forbidden, (c)
indirect allowed and (d) indirect forbidden transitions [22, 23]

As shown in Figure 3.1, for direct transitions, the bandgap is formed between the

energy maximum of the lowest band (valence band) and the minimum of the highest

band (conduction band), which is at the same position as the electron momentum.

For indirect transitions, the maximum energy of the valence band occurs at a di�erent

value of momentum to the minimum of the conduction band energy [101]. A photon of

energy Egap can easily produce an electron-hole pair in a direct bandgap semiconductor,

whereas in the indirect bandgap semiconductor, an electron must undergo a signi�cant

change in its momentum for a photon of energy Egap to produce an electron-hole pair.

In an indirect transition, the electron will have to interact with both the photon to gain

energy, and with a lattice vibration (phonon) in order to gain or lose momentum [101].

In the case of semiconductors and insulators, the absorption coe�cient can be used to
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determine the optical gap. The methods used in this thesis to obtain Egap are described

below.

3.2.4.1 OJL Bandgap Energy

The empirical OJL model [120] was used to describe the e�ects of interband transitions

on dielectric functions. The OJL model was originally developed for amorphous ma-

terials, where the bandtails exists into the bandgap is taken into account. With this

model, the parabolic bands are assumed with tail states exponentially decaying into the

bandgap, as shown in Figure 3.2 below [24,120]:

Valence Band Conduction Band

EV ECE0
Energy

Density of States

Figure 3.2: Density of states in the OJL band gap model [24,25]

with the expressions for the mobility edges of the valence and conduction bands:

EM,V = EV − 1

2
γV, (3.17)

and

EM,C = EC +
1

2
γC, (3.18)

where we can then extract the mobility gap (Eo) by,
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EC +
1

2
γC − [EV − 1

2
γV] = Eo, (3.19)

where γV and γC are the tail state exponents of the valence and conduction band. The

γ given in the SCOUT model is equivalent to the Urbach energy (EU), which is the

sub-gap absorption that could arise from either the tail states or general disorders [25].

The OJL model is similar to Tauc's model, where both assume a parabolic density

of states. However, as previously mentioned, OJL takes into account the exponential

decaying of tail states in to the gap region, which is a more realistic description of

amorphous materials.

3.2.4.2 Tauc's Bandgap Energy

In Tauc's method, he proposed a method for estimating the bandgap energy of a material

by using the optical absorption spectra [121]. This method is based on the assumption

that the energy-dependant absorption coe�cient (α) can be expressed by,

(αhν)
1
r = B(hν − Egap), (3.20)

where h is the Planck constant, ν is the photon frequency, and B is a constant. The r

factor depends on the nature of the electron transitions where this could be equal to 1
2 ,

2, 3, and 3
2 for direct allowed, indirect allowed, indirect forbidden, and direct forbidden

transitions, respectively. The absorption is linearised by the function (αhν)
1
r , where to

extract the Egap information, one must plot (αhν)
1
r against hν, where the linear region

of the spectra can be extrapolated to cross the x-axis. The value of the x-intercept of

this line is the value for Egap.

One can also extract EU values from Tauc's method by plotting ln(α) against hν. By

�tting the linear portion of the curve with a straight line, the reciprocal of the slope

yields the value of EU.

47



Chapter 3. Coating Characterisations

However, Tauc's method is not an ideal representation of the density of states in a real

experiment for amorphous materials, where tail states are an important feature in the

amorphous forbidden gap, where the OJL method is preferred, and hence, is used in

SCOUT.

3.3 Spectrophotometer

Typically, the �rst measurements carried out on the �lms discussed in this thesis are the

transmittance and re�ectance measurements as a function of the wavelength of light,

where this data can be input into the optical �tting software SCOUT to extract the

optical properties of the �lms.

Spectroscopy allows for the study of how matter interacts with or emits electromag-

netic radiation. Generally, there are two types of spectrophotometer: (i) single beam

spectrophotometer and (ii) double beam spectrophotometer. The single beam spec-

trophotometer operates by utilising the light from the source lamp inside the system,

which is collimated and passed through a monochromator, where the lights are di�racted

into each individual wavelength. Then, the intensity of light transmitted and re�ected

through the sample is measured by a detector, which converts it into transmittance and

re�ectance spectra typically observed [26].

The absolute values of the transmittance and re�ectance were acquired by calibrating

the baseline data without a sample inside the spectrophotometer (where the read out

for the transmittance is 100%). Then, the transmittance and re�ectance data can

be measured and obtained for the samples. Once the spectra are obtained, optical

modelling �tting software (SCOUT) can be used to estimate the optical properties of the

thin �lms. Figure 3.3 shows the schematic diagram of a single beam spectrophotometer

which is used in this project.
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Diffraction Grating
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Wavelength Selector
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Computer
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Figure 3.3: Schematic diagram of a single beam spectrophotometer, reproduced from [26]

3.4 SCOUT

SCOUT is a thin �lm analysis software used to extract information from optical mea-

surements. This can be achieved by comparing the measured spectra for T and R,

acquired from the spectrophotometer, with simulated spectra which are based on the

user-de�ned layer stack. By �tting the spectra on SCOUT, optical constants can be

extracted, for example, the refractive index, extinction coe�cient, bandgap energy, and

thickness of the �lms.

To carry out the optical �ttings in SCOUT, the following steps must be taken based on

dielectric modelling [60]:

1. De�ne the structure of the layer stack

� In this case the layer stack are as follow: air - thin �lm - substrate - air

2. De�ne the optical constants of all relevant materials

� The optical constant models are comprised of susceptibility terms, which are

enabled to adjust the optical constants for better �t with experimental data.

The susceptibility terms selected for modelling in this thesis are described in

more detail below.
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3. De�ne the type of spectra that will be used to be simulated and compared to the

experimental data

� This can be the T,R,A, or ellipsometry spectra, dependant on the user. In

this case, the T and R spectra obtained from the spectrophotometer were

selected.

4. Select the �t parameters

� This is the parameters of the model that are to be adjusted in order to reach

optimal agreement between the simulations and experimental data can be

selected.

5. Fit the model

� This can be done manually by the user or automatically, where the downhill

simplex method is used.

3.4.1 The OJL Model

The OJL model is based on parabolic densities of states of the bandgap, and an expo-

nential tails that are characterised by damping constants for the valence and conduction

bands, as described in Section 3.2.4.1.

The "OJL2" model in SCOUT is under the KKR susceptibilities, where it is used to con-

nect the real and imaginary parts of the dielectric functions, where this is implemented

already in SCOUT. KKR is important for modelling the dielectric function model, where

one would use this in combination with other contributions that add to the real part

of the dielectric functions (i.e. "Constant Refractive Index") [24]. By utilising KKR

susceptibilities, one can also extract the refractive index, extinction coe�cient, and

thickness of the �lms, along with the OJL model.

The OJL interband transition model simulates the direct bandgap absorption with tail

states [24, 25, 60]. The model had four parameters: strength, gap energy, gamma, and
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decay. The gap strength determines how sharp the gap onset is; the gap energy expresses

the width of the bandgap; the Gamma parameter expresses the sub-gap absorption that

are exponentially decaying into the bandgap which could arise from tail states, otherwise

known as Urbach tail, or disorder; and Decay is a number that dictates the way the

imaginary part of the dielectric function decays to zero for high frequencies [24,25,109].

3.4.2 The Drude Model

This model is used to describe the transport properties of electrons in a material by

linking the optical and electrical properties of the material with the behaviour of its

electrons or holes.

The Drude model neglects any long-range interaction between the electrons and ions

and assumes that the electrons do not interfere with each other, where the only possible

interaction is the instantaneous collision between a free electron and an ion, which

occurs with a �xed probability per unit time [101].

3.4.3 Harmonic Oscillator

The microscopic vibrational motion of atomic nuclei typically has resonance frequencies

in the infrared region. These characteristic frequencies depend on the oscillating masses

and the strength of their bonding, which can be used to identify materials [24,101].

3.5 X-ray Powder Di�raction

X-ray powder di�raction (XRD) is a technique used to acquire information about the

crystallography, crystallinity, atomic structure, crystallite size, and preferred orientation

in thin �lm samples. The X-ray radiation used is created by bombardment of an anode

by an electron beam produced by a tungsten �lament [52].
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The generation of X-ray is made when the electrons that are bombarding the target

have su�cient kinetic energy; they can knock an electron out of the K shell, leaving

the atom in an excited, high-energy state. One of the outer electrons will fall into

the vacancy, emitting energy in the process, which is a form of X-ray radiation with a

speci�c wavelength. The K shell vacancy can be �lled with an electron from any other

outer shells, giving rise to Kα and Kβ lines. Kα is created when an electron from the

L shell �lls the vacancy and Kβ is created when an electron from M shell �lls the K

shell vacancy, where the former is most probable. A schematic of the electron shell

distribution showing the Kα characteristic X-ray photon emitted by an electron being

ejected is shown in Figure 3.4 below [27].

Ejected K-shell
Electron

Incident 
Electron

Rebound Incident 
Electron Nucleus

Kα X-ray

K
L

M

Figure 3.4: Schematic diagram of electron shell distribution, showing Kα X-ray being produced, reproduced
from [27,28]

The X-ray beam created was then focused on the sample with the help of a collimator

placed in front of the X-ray gun. The X-ray detector picks up the interaction between

the incident rays and the sample, where constructive interference is created to satisfy

Bragg's Law (Figure 3.5),

nλ = 2d sin θ, (3.21)

where n is the di�raction order, λ is the wavelength of the incident X-ray, d is the lattice
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spacing, and θ is the incidence angle of electromagnetic radiation.

d

θθ 

dsinθ

Incident
Beam

Diffracted
Beam

Plane Normal

Figure 3.5: Schematic illustration of Bragg condition and Bragg's law

To satisfy Bragg's law, the condition is usually obtained by varying either the wave-

length or θ. In this case, when a monochromatic X-ray beam is used, θ is varied to

satisfy the Bragg condition. Once the condition is met, it can be used to determine

the atomic orientation or the inter-planar distance between adjacent atomic planes. In

polycrystalline and crystalline materials, the orientation of the lattice relative to the

incident rays will alter the di�raction pattern, whereas in amorphous materials, the ori-

entation should have no in�uence. In other words, the pattern of angular position (2θ)

and intensities (I) of the resultant di�raction peaks are unique characteristics for each

sample, whereas for an amorphous sample, this will result in featureless XRD scans [27].

Two di�erent XRD methods have been carried out, which are described in the following

sections:

3.5.1 Bragg-Brentano Geometry

The Bragg-Brentano (BB) method is typically used to analyse thin �lms. However, this

method uses large incident angles, which leads to the X-ray beam to penetrate pass

the coating and into the substrate, giving inaccurate data for the coating's crystallinity

due to in�uence of the substrate. In this mode, the distance between the sample and
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detectors are constant, as the samples are kept constant. The di�racting pattern was

collected by varying the incidence angle of the incoming X-ray beam (θ) and the scat-

tering angle (2θ), while measuring the scattered intensity I as a function of 2θ [52,122].

As mentioned, the sample remained �xed while the X-ray source and detector rotated

by θ/min clockwise and anticlockwise, respectively. Figure 3.6 shows the schematics of

the typical set-up of Bragg-Brentano geometry.

ω θ 2θ

X-rays Detectors

Figure 3.6: Schematic illustration of Bragg-Brentano Geometry, reproduced from [29]

3.5.2 Grazing-Incidence Geometry

To obtain information on the very thin layers on the sample, grazing-incidence XRD

(GIXRD) was used. In GIXRD, a very small angle (< 5°) is used. This is so that

X-rays are focused only on the topmost layer with small penetration depths into the

samples [97]. During the collection of the di�raction spectrum, both the sample and

incident angle of the X-ray beam were �xed, while the detector was rotated to collect

information at di�erent angles. By using GIXRD, it is possible to resolve information

as a function of depth by collecting di�raction patterns with varying incident angles

(ω). Figure 3.7 shows the schematics of the typical set-up of GIXRD geometry.
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2θ

ω < 5o (fixed) 

X-rays
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Figure 3.7: Schematic illustration of Grazing-Incidence Geometry, reproduced from [29]

3.6 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS or EDX) was used to analyse the elemental

composition or chemical characterisation of the thin �lms. X-ray emission is stimulated

by focusing the X-ray beam or high energy charged particles on the surface of the

samples, which excites the electronic structure of an atom. As the core atoms are

"kicked" out, leaving behind a hole, electrons from higher binding energy levels then falls

to �ll in this hole, emitting an X-ray with the energy di�erence of the electron binding

energies (see Figure 3.4). EDS analysis yields a spectrum which displays the peaks that

are correlated to the elemental composition of the investigated samples, where each

element in the periodic table has its own unique "�ngerprint" spectrum [123,124]. EDS

has three extremely important components: an emitter, a collector, and an analyser.

The combination of these three components allows the analysis of the number of X-

rays released along with their energies to provide both quantitative and qualitative

information about the samples [125, 126]. Typically, EDS is equipped with an electron

microscope, which in this case is a Scanning Electron Microscope (SEM).
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SEM focuses a beam of electrons over the sample area, where it interacts with atoms to

emit electrons (secondary electrons), X-rays, and backscattered electrons. With these

interactions, an image can be formed and the elemental properties of the material can

be determined using EDS [127].

3.7 Rutherford Backscattering Spectroscopy

Rutherford backscattering spectroscopy (RBS) is an ion scattering technique used for

thin �lm analysis and is unique in that it allows the quanti�cation of elements without

the use of reference standards. Light elements, such as helium or hydrogen, are typically

used in the energy range of a few MeV to probe the samples. The ions were directed

onto the sample, and the energy distribution and yield of the backscattered ions at a

given angle were measured. The energy of the backscattered ions was used to identify

the atoms in the samples and the depth at which the atoms were located. The number

of detections of the elements allows for the determination of the stoichiometry of the

�lms [122,128,129].

3.8 Post-deposition Heat Treatment

Post-deposition heat treatment (sometimes referred to as annealing) is commonly car-

ried out in many device fabrication processes, and it is extremely signi�cant for the

stability and reproducibility of the process and devices [60, 130]. With post-deposition

annealing, there are three possible e�ects that can occur [60,131]:

� Improvement of crystallinity

� Formation of oxygen vacancies

� Release of excess oxygen
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Nevertheless, the e�ectiveness of post-deposition annealing depends on the as-deposited

properties of the �lms [60,130].

Annealing of thin �lms in air at high temperatures can incorporate oxygen into thin

�lm coatings if the �lms are oxygen de�cient and reduce oxygen if the �lms are over-

stoichiometric (oxygen-rich). Hence, post-deposition annealing was used to optimise the

�lm properties. Alongside the optimisation of thin �lm properties, annealing may also be

able to enhance grain growth and aid in the recovery of disordered structures [60,130],

that is, changing from a disordered structure known as amorphous to a crystalline

nature.

3.9 Laser Induced Damage Threshold

3.9.1 Fundamental

When an optical sample is exposed to intense laser radiation, it can become damaged.

Laser induced damage (LID) is understood to be an irreversible modi�cation of the

properties of a material caused by surface or bulk melting, material softening, cracking,

pitting, or shattering.

According to the International Standard Organisation (ISO), LID is de�ned as,

"...any permanent laser radiation induced change of the surface characteristics of the

specimen which can be observed by an inspection carried out with an incident light mi-

croscope having Nomarski-type di�erential interference contrast. A magni�cation in the

range from 100× to 150× shall be used." [9, 132]

Throughout the years, it has been found that the formation and growth of LID de-

pends on three main components: laser irradiation parameters (i.e. wavelength and

pulse duration), environmental conditions (i.e. air, temperature, and contamination),

and material properties (i.e. defects, absorption coe�cient, and electric �eld e�ects).
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Laser damage can be broadly classi�ed into two types: absorption-driven damage and

dielectric breakdown damage, where the type of damage is dependent on the conditions

previously mentioned. LID can form at di�erent locations of the optics: the bulk ma-

terial, surface of the sample, or in the optical coating, where this is shown in Figure

3.8 below. The morphology of the LID can be associated with the damage mechanism

and provides a small insight into the causes of the damage. Further discussion of the

damage mechanisms is provided in Section 1.7.

Figure 3.8: Di�erent locations where there can be damages on an optics due to the laser irradiation. The di�erent
types of damage morphologies are shown in the �gure. This �gure has been extracted from LIDARIS [9].

3.9.2 LIDT Protocol

As for laser induced damage threshold (LIDT), this is a physical characteristic of optical

components which de�nes the critical power or peak �uence of laser irradiation which

causes irreversible changes in the material structure. The technical de�nition of LIDT is

the limit of the material that can withstand the laser irradiation without any observable

changes. According to ISO 21254-1, 2, 3 and 4, LIDT is the highest quantity of laser

radiation incident upon the optical component for which the extrapolated probability

of damage is zero where the quantity of laser radiation may be expressed in energy

density, power density, or linear power density. [132�135]
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LIDT is typically carried out by irradiating laser beam on to an optic. There are

two main di�erent tests typically carried out: 1-on-1 (single pulse per site) and S-on-1

(multiple shots per site). The S-on-1 method was carried out for this thesis, and the

setup will be discussed in a later section. In the S-on-1 method, the test sample is

irradiated at several di�erent �uence levels at a certain number of sites at each level

based on the ISO 21254 standard. The higher �uences were chosen to produce a high

probability of damage, whereas the lower levels are for lower probability of damage

existing. The percentage of failures is plotted against the �uence values, where a least-

square linear �t to these data is calculated, and the 0% failure intercept most often

de�nes the damage threshold level. However, the LIDT values quoted are dependent on

the use of the optics, where there may be small damage, but for usage, this is negligible.

The plot mentioned is also known as the "Damage Probability Curve".
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4.1 Introduction

In this chapter, the experimental and characterisation setup used throughout this

project are described. The substrate cleaning procedure was �rst discussed, followed by

the two ECR-IBSD setups that were utilised: the 600-System and the Combimat sys-

tem, where detailed descriptions of each component in each system have been discussed

and shown. The �nal section that has been discussed is the description and parameters

used for each of the di�erent characterisation methods that have been carried out.

4.2 Substrate Cleaning Procedure

The cleanliness of the substrates is extremely important for laser optics, as this is a

factor which can a�ect the LIDT of an optic. Throughout this thesis, a 3-step process

was performed to clean the substrates:

1. Substrates placed in acetone, inside an ultrasonic bath for 20 minutes.

2. Then, placed in isopropyl alcohol inside an ultrasonic bath for a further 20 minutes.

3. Finally, dried by utilising nitrogen, before placing on the substrate holder.

The substrates utilised throughout this thesis are JGS-3 fused silica substrates, with
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dimensions of 20 mm in diameter, and 1 mm thick, and Corning 7979 substrates, which

are 1 inch in diameter and 6.35 mm thick. Typically, JGS-3 substrates are used for the

characterisation of thin �lms, as described in Chapter 3 and also later in this chapter.

Corning 7979 substrates were used for LIDT testing because they are highly polished

substrates and are suitable for laser optics.

4.3 System Setup

4.3.1 600-System

The 600-system is shown in Figure 4.1, where it can occupy up to six ECR ion sources.

These ion sources generate highly con�ned (mm-scale) parallel beams extracted through

a single aperture and extracted with 10 kV potential. The experimental setup consisted

of a dry scroll vacuum pump (Scrollvac 7, Leybold, Germany) and turbo pump (Tur-

bovac MAG W 400 P, Leybold, Germany) to achieve ultra-high vacuum (UHV). The

schematic shows an example of the experimental setup used to fabricate HfO2 and Sc2O3

thin �lms.

Neutralisers (Polygon Physics, France) were added to the chamber (Figure 4.1, #4) to

solve the previous arching issues that occurred, which were caused by the accumulation

of charges on the non-conductive target surface. For improved thickness uniformity of

the coatings, four samples are placed on a rotating substrate holder (Figure 4.1, #1),

on a ferro�uidic drive, driven by a stepper motor at 0.6 rpm for each deposition. The

location of the substrate holder coincides with the placement of the target (Figure 4.1,

#2), where the greatest sputtered �ux can be found. The growth rate was measured in

situ by utilising a quartz microbalance, which was placed on the system door next to

the substrate holder, and the thickness of the coatings was later determined by �tting

T and R spectra and extracting the data from SCOUT. In addition, there are gas lines

which introduce gas directly into the chamber (also known as the background gas),

along with another set of gas lines which lead directly through the ion sources to create
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ion beams.

The ion source parameters were controlled using the LabVIEW software (Version 16.0

NI), where the following parameters were controlled for each individual ion source: gas

�ow through the ion sources, microwave power for plasma generation, beam voltage,

and focus voltage.

1
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3
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4

Pumping System

Rotating Substrate Holder

Target

Sputtered Flux

O2 Ar Plasma Neutraliser

Reactive (Background) Gas Inlet
Mass Flow
Controller

Ion Beam
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Microwave 
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Electrostatic 
Focus
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(a) Schematic diagram of the 600 System.
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3

3
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(b) Photographed image of the custom-built ECR-IBSD system. The blown-up image of the ECR ion source is the same as that
in Figure 2.7.

Figure 4.1: Schematic and photographed images of the custom-built ECR-IBSD system used. The �gures also
contain numbered labels for each of the components that were described in the text, along with labels in the
schematic diagram of all the important components.

4.3.2 Combimat

The combimat system is a steel vacuum chamber with the dimensions of 50 × 50 ×
50 cm3, where inside the chamber, it contains 24 ECR ion sources, which is formed

as a ring, targets holder for conical targets, substrates holder, shutter, and a quartz

microbalance. The system also consists of a dry scroll vacuum pump (adixen ACP 15G,

Pfei�er Vacuum, Germany) and a turbo pump (TC 400, Pfei�er Vacuum, Germany) to

reach UHV, along with high voltage power supplies for the sources. Figure 4.2 shows the

schematic cross sectional view of the system, along with the real image of the system.
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Cross Section View
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(a) Schematic of the Combimat system, where this is a cross section view
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(b) Image of the Combimat system

Figure 4.2: Schematic and photographed images of the Combimat system. The �gures also contain numbered
labels for each of the components that were described in the text, along with labels in the schematic diagram of
all the important components. Again, this system utilises ECR ion sources, where the Combimat has a total of
24 ion sources.
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In Figure 4.2, important components are labelled in both images. The labels are as

follows: #1 is the rotating substrate holder, #2 is the ion source ring, #3 is the targets

holder, #4 is the focus electrode, #5 is the repel electrode, #6 is the individual high

frequency generator, #10 is the quartz microbalance, and #11 are the power supplies

for the system.

The arrangement of this system is novel owing to the compactness of the sources. Within

this system, there are 24 ion sources that form a ring, where each ion source faces its

own target, with conical geometry. This can be seen in Figure 4.2, as well as in Figure

4.3 below, where #7 label represents the ion sources.

Source Ring

Repel Electrode

Individual
High Frequency

Generator

Focus Electrode

2

Individual
Ion Sources

Side View

6

7

4

5

(a) Side view schematics of the Combimat's source ring

5

6

7

3

Tilted Top View

(b) Schematic of the Combimat's source ring, also showing the target holder
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10

53

6

7

(c) Top-view image of the Combimat's source ring, and targets holder

Figure 4.3: Schematic (a,b) and photographed (c) images of the Combimat system. The �gures contain numbered
labels for each of the components that were described in the text, along with labels in the schematic diagram of
all the important components.

The ion energy is set by polarising the source ring (#2) at a high positive voltage, and

the ion beam shape can be controlled by polarising the focus electrode (#4). The beam

shape can be controlled by controlling the focus voltage, which in turn can be used

to control the spot size on the target. The polarisations on the source ring and the

focus electrode can be controlled by utilising LabVIEW, where these polarisations are

obtained using two independent high voltage supplies, which can be controlled between

0 - 15 kV. There is also a repel electrode (#5) that can be seen between the focus

electrode (#4) and the target holder (#3), and it can be set between -25V to -2000V in

order to de�ect secondary electrons produced by the ions hitting the target. This repel

electrode is important because the secondary electrons can accelerate backwards to the

ion sources, causing damage. Each of the ion sources is connected to an individual high

frequency generator via its own SMA cables to form the plasma, where the microwave

power of the sources can be controlled using LabVIEW. All the high voltage biased
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components were inside the vacuum chamber. The values of the parameters used are

discussed in subsequent sections.

To create ion beams, gas must be injected into the system, which can be controlled

using LabVIEW via mass �ow controller. The gas distribution was performed by a

stainless-steel rig that divided the total �ux for the individual sources. Reactive gas (or

background gas) is injected directly into the system above the source ring and targets,

which can also be controlled via LabVIEW. A schematic diagram of the door, where all

the electrical feed-through and mass �ow controllers are shown in Figure 4.4.

6a

8

9

10

High Frequency
Feedthrough

Sputtering Gas
Mass Flow 
Controller

Quartz
Microbalance

Reactive Gas
Mass Flow
Controller

Figure 4.4: A schematic diagram showing the electrical feed-through for the di�erent components in the chamber,
as well as the mass �ow controllers for the gases used during the deposition. #6a is the high frequency feed-
through for the individual sources, #8 and#9 is the sputtering and reactive gas mass �ow controller, respectively.

The substrate holder is also placed at the top of the chamber, where it also utilises a

stepper motor to rotate the holder, at 0.9 rpm for each deposition, to provide a more

uniform coating. The location of the substrate holder is where the greatest sputter �ux

can be found for the combination of individual ion sources/target �uxes. A schematic

diagram of the sputtering process with Combimat's geometry is shown in Figure 4.5,

where the substrate holder is at the top of the chamber. The growth rate can also

be measured in situ by utilising a quartz microbalance, which is placed between the

substrate holder and the source ring and targets.
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Figure 4.5: A schematic diagram of the combimat's sputtering process. The schematic is showing one source
and one target for simplicity.

As shown, the combimat system relies on multiple small ion sources rather than one large

ion source, which has its advantages. Each individual ion source faces its own target,

allowing mixed materials or multilayer coatings to be easily fabricated. In addition,

with the combimat system, one does not have to move the targets to fabricate multilayer

coatings, as individual ion sources can be turned on and o� depending on which target

material is needed. By contrast, in a conventional IBSD system with one ion source, one

would need a motor is required to move the targets to di�erent positions to fabricate

multilayer coatings.

4.3.3 Experimental Con�guration

In this section, the di�erent experimental con�gurations of the materials studied in this

thesis are described.

4.3.3.1 Hafnium Oxide

The hafnium oxide (HfO2) thin �lms presented in this thesis were fabricated in a custom-

built IBSD system using three compact ECR ion sources (Polygon Physics, France), as

shown in Figure 4.1. The system can occupy up to six ECR ion sources, three of which

were utilised in this experiment to generate ion beams (Figure 4.1, #3). For the target,
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a 99.99% HfO2 target (Scotech, Scotland) was used, which was placed in the centre of

the chamber (Figure 4.1, #2). A schematic and image of the custom-built ECR-IBSD

system are shown in Figure 4.1. Owing to the nature of the ECR sources and their low

deposition rate (∼ 0.01 Å/s), the deposition time for each run was 72 hours for this

experiment.

The main aim of this experiment was to investigate the optical properties of HfO2 coat-

ings with varying oxygen background partial pressures and using di�erent percentage

of oxygen through the ion sources. Table 4.1 shows the di�erent percentages and gases

used for each deposition, and has been split into the three di�erent con�gurations, which

has been further described below.

Table 4.1: The gases con�gurations through the ion sources, neutraliser and background for all 3 setup that
were carried out in this experiment

OXYGEN PERCENTAGE

(%)

TOTAL PRESSURE

(mbar)

GASES

Ion Sources Neutraliser Background

Con�guration (i)

0% 2.5× 10−4 Argon Argon �

10% 2.5× 10−4 Argon Argon Oxygen

20% 2.5× 10−4 Argon Argon Oxygen

35% 2.5× 10−4 Argon Argon Oxygen

50% 2.5× 10−4 Argon Argon Oxygen

70% 2.5× 10−4 Argon Argon Oxygen

90% 2.5× 10−4 Argon Argon Oxygen

Con�guration (ii)

10% 2.5× 10−4
1 Source: Oxygen

2 Sources: Argon
Argon �

30% 2.5× 10−4 3 Sources: Oxygen Argon �

Con�guration (iii)

100% 2.5× 10−4 Oxygen Oxygen �

The base pressure in this experiment was lower than 3 × 10−6 mbar, and as shown in

Table 4.1, the total pressure was �xed at 2.5× 10−4 mbar during the deposition, where

the gas from the neutraliser was considered for the overall gas percentages and �xed

total pressure. The deposition was performed at room temperature. The gases were
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introduced into the chamber using the following three con�gurations:

(i) Varying oxygen background partial pressure from 0% to 90% of the �xed total

pressure value, with argon being introduced through the sources and neutraliser

to account for the remaining percentage. This con�guration will also be referred

to as "Reactive Oxygen"

(ii) Varying the sputtering oxygen partial pressure through 1 or 3 ion sources with

no background gas, where this will be referred to as: "10% Sputtering Oxygen"

when 1 source is utilising oxygen while the remaining 2 sources and the neutraliser

are utilising argon; and "30% Sputtering Oxygen" when all 3 sources are utilising

oxygen and the neutraliser is utilising argon.

(iii) Using pure oxygen gas for the full process through the sources and the neutraliser,

where this will be referred to as "Pure Oxygen Process".

Figure 4.1 shows a schematic diagram of the experimental setup for this experiment,

where three ion sources and one neutraliser were focused on a HfO2 target. The beam

sputtered the target and the material was deposited on a rotating substrate to provide

a uniform coating. The position of the substrate was optimised to obtain the highest

�ux of the sputtered particles, where this is further discussed by C. Bundesmann and

H. Neumann [20], and is shown in Figure 4.6.
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Figure 4.6: A schematic of IBSD process, outlining the geometric factors which can contribute to di�ering
sputter plume distributions (ion incidence angle (α), polar emission angle (β) and scattering angle (γ)). The
schematic has been reproduced from [20].

The geometric parameters that are integral to the properties of IBSD coatings include

the beam angle of incidence (α), polar emission angle (β), and scattering angle (γ),

given by,

γ = 180°− (α+ β), (4.1)

where it has been reported that for the largest sputter yield, this can be achieved where

60° < α < 80°, with respect from the target material [20].

As previously mentioned, the ion source parameters are controllable via LabVIEW; in

this experiment, the microwave power input was between 3 - 5 W, the focus voltage

was between 3 - 6 kV, and the beam voltage was kept constant at 10 kV for all sources.

The chosen parameters were used to provide the highest extraction current, minimal

beam divergence, and highest ion energies and to provide the most stable beam for each
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deposition.

For this custom-built system, the neutraliser is crucial for this experiment because it

is used to control the accumulation of charges on the non-conductive target surface,

which leads to arching and can cause damage to both the ion sources and substrates.

The neutraliser utilises the same ECR technology as the ion sources, and the extraction

system connected to the cavity determines the nature of the particles that exit the

source; in this case, it is used to control the accumulation of charges. During each

deposition, gas was injected into the neutraliser, where a separate controller from the

ion sources was used to switch it on. The gas was introduced through the neutraliser

until the pressure reached 1.8× 10−4 mbar, which is the minimum pressure required to

start the neutraliser.

4.3.3.2 Scandium Oxide

The scandium oxide (Sc2O3) thin �lms presented herein were fabricated using a custom-

built ECR-IBSD system with three compact ECR ion sources (Polygon Physics, France),

as shown in Figure 4.1. The target used was a 99.99% Sc2O3 target (Scotech, Scotland),

which was placed at the centre of the chamber (Figure 4.1, #2). A schematic and image

of the custom-built ECR-IBSD system is shown in Figure 4.1. In this experiment,

the sputtering time was maintained constant at 72 hours, similar to that in the HfO2

experiment.

In this experiment, six di�erent coating runs were carried out, which consisted of varying

the reactive oxygen background percentage and using oxygen as sputtering gas. Table

4.2 shows the di�erent percentages and gases used for each deposition.

72



Chapter 4. Experimental Setup

Table 4.2: The gases con�gurations through the ion sources, neutraliser and background for this experiment

OXYGEN PERCENTAGE

(%)

TOTAL PRESSURE

(mbar)

GASES

Ion Sources Neutraliser Background

0% 2.5× 10−4 Argon Argon �

20% 2.5× 10−4 Argon Argon Oxygen

40% 2.5× 10−4 Argon Argon Oxygen

60% 2.5× 10−4 Argon Argon Oxygen

80% 2.5× 10−4 Argon Argon Oxygen

100% 2.5× 10−4 Oxygen Oxygen Oxygen

The base pressure in this experiment was lower than 3 × 10−6 mbar, and as shown in

Table 4.2, the total pressure was �xed at 2.5× 10−4 mbar during deposition, where the

gas from the neutraliser was considered for the overall gas percentages and �xed total

pressure. The deposition process were carried out at room temperature.

Figure 4.1 shows a schematic diagram of the experimental setup for this experiment,

where three ion sources and one neutraliser were focused on a Sc2O3 target. The beam

sputtered the target, and the material was deposited on a rotating substrate to provide

a uniform coating, the setup of which was the same as that described for the HfO2

experiment.

As previously mentioned, the ion source parameters were controllable via LabVIEW, in

which the microwave power input was between 3 - 5 W, the focus voltage was between

3 - 6 kV, and the beam voltage was kept constant at 10 kV for all sources. As described

for the HfO2 setup, during every deposition, the gas was injected into the neutraliser,

where a separate controller from the ion sources was used to switch it on. The gas was

introduced through the neutraliser until the pressure reached 1.8 × 10−4 mbar, which

was the minimum pressure required to start the neutraliser.
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4.3.3.3 Hafnia Silica Mixture

Hafnia-silica mixed (HfO2:SiO2) �lms were fabricated using the Combimat system

(Polygon Physics, France), as shown in Figures 4.2, 4.3, and 4.4. The system con-

sists of a source ring with 24 ion sources (Figures 4.2 and 4.3, #2) � however, within

this experiment, one of the sources' microwave power is used to control the neutraliser

to help the repel plate with the discharging inside the system. The targets used in

these experiments were 11 × HfO2 conical targets with a purity of 99.99% (Testbourne,

United Kingdom) and 12 × SiO2 conical targets with a purity of 99.99% (Testbourne,

United Kingdom). The targets were placed on the target holder, which was located in

the middle of the source ring (Figure 4.2, #3). The deposition time for all the deposition

runs in this study was 24 hours.

The main aim of this experiment was to investigate the optical properties of di�erent

percentage mixtures of HfO2:SiO2 and the LIDT of the coatings. In this study, �ve

di�erent coatings were investigated: pure HfO2, pure SiO2 and mixed oxide coatings.

Table 4.3 below shows the numbers of targets that were sputtered in order to vary the

mixture percentages.

Table 4.3: The number of targets that are being sputtered by the ion sources for di�ering percentages

RUN NAME
TARGETS

HfO2 SiO2

C21F2310 11 �

C21F2416 � 12

C21F2910 11 12

C21G0810 10 4

C21G1210 11 2

In this experiment, the base pressure was approximately 1 × 10−6 mbar or lower, and

the total pressure during the deposition was 4×10−4 mbar. This total pressure includes

the reactive oxygen gas (1.1 sccm), argon gas for the sources (5 sccm), and pressure for

argon through the neutraliser (5×10−5 mbar). The deposition process were carried out
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at room temperature.

Figure 4.5 shows a schematic diagram of the system's sputtering process, where all

sources are behaving the same as the singular source shown in that �gure. As for the

placement of the targets, half of the target holders consist of HfO2 targets, and the

other half are SiO2 targets, as shown in Figure 4.7.

HfO2

SiO2

Figure 4.7: The target set-up for the HfO2:SiO2 coatings, where the white targets are HfO2 and the clear targtes
are SiO2.

Each source was focused on the individual target in front of it, where it was then

sputtered, and the material was deposited onto the rotating substrates for a uniform

coating. To obtain di�erent mixture percentages, a certain number of sources will

remain on, while others will remain o�, depending on the target percentages. This is

also observed in Table 4.3. All the ion source parameters were controlled via LabView,

where in this experiment, the microwave power for each of the individual sources was

kept constant at 2 � 3 W, the focus voltage was 2 kV, the high beam voltage was 6 kV,

and the repel voltage is -0.5 kV. The chosen parameters were utilised to provide the

most stable process for each deposition, with the highest possible extraction current.
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4.3.3.4 Scandia Silica Mixture

Similar to the HfO2:SiO2 �lms discussed in the previous section, the scandia-silica mix-

ture (Sc2O3:SiO2) �lms were fabricated using the Combimat system (Polygon Physics,

France), as shown in Figures 4.2, 4.3, and 4.4. Similar to HfO2:SiO2, the targets used in

these experiments were 12 × Sc2O3 conical targets with a purity of 99.99% (Testbourne,

United Kingdom) and 11 × SiO2 conical targets with a purity of 99.99% (Testbourne,

United Kingdom). The targets were placed on the target holder, which was situated in

the middle of the source ring (Figure 4.2, #3). The deposition time for all the deposition

runs in this study was 24 hours.

The main aim of this experiment was to investigate the optical properties of di�erent

percentage mixtures of Sc2O3:SiO2 and the LIDT of the coatings. In this study, four

di�erent coatings are discussed: pure Sc2O3 and mixed with SiO2 coatings. Table 4.4

below shows the numbers of targets that were sputtered in order to vary the mixture

percentages.

Table 4.4: The number of targets that were sputtered for each run

RUN NAME
TARGETS

Sc2O3 SiO2

C21H3110 12 �

C21J0710 12 11

C21J2011 12 4

C21L0112 12 2

In this experiment, the base pressure was approximately 1 × 10−6 mbar or lower, and

the total pressure during deposition was 4 × 10−4 mbar. This total pressure includes

the reactive oxygen gas (1.1 sccm), argon gas for the sources (5 sccm), and pressure for

the argon through the neutraliser (5 × 10−5 mbar). The deposition was performed at

room temperature.

Figure 4.5 shows a schematics diagram of the system's sputtering process, where all
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sources are behaving the same as the singular source shown in that �gure. Regarding

the placement of the targets, half of the target holder consists of Sc2O3 targets and the

other half consists of SiO2 targets, as shown below.

Sc2O3

SiO2

Figure 4.8: The target set-up for the Sc2O3:SiO2 coatings, where the white targets are Sc2O3 and the clear
targtes are SiO2.

Each source was focused on the individual target in front of it, where it then sputtered

the target, and the material was deposited onto the rotating substrates for a uniform

coating. To obtain di�erent mixture percentages, a certain number of sources will

remain on, whereas others will remain o�, depending on the aimed percentages. This is

also observed in Table 4.4. All the ion source parameters were controlled via LabView,

where in this experiment, the microwave power for each of the individual sources was

kept constant at 2 � 3 W, the focus voltage was 2 kV, the high beam voltage was 6 kV,

and the repel voltage is -0.5 kV. The chosen parameters were utilised to provide the

most stable process for each deposition, with the highest possible extraction current.
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4.4 Characterisation Setup

4.4.1 Spectrophotometer

The spectrophotometer used to acquire the transmittance and re�ectance data is the

Photon RT UV-Vis-IR Spectrophotometer (EssentOptics Ltd., Belarus). The measure-

ments were performed on JGS-3 substrates for the coatings discussed in this thesis unless

stated otherwise. Photon RT can perform measurements in the wavelength range of 185

- 5000 nm. Photon RT utilises a deuterium lamp as the UV light source, a halogen lamp

as the VIS-NIR light source, and IR-source is used for IR measurements. Figure 4.9a

shows an image of the Photon RT.

To acquire the transmittance and re�ectance spectra, the relevant light sources within

Photon RT must be switched on. A calibration is carried out in the transmittance

mode, with no samples inside, to obtain the baseline data. For the transmittance data,

the sample was placed in front of the detector at a normal incidence, as shown in Figure

4.9b. To measure the absolute re�ectance, the detector has to be 8◦ from normal for

technical reasons, as shown in Figure 4.9c. At a small angle, the measured re�ectance

was not signi�cantly di�erent from that measured from normal incidence. As previously

mentioned, once the spectra are obtained, optical modelling �tting software (in this case,

SCOUT) can be used to estimate the optical properties of the thin �lms.
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Figure 4.9: Photon RT UV-VIS-IR Spectrophotometer, where (b) is showing the setup for transmittance, and
(c) is showing the setup for re�ectance. The number labels are as follow: (1) Light source, (2) Detector, and
(3) Substrate holder.

4.4.2 XRD Setup

The XRD measurements in this thesis were carried out at Advanced Materials Research

Laboratories (AMRL), situated at the University of Strathclyde (Scotland, UK ), using

a Bruker D8 Advance system with a Cu Kα X-ray source at λ = 1.541Å. Throughout

this thesis, the BB method is used to measure the angles of 2θ = 10 − 80°, with 0.05°
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steps. For the GIXRD method, this method was used to measure between the angles

of 2θ = 10− 70°, with 0.03° steps, and ω �xed at 0.5°. An image of the XRD system is

shown in Figure 4.10.

Figure 4.10: XRD system used within this project. The setup shown is for the BB-XRD method, where a
collimator is used.

4.4.3 EDS Setup

EDS measurements taken in this thesis were performed at the Advanced Materials

Research Laboratories (AMRL), situated at the University of Strathclyde (Scotland,

UK ). Elemental analysis and mapping of the samples were performed using a Hitachi

S3700-N Scanning Electron Microscope (SEM) equipped with an Energy Dispersive

Spectroscopy (EDS) system (Oxford Instruments X-Max 80). The measurements were

performed at room temperature and operated at an accelerating voltage of 10 kV.

4.4.4 RBS Setup

The RBS measurements that were carried out on the samples in this study uses a 2

MeV 4He beam. The beam was incident at an angle of 7° from the surface normal

to minimise channelling e�ects and the detector was placed at a scattering angle of

170°. The atomic concentrations and layer thicknesses were determined by �tting the

experimental spectra using the SIMNRA programme [136]. The RBS measurements
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quoted in this thesis were performed by M. Chicoine at the University of Montreal,

situated in Montreal, Canada.

4.4.5 LIDT Setup

The test setup used to carry out S-on-1 testing is shown in Figure 4.11. LIDT tests

were carried out at RhySearch (Buchs, Switzerland) [30]. A pulsed Nd:YAG laser with

a wavelength of 1064 nm and 100 Hz pulses was used as the laser source. The number

of pulses per site (S) was 10, and the pulse duration was 11.6 ns. The laser travels

towards the attenuator and HR mirrors, and then through the focusing lens towards

the optics being tested. A focusing lens was used to set the irradiated spot size to the

desired value. An energy monitoring photodiode was included in the setup to monitor

the energy of the laser beam throughout the experiment. The optics is mounted on

an XY-stage, which is used to position di�erent test sites in the beam and to set the

incidence angle (5° in this case). For in situ measurements, scattered light detection was

used to measure any damage that may have occurred during LIDT testing. A Nomarski

microscope was used ex situ to capture images of the damages after di�erent energy

�uences were carried out, which is not shown in Figure 4.11.
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Figure 4.11: The schematics diagram of the S-on-1 LIDT setup provided by RhySearch [30]

The optics used to carry out LIDT testing were highly polished Corning 7979, and the

tests were carried out in air. Two di�erent tests were performed on the same sample.

First, the samples were tested at as-deposited, then secondly, they were tested after

annealing at 480° for 1 hour in air to observe any di�erences that may have occurred in

the LIDT results.

4.4.6 Post-deposition Heat Treatment

All the samples investigated in this thesis were deposited at room temperature (RT),

where some of these samples underwent post-deposition annealing treatment. The post-

deposition annealing treatments were carried out in air using a Carbolite Gero CWF

1100 furnace (Carbolite Gero Ltd.). The samples were heated at a rate of 5°/min and

held constant for a speci�c dwell time of 60 minutes, unless otherwise stated. The sam-

ples which underwent post-deposition annealing were annealed in steps of 100°C for the

investigation. Finally, the samples were allowed to cool naturally to room temperature

before further investigation.
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Figure 4.12: The Carbolite Furnace for annealing samples
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5 | Hafnium Oxide

5.1 Introduction

Hafnium oxide, also known as Hafnia (HfO2) is one of the most attractive high refrac-

tive index materials (n = 1.85 - 2.10) [137], high-κ dielectric, with excellent thermal

and chemical stability [138] that are widely used in optical coating applications. They

are also commonly used in multilayer coatings as the high index material, alongside

low index materials like silica, where it can be utilised in interference �lters, anti-

re�ective (AR) coatings, metal-oxide-semiconductor transistors [139], and cameras that

can be used for space applications [137, 140, 141]. Other applications that HfO2 �lms

has been utilised aside for optical coatings are memory applications [138, 142, 143],

ferroelectrics transistors which can be used for in-memory computing devices, as well

as neuromorphic devices [144�146] and as HfO2 based nanoagent in clinical trials for

radio-sensitised tumour therapy [147]. HfO2 has optical transparency over a wide spec-

tral range, from ultraviolet (UV) to mid-infrared (mid-IR) region, due to its wide

bandgap of 5.3 - 5.7 eV [38,137,148�151] alongside high laser induced damage threshold

(LIDT), allowing it to often be utilised as the coating for optics in high power laser sys-

tems [4,40,150,152�154]. These HfO2 coated optics are utilised in �lters or mirrors for

laser spectroscopy, laser diodes, and multilayer high re�ection mirrors for gravitational-

wave interferometric detectors, for example [38�40]. Thus, understanding the optical

properties and LIDT is extremely crucial for design and fabrication of high power laser

optical devices. Although, from previous studies by many authors over the years, it
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shows that HfO2 has its favourable and advantages characteristics for di�erent applica-

tions, but the optical and structural properties of the thin �lms can vary depending on

the deposition methods, as well as deposition parameters [138,140].

Thus, leading to HfO2 �lms being deposited by common techniques, including e-beam

evaporation [4,74,149], dual ion beam sputtering (DIBS) [154,155], reactive low voltage

ion plating (RLVIP), RF magnetron sputtering [156], high pressure reactive sputtering

(HPRS) [157], pulsed laser deposition (PLD) [138] and ion beam sputtering deposi-

tion (IBSD) [72,158], yielding inconsistent optical, electronic and structural properties.

These inconsistencies reported in literature includes di�erences in �lms' stoichiometry

due to the deposition method, crystalline phases, polycrystallinity, amorphous nature,

density and defect states [138,159�161]. These inconsistencies can also be largely asso-

ciated with the deposition parameters, such as di�erent beam power, working pressure

and di�erent percentages of argon and oxygen �ow in the system during the fabrication

of the �lms [161], where it can also a�ect the optical properties of the �lms (i.e. refrac-

tive index, bandgap energy and absorption) [162]. With these inconsistencies reported

in �lm properties, it has been previously demonstrated that IBSD is a technique that

is capable of the fabrication of high quality thin �lms, with properties close to those of

bulk materials.

As for LIDT aspects within the literature, HfO2 thin �lms that provides the highest

LIDT are reported to be produced by utilising e-beam evaporation [74,152�154]. How-

ever, these coatings demonstrated to have porous structures, where this is suitable for

very demanding applications, typically in harsh environments for coatings, for example,

high humidity, high temperature or even in space vacuum [141]. Due to the porous na-

ture of e-beam evaporated coatings, there is a demand for denser �lms to be fabricated.

Therefore, IBSD �lms have been shown to be a technique that is capable of fabrication

of high quality thin �lms, where the high quality includes low scattering, high density,

high refractive index, low absorption, good mechanical structural properties, and good

environmental stability. The investigation of the purity, stoichiometric defects, and

optical properties are of great signi�cance for the preparation of high-quality coatings.
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In this chapter, it is reported here a strategy for the optimisation of HfO2 �lm prop-

erties by controlling the oxygen to argon ratio during the IBSD process. The �lms

were produced by utilising ECR-IBSD (further discussed in Section 2.3.3.2), which is a

novel process that has previously yielded the lowest IR absorption in amorphous silicon

thin �lms [108], but otherwise under explored for optical coating development. The

stoichiometry and elemental analysis of the �lms were carried out by EDS along with

RBS. The structural properties of the �lms were determined by XRD, and the optical

properties, such as refractive index (n), extinction coe�cient (k) and bandgap energy

(Egap), were obtained by �tting the transmittance and re�ectance spectra on SCOUT

software, have been reported and discussed. The correlation between the reactive oxy-

gen partial pressure and HfO2 �lms properties are presented. Furthermore, the e�ects

of annealing of these thin �lms on the structure and optical properties are presented

and discussed, where the results and discussion of the as-deposited and the annealing

studies have been split into two separate parts.

5.2 As-Deposited HfO2 Films

Within this �rst part, the results for as-deposited HfO2 thin �lms fabricated by ECR-

IBSD have been presented and discussed.

5.2.1 Results

5.2.1.1 Transmittance and Re�ectance Measurement

The main goal of the experiment is to investigate the e�ects of di�erent oxygen partial

pressure on the optical properties of the thin �lm coatings. The optical properties that

are in focused are: refractive index (n), extinction coe�cient (k) and Bandgap energy

(Egap). The thickness (d) of the coatings are also obtained the same way. In order to

extract these properties, the transmittance and re�ectance data were obtained using
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the Photon RT.

Figure 5.1 shows the transmittance and re�ectance measurements for all three con�g-

urations of the experiment. As previously mentioned, all the deposition runs has the

same overall pressure during deposition, same deposition time and also the same base

pressure. The absorption peaks measured at 2700 nm (very predominant in the trans-

mittance data) are the water absorption peaks, which are associated with the substrate

material. As described in Section 4.3.3.1, for varying oxygen content con�guration (i)

are shown as solid lines in Figure 5.1a; con�guration (ii) is shown as dashed lines in

Figure 5.1b; and con�guration (iii) is shown as dotted lines in Figure 5.1b.
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(a) Transmittance and re�ectance data for con�guration (i)
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Figure 5.1: The transmittance and re�ectance data obtained for the three con�gurations by utilising the Photon
RT, where the data for blank substrate has been included.
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As shown in Figure 5.1, the higher the oxygen content percentage, the transmittance

also increases - where this can be seen the most prominently in the range of 1500 - 3000

nm. In example, for con�guration (i) 10% reactive oxygen (green, solid line, Figure

5.1a) has a lower transmittance (and higher re�ectance) than that of 90% reactive

oxygen (purple, solid line, Figure 5.1a) in this wavelength range. This is also true for

con�guration (ii), where 10% sputtering oxygen (orange, dashed line, Figure 5.1b) has a

lower transmittance (and higher re�ectance) than that of 30% sputtering oxygen (violet,

dashed line, Figure 5.1b) within this wavelength range. Alongside, con�guration (iii),

where this is the pure oxygen process (pink, dotted line, Figure 5.1b) has the highest

transmittance, and lowest re�ectance out of all three con�gurations.

It can also be observed that the transmittance data of samples shown exhibit interference

e�ects. These interference fringes can be used as an indicator for the thickness of the

�lms [163], where it can be observed that the �lms have di�erent thickness due to the

di�erent con�gurations and oxygen percentages. As previously mentioned, all coatings

have the same deposition time of 72 hours, where the thicknesses variations are shown

in Section 5.2.1.4, dependent on the deposition con�gurations. From Figure 5.1, the

data shows that by varying the oxygen content, for all three con�gurations, this has an

e�ect on the transmittance and re�ectance data, along with other optical properties,

which will be discussed in the following sections.

However, in Figure 5.1a, at 0% oxygen partial pressure, where there is only argon inside

the chamber through the ion sources, has yielded unexpected results. It can be seen

that for this data, it has the highest transmittance (and lowest re�ectance), and also

with the least number of fringes - indicating a much thinner sample - compared to the

other samples within this con�guration. The possible explanation for this will be further

discussed in the discussion section.
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5.2.1.2 Refractive Index and Extinction Coe�cient

As previously mentioned, by utilising SCOUT optical �tting software to �t the trans-

mittance and re�ectance data acquire from the Photon RT, one can obtain the optical

constants. In Figure 5.2 below shows an example of the experimental data and the

stimulated of transmittance and re�ectance by utilising SCOUT, where an ideal �t has

been obtained. From this, the n, k, E gap and thickness can be extracted, where the

"OJL2" model is utilised in SCOUT (further discussed in Section 3.4.1). From Figure

5.2, it can be seen that there are minimal di�erences between the experimental data

and the simulated data (an ideal �t), which is important as this provides the con�dence

that the extracted data from SCOUT is accurate.
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Figure 5.2: Example of Experimental and Fitted data from SCOUT for one of the samples discussed in this
chapter.
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In Figure 5.3 below, shows the refractive index of the HfO2 �lms investigated in this

chapter. Figure 5.3a and Figure 5.3b shows the refractive index of the three con�gura-

tions, where Figure 5.3a shows the dispersion of the refractive index from the wavelength

range of 200 - 2500 nm, and Figure 5.3b shows the refractive index extracted for a �xed

wavelength of 1064 nm. This wavelength is chosen as Nd:YAG lasers operating at 1064

nm are widely used in many high power laser systems, including for military, medicine,

and spectroscopy purposes.
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(b) The refractive index at λ = 1064 nm. The error bars show the standard deviation of �ve separate �ttings for each sample.

Figure 5.3: The refractive index of all three con�gurations.

Figure 5.3a shows that as the oxygen concentration increases, the refractive index de-

creases for all three con�gurations. Here, it can be seen that the pure oxygen process

possesses the lowest refractive index, and the 0% reactive oxygen process possesses the

highest refractive index. Figure 5.3b also shows that 0% reactive oxygen has the highest

refractive index of n = 1.92 at 1064 nm, and this decreases as the oxygen background

percentage increases, where at 90% reactive oxygen, n = 1.87. The overall lowest re-

fractive index at 1064 nm is for the pure oxygen process with the value of n = 1.72. The

data and results shown here are quoted from the average values from SCOUT �ttings,

where the coatings from each run were �tted �ve times. The errors quoted are from the

standard deviation of these �ts, which are consistent across all errors referenced in this

thesis, unless explicitly noted otherwise.

As shown in both Figure 5.3a and Figure 5.3b, the refractive index decreases with

increasing oxygen. While for con�guration (i), the refractive index decreases ∼3% from

92



Chapter 5. Hafnium Oxide

the highest value at 1.92 (0%) to the lowest value of 1.87 (90%), con�gurations (ii) and

(iii) for sputtering with oxygen has a higher impact - where from 10% oxygen to 100%,

the refractive index value decreases by 10% (from 1.90 to 1.72).

In Figure 5.4 below shows the extinction coe�cient of the HfO2 �lms investigated within

this chapter. Figure 5.4a and Figure 5.4b shows the extinction coe�cient of the three

con�gurations, where Figure 5.4a shows the dispersion of the extinction coe�cient from

the wavelength range of 200 � 2500 nm, and Figure 5.4b shows the extinction coe�cient

at a �xed wavelength of 1064 nm, similar to that of the refractive indices �gures (Figure

5.3a).

(a) Dispersion of the extinction coe�cient for the range of λ = 200 - 2500 nm. Y-axis displays the extinction coe�cient on a
logarithmic scale.
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(b) The extinction coe�cient at λ = 1064 nm. The error bars show the standard deviation of �ve separate �ttings for each
sample.

Figure 5.4: The extinction coe�cient of all three con�gurations.

Figure 5.4 shows that as the oxygen concentration increases for con�guration (i), the

extinction coe�cient decreases, where at 10% and 50% reactive oxygen posses the lowest

values. The same can also be seen for con�guration (ii) and (iii), where as the sputtering

oxygen percentage increases, the extinction coe�cient also decreases. In Figure 5.4a also

shows a sharp decline of the extinction coe�cient with increase in wavelength in the

UV region, where this then slowly continues to decrease as it reaches mid-IR for all

samples.

From Figure 5.4b, it can be seen that for con�guration (i), at 0% reactive oxygen

yielded the highest value of k = 6.29 × 10−4, whereas at 10% yielded the lowest value

of k = 5.18 × 10−5. Although at higher reactive oxygen percentage than 10%, the

extinction coe�cient has increased, then decrease as the reactive oxygen is increase, it

still shows a similar trend to that of con�guration (ii) and (iii), where as the oxygen
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incorporation increases, the extinction coe�cient decreases. For con�guration (ii) and

(iii), the highest and lowest extinction coe�cient values are 5.39×10−4 and 6.85×10−5,

respectively.

5.2.1.3 Bandgap Energy

Figure 5.5 shows the bandgap energy of HfO2 �lms, extracted from the OJL gap energy

model. For con�guration (i) [black square], Figure 5.5 shows that at 35% reactive oxygen

partial pressure has the lowest bandgap energy of 5.6 eV, however, within the error

range, from 0 � 50% reactive oxygen partial pressure, the bandgap energies are within

the same values of 5.65 ± 0.05 eV. For con�guration (ii) [red circle], the bandgap energy

increases with the increasing percentage of oxygen used as sputtering gas, from 5.69 eV

at 10% sputtering oxygen to 5.82 eV at 30% sputtering oxygen. As for con�guration

(iii) [green triangle], the pure oxygen process provides the highest bandgap energy at

6 eV. The overall trend that can be concluded from Figure 5.5 is that as the oxygen

concentration increases for each con�guration, the bandgap energy also increases.
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Figure 5.5: The average bandgap energy of the �lms acquired from SCOUT for all three con�gurations. The
error bars show the standard deviation of �ve separate �ttings for each sample.
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5.2.1.4 Thickness

Another value that can be extracted from SCOUT �ttings is the estimated thin �lm

thickness. Figure 5.6 shows the thicknesses of the coatings at each oxygen percentage for

the three con�gurations. As mentioned, all coating depositions has the same deposition

time of 72 hours.
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Figure 5.6: The average thicknesses of the �lms acquired from SCOUT for all three con�gurations.

From Figure 5.6, it can be seen that at 35% reactive oxygen has the highest thickness

of 268 nm and at 0% oxygen background has the lowest thickness of 110 nm for con-

�guration (i). As previously mentioned, this is an unexpected result for 0% Reactive

Oxygen, as one would expect this to yield the highest deposition rate, and hence, high-

est thickness. Further discussion in to the possible explanation will be discussed in later

section. As for con�guration (ii), the highest thickness is at 10% sputtering oxygen at

175 nm, whereas for con�guration (iii), the pure oxygen Process has the overall lowest
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thickness of 135 nm. The thicknesses values are also shown in Table 5.1 below.

Table 5.1: The di�erent thicknesses of HfO2 thin �lms with di�erent con�gurations

OXYGEN PERCENTAGE (%) THICKNESS (nm)

Con�guration (i)

0% 110

10% 211

20% 242

35% 268

50% 262

70% 245

90% 170

Con�guration (ii)

10% 175

30% 154

Con�guration (iii)

100% 135

5.2.1.5 EDS / RBS Results

The atomic composition of the deposited HfO2 �lms measured by EDS is shown in

Figure 5.7. The only elements detected by utilising EDS in all coatings are O, Hf,

and Ar. In Figure 5.7a and Figure 5.7b, the atomic percentage of oxygen and hafnium

present in the �lms are provided. Figure 5.7d shows the ratio between oxygen and

hafnium present. By increasing the background oxygen partial pressure over 35%, an

increase of the oxygen concentration in the �lms is observed. The highest value of oxygen

concentration in the �lms was acquired by 30% sputtering oxygen, where the O:Hf ratio

is 4.45:1 [red circle]. Note that the composition for the pure oxygen process and 0%

oxygen was not measured by EDS. From Figure 5.7d, it can be seen that all coatings have

an excess of oxygen, and are over-stoichiometric due to the measured O:Hf ratios being

above 2:1, where the lowest is 2.4:1 at 20% background oxygen [black square]. Figure

5.7c shows the Ar atomic percentage measured by EDS. For all �lms within this study,
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the Ar concentration is lower than 2.5%. The decrease in Ar concentration is correlated

with the oxygen increase, as shown in Figure 5.7a. However, at 30% sputtering oxygen

(red circle), there are no Ar incorporated within the �lms.
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(a) Atomic oxygen percentage in the �lms vs oxygen percentage of total gas �ow during deposition
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(c) Argon percentage in the �lms vs oxygen percentage of total gas �ow during deposition
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Figure 5.7: EDS data for con�gurations (i) and (ii), where con�guration (iii) and 0% Oxygen Background
samples were not measured.

Due to the high O:Hf content shown in Figure 5.7d, RBS measurements were also

carried out to con�rm the O:Hf content and the stoichiometry of the �lms. Figure

5.8 shows the O:Hf content acquired by utilising RBS method. As shown, the results

are slightly di�erent to that of EDS results (Figure 5.7d). However, the RBS results

are in agreement with EDS results, where the �lms discussed within this study are

all over-oxygenated, and therefore, over-stoichiometric. As previously mentioned, for

stoichiometric HfO2 thin �lms, the O:Hf ratio must be 2:1, where in this case (based on

RBS results, Figure 5.8), the lowest O:Hf ratio in this study has the value of 2.5:1 at

0% background oxygen [black square]. Alongside, the highest O:Hf ratio in this study,

based on RBS results, is 3.89:1 at pure oxygen process [green triangle].
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Figure 5.8: RBS data acquired for the �lms discussed in this chapter. The data was measured by M. Chicoine.

5.2.1.6 XRD Results

Figure 5.9 shows the XRD pattern of pure HfO2 �lms with varying oxygen content of

all three con�gurations. As can be seen from the XRD data, all HfO2 �lms show a

broad weak band, which indicates that all of the �lms in this study are amorphous.

XRD data for a blank substrate is also included to show the peak centred at ∼ 21° in

all samples is from the substrate. The XRD data shows minimal di�erence between

the blank substrate and coated substrates, which further demonstrates that the HfO2

thin �lms in this experiment are amorphous. Also included in the �gure is a sample

annealed to 500°C from the pure oxygen process, which shows the emergence of narrow

peaks compared to the as-deposited �lms. These narrow peaks are an indicator to the

increasing crystalline structure when the �lms are annealed, and are denoted by * in

Figure 5.9. This is further con�rmation that the as-deposited samples investigated are
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in fact amorphous.
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Figure 5.9: XRD data acquired for the as-deposited �lms in this study, by utilising the Bragg-Brentano method.
(*) denotes the peaks that are emerging for the annealed sample, in comparison to the as-deposited samples.

5.2.2 Discussion

The transmission spectra measured for all �lms presented in Figure 5.1 show a high

transmission from the UV to mid-IR (∼300-3000 nm) which makes HfO2 an interesting

material for optical applications. At the wavelength of ∼2700 nm, it can be seen that in

the transmittance data, there are absorption peaks. This absorption is common in fused

silica substrates, where this band corresponds to the OH absorption band (or �water

band�) [164]. It can also be seen that they are substrate-dependent, as not all of the

transmittance data shown in Figure 5.1 possess this absorption peak. As this absorption

peak is only due to the substrates, it is negligible when it comes to the discussion of the

�lms optical constants in this study as the optical �ttings in SCOUT were only carried

out from 200 to 2500 nm to avoid the absorption peak that is only prominent in certain
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samples.

The XRD data in Figure 5.9 shows that all coatings within this experiment exhibit

a very broad wide band and minimal di�erence compared to blank substrates, which

demonstrates that the HfO2 �lms in this experiment are amorphous. The XRD data

for annealed HfO2 fabricated within the same pure oxygen process is shown to exhibit

narrow peaks, where this shows that the �lm is becoming more crystalline in nature.

This is in contrast to the broad peak of the �lms within this investigation, further

verifying that the �lms are amorphous, even with the increase of oxygen content at

room temperature.

The EDS compositional analysis presented in Figure 5.7 shows that, within the mea-

surement certainty of circa 0.1%, only Ar, O, and Hf species are observed. High purity

�lms are expected from the ECR-IBSD process, due to a highly con�ned, �lament-

free plasma generation in addition to the extraction of ions through a single aperture.

The single aperture extraction allows high extraction potentials and eliminates the re-

quirement for extraction grids that are a source of contamination in standard IBSD

processes. As shown in Figure 5.7c, the �lms contain interstitial argon in the range 1.7

� 2.5%, which is typical in IBSD processes, where inert gases are used as the sputtering

species, and trapped atoms can create �nanobubbles� [158]. However, the 30% sputter-

ing oxygen process (con�guration (ii), where argon is only utilised via the neutraliser)

and pure oxygen process (con�guration (iii), based on RBS results), does not have any

Ar within the �lms, due to no use of ionised argon during the deposition process. The

amount of Ar that exists within the �lms in this study is slightly higher than the Ar

solubility in solid materials (∼1%) [158,165], however, this is still less than that of con-

ventional RF-IBSD systems (6 � 10%) [158]. This surplus of Ar quantity is associated

with the implantation of the re�ected neutral atoms with high kinetic energies, where

the backscattered argon are incorporated into the coatings, along with the �lm-forming

particles, as the angular distribution of each of these have some overlap as they leave

the target surface [20,158,166]. These Ar atoms will accumulate to form bubbles within

the HfO2 matrix due to the inert nature of the gas. Whilst the fraction of argon in these
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samples are low, the quantity of implanted argon bubbles [158] decreases with increas-

ing oxygen adsorption in the �lms. It is likely that the di�erent oxygen regimes across

the range of the samples within this investigation play di�erent roles in the deposition

process and resultant thin �lm properties. The presence of nanobubbles, both due to

the entrapment of Ar and O2 molecules, may have an e�ect on the absorption of thin

�lms, alongside the LIDT if used in laser systems, as the trapped nanobubbles can lead

to optical breakdown due to laser exposure. Further investigation into the nanobubbles

and the e�ect on absorption and LIDT results produced by �lms utilising ECR-IBSD

will be of interest to study.

In addition, from both the EDS measurements and RBS measurements, the �lms pre-

sented are all over-stoichiometric in relation to the composition of the HfO2 target (2:1

is the expected O:Hf ratio). Di�erent mechanisms are thought to be the cause for the

over-stoichiometry:

I. Interstitial oxygen in the �lms, where the oxygen molecules are supplanted in

the interstitial sites within the HfO2 lattice, where the oxygen aggregates in the

�lms [167];

II. Higher coordination number compounds are bonded during the deposition due to

the high energy process (e.g. HfOx, where x > 2) [168].

However, as Hf does not have a stable oxidation state to allow for bonding of three O

atoms, the possibility of higher coordination compound like HfO3 can be ruled out. In

turn, this leads to the conclusion that the over-stoichiometry observed are due to the

interstitial oxygen within the �lms.

The decreasing refractive index of the �lms at higher reactive oxygen partial pressure,

as shown in Figure 5.3, where the literature value reported is n = 1.88 at 1064 nm

for HfO2 thin �lms, and n = 2.1 (at 550 nm) for bulk HfO2 [148, 149, 169, 170] can

be attributed to the interstitial oxygen that exists within the lattice. Alongside the

decrease in refractive index observed due to interstitial oxygen, this also leads to the
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increasing bandgap behaviour (Figure 5.5), particularly increasing to greater than the

reported bandgap values (5.3 � 5.7 eV) [149,151].

With the increase of oxygen content and O:Hf ratios, changes can be observed most

prominently in the increased transmittance data (Figure 5.1), especially in the mid-

IR region of the samples deposited (λ = 1300 � 3000 nm). At 90% reactive oxygen

(con�guration (i)), where the O:Hf ratio is ∼3:1, the transmittance has increased the

most compared to other spectra in the same con�guration (i), as shown in Figure 5.1a.

At 30% sputtering oxygen (con�guration (ii)), where the O:Hf ratio is ∼4.45:1 (from

EDS, and∼3.5:1 from RBS), provides an even higher transmittance than that of reactive

oxygen con�guration; and the pure oxygen process (con�guration (iii)), where this has

the highest transmittance out of all three con�gurations (Figure 5.1b) with O:Hf ratio

of ∼4:1 (Figure 5.8, green triangle).

Figure 5.3 shows that as the oxygen content increases, for all con�gurations, the re-

fractive index decreases. This reduction in refractive index related to the increase of

reactive oxygen partial pressure in con�guration (i) could also be associated to the re-

duced packing density, which also leads to the increase in the bandgap energy when

comparing between the samples within the same con�guration. As previously stated,

in literature, the refractive index of HfO2 thin �lms is n = 1.88 at 1064 nm, where the

�lms were fabricated by electron beam evaporation [148,149]. For �lms in con�guration

(i), the overall refractive index at di�ering reactive oxygen percentages is higher than

reported values, where this could be due to the higher overall packing density through

the use of ECR-IBSD when compared to �lms fabricated by other processes, such as

electron beam evaporation or magnetron sputtering, when the �lms are still amorphous.

Figure 5.3 also shows that the refractive index is lower when utilising oxygen as sput-

tering gas compared to argon, where this is most apparent in the pure oxygen process

(con�guration (iii)).

As for the optical bandgap energy, this is a�ected by many factors: defect density,

purities, packing density, stoichiometry, etc. As previously stated, the bandgap energy
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of HfO2 reported in the literature is 5.3 � 5.7 eV [149, 151]. It can be seen that in this

work, by increasing the oxygen content during the deposition, the bandgap energy can

be manipulated to be higher than that of the reported values, as shown in Figure 5.5.

Other researchers [38] have reported the values of 5.59 � 5.68 eV with increasing reactive

oxygen partial pressure, and another group [161] have reported the values of 5.58 � 5.83

eV, where the work within this study provides the values in the range of 5.6 � 5.8 eV by

increasing the reactive oxygen partial pressure (con�guration (i)). As for con�guration

(ii) and (iii), the bandgap energies are in the range of 5.69 � 6.0 eV. This shows that

as the oxygen content increases, the bandgap energy increases, which is in agreement

with other groups' �ndings [161,171]. In addition, there is also a slight blue-shift of the

transmittance data (Figure 5.1), at the UV range for the absorption edge, that can be

seen with the increase of oxygen content. This absorption edge is associated with the

bandgap energy, and the shift seen is known as Burstein-Moss shift, where this shift

to lower wavelengths of the absorption edge is associated with the increase of bandgap

energy.

As stated earlier, the decrease in refractive index and increase of bandgap energy as

the oxygen content increases within this study can also be due to the decrease in the

packing density of the �lms. Additionally, it is known that the refractive index is closely

related to the packing density of the thin �lms, where the packing density of the �lms

can be derived from the expression [172]:

n2 =
(1− p)n4

v + (1 + p)n2
vn

2
s

(1 + p)n2
v + (1− p)n2

s

, (5.1)

where p is the packing density, n is the refractive index of the �lms, ns is the refractive

index of bulk (ns = 2.1 for bulk HfO2), and nv is the refractive index of voids, where

nv = 1 for dry air voids, or nv = 1.33 for when the voids are fully �lled with water.

By utilising equation 5.1, it was found that the highest packing density within this

study can be found for 0% reactive oxygen (con�guration (i)) where p = 0.91, and the
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lowest packing density within this study is found when utilising pure oxygen process

(con�guration (iii)) where p = 0.79. This is in agreement with the results extracted from

SCOUT, where at highest packing density calculated (0% reactive oxygen, con�guration

(i)), the refractive index is highest (n = 1.92, Figure 5.3b), with the bandgap energy

of 5.67 eV (Figure 5.5). Alongside, at lowest packing density calculated in this study

(pure oxygen process, con�guration (iii)), the refractive index is lowest (n = 1.72, Figure

5.3b), with the highest bandgap energy (Egap = 6 eV, Figure 5.5). The values of the

refractive index used for equation 5.1 within this study for the �lms are based on the

refractive values at λ = 1064 nm.

The �lm growth rate for all �lms sputtered with argon is ∼ 0.01 Å/s, which is around

two orders of magnitude lower than that of conventional IBSD. The slow deposition rate

may be one of the reasons for the over-stoichiometry where the oxygen adatoms have a

longer time for reacting and di�using in the forming thin �lm. The high energy of the

ECR process could also produce highly reactive oxygen that sputters the targets and

are bonded to the hafnium atoms. The rate decreases further with the introduction of

oxygen in the sources as sputtering gas (con�guration (ii) and (iii)). This rate is directly

related to the momentum transfer between the bombarding ions and the target atoms,

which is directly correlated to the di�erence in atomic mass between the working gas

and the target atoms. In particular, for Hf, the sputtering yield is ∼ 3 times higher

with Ar than with O2 [173].

As for the extinction coe�cient, shown in Figure 5.4, it is related to the absorption loss

of thin �lms. Several factors can be attributed to the trend observed for the extinction

coe�cient within this study. Based on the nanobubbles theory described earlier [158],

the entrapment of argon can have an e�ect on the absorption, which in turns, can

have an e�ect on the extinction coe�cient. In example, for con�guration (i) at 0%

reactive oxygen, in which the sample possess the highest argon content, also yielded

the highest extinction coe�cient, and as the oxygen content increases (with decreasing

the argon content), the extinction coe�cient also decreases. This trend can also be

observed for con�guration (ii) and (iii), where for 10% sputtering oxygen, this yielded

107



Chapter 5. Hafnium Oxide

the highest extinction coe�cient, where this is then decreased as the oxygen content

increases, which leads to the decrease in argon. Another factor that can a�ect the

extinction coe�cient is that as the bandgap energy increases, the extinction coe�cient

decreases [174], where this trend can be observed clearly for con�guration (ii) and (iii).

As the extinction coe�cient is related to the absorption loss, it can be seen that the

�lms with higher oxygen contents shows lower loss as the extinction coe�cient value is

decreased, which is in agreement with other authors [175].

As previously mentioned, the �lms fabricated at 0% reactive oxygen have yielded

some unexpected results, especially the thickness and within the transmittance and

re�ectance. The hypothesis for the low thickness, which in turns also leads to high

transmittance and low re�ectance, could be due to target erosion. The 0% reactive oxy-

gen �lms were fabricated around 20 months after all the other samples discussed within

this study, which raises the possibility of target erosion and composition changed on

the target's surface. However, other than the unexpectedly lower thickness acquired,

the optical and structural properties of the 0% reactive oxygen �lm have yielded the

expected results. Hence, the slow deposition rate of this �lm, which did not provide

�lms that were too thin, has negligible e�ects on the optical and structural properties

of the �lms.

5.3 E�ects of Annealing on HfO2 Films

In this section, the results for annealed HfO2 �lms at 500°C and 700°C have been

presented and discussed.
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5.3.1 Results

5.3.1.1 Transmittance and Re�ectance

Figures 5.10, 5.11, 5.12 shows the transmittance and re�ectance of some samples from

the three con�gurations, where they are being compared between as-deposited, 500°C

and 700°C annealing temperature, to show the di�erences within the same coatings

due to annealing. As previously mentioned in Section 4.4.6, all samples were annealed

for 1 hour in air at each temperature with the rate of 5°C/min, and left to cool down

naturally. In each of the �gures, the blank substrate is shown as black solid line. As

for the as-deposited samples, the data is shown as red solid lines. For the annealed

samples, at 500°C is shown as green dashed lines, and annealed at 700°C is shown as

pink dashed-dotted lines. This information is also shown within each of the �gures.
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Figure 5.10: Transmittance and re�ectance data of as-deposited, 500°C and 700°C annealed samples from
con�guration (i)

In Figure 5.10a shows the spectra are slightly shifted towards lower wavelengths as the

annealing temperature increases. This shift is an indication that there is an increase in

bandgap energy as the annealing temperature increases - otherwise known as Burstein-

Moss shift. This shift towards the lower wavelengths as the annealing temperature

increases can also indicate the thickness change within the coatings, and this shift can

also a�ect the refractive index and density of the thin �lm coatings. There are no major

changes in the transmittance and re�ectance percentages, except for a slight increase

in transmittance and decrease in re�ectance as the temperature increases, however,

the changes are not drastic. As for Figure 5.10b, shown for samples with 90% reactive

oxygen, the results are similar to that of 0% reactive oxygen data, where there is a slight

shift towards the lower wavelengths as the annealing temperature increases. Again, this

indicates an increase in bandgap energy, as well as a change in the thickness. From

these two �gures, they show that as the reactive oxygen percentage increases, as well
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as the annealing temperature, there are noticeable changes that can be seen which is

the shifts in the data towards lower wavelengths, as well as some changes within the

transmittance and re�ectance percentages. The latter change is much more pronounce

in the higher reactive oxygen percentage sample (only 90% is shown here).
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Figure 5.11: Transmittance and re�ectance data of as-deposited, 500°C and 700°C annealed samples from
con�guration (ii).

Here in Figure 5.11, both (a) and (b) shows a shift towards the lower wavelengths,

similar to those in Figure 5.10. This indicates a slight increase in the bandgap energy

as the annealing temperature increases, as well as changes with the thicknesses. Both

Figure 5.11a and 5.11b shows a small increase in transmittance and small decrease in

re�ectance as the annealing temperature increases, similar to the case of con�guration

(i). Please note that between the as-deposited and annealed samples shown for these

two �gures are from di�erent substrates, but within the same coating runs - where this

give rise to some di�erences in the data at around 2700 nm and 3700 nm, which are

absorption peaks due to the nature of the JGS substrates. However, this does not a�ect

the optical �ttings and the optical data that has been extracted for these samples.
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Figure 5.12: Transmittance and re�ectance data of as-deposited, 500°C and 700°C annealed samples from
con�guration (iii).

Figure 5.12 shows a similar trend as the other con�gurations, where the data is shifted

to lower wavelengths, leading to an increase in bandgap energy and changes to the thick-

ness as the annealing temperature increases. In this case, at 500°C the transmittance

decreases and re�ectance increases, which can be due to the change in the structure of

the �lms, where they are becoming more crystalline in nature. However, as the sam-

ple has been annealed to 700°C, the transmittance have increase, and the re�ectance

decreases.

5.3.1.2 Refractive Index and Extinction Coe�cient

As previously mentioned, by utilising SCOUT to �t the experimental data acquired for

the transmittance and re�ectance of each samples, one can extract the optical properties

of the �lms. Figure 5.13 below shows the refractive index of the three con�gurations,

where Figure 5.13a shows the dispersion of the �lms at 500°C and Figure 5.13b shows

the dispersion of the �lms at 700°C. As for Figure 5.13c, this shows the comparison

between as-deposited, 500°C and 700°C for each �lms at the wavelength of 1064 nm.
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(c) The refractive index at λ = 1064 nm of all three con�guration for As-deposited, 500°C and 700°C annealed temperature. The
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Figure 5.13: The refractive index of all three con�gurations.

Similar to as-deposited results, 500°C annealed samples shown in Figure 5.13a shows

that as the oxygen concentration increases, the refractive index decreases for all three

con�gurations. The same is also shown for 700°C annealed samples in Figure 5.13b,

where in both of these �gures, the highest refractive index dispersion is for 0% reactive

oxygen (con�guration (i)) and the lowest refractive index dispersion is for the pure

oxygen process (con�guration (iii)). This is consistent with the as-deposited results

shown in Section 5.2.1.2.

Figure 5.13c shows the refractive indices at 1064 nm for all three temperature: As-

deposited (black), 500°C (red) and 700°C (green). All three con�gurations are also

shown in the �gure, where: Reactive Oxygen (square), Sputtering Oxygen (circle) and

Pure Oxygen (triangle). From Figure 5.13c, it shows that 0% reactive oxygen has the

highest refractive index at all three temperatures with n = 1.92, 1.91, and 1.92 for as-

deposited, 500°C and 700°C, respectively. Comparing within con�guration (i) only, 90%
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reactive oxygen has the lowest refractive index at all three temperatures, where n = 1.87,

1.85, and 1.80 for as-deposited, 500°C and 700°C, respectively. As previously mentioned,

for con�guration (i), at as-deposited, the refractive index values decreases ∼3% as the

oxygen content increases. As the annealing temperature increases to 500°C, the overall

refractive index decreases by ∼3% from lowest reactive oxygen percentage (with highest

n) to highest reactive oxygen percentage (with lowest n). As the annealing temperature

continues to increase to 700°C, the overall refractive index decreases by ∼6% from lowest

reactive oxygen percentage (with highest n) to highest reactive oxygen percentage (with

lowest n).

The overall lowest refractive index result is for pure oxygen process (con�guration (iii)),

where n = 1.72, 1.72 and 1.68 for as-deposited, 500°C and 700°C, respectively. When

comparing con�guration (ii) and (iii), as they are both utilising oxygen as the sputtering

gas from 10% to 100%, a bigger impact on the refractive index change can be observed

for all three temperatures. For as-deposited, refractive index decreased from 1.90 to

1.72, which is ∼10% decrease. At 500°C, the refractive index decreases from 1.86 to

1.72, which is ∼8% decrease. As the annealing temperature rises to 700°C, the refractive

index decreases from 1.84 to 1.68, which is ∼9% decrease in value.

In Figure 5.14 below shows the extinction coe�cient of the annealed HfO2 �lms. Figures

5.14a and 5.14b shows the dispersion of the extinction coe�cient for both 500°C and

700°C, respectively. In Figure 5.14c, this shows the extinction coe�cient values at 1064

nm, for as-deposited, 500°C and 700°C, to show the e�ects of annealing on the extinction

coe�cient.
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(a) Dispersion of the extinction coe�cient for the range of λ = 200 - 2500 nm for samples annealed at 500°C. Y-axis displays the
extinction coe�cient on a logarithmic scale.

(b) Dispersion of the extinction coe�cient for the range of λ = 200 - 2500 nm for samples annealed at 700°C. Y-axis displays
the extinction coe�cient on a logarithmic scale.
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Figure 5.14: The extinction coe�cient of all three con�gurations.

The dispersion of extinction coe�cient is shown in Figures 5.14a and 5.14b for 500°C

and 700°C, respectively. Similar to as-deposited results (shown in Figure 5.4a), the

500°C and 700°C annealed samples shows a sharp decline of extinction coe�cient with

increase in wavelength in the UV region, where this continues to decrease as it reaches

mid-IR for all samples and temperature.

For con�guration (i), it can be seen in Figure 5.14c that as the annealing temperature

increases to 500°C, the extinction coe�cient values increases, except for 0% and 35%

reactive oxygen. When the annealing temperature continues to increase to 700°C, ex-

tinction coe�cient values increases further for all reactive oxygen percentages. This

leads to the understanding that the absorption is increasing as the annealing tempera-

ture increases, as the extinction coe�cient is a function of absorption (α). At 500°C, a

trend can be seen where at 10% reactive oxygen has the highest value of k = 2.93×10−4,

118



Chapter 5. Hafnium Oxide

and the lowest value was found to be k = 1.24 × 10−4 for 0% reactive oxygen, where

as the reactive oxygen percentage increases, the extinction coe�cient slightly decreases.

However, within the error range, at 500°C, the values for extinction coe�cient does

not di�er hugely. As for at 700°C, the trend seems to be that as the reactive oxygen

percentage increases, the extinction coe�cient values decreases, with the exception of

35% reactive oxygen. However, at 10% - 90% reactive oxygen, within the error range,

the extinction coe�cient values can be said to have stayed constant despite the increase

in oxygen content (with the exception of 35% reactive oxygen, where k = 0.0012).

For con�guration (ii) and (iii), it can be seen that as the annealing temperature in-

creases to 500°C, and as the sputtering oxygen content increases, so does the extinction

coe�cient values, where the highest value is k = 0.0019 for pure oxygen process (100%

oxygen). As the annealing temperature increases to 700°C, the extinction coe�cient

value for the pure oxygen process decreases, whereas the 10% sputtering oxygen value

slightly increases, and at 30% sputtering oxygen stays almost the same. The trend at

700° shows that as the sputtering oxygen percentage increases, so does the extinction

coe�cient. Although the values do not di�er greatly, where this is the complete opposite

for the as-deposited results.

5.3.1.3 Bandgap Energy

Figure 5.15 shows the OJL bandgap energy of the HfO2 �lms for as-deposited (black),

500°C (red) and 700°C (green) of all three con�gurations. The con�gurations are shown

as: (i) are shown as square, (ii) are shown as circle, and (iii) are shown as triangle.
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Figure 5.15: The average bandgap energy of the �lms acquired from SCOUT for all three con�gurations at As-
deposited (black), 500°C (red) and 700°C (green). The error bars show the standard deviation of �ve separate
�ttings for each sample.

As the samples are annealed to 500°C, all con�gurations shows an increase in the

bandgap energy with the increase in temperature. For con�guration (i), the bandgap

energies remained almost constant despite the di�ering reactive oxygen percentage from

10% to 90%, where Egap = 5.80 ± 0.05 eV. At 0% reactive oxygen, this possesses the

lowest values of bandgap energy at 5.70 eV. For this con�guration, the most notable in-

crease in bandgap energy is observed at 10 - 50% reactive oxygen, however, the relative

change is still low as the increase is ∼ 0.15±0.05 eV. For con�guration (ii), the bandgap

energies increases with the increase in sputtering oxygen, as well as the increase in an-

nealed temperature. The bandgap values for 10% and 30% sputtering oxygen are 5.80

and 5.89 eV, respectively. As for con�guration (iii), this remained the highest bandgap

energy, where this value has increased to 6.03 eV after annealing at 500°C.

As the samples are annealed to 700°C, all con�gurations once again shows an increase

in the bandgap energy as the temperature increases. For con�guration (i), the bandgap
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energy increases ranges from 5.75 to 5.85 eV, from 0 - 90% reactive oxygen, where

the highest percentage (90%) has the highest bandgap energy for this con�guration -

however, the values are within 0.1 eV range. For con�guration (ii), there is also a small

increase from the values at 500°C to 5.84 and 5.91 eV for 10% and 30% sputtering

oxygen, respectively. As for con�guration (iii), there is also a slight increase in bandgap

energy to 6.05 eV.

The overall trend that can be observed from Figure 5.15 is that as the annealing tem-

perature increases, so does the bandgap energy.

5.3.1.4 Thickness

Figure 5.16 shows the thickness extracted from SCOUT for the HfO2 �lms of all three

con�gurations for samples at as-deposited (black), 500°C (red) and 700°C (green). The

three con�gurations are also shown as follows: (i) - square, (ii) - circle, and (iii) -

triangle. As previously mentioned, all samples have the same deposition time of 72

hours, and have been annealed for 1 hour in air.
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Figure 5.16: The average thickness of the �lms acquired from SCOUT for all three con�gurations at As-deposited
(black), 500°C (red) and 700°C (green). The error bars show the standard deviation of �ve separate �ttings for
each sample.

From Figure 5.16, it can be seen that the annealed samples still follows the same trend

for those at as-deposited (Figure 5.16, and also shown here). For the majority of the

�lms, as the annealing temperature rises to 500°C, the thicknesses increases, then de-

creases again as the annealing temperature reaches 700°C.

For con�guration (i), the highest change in thickness is 7 nm (0% reactive oxygen), and

the lowest change is 3 nm (10% and 70% reactive oxygen). As for con�guration (ii),

30% sputtering oxygen has the highest change of 9 nm, and 10% sputtering oxygen has

a change of 5 nm. Lastly, con�guration (iii) has the largest change overall of ∼20 nm.

Below is a table to show the values of the thicknesses at 500°C and 700°C.
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Table 5.2: The di�erent thicknesses of HfO2 thin �lms with di�erent con�gurations at 500°C and 700°C annealed
temperatures

OXYGEN PERCENTAGE

(%)

THICKNESS (nm)

As-deposited 500°C 700°C

Con�guration (i):

0% 110 108 103

10% 211 210 208

20% 242 238 235

35% 268 272 268

50% 262 268 261

70% 245 248 246

90% 170 172 168

Con�guration (ii):

10% 175 176 171

30% 154 158 149

Con�guration (iii):

100% 135 140 120

5.3.1.5 XRD Results

In Figures 5.17 and 5.18 shows the XRD pattern of the HfO2 �lms at 500°C and 700°C,

respectively, by utilising the Bragg-Brentano setup.

As shown in Figure 5.17a, showing the 500°C data for con�guration (i), where the

�lms can be seen to still be amorphous as the data are showing broad weak bands.

As for Figure 5.17b. this is showing the data for con�guration (ii) and (iii) annealed

at 500°C. For con�guration (ii) [bottommost two bands], it can be seen the �lms are

still amorphous due to the broad weak bands. As for con�guration (iii), two small

peaks are starting to form at (-111) and (111), favouring the latter growth orientation,

indicating that the �lms are starting to crystallise, towards the polycrystalline state, at
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this annealing temperature.
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Figure 5.17: BB-XRD data acquired for the 500°C �lms within this study.

As for 700°C, the BB-XRD results are shown in Figure 5.18a for con�guration (i) and

Figure 5.18b for con�guration (ii) and (iii). For all three con�gurations, it can be

seen that sharp peaks have formed when annealed at this temperature. This indicates

a more crystalline structure in all of the �lms in this investigation. It can be seen

that for con�guration (i), the �lms prefers the (-111) and (111) growth orientation as

these are the sharpest peaks for all the di�erent percentages in this con�guration. The

BB-XRD data shows that the phase of the �lms is monoclinic (PDF_01-074-4963) As

for con�guration (ii), as the �lms are annealed to 700°C, sharp peaks can be seen,

where the �lms favours the (111) growth orientation, similar to con�guration (iii), and

the �lms in these con�gurations have monoclinic phase (PDF_01-074-4963). With all

three con�gurations, the results suggests that there is an increase in grain size as the

annealing temperature increases. The data for the peaks and phase of the �lm is from
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the ICDD's Powder Di�raction File, where in this case it is PDF_01-074-4963. ICDD is

the International Centre for Di�raction Data, who are a non-pro�t scienti�c organisation

dedicated to collecting, editing, publishing, and distributing powder di�raction data for

the identi�cation of materials.
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Figure 5.18: BB-XRD data acquired for the 700°C �lms within this study.

Below, the GIXRD data is also shown for the HfO2 �lms at 500°C and 700°C in Figures

5.19 and 5.20, respectively. GIXRD is a more preferred method compared to BB-XRD,

as GIXRD mainly only measures the �lm due to the angle of the incident x-ray beam is

constant at 0.5°, providing a more accurate results of the �lms, excluding the substrate.

At 500°C, it can be seen that for con�guration (i) [Figure 5.19a], there are broad weak

bands, indicating that the �lms are still amorphous. As for con�guration (ii), the bands

are still broad, but slightly more prominent that those in con�guration (i), leading to the

�lms still being amorphous [Figure 5.19b, bottommost two bands]. As for con�guration
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(iii), shown in the same �gure, shows a much more prominent peaks that are becoming

sharp - indicating polycrystalline nature of the �lms, where it shows preferential (-111)

and (111) growth orientation.

(a) con�guration (i) (b) con�guration (ii) and (iii)

Figure 5.19: GIXRD data acquired for the 500°C �lms within this study.

At 700°C, it can be seen that for con�guration (i) [Figure 5.20a], sharper peaks are

formed. It can be seen that at 0% reactive oxygen shows a preferential (-111) growth

orientation, where this is the preferred orientation for monoclinic HfO2 �lms. As the

oxygen percentage increases, it can be seen that the growth orientation (111) is becoming

more favourable, alongside the (-111) orientation, with monoclinic phase. Overall, the

GIXRD data for con�guration (i) shows that the �lms are becoming more crystalline as

it is annealed at 700°. As for con�guration (ii), more peaks can be seen to have become

sharper, indicating a more crystalline nature of the �lms [Figure 5.20b, bottom two

bands]. The preferred growth orientation for both �lms is (111), which indicates that

the �lms are monoclinic. As for con�guration (iii), shown in the same �gure, shows
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that the peaks are becoming sharper, compared to that at 500°, where the growth

orientation remains the same at (111), indicating the �lm is monoclinic. Overall, with

all three con�gurations, the results suggests that there is an increase in grain size as

the annealing temperature increases due to the increase in the number peaks, as well

as the sharpness of the peaks.
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Figure 5.20: GIXRD data acquired for the 700°C �lms within this study.

5.3.2 Discussion

Both the BB-XRD and GIXRD are shown in the results section. For con�guration (i),

at 500°C the �lms are still amorphous, whereas at 700°C the �lms are crystallised. In

Figures 5.18a and 5.20a shows that the preferred growth orientation is (-111), along

with the other peaks that can be seen shows that the �lms are monoclinic. As the

oxygen percentage increases in this con�guration, the preferential growth orientation

is now both (111) and (-111), which is also that of monoclinic HfO2 �lms. As for
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con�guration (ii), at 500°C �lms are still amorphous as the data shown in Figures 5.17b

and 5.19b is still broad for both 10% and 30% reactive oxygen. At 700°C, it can be

seen that the �lms have become crystalline in nature as more prominent sharp peaks

can be seen (Figures 5.18b and 5.20b). For this con�guration, (111) is the preferred

growth orientation, which can be seen for both BBXRD and GIXRD, alongside the

(-111) peak. It can be seen that similar to con�guration (i), the �lms are monoclinic.

Shown in both BBXRD and GIXRD data that with less oxygen at 10% sputtering

oxygen leads to sharper peaks, which shows that the crystallite sizes are slightly larger

at 10% sputtering oxygen con�guration (4.5 nm) compared to at 30% sputtering oxygen

(4.1 nm). Lastly, for con�guration (iii), at 500°C the data shows that there are peaks

starting to show, where in this case it can be said that the �lm is crystalline in nature

(Figures 5.17b and 5.19b). The preferred orientation is (111) and also (-111). As the

annealing temperature reached 700°C, the peaks can be seen to be sharper, with the

same preferred orientation as that at 500°C, where the pure oxygen sputtering �lm are

in the monoclinic phase (Figures 5.18b and 5.20b). The other smaller peaks that can

be seen in all �lms as the 2θ angle increases are also that of the monoclinic HfO2 phase

(PDF_01-074-4963).

As can be seen in the case of ECR-IBSD �lms, the �lms mostly remain amorphous at

500°C, whereas in most literature, HfO2 �lms starts to crystalline between 400 � 500°C,

depending on the �lm deposition techniques and conditions. Wiemer et al. studied

ALD HfO2 where they found that early stages of crystallisation occurs at 550°C in the

monoclinic phase for one of their �lms, where at 700°C, the system is stabilised as mono-

clinic phase and at higher annealing temperature, the relative intensity of the di�raction

peaks does not change much [176]. In their study, it is stated that at high annealing

temperature, the system can crystallise with the preferential orientation which min-

imised the surface energy - where in the case of this thesis, for all three con�gurations,

the �lms preferential orientation is in the monoclinic phase [176]. Khan et al. have

found that their HfO2 �lm fabricated by e-beam evaporation, after annealing at 400°C

there are peaks that can be seen, where these peaks becomes more prominent and all

the peak positions corresponds to monoclinic phase [150]. This shows that by utilising
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the ECR-IBSD technique to fabricate HfO2 thin �lms, the �lms remains amorphous

whilst being annealed up to 500°C, leading to no risk of scatter due to crystallisation.

In regards to the transmittance and re�ectance data (Figures 5.10 , 5.11 and 5.12), it

can be seen that for all three con�gurations, after annealing at 500°C and 700°C, the

transmittance and re�ectance spectra shifts towards lower wavelengths. As previously

mentioned, this is an indication that there is a change in the bandgap energy and the

thicknesses of the �lms, which can be seen in Figure 5.15 and Figure 5.16, respectively.

With these changes observed in the transmittance and re�ectance data, it can also a�ect

the refractive index and the density of the �lms.

As the annealing temperature increases for all three con�gurations, the refractive indices

of the �lms decreases. This can be seen in Figures 5.13a, 5.13b and 5.13c. In some

literature, other authors have found that the refractive index decreases while the �lms

are in their polycrystalline state [177�179], where the refractive index then increases

again as the �lms becomes crystalline. However, this is not the case in the �lms within

this study as the �lms are fully crystalline at 700°C and the refractive indices are

still lower than that at amorphous state. Additionally, refractive index relates to the

density of the �lms, where the decrease in refractive indices can be due to the �lms

being less optically dense as the annealing temperature increases [177�179]. Following

this, past works also believed that the refractive index of amorphous HfO2 �lms was

higher than that of crystallised �lms [177]. With the decrease in refractive indices

leading to reduction in the density, this could also result in compressive stress within

the �lms (i.e. lattice contraction) [178]. Ramzan et al. also found that for their �lms,

the refractive index also decreases after annealing, which can be due to the variation

in the density of the �lms caused by crystallisation, as speculated for the �lms in this

study [179]. Along with the decrease in packing density and refractive index with the

increase in annealing temperature, the thicknesses of the �lms in all three con�gurations

also decreases (Figure 5.16), where this can also be related to the stress in the �lms

due to lattice contraction [150]. The decrease in the thicknesses after annealing is not

commonly observed, which can be attributed to compressive stress within the �lms, or it

129



Chapter 5. Hafnium Oxide

can also be attributed to the excess oxygen leaving the �lms after annealing, otherwise

known as oxygen desorption, leading to a slight decrease in the thickness of the �lms.

Regarding the extinction coe�cient values, with the increase of annealing temperature,

the extinction coe�cient also increases for all three con�gurations. This is in agreement

with Liu et al., who found that with their �lms, as the substrate temperature increases,

the extinction coe�cient also tend to increase [180]. Any changes in the extinction

coe�cient is directly related to the absorption of the �lms, which shows that as the

annealing temperature increases for the �lms in this study, so does the absorption.

As the annealing temperature increases for all three con�gurations, the bandgap energy

also increases as shown in Figure 5.15. This increase in bandgap energy is related to

the transformation of microstructure of the �lms from amorphous to crystalline, as can

be seen in the XRD data [179, 181�184]. The variation in the bandgap energy can be

associated with the rearrangement of atoms and molecules to a more favourable stable

states due to post deposition annealing [179].

From the results, it can be seen that for most samples (in all three con�gurations), at

500°C, the thickness �rst increases (less than 4% overall), then decreases again once

annealed to 700°C. The change in thicknesses of the �lms can also be an indication to

the change in packing density and stress of the �lms, as previously mentioned. The

shift in the transmittance data to shorter wavelengths of all �lms suggests the decrease

in thicknesses of the �lms after annealing [185]. In regards to the stress of the �lms, it

is suggested that lattice contraction leads to decrease in the �lm thicknesses � where

for the HfO2 �lms in this study shows an increase then decrease in �lm thickness. From

the XRD data, it can be seen that the peaks are shifted towards higher angles at 500°C

(Figure 5.17) when compared to the PDF database (also shown within the �gure), which

suggests compressive stress within the �lms � which suggests that the thickness increase

of the �lms is due to another reason. This increase in �lm thickness at 500°C can be

due to rearrangement of atoms to a more favourable stable states before they get into

the �nal position where the �lms becomes crystallise [179]. As the �lms are annealed

to 700°C, XRD data shows that there is still a shift towards higher angles compared
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to the PDF data for monoclinic HfO2 (Figure 5.18) and the thickness data shows that

all the �lms has a reduction in thickness, suggesting that there is compressive stress

within the �lms [27, 186�188]. In regards to stress within thin �lms, this is closely

related to the �lm microstructure, which is dependent on the fabrication process, where

gas entrapment at grain boundaries leads to compressive stress and attractive forces

within pores leads to tensile stress [189]. It is widely reported that by utilising IBSD

technique, this is known to produce �lms with high compressive stress due to higher ion

bombardment, which leads to the production of denser �lms [56,190�195].

5.4 Conclusion

The e�ect of the reactive oxygen partial pressure and sputtering oxygen through the ion

sources plays an important role in the optical properties of HfO2 thin �lms fabricated

by ECR-IBSD technique. ECR gridless high-energy ion sources produced high-density

pure hafnia �lms (with a lower backscattered Ar content of ∼2.5% compared to the

conventional IBSD technique). By utilising ECR-IBSD, this technique is unique in the

ability to study a wider rage of parameters, e.g. ion energy, allowing exploration that

cannot be achieved via traditional IBSD technique. The structural analysis carried out

by XRD con�rmed that all as-deposited �lms in this study were amorphous. The com-

positional analysis demonstrated that the �lms in this study were all over-stoichiometric

as the O:Hf ratio is higher than 2:1, even for 0% reactive O2 partial pressure, which was

found to be 2.5:1. The over-stoichiometry have been demonstrated by utilising both

EDS and RBS methods for all �lms in this study. By utilising the OJL model imple-

mented within SCOUT software, the refractive index of as-deposited �lms was found

to be in the range of n = 1.70 � 1.92, the extinction coe�cient was found to be in the

range of k = (0.52 − 6.29) × 10−4 and the OJL bandgap energy was found to be in

the range of 5.6 � 6.0 eV for the di�erent oxygen concentrations that were investigated.

The results indicate that both the refractive indices and extinction coe�cients decreased

with the increase of oxygen content within the chamber, whereas the bandgap energies
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increased. This shift of the bandgap to higher energies can also be seen from the slight

shift towards lower wavelengths (blue shift) in the transmittance measurement in the

UV range as the oxygen content increases.

The e�ect of annealing on the optical properties of the HfO2 �lms has also been shown

and discussed. It was shown that as the �lms were annealed to 500°C, the refractive

indices of all �lms decreased, and this also decreased further as the �lms were annealed

to 700°C. For the extinction coe�cient, as the �lms are annealed to 500°C (with the

exception of 0% reactive oxygen), the extinction coe�cient increases and continues to

increase as the annealing temperature reaches 700°C. As for the bandgap energy, as the

�lms are annealed to 500°C, it has been reported that the bandgap energies increase and

continue to do so as the temperature reaches 700°C. The shift of the bandgap energies

to higher values can also be seen in the transmittance measurement in the UV range,

where there is a blue-shift. The structural properties of the �lms were determined using

both BB-XRD and GIXRD, which provided the same conclusion. For con�guration

(i), the �lms are still amorphous when annealed to 500°C, and then become crystalline

with monoclinic structure when annealed to 700°C. For �lms in con�guration (ii), the

�lms are still amorphous, as broad bands can be seen, and at 700°C, the �lms become

crystalline with monoclinic structure. For the �lm in con�guration (iii), at 500°C, the

�lms are polycrystalline, and they then become crystalline once annealed to 700°C with

monoclinic structure, similar to the other �lms in this study. The �lms with oxygen

as the sputtering gas (con�gurations (ii) and (iii)) showed preferential growth at (111),

whereas con�guration (i) showed preferential growth at (-111). However, as the oxygen

content increases in this con�guration, the peak at (111) also increases. Based on the

literature, it has been concluded that the changes in the refractive index, extinction

coe�cient, and bandgap energy observed for the �lms in this study could be attributed

to the changes in the stress of the �lms, or attribute to oxygen desorption, as the

annealing temperature increased. Furthermore, by utilising ECR-IBSD to fabricate

HfO2 �lms, the �lms remained amorphous until they were annealed at temperatures

higher than 500°C, whereas with other techniques, the �lms could crystallise at much

lower temperatures.
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From optical characterisation, it was found that by controlling both the reactive and

sputtering oxygen concentrations during deposition, the bandgap energy and refractive

index could be tuned to the desired value, depending on the application. In addition to

tuning the oxygen content and sputtering percentages during deposition, post-deposition

annealing can also aid in tuning the optical constants to the desired value for di�erent

applications.
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6.1 Introduction

Scandium oxide, or scandia (Sc2O3), is an important optical �lm material that consists

of high refractive index, low absorption in the UV to mid-IR, low extinction coe�cient,

and slightly higher optical bandgap compared to HfO2. Its wide bandgap is found in

the range of 5.8 - 6.0 eV, compared to 5.3 - 5.7 eV typically found in HfO2. This

wide bandgap is important as it is regularly found to be linearly correlated with LIDT;

hence, it should yield high LIDT values [196]. Scandia also has a high melting point,

and high damage resistance to laser irradiation, which is important for high power laser

applications [187, 196]. The refractive index of Sc2O3 ranges between n = 1.8 - 2.0,

and it is sought after as the high refractive index components of dielectric coatings,

especially those operating in the UV to mid-IR [188, 197]. However, despite the high

bandgap and high refractive index, Sc2O3 thin �lms have not been investigated as often

as HfO2. This is likely due to the increased cost and di�culty to purify to create target

materials [63]. Nevertheless, due to it being a high bandgap material, there is still a

pull into investigating Sc2O3 as a high damage threshold coatings, where several groups

have studied the results over the years [63], which will be further discussed.

There are various methods to fabricate Sc2O3 thin �lms, which includes e-beam evapora-

tion [187,198,199], atomic layer deposition (ALD) [63,186,200,201], sol-gel [63,186,202],

molecular beam epitaxy (MBE) [203], chemical vapour deposition (CVD) [204], pulse

laser deposition (PLD) [205], RF magnetron sputtering [206] and ion beam sputter de-
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position (IBSD) [63,186�188,207,208]. Similar to HfO2 �lms, the Sc2O3 �lm properties

are strongly dependent on the condition and method of thin �lm fabrication. However,

by utilising IBSD to fabricate the �lms, this also has its own advantages where one can

accurately control the transmittance and refractive index of the �lms. Furthermore,

IBSD provide �lms with higher surface quality and ultra low loss compared to other

techniques [196]. However, there are also disadvantages with IBSD process whilst fabri-

cating Sc2O3 �lms as oxygen defects can easily formed in the �lms due to the di�erent

oxidation degree of the �lms with di�erent oxygen �ow rates [196].

As previously mentioned, Sc2O3 has been studied by several groups, where di�erent

optical properties can be found based on di�erent deposition process and conditions.

In example, Al-Kuhaili investigated Sc2O3 coatings fabricated by e-beam evaporation

which has density gradients in the thickness of the �lms [198]. They also found that

amorphous �lms were found with low growth temperature with refractive index of 1.75

at 800 nm, and crystalline �lms were found when deposited with heated substrates

which has higher refractive index of 1.9 at 800 nm. Liu et al. [199] also utilised e-beam

evaporation to fabricate Sc2O3 thin �lms, where they also found that at low substrate

temperature, the �lms are amorphous and at higher substrate temperatures, the �lms

become polycrystalline - in which they also found that the refractive index increases

with the increase in temperature as the �lms becomes denser, whilst the bandgap energy

decreases [199]. Grosso et al. [202] utilised sol-gel method, where the refractive index

at 355 nm is 1.62, which is much lower than that of bulk (n ≈ 2) [63, 186, 202]. As for

IBSD methods, several groups have investigated Sc2O3 thin �lms: Krous et al. [207]

utilised DIBSD, where they found that the refractive index is n = 1.95, which is higher

than that of Al-Kuhaili [198, 207] - however, the �lm are said to be oxygen de�cient;

Langston et al. [188] found the refractive index to be n = 2 at 1µm, where they also

found oxygen interstitial within their �lms [63, 186]; lastly, Belosludtsev et al. [187]

extracted the refractive index to be 2.07 at 355 nm, where this is higher than �lms

fabricated by e-beam evaporation, leading to higher density �lms being fabricated by

IBSD. These are just some examples to show that the optical properties, like refractive

index or crystallinity, can vary widely dependent on the method and condition during
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the fabrication of thin �lms.

Aside from utilising Sc2O3 as coating material for high power laser systems due to its

high bandgap energy and refractive index, various other applications of Sc2O3 have been

investigated and utilised. In example, utilising Sc2O3 �lms as polarisers [187], super-

luminescent LEDs [209], nanometre scale e-beam lithography [210], quarter wave stacks

[211], anti-re�ection (AR) coatings [188, 196, 198], and high re�ective (HR) multilayer

utilised in the fabrication of capacitors and thin �lm transistors technology [197]. Also,

with its high dielectric constants, high permittivity and chemical stability, Sc2O3 can

be used as a gate oxide [212, 213], a candidate in replacing SiO2 [188] and surface

passivation [213,214].

Sc2O3 is also typically utilised in mixed materials for di�erent purposes, which is more

commonly found within literature. In example, one group has utilised (HfO2)1−x(Sc2O3)x

alloys as a replacement for SiO2 in metal-insulator-semiconductor devices [188, 215].

Sc2O3/SiO2 mixed oxide �lms deposited by IBSD have also been investigated at di�er-

ent percentages for its LIDT performances [6]. Sc2O3 thin �lms are also often studied as

a dopant in thin �lm transistors, or use as a minor addition to alloys by the metallurgic

industry [216], hence little research can be found within the literature for its use in the

optical coatings �eld.

In this chapter, it is reported the study and strategy for the optimisation of Sc2O3

�lm properties by controlling the oxygen ratio during the IBSD process, utilising the

ECR-IBSD technology, further discussed in Chapter 2.3.3.2. The stoichiometry and

elemental analysis of the �lms were carried out by RBS. The structural properties of

the �lms were determined by XRD, and the optical properties were obtained by �tting

the transmittance and re�ectance spectra on SCOUT software, have been reported and

discussed. Furthermore, the e�ects of annealing of these �lms on the structure and

optical properties are presented, where the results and discussion of the as-deposited

and annealing studies have been split into two separate parts.
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6.2 As-Deposited Sc2O3 Films

Within this �rst part, the results for as-deposited Sc2O3 thin �lms fabricated by ECR-

IBSD have been presented and discussed.

6.2.1 Results and Discussion

6.2.1.1 Transmittance and Re�ectance Measurement

As previously mentioned, within this experiment, the reactive oxygen have been varied

in order to observe the e�ect this has on the coatings and its properties. Figure 6.1

below shows the transmittance and re�ectance spectra obtained for the six �lms within

this data set with di�erent reactive oxygen percentage, including oxygen sputtering.

The spectra were acquired by the use of the Photon RT, where this data is then used

to extract the optical properties of the �lms, which will be discussed in later sections.
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Figure 6.1: Transmittance and re�ectance data for as-deposited Sc2O3

Here, it can be seen that as the oxygen content increases, the transmittance of the �lms

increases, leading to a decrease of the re�ectance. This is most notable in wavelength

range of 750 � 2500 nm. In this wavelength range, the highest transmittance is for

100% sputtering oxygen and the lowest is for the 0% reactive oxygen process. It can

also be seen that the data exhibits interference e�ects at lower wavelengths, where

these fringes are indicators for the thickness of the �lms. It can also be seen that the

number of interferences in this region decreased, leading to a decrease in the thickness

of the �lms, which is in agreement with the extracted thickness values, as shown in

Figure 6.5. As shown in Figure 6.1, for 0% and 20% reactive oxygen, the interference

peaks in the transmittance data were very similar, yielding similar thicknesses. The

slight variations in the minima and maxima values are due to the refractive indices and

extinction coe�cients of the �lms. Similar behaviour can be observed for 40%, 60%,

and 80% reactive oxygen processes.
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6.2.1.2 Refractive Index and Extinction Coe�cient

In Figure 6.2 below shows the refractive index of the Sc2O3 �lms investigated in this

chapter. Figure 6.2a shows the dispersion of the refractive indices in the range of 200 -

2500 nm, and Figure 6.2b shows the refractive index for a �xed wavelength at 1064 nm.
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(a) Dispersion of the refractive index for the range of λ = 200 - 2500 nm

It can be seen in both �gures that the lowest refractive index overall is from the 20% and

60% reactive oxygen deposition runs, where n = 1.87 at 1064 nm and the highest value

is n = 1.91 at 0% reactive oxygen. It can also be seen in both �gures that the refractive

index for 0% and 80% reactive oxygen, along with the pure oxygen sputtering process

have very close values for the refractive indices (n = 1.91, 1.90 and 1.90, respectively).

The refractive index values are correlated with the structure, chemical composition, and

density of the �lms [187], where it was previously reported for zirconium dioxide that
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the �lm composition is a dominant factor a�ecting the refractive index [217�219]. The

refractive index values extracted from SCOUT (Figure 6.2) are very similar to those

reported for Sc2O3 �lms which are n = 1.8 � 2.0 [63, 186�188, 196�199, 202, 207, 208].

Overall, the refractive indices of Sc2O3 fabricated under di�erent oxygen content are

similar, with an average of 1.89± 0.02, although there is an increase at 80% and 100%,

but this is only by less than 2% from lower oxygen percentages.
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(b) The refractive index at λ = 1064 nm. The error bars show the standard deviation of �ve separate �ttings for each sample.

Figure 6.2: The refractive index of all �lms in the study with di�ering oxygen percentages.

In Figure 6.3 below shows the extinction coe�cient of the Sc2O3 �lms. Figures 6.3a

and Figure 6.3b shows the extinction coe�cient in the wavelength range of 200 - 2500

nm and at a �xed wavelength of 1064 nm, respectively.
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(a) Dispersion of the extinction coe�cient for the range of λ = 200 - 2500 nm. Y-axis displays the extinction coe�cient on a
logarithmic scale.
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(b) The extinction coe�cient at λ = 1064 nm. The error bars show the standard deviation of �ve separate �ttings for each
sample.

Figure 6.3: The extinction coe�cient of all �lms in the study with di�ering oxygen percentages.
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In Figure 6.3a, a sharp decline of the extinction coe�cient with increase in wavelength

in the UV region can be seen, where this then continues to decrease as it reaches mid-

IR. As for Figure 6.3b, it can be seen that the highest value is k = 2.6 × 10−3, and

the lowest is k = 1.7 × 10−3 for 20% and 0% reactive oxygen, respectively. However,

similar to the refractive indices, the values for the extinction coe�cient for all the �lms

are very close to each other, where on average, k = (2.1± 0.4)× 10−3.

6.2.1.3 Bandgap Energy

Figure 6.4 below shows the bandgap energy of Sc2O3 �lms, extracted from the OJL

gap energy model. The �gure shows that as the oxygen concentration increases, the

bandgap energy also increases slightly from Egap = 5.86− 6.13 eV, which is within the

range of energies reported in literature for Sc2O3 thin �lms.
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Figure 6.4: The average bandgap energy of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.
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As previously mentioned, the optical bandgap energies are a�ected by many factors,

such as defect density, purity, packing density, and stoichiometry. In literature, the

bandgap energy of Sc2O3 reported in literature is 5.8 � 6.0 eV [63, 196]. It can be seen

in this work that by increasing the oxygen content during the deposition, the bandgap

energy can be manipulated to be higher than the reported values, as shown in Figure

6.4. The increase of the bandgap energy with increasing oxygen partial pressure can

be seen owing to the increase of interstitial oxygen within the �lms. Kong et al. [196]

have found that with an increase of oxygen vacancies, this leads to a decrease in the

concentration of free electrons as they getting trapped, leading to narrower bandgap

due to high number of oxygen defects, whereas when they increase the oxygen �ow rate,

this increases the bandgap energy due to low number of oxygen defects. By correlating

the values of bandgap energies with the transmittance measurement, it can be seen

that the OJL values follow the same trend as can be seen in the UV section of the

transmittance measurement. With the increase in oxygen content during deposition,

there is a slight blue-shift in the transmittance data in the UV range for the absorption

edge (Figure 6.1). This absorption edge is associated with the bandgap energy, and this

Burstein-Moss shift shows that the shift to lower wavelengths of the absorption edge is

associated with an increase in the bandgap energy.

6.2.1.4 Thickness

Figure 6.5 shows the thicknesses of the �lms at each oxygen percentages. As previously

mentioned, all coating depositions has the same deposition time of 72 hours.
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Figure 6.5: The average thicknesses of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

From Figure 6.5, it can be seen that at 20% reactive oxygen possesses the highest

thickness, and the pure oxygen process has the lowest thickness. Table 6.1 below shows

each value of the thicknesses of the �lms within this study:

Table 6.1: The di�erent thicknesses of Sc2O3 thin �lms with di�erent oxygen concentrations

OXYGEN PERCENTAGE (%) THICKNESS (nm)

0% 107

20% 108

40% 69

60% 70

80% 73

100% 49
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6.2.1.5 RBS Results

Figure 6.6 shows the ratio between the oxygen and scandium that are present within

the coatings. For stoichiometric Sc2O3 �lms, O/Sc ratio has to be 1.5, which is denoted

as the blue dashed line within the �gure. It can be seen that all of the coatings are

over-stoichiometric, where there are excess of oxygen within the �lms, as all �lms' ratio

are over 1.5. The lowest value is for 20% reactive oxygen (1.58) and the highest value

is for 60% reactive oxygen (2.17).
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Figure 6.6: RBS data acquired for the �lms discussed in this chapter. The data was measured by M. Chicoine.

The RBS data show that all the �lms are overstoichiometric in relation to the composi-

tion of the Sc2O3 target (1.5:1 is the expected O:Sc ratio), where 20% reactive oxygen is

closest to the stoichiometric value. In Figure 6.6, it can be seen that there is no obvious

trend in the O:Sc ratio of the coatings as the oxygen percentage increases. However, if

the average is taken for all �lms, the ratio of the �lms fabricated by ECR is 1.9± 0.2.

This can be attributed to the interstitial oxygen within the �lms, which is common in
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the literature for Sc2O3 thin �lms. As RBS is a surface technique, the overstoichiometric

values can also be due the presence of additional oxygen-containing species, i.e. water

in the atmosphere, which may increase the oxygen content in the �lms that have been

measured.

6.2.1.6 XRD Results

Figure 6.7 below shows the GIXRD pattern of Sc2O3 �lms, with di�ering oxygen con-

tent. As can be seen from the XRD spectra, all of the �lms within this study shows

broad weak bands, which indicates that all of the �lms at as-deposited are amorphous.
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Figure 6.7: XRD data acquired for the as-deposited �lms in this study, by utilising the GIXRD method.

In the GIXRD data, the broad peak that can be seen is for (211) plane in a Sc2O3 cubic

structure, which is also near the same position as that for fused silica substrate. It can be

seen that as the oxygen content increases, the GIXRD peaks also shifts slightly towards
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higher 2θ angle [27, 186]. However, as the change in 2θ is less than 1°, this increase in

compressive stress is minimal [186�188]. The GIXRD spectra are in agreement with the

RBS results of the overstoichiometric Sc2O3 �lms, where interstitial oxygen produces

compressive stress [196].

6.3 E�ects of Annealing on Sc2O3 Films

In this section, the results for annealed Sc2O3 �lms at 500°C, 700°C and 900°C have

been presented and discussed.

6.3.1 Results and Discussion

6.3.1.1 Transmittance and Re�ectance Measurement

Figure 6.8 shows the transmittance and re�ectance of some samples within this study

(0% reactive oxygen and pure oxygen sputtering), where they are being compared be-

tween as-deposited, 500°C, 700°C and 900°C annealing temperatures to show the di�er-

ences within the same coatings due to annealing. As previously mentioned, all samples

were annealed for 1 hour in air at each temperature, and left to cool down naturally

before taking them out of the furnace.

In each of the �gures, the black solid line are the spectra for the blank substrate, red

solid line is for as-deposited, green dash is for annealed at 500°C, magenta dashed-dot

is for annealed at 700°C, and blue dot is for annealed at 900°C.
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(a) 0% Reactive Oxygen
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Figure 6.8: Transmittance and re�ectance data of as-deposited, 500°C, 700°C, and 900°C annealed samples.
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Figure 6.8a shows that there is a slight shift of the data that can be seen towards lower

wavelengths as the annealing temperature increases. This shift is an indication that

there is an increase in the bandgap energy as the annealing temperature increases -

otherwise known as the Burstein-Moss shift. This shift towards the lower wavelengths

as the annealing temperature increases can also indicate the thickness change within the

coatings, which in turn will also a�ect the refractive index and the density of the coating.

There are no major changes in the transmittance and re�ectance percentages, except

for a slight increase in transmittance and decrease in the re�ectance as the temperature

increases, however, the changes are not drastic.

In Figure 6.8b shows a similar trend where the data is shifted towards the lower wave-

lengths, leading to an increase in the bandgap energy as the annealing temperature

increases. It can be seen that at 900°C, the transmittance data shows the most dras-

tic change at 280 - 400 nm, compared to other temperatures, as the transmittance

decreases. The higher transmittance of the annealed �lms can also be attributed to

the better homogeneity of the �lms [53, 220] or resulting from the arrangement of the

microstructure of the �lms [192].

6.3.1.2 Refractive Index and Extinction Coe�cient

Figure 6.9 shows the refractive index at 1064 nm for all temperature: As-deposited

(black square), 500°C (red circle), 700°C (green upright triangle), and 900°C (blue

downward triangle). It can be seen that when the samples have been annealed, they

follow a similar trend, where from 0% to 40% reactive oxygen shows the refractive index

value decreases with increasing oxygen content, then as the oxygen content increases

from 60% to 100%, the refractive index also increases.

As the annealing temperature increases, the refractive index also decreases for all sam-

ples, except for at 900°C, where some values increase slightly. In example, for 20%

reactive oxygen, from 700°C to 900°C annealing temperatures, the di�erence between

the two refractive index values is 0.002, similar to the values for 80% reactive oxygen
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sample. The largest change that can be observed by annealing from 700°C to 900°C is

for pure oxygen process, where the highest refractive index value is at 900°C (n = 1.91).
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Figure 6.9: The refractive index at λ = 1064 nm for as-deposited (black), 500°C (red), 700°C (green) and 900°C
(blue) annealed temperature. The error bars show the standard deviation of �ve separate �ttings for each
sample.

The less dense �lms can also be attributed to the stress of the thin �lms, i.e. lattice

contraction. Other authors have also associated a decrease in the refractive index with

the increase in the porosity of �lms [221], which in turn decreases the density of the �lms.

However, this is reported for �lms that were fabricated by other deposition methods,

rather than by IBSD [221]. Lv et al. have also observed the same phenomena for Ta2O5

�lms where they expressed that this leads to the decrease in packing density of the �lms,

which is in agreement with the widely reported relationship between optical constant

and annealing temperature [192,222].
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Figure 6.10: The extinction coe�cient at λ = 1064 nm for as-deposited (black), 500°C (red), 700°C (green) and
900°C (blue) annealed temperature. The error bars show the standard deviation of �ve separate �ttings for each
sample.

Figure 6.10 above shows the extinction coe�cient of the samples at 1064 nm, similar to

the refractive index shown above in Figure 6.9. For all samples, as they are annealed

to 500°C, the extinction coe�cient decreases, leading to a decrease in absorption. The

highest value is at 0%, where k = 2 × 10−3, and the lowest value is at 80%, where

k = 7×10−5. As the annealing temperature increases to 700°C, the extinction coe�cient

increases for all samples, similar to those annealed to 900°C. The biggest change that

can be observed is for the pure oxygen process, where the lowest value is k = 4.81×10−5

at 500°C, to the highest value at k = 7.52 × 10−3 at 900°C. As for the �lms with 0%

reactive oxygen, this has the smallest variation in the extinction coe�cient for the

di�erent annealing temperature (k = 1.52− 1.72× 10−3). In the case of Sc2O3 �lms in

this study, the ideal annealing temperature in terms of lowest extinction coe�cient is

at 500°C, as when the temperature increases, so does the extinction coe�cient.
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6.3.1.3 Bandgap Energy

Figure 6.11 below shows the OJL bandgap energy of the Sc2O3 �lms for: as-deposited

(black square), 500°C (red circle), 700°C (green upright triangle), and 900°C (blue

downward triangle).
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Figure 6.11: The average bandgap energy of the �lms acquired from SCOUT at as-deposited (black), 500°C
(red), 700°C (green) and 900°C (blue) annealed temperature. The error bars show the standard deviation of �ve
separate �ttings for each sample.

As the samples are annealed to 500°C, all samples shows an increase in energy. At 0%

reactive oxygen shows the lowest value for bandgap energy of 5.93± 0.03 eV, and pure

oxygen process has the highest value of 6.21 ± 0.01 eV. As the samples are annealed

to 700°C, there is also a slight increase in bandgap energy that can be observed for

all samples. The same can also be observed as the annealing temperature increases to

900°C, where the lowest value is for 0% reactive oxygen at 5.96±0.01 eV and the highest

value is for pure oxygen process at 6.26± 0.01 eV.
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As shown in Figure 6.11, it can be seen that as the annealing temperature increases,

so does the bandgap energy, in agreement with the spectral shift towards lower wave-

lengths, which can be seen in the transmittance data. This increase in the bandgap

energy as the annealing temperature increases can be attributed to changes in the mi-

crostructure of the �lms from amorphous to more polycrystalline structures, and can

be related to the rearrangement of atoms to more favourable positions or stable states

by post-thermal annealing [181]. Another explanation for the increase in bandgap ener-

gies by thermal annealing is the reduction in the number of unsaturated defects, which

in turn decreases the density of localised states in the band structure, leading to an

increase in the optical bandgap energy [221,223�225].

The overall trend that can be observed from Figure 6.11 is that as the annealing tem-

perature increases, so does the bandgap energy.

6.3.1.4 Thickness

Figure 6.12 shows the thickness extracted from SCOUT for the Sc2O3 �lms for samples

at: as-deposited (black square), 500°C (red circle), 700°C (green upright triangle), and

900°C (blue downward triangle).
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Figure 6.12: The average thickness of the �lms acquired from SCOUT at as-deposited (black), 500°C (red),
700°C (green) and 900°C (blue) annealed temperature. The error bars show the standard deviation of �ve
separate �ttings for each sample.

From Figure 6.12, it can be seen that the annealed samples are still following the same

trend as those at as-deposited. For all the �lms, as the annealing temperature increases,

the thickness decreases. The largest change that can be observed is for 20% reactive

oxygen from as-deposited (108 nm) to 500°C (103 nm). For other con�gurations and

annealing temperatures, the changes between the thickness are 2 nm or less, where

this variation is within the �tting error range of SCOUT. Table 6.2 below shows the

thicknesses of each sample at di�erent annealing temperature.
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Table 6.2: The di�erent thicknesses of Sc2O3 thin �lms with di�erent con�gurations at 500°C, 700°C and 900°C
annealed temperatures

OXYGEN PERCENTAGE

(%)

THICKNESS (nm)

As-deposited 500°C 700°C 900°C

0% 107.0 106.6 104.1 104.3

20% 108.4 103.0 101.7 102.6

40% 69.3 69.8 68.8 69.5

60% 69.6 67.7 66.5 67.1

80% 73.0 70.5 69.5 70.8

100% 49.1 47.4 45.5 46.2

6.3.1.5 XRD Results

Below, the GIXRD data for Sc2O3 �lms at 500°C, 700°C and 900°C are shown. GIXRD

data has been chosen as the �lms in this study are relatively thin, and with this tech-

nique, the substrate's signal can be minimised.
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(b) GIXRD annealed at 700°C
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Figure 6.13: GIXRD data acquired for the annealed �lms within this study.
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At 500°C show in Figure 6.13a, it can be seen that the data still shows broad weak

bands, indicating that the �lms are still amorphous. However, there are small peaks

starting to show, but this is still so small that the �lms are said to still be amorphous

for all samples. Similarly at 700°C (Figure 6.13b), where the spectra also shows broad

weak bands, indicating that the amorphous nature still exists for the �lms. Again,

small peaks are starting to form, indicating a slow shift into the polycrystalline nature.

The same can also be observed when the �lms are annealed to 900°C (Figure 6.13c),

where the peaks that are forming are still similar to those at 700°C. From this, it can

be concluded that the �lms are still amorphous at this temperature, where it is slowly

transitioning into polycrystalline nature.

As can be seen in Figure 6.13, as the annealing temperature increased, more di�raction

peaks corresponding to cubic Sc2O3 can be seen to have appeared. However, the �lms

remained amorphous. These peaks that can be observed as the temperature increases,

can be seen that they all have shifted slightly towards higher 2θ values (particularly

at (222), (440) and (622)). This suggests that lattice contraction occurred within the

�lms, leading to compressive stress [27, 186�188]. Along with the slight decrease in

thickness (Figure 6.12), lattice contraction can cause shrinkage in the �lms [150], further

con�rming the hypothesis of an increase in the compressive stress in the Sc2O3 �lms

as the annealing temperature increases. Another reason that can be attributed to the

decrease in thickness, along with a decrease in the refractive index and packing density

as the annealing temperature increases, can be due to oxygen desorption, where the

excess oxygen within the �lms are released from the �lms. As mentioned in Chapter 5,

IBSD �lms typically exhibit compressive stress, where this is also expected in ECR-IBSD

�lms. For Sc2O3, the crystallisation temperature is typically 500°C, where with some

deposition methods, the �lms will possessed polycrystalline nature from fabrication

without any annealing processes [187]. By utilising ECR-IBSD to fabricate Sc2O3 �lms

and annealing the �lms up to 900°C, the �lms provides interesting results where they

remain amorphous.
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6.4 Conclusion

The e�ects of di�ering oxygen percentage during the fabrication of Sc2O3 thin �lms

by utilising ECR-IBSD technique has been presented and discussed in this chapter.

The structural analysis of the �lms was carried out by GIXRD, which con�rmed that

all the as-deposited �lms in this study were amorphous. The compositional analysis

has been demonstrated by utilising RBS, where it was found that the �lms are all

over-stoichiometric as the O:Sc ratio is higher than 1.5:1, at an average of 1.88:1. By

utilising the OJL model implemented within SCOUT software, the refractive index of

the as-deposited �lms was found be in the range of n = 1.87 � 1.91, where the average

of all �lms is n = 1.89 ± 0.02; the extinction coe�cient was found to be in the range

of k = (1.7 � 2.6) ×10−3, with an average of k = (2.1 ± 0.4) × 10−3; and the OJL

bandgap energy was found to be in the range of 5.86 � 6.13 eV for the di�erent oxygen

concentration that were investigated, where the increase in oxygen content leads to an

increase of the bandgap energy. The shift in the bandgap to higher energies can also be

seen from the slight shift towards lower wavelengths in the transmittance measurement

in the UV range as the oxygen content increases. As can be seen from the refractive

indices and extinction coe�cients, there is no real trend of the e�ect of increasing the

oxygen percentage during deposition, where the average value of the refractive index

and the composition acquired from the RBS measurement con�rms that these �lms are

Sc2O3 with slight over-stoichiometry.

The e�ects of annealing on the optical and structural properties of the Sc2O3 �lms are

also presented and discussed for the annealing temperature of 500°C, 700°C and 900°C.

It was shown that, as the �lms were annealed at 500°C, the refractive indices for all

�lms decreased, and this also decreased further as the annealing temperature increased.

This also leads to the conclusion that the density of the �lms decreased as the anneal-

ing temperature increased. For the extinction coe�cient, as the �lms were annealed at

500°C, the extinction coe�cient decreased and then increased again as the annealing

temperature increased. As for the bandgap energy, as the �lms are annealed to 500°C,

158



Chapter 6. Scandium Oxide

it has been reported that the bandgap energies increase and continue to do so as the

temperature reaches 700°C and 900°C. The shift of the bandgap energies to higher val-

ues can also be observed in the transmittance measurement in the UV range, where

there is a blue-shift in the spectra. The structural properties were determined using

GIXRD, which showed that the �lms remained amorphous as the annealing tempera-

ture increased, reaching 900°C. There are peaks that can be observed as the annealing

temperature increases relating to the cubic structure of the Sc2O3 �lms, where these are

still broad weak bands. All the peaks show a slight shift towards higher angles, indicat-

ing compressive stress within the �lms, which goes hand-in-hand with the decrease in

thickness and the decrease in the refractive index (and therefore, density) of the �lms.

However, this decrease in the �lm thickness and refractive index can also be associated

with oxygen desorption due to the annealing of the �lms.

From the optical characterisation, it was found that by controlling both the reactive and

sputtering oxygen concentration during deposition, the bandgap energy could be tuned

to the desired value depending on the application. In addition to tuning the oxygen

content and sputtering percentages during deposition, post-deposition annealing can

also aid in tuning the optical constants to the desired value for di�erent applications.

While the �lms are still amorphous after annealing at 900°C, where Sc2O3 �lms typically

crystallises at 500°C, shows that Sc2O3 �lms fabricated by ECR-IBSD could be an

interesting material for high-temperature applications.
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7.1 Introduction

Research on mixed composite coatings is of interest due to their tunable bandgap ener-

gies, which are of great importance in the process of improving LIDT and their tunable

refractive indices [70,193,226�228]. In the past few decades, the study of mixing oxide

materials has been one of the most promising studies, as this mixed composite material

allows several degrees of freedom in comparison to pure materials. Mixed materials not

only give rise to the ability to tailor the refractive indices and bandgap energies, but

also allow the tunability of absorption loss, as well as changing the mechanical, thermal,

and structural characteristics. This also provides the ability to tailor the optical prop-

erties within a spectral range of interest, where the materials can be used to replace

the typical high refractive index materials, whose LIDT can be improved by utilising

mixed-material coatings [229].

The mixing of oxide dielectric coatings has been used in many di�erent applications

for many decades. For high precision optics, especially within optical coatings, the

utilisation of mixed materials was introduced around the same time as the semicon-

ductor industry. By utilising IBSD technique to fabricate mixed coatings, one of the

main advantages is the reduction of stress within the coatings [230,231], which provides

high stability and repeatability of mixture coatings [72]. Along with the reduction in

stress, mixed materials can be utilised to avoid discrete layer interfaces in multilayer

coatings [230]. Mixed material coatings have also been used to produce rugate �lter
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designs [77, 193, 231�235], where gradual index pro�les were utilised [231, 236] by co-

deposition of two materials. This technique has been proven reliable and is a �exible

method for the deposition of mixed materials [77]. However, as previously stated by

Jensen et al., within the last few years, it has been proven that spectral characteristics of

rugate �lters can be designed using the standard two material concept, without the use

of mixed materials, which is further discussed by Pervak et al [231, 237]. Nevertheless,

there are still many advantages of mixed material coatings, as previously mentioned.

The materials that are commonly investigated as mixed materials are Sc2O3:SiO2,

TiO2:SiO2, Ta2O3:SiO2, and HfO2:SiO2, for example, [238]. Within this chapter, the

mixture of interest is HfO2:SiO2. It has been observed that by adding SiO2 to pure

HfO2, this can improve several properties of the thin �lms, such as: optical and me-

chanical properties, and LIDT [70, 77, 226]. A study by Jena et al. also showed that

reduced surface roughness can be achieved by utilising mixed �lms of HfO2:SiO2 com-

pared to that of pure HfO2, which leads to the reduction in scattering loss [226]. HfO2

is also known to crystallise at low temperatures and undergo certain phase transitions

after heat treatment [239, 240]; and by mixing it with SiO2, this can increase the crys-

tallisation temperature. This also leads to better optical properties when the �lms are

annealed, without the fear of scattering losses due to crystallisation. A lot of interest

of HfO2:SiO2 mixture materials in literature are within the UV spectral range, where

several groups have investigated the mixed coatings material with di�erent mixture per-

centage and the e�ects this has on the LIDT, for example: Mende et al. reported double

increased in LIDT values for S-on-1 testing at 355 nm for mixture coatings within the

stack, compared to pure HfO2 and SiO2 multilyer coatings [72, 241]; another study by

Mende et al. demonstrated successful application of mixed HfO2:SiO2 coating with

an increased in LIDT for multiwavelength AR coating [242]; and Jensen et al. study

also agrees with Mende et al., where mirrors for 355 nm laser applications with mixed

material has twice as high LIDT than pure material multilayer [239].

However, with the unique optical and physical properties of mixed coatings, along with

di�erent combinations of coating and substrate materials, the LIDT mechanisms of
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mixed coatings are much more complex than those of pure materials [243]. To predict

the optical properties of any mixed oxide material, several di�erent e�ective medium

approximation (EMA) models that can be utilised, such as: Lorentz-Lorenz, Drude,

Needle, and Linear models, along with many others, have been used to compute the

compositional dependence of the di�erent mixed material coatings on the refractive

index [193,226].

In this chapter, it is reported the study of HfO2:SiO2 thin �lms with di�erent mixture

percentages, fabricated by ECR-IBSD technology. The stoichiometry and elemental

composition of the �lms were calculated by EMA estimation, the structural properties

of the �lms were determined by XRD, and the optical properties were obtained by

�tting the transmittance and re�ectance spectra using SCOUT software. The results

have been reported and discussed, along with the LIDT results which were carried out

by Rhysearch (Buchs, Switzerland). Furthermore, the e�ects of the annealing of these

�lms on the structure, optical properties, and LIDT results are presented, where the

results and discussion of the as-deposited and annealed �lms are split into two separate

parts.

7.2 As-Deposited HfO2:SiO2 Films

Within this �rst part, the results for as-deposited HfO2:SiO2 thin �lms fabricated by

ECR-IBSD have been presented and discussed.

7.2.1 Results and Discussion

7.2.1.1 Transmittance and Re�ectance Measurement

In this study, the e�ects of di�erent mixture percentages of HfO2 and SiO2 on the optical

properties were investigated. Figure 7.1 below shows the transmittance and re�ectance

results. As previously mentioned, all of the depositions had the same pressure during
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the deposition, the same base pressure, and the same deposition time (24-hours), the

only di�erence was the number of sources that were on.
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Figure 7.1: Transmittance and Re�ectance data for as-deposited HfO2:SiO2 samples with di�erent mixture
percentages.

The �gure shows six di�erent spectra: blank JGS3 substrate, pure HfO2, pure SiO2,

HfO2(41%):SiO2(59%), HfO2(80%):SiO2(20%), and HfO2(92%):SiO2(8%). The mix-

ture percentages were extracted from EMA calculations, as discussed in Section 7.2.1.5,

and the values quoted here and throughout the chapter are based on the Lorentz-Lorenz

model.

Although the SiO2 coating was deposited on fused silica (JGS-3) substrates, it can

be seen that the transmittance and re�ectance data for SiO2 coating di�ers from the

substrate's data - where interference details can be seen for the coatings which is an

indication of the thickness of the �lm, and that there is a di�erence in the refractive

indices of the thin �lm and bulk (the fused silica substrate in this case). With this

interference data that can still be observed, it means that the optical constants (n, k,
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Egap, d) can still be extracted by performing the optical �ttings on SCOUT.

In Figure 7.1, it can be seen that all the coatings have interference fringes, which can

be used to extract the optical constants, as previously mentioned. It can be seen that

varying the mixture percentages has an e�ect on the amplitude and number of fringes,

which a�ects the optical constants that are extracted. The pure HfO2 �lms have the

largest amplitude, and pure SiO2 has the smallest amplitude, with the di�erent mixture

amplitude sizes decreasing as the silica content increases in the mixture. The e�ects of

the mixtures on the optical constants based on the optical �ttings from the spectra in

Figure 7.1 are discussed in the following sections.

7.2.1.2 Refractive Index and Extinction Coe�cient

In Figures 7.2 and 7.3 below shows the refractive indices of the mixture �lms investigated

in this study. Figure 7.2 shows the dispersion of the refractive index in the range of 200

- 2500 nm, and Figure 7.3 shows the refractive index extracted for a �xed wavelength

of 1064 nm.
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Figure 7.2: Dispersion of the refractive index for the range of λ = 200 - 2500 nm of the �lms with di�erent
mixture percentages

Because HfO2 has a higher refractive index than SiO2, it is expected that mixed �lms

with a high HfO2 content will have a higher refractive index. Figures 7.2 and 7.3 show

that as the SiO2 content increased in the �lms, the refractive index decreased, with

pure SiO2 possessing the lowest values and pure HfO2 possessing the highest values.

As shown, the mixture materials �ll in the values for the refractive index between the

two pure materials, indicating that the refractive index can be tuned by changing the

mixture percentages. As previously discussed, the density is related to the refractive

index, and it is known that SiO2 is less dense than HfO2. Hence, as the silica content

increases, the density of the �lms decreases [226].
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Figure 7.3: The refractive index at λ = 1064 nm of the �lms with di�erent mixture percentages. The error bars
show the standard deviation of �ve separate �ttings for each sample.

In Figure 7.3, the refractive index at 1064 nm was utilised in the EMA models (Section

7.2.1.5) to extract the mixture percentages of the �lms. The lowest refractive index

value was obtained for pure SiO2 (n = 1.48) and the highest value was obtained for

pure HfO2 (n = 1.87). As can be seen, the increase in refractive index is linear with the

increase in HfO2 percentage. Hence, for a desired value of refractive index, extrapolation

of these results can be carried out for a �xed percentage of HfO2 that has to be deposit.

Figures 7.4 and 7.5 shows the extinction coe�cient from the wavelength of 200 - 2500

nm and at a �xed wavelength of 1064 nm, respectively.
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Figure 7.4: Dispersion of the extinction coe�cient for the range of λ = 200 - 2500 nm. Y-axis displays the
extinction coe�cient on a logarithmic scale.

Figure 7.4 shows the dispersion of the extinction coe�cient for the wavelength range

of 200 - 2500 nm, which also exhibits a sharp decline of the extinction coe�cient with

the increase in wavelength within the UV region, where this then continues to slowly

decrease as it reaches mid-IR.
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Figure 7.5: The extinction coe�cient at λ = 1064 nm. The error bars show the standard deviation of �ve
separate �ttings for each sample.

In Figure 7.5, it can be clearly seen that the extinction coe�cient increases as the HfO2

volume percentage increases. This is expected because SiO2 has a lower absorption,

which is related to the extinction coe�cient, than HfO2, leading to an increase in the

extinction coe�cient as the HfO2 volume percentage increases [226]. The lowest value is

for pure SiO2 (k = 9.69×10−5) and the highest value is for pure HfO2 (k = 4.99×10−4).

7.2.1.3 Bandgap Energy

Figure 7.6 shows the bandgap energy of the mixture �lms as a function of the HfO2

volume percentage in the �lms, where the bandgap energy was extracted from the OJL

gap energy model, and the volume percentage was extracted from EMA calculations

based on the Lorentz-Lorenz model.
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Figure 7.6: The average bandgap energy of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

As expected, with an increase in the SiO2 content in the mixed �lms, the bandgap

energy also increased [231]. This can also be observed by the blue shift observed in

the transmittance data in Figure 7.1. The highest bandgap energy for the �lms in this

study was for pure SiO2 (6.77 eV), and the lowest was for pure HfO2 (6.03 eV). The

bandgap energies are also listed in Table 7.1:

Table 7.1: The di�erent bandgap energies of HfO2:SiO2 thin �lms with di�erent HfO2 volume percentages.

HAFNIA PERCENTAGE (%) BANDGAP ENERGY (eV)

0% 6.77

41% 6.28

80% 6.17

92% 6.15

100% 6.03
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7.2.1.4 Thickness

Figure 7.7 shows the thickness of the coatings with di�erent mixture percentages. As

mentioned, all the coatings have the same deposition time and conditions, with the

exception of the number of ion sources on a certain number of targets. The thicknesses

were extracted from the number of fringes observed in the transmittance and re�ectance

spectra using SCOUT software.

0 10 20 30 40 50 60 70 80 90 100

300

400

500

600

700

T
hi

ck
ne

ss
 (

nm
)

HfO2 Percentage (%)

Figure 7.7: The average thicknesses of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

From Figure 7.7, it can be seen that the highest thickness is for HfO2(41%):SiO2(59%),

and the lowest is for the pure HfO2 �lms. The changes in the thicknesses can be

associated to the fact that the sputtering rate of HfO2 is lower than that of SiO2. Table

7.2 below shows the thicknesses of the �lms based on the volume percentage of HfO2

within the �lms.
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Table 7.2: The di�erent thicknesses of HfO2:SiO2 thin �lms with di�erent HfO2 volume mixture percentages

HAFNIA PERCENTAGE (%) THICKNESS (nm)

0% 729

41% 734

80% 404

92% 370

100% 294

7.2.1.5 E�ective Medium Approximation

Di�erent EMA models have been derived to represent the refractive index of a homo-

geneous mixed-component system [193]. The models used in this thesis are as follows:

Linear (Eq. 7.1), Lorentz-Lorenz (Eq. 7.2), Drude (Eq. 7.3, and Needle (Eq. 7.4),

which are also frequently used in the literature:

n = fana + fbnb, (7.1)

n2 − 1

n2 + 2
= fa

n2
a − 1

n2
a + 2

+ fb
n2
b − 1

n2
b + 2

, (7.2)

n2 = fan
2
a + fbn

2
b , (7.3)

1

n2
=

fa
n2
a

+
fb
n2
b

, (7.4)

where fa and fb are the volume fractions of the two pure materials and na and nb are

the refractive indices of the two pure materials. EMA models can be used to calculate

the volume percentage of the materials by knowing the values for na, nb and n of the
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mixed material in question. The equations 7.3 and 7.4 are the Wiener absolute bounds

of refractive index [193, 244]. For any given mixture �lm, the refractive index must lie

on or within the region enclosed by equations 7.3 and 7.4. This can also be observed in

Figure 7.8:

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1.45

1.50

1.55

1.60

1.65

1.70

1.75

1.80

1.85

1.90

R
ef

ra
ct

iv
e 

In
de

x 
@

 1
06

4 
nm

Volume Fraction of HfO2

 Linear Model
 Lorentz-Lorentz Model
 Drude Model
 Needle Model

Figure 7.8: Di�erent EMA models and its refractive index at di�erent volume fraction of HfO2

The Lorentz-Lorenz model values were used to quote the mixture percentages as the

experimental values of the refractive indices of the mixed �lms are closest to the Lorentz-

Lorenz model. This indicates that the microstructure of the mixed �lms was closer to

point-like and mixed well [193]. The values for the volume fraction of HfO2 based on

the di�erent EMA models is shown in Table 7.3:
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Table 7.3: Di�erent EMA models for HfO2 volume fraction in the mixed coatings studied in this chapter.

RUN NAME DRUDE LINEAR LORENTZ-LORENZ NEEDLE

C21F2310 (Pure HfO2) 1 1 1 1

C21F2910 0.36 0.38 0.41 0.47

C21F0810 0.76 0.78 0.80 0.84

C21G1210 0.90 0.91 0.92 0.94

C21F2416 (Pure SiO2) 0 0 0 0

7.2.1.6 XRD Results

Figure 7.9 shows the GIXRD pattern of the mixed �lms with di�erent mixture percent-

ages. As can be seen from the GIXRD data, all the �lms, even with di�erent mixture

percentages, shows broad weak bands, which indicates that all the �lms are amorphous.

It can be seen that with increase in HfO2 content in the �lms, the peaks can be seen to

increase at 32°, with the peak of SiO2 at 22°can also be seen.
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Figure 7.9: XRD data acquired for the as-deposited �lms in this study, by utilising the GIXRD method.
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7.2.1.7 LIDT Results

Figure 7.10 below shows the damage probability curves for the two pure materials stud-

ied in this chapter as an example, where all the samples underwent the same protocol

and �ttings. As previously mentioned in Chapter 3.9, according to the ISO 21254 stan-

dards, LIDT is the highest quantity of laser radiation incident on the optical component

for which the extrapolated probability of damage is zero, where the quantity of laser

radiation is expressed in energy density. The percentage of failures is plotted against

the energy density, where a least square linear �t to these data is calculated, and the

0% failure intercept most often de�nes the damage threshold level. The LIDT setup,

this was previously mentioned in detail in Chapter 4.4.5, where the LIDT was carried

out by RhySearch with a 10-on-1 test using a Nd:YAG laser at 1064 nm and 11.6 ns

pulses.

(a) Damage Probability Curve for Pure HfO2 Films
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(b) Damage Probability Curve for Pure SiO2 Films

Figure 7.10: Example of Damage Probability Curves based on the ISO-standards for pure thin �lms studied in
this chapter. The damage occurrence corresponds to a value of 100% and when no damage appears the �uence
sites is designated at 0%.

In Figure 7.11 below shows the LIDT of all coatings studied in this chapter versus

refractive index (Figure 7.11a), and bandgap energy (Figure 7.11b), respectively.
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Figure 7.11: LIDT values for all the �lms studied in this chapter as a function of the refractive index and
bandgap energy.
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As shown, the highest LIDT was for HfO2(92%):SiO2(8%), and the lowest was for the

pure SiO2 �lm. By adding a small percentage of SiO2 to the HfO2 �lms, this increases

the LIDT to 11.5 J/cm2 from 5.7 J/cm2 of pure HfO2 coating. Based on Figure 7.11a for

mixed �lms, as the refractive index increases, the LIDT values �rst decrease and then

increase, and based on Figure 7.11b for mixed �lms, as the bandgap energy increases,

�rst the LIDT decreases then increases again slightly.

As expected from the literature, the addition of SiO2 to HfO2 coatings reduces the

refractive index and extinction coe�cient of the �lms, where the absorbed power de-

creases, leading to an increase in the LIDT values for the mixed �lms compared to pure

HfO2 [226]. However, in this study, SiO2 had the lowest LIDT among all the �lms.

This is unexpected because a high LIDT of SiO2 has been widely reported in the liter-

ature [4, 5, 71, 81, 231]. Within the nanosecond regime, the laser damage to the �lms is

very sensitive to many technological factors, where during the production steps of the

�lms, di�erent origins of defects and contamination can occur [8, 229]. These defects

includes but not limited to, substrate surface polishing, cleanliness of the substrate sur-

face prior to coating, cleanliness of the deposition chamber, the deposition process and

optics handling techniques [8,229]. In this study, contamination was likely to occur dur-

ing the loading of substrates into the system and during the deposition process. During

the deposition process, there was a large amount of discharge inside the system, which

can cause contamination inside the system from delamination of the material coated on

the inner walls [8]. Another source of contamination can be the sputtering of particles

that may be on the targets. From the microscopic images that were taken by RhySearch

of the damaged area, contamination on the coatings is very visible, showing that there

is contamination and inclusions on the coatings, which likely a�ect the LIDT results.

The �gures are presented in Section 7.2.1.8 below. Therefore, during the deposition

of the pure SiO2 �lms, there was a signi�cant amount of discharge inside the system,

which caused the sources to be unstable. This could be the source of contamination in

the SiO2 �lm, leading to a much lower LIDT value than expected.
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7.2.1.8 Damage Morphology

Figures 7.12 to 7.16 shows the damage morphologies of the pure and mixed �lms after

laser irradiation, where (a) shows the low �uence damages and (b) shows the high �uence

damages. There are two main types of damage that can be observed: absorption induced

damage and pits due to inclusion.

(a) 10.9 Jcm−2 (b) 26.2 Jcm−2

Figure 7.12: Observed damage sites for pure HfO2 �lm with (a) low and (b) high �uence.

(a) 9.9 Jcm−2 (b) 29.8 Jcm−2

Figure 7.13: Observed damage sites for HfO2(92%):SiO2(8%) �lm with (a) low and (b) high �uence.
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(a) 18.4 Jcm−2 (b) 44.0 Jcm−2

Figure 7.14: Observed damage sites for the HfO2(80%):SiO2(20%) �lm with (a) low and (b) high �uence.

(a) 8.2 Jcm−2 (b) 45.5 Jcm−2

Figure 7.15: Observed damage sites for the HfO2(41%):SiO2(59%) �lm with (a) low and (b) high �uence.

(a) 18.0 Jcm−2 (b) 49.8 Jcm−2

Figure 7.16: Observed damage sites for the pure SiO2 �lm with (a) low and (b) high �uence.

In Figures 7.12b, 7.13b, and 7.14b, it can be observed that the damage morpholo-
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gies are very similar, which can be associated with absorption induced damage e�ect,

where the �lms reached their melting point before delamination occurred [8, 243]. The

characteristic morphology of absorption induced defect damage is often shown as dis-

colouration or an increase in the surface roughness at the centre of the laser beam [8],

which can be observed for samples of pure HfO2 and mixed �lms with 20% or less SiO2

contribution. This correlates with the extinction coe�cient values (Figure 7.5), where

the �lms in Figures 7.12b, 7.13b, and 7.14b have higher extinction coe�cient values,

which is related to the absorption of the �lm. In Figure 7.15b, it can be seen that the

HfO2(41%):SiO2(52%) �lm exhibits both absorption induced damage morphology and

pits, and as for Figure 7.16, pits can be observed for both high and low �uences. Dam-

age initiated by defects embedded in the �lms typically shows craters or pits in the laser

beam area [8, 80, 243]. This morphology could be attributed to inclusions which were

rapidly heated during laser irradiation and exploded, creating pits [8, 80, 243]. Figure

7.16b shows the damage morphology of the pure SiO2 �lm, where faint rings can also

be observed at the damage site, which can be associated with the recrystallisation of

the damage after laser irradiation [8]. All of the �lms observed in Figures 7.12 to 7.16

at low �uence laser irradiation (�gures set (a)), only pits can be observed because of

laser damage. In addition, contamination and inclusions can also be clearly observed in

these �gures near the damage site, con�rming that the pit damage morphology is due

to contamination of the coatings, which is the starting point of damage for all the �lms

in this study, regardless of the mixture percentages. As mentioned, with an increase in

�uence, absorption induced damage occurs for �lms with less than 20% SiO2 within the

mixture, including pure HfO2 �lms.

7.3 E�ects of Annealing on HfO2:SiO2 Films

In this section, the results for annealed HfO2:SiO2 �lms at 500°C, 700°C and 900°C have

been presented and discussed.
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7.3.1 Results and Discussion

7.3.1.1 Transmittance and Re�ectance Measurement

Figure 7.17 shows the transmittance and re�ectance of some samples studied in this

chapter, where they are being compared between as-deposited, 500°C, 700°C and 900°C,

to show the di�erences within the same coatings due to annealing. As previously men-

tioned, all samples were annealed for 1 hour in air at each temperature and allowed to

cool naturally before being removed from the furnace. In each �gure, the black solid

lines are the spectra for the blank substrate, the red solid line represents the as-deposited

substrate, the green dashed line represents 500°C, the magenta dash-dot line represents

700°C, and the blue dotted line represents 900°C.
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(a) Annealed pure HfO2 �lm spectra
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(b) Annealed SiO2 �lm spectra
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(c) Annealed HfO2(41%):SiO2(59%) �lm spectra

Figure 7.17: Transmittance and re�ectance of annealed spectra for some of the samples investigated in
this chapter. Three di�erent samples are shown: pure HfO2, pure SiO2 and one of the mixed materials
(HfO2(41%):SiO2(59%)).
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Figure 7.17a shows that there is a slight shift of the data that can be seen towards lower

wavelengths as the annealing temperature increases (Burstein-Moss shift). This shift

towards lower wavelengths as the annealing temperature increases can also indicate a

change in thickness, which in turn will also a�ect the refractive index and density of

the coating. This shift also indicated an increase in the bandgap energy of the �lm. No

major changes were observed in the transmittance and re�ectance percentages as the

temperature increased. The same can be said for the spectra in Figure 7.17b, where

there is a small blue shift in the data, which is much smaller than the other spectra. This

shows that annealing the SiO2 �lm did not cause drastic changes in the bandgap energies

or other optical constants. As for Figure 7.17c for one of the mixed materials' spectra,

there is a much more notable blue shift in the spectra as the annealing temperature

increases. Further discussion of the e�ects of annealing on the optical properties is

discussed in the following sections.

7.3.1.2 Refractive Index and Extinction Coe�cient

Figure 7.18 shows the refractive index at 1064 nm for all temperature: as-deposited

(black square), 500°C (red circle), 700°C (green upright triangle) and 900°C (blue down-

ward triangle), as a function of HfO2 volume percentage in the �lms.

It can be seen that as the samples are annealed, they follow a similar trend, where

the refractive index �rst decreases slightly, then increases slightly again. However,

the changes in the refractive indices are very small and are within a few percentages

of each other as the annealing temperature increases (∼1�2%). The small reduction

in the refractive index due to ex situ annealing has been widely reported by many

authors [191, 229, 242], who also found that the coatings with SiO2 mixtures remained

amorphous, whereas the pure HfO2 �lms crystallised at temperatures as low as 400°C

[242] and 500°C [191,229].

The most notable refractive index change is for the mixed material with 41% HfO2,

where as the temperature reaches 900°C, the refractive index increases to a value higher
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than that of the as-deposited samples. However, this was still a very small percentage

change. As can be seen, the trend for the refractive indices at each annealing tempera-

ture remains the same, where the higher the HfO2 mixture content, the higher the value

of the refractive index. Table 7.4 shows the values of the refractive index and of each

samples at di�erent annealing temperature.
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Figure 7.18: The refractive index at λ = 1064 nm. The error bars show the standard deviation of �ve separate
�ttings for each sample.

Table 7.4: The di�erent refractive indices of HfO2:SiO2 thin �lms with di�erent mixture concentration at as-
deposited, 500°C, 700°C and 900°C annealed temperatures.

HAFNIA:SILICA CONTENT AS-DEP 500°C 700°C 900°C

100:0 (Pure HfO2) 1.87 1.84 1.85 1.85

92:8 1.84 1.82 1.82 1.81

80:20 1.79 1.77 1.77 1.78

41:50 1.63 1.62 1.63 1.65

0:100 (Pure SiO2) 1.48 1.47 1.48 1.47

Figure 7.19 shows the extinction coe�cient of the samples at 1064 nm, similar to that
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of the refractive indices shown above. All samples were annealed at 500°C, 700°C, and

900°C. As the samples are annealed to higher temperatures, the overall trend shows that

the extinction coe�cient decreases for all �lms and continues to do so as the annealing

temperature continues to increase. The extinction coe�cient for the annealed samples

followed the same trend as that for the as-deposited samples, where as the HfO2 content

increased, so did the extinction coe�cient [226]. For the pure SiO2 sample, the changes

are extremely small and within the error bars, leading to the conclusion that annealing

does not a�ect the extinction coe�cient.
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Figure 7.19: The extinction coe�cient at λ = 1064 nm. The error bars show the standard deviation of �ve
separate �ttings for each sample.

7.3.1.3 Bandgap Energy

Figure 7.20 below shows the OJL bandgap energy extracted from SCOUT for �lms

at: as-deposited (black square), 500°C (red circle), 700°C (green upright triangle) and

900°C (blue downward triangle).
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Figure 7.20: The average bandgap energy of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

As the samples were annealed to 500°C, there was a slight increase in the bandgap

energies for �lms with more than 50% HfO2 percentage in the coatings, where the

bandgap energies remained almost the same at 700°C, and decreased as the annealing

temperature reached 900°C. For samples with less than 50% HfO2 percentage in the

coatings, as the samples were annealed, the bandgap energies barely changed, and there

was a slight decrease in the bandgap energy at 900°C for HfO2(41%):SIO2(59%). For

the pure silica sample, the values for the bandgap energies at all temperatures are

within the errors of each other, leading to the conclusion that the bandgap energy does

not change with annealing. This coincides with the transmittance and re�ectance data

shown in Section 7.3.1.1, where there is a slight blue shift that can be seen, indicating

an increase in the bandgap energies.
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7.3.1.4 Thickness

Figure 7.21 below shows the thickness extracted from SCOUT for the mixed �lms: as-

deposited (black square), 500°C (red circle), 700°C (green upright triangle) and 900°C

(blue downward triangle).
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Figure 7.21: The average thicknesses of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

The annealed samples follow the same trend as that of the as-deposited samples. For

all �lms, as the annealing temperature increased, the thickness decreased. The largest

change was observed for HfO2(41%):SiO2(59%) �lms, where there was a large change

in the thicknesses at each annealing step. This coincides with the transmittance and

re�ectance shown in Section 7.3.1.1, where this sample exhibits the largest change and

shift in the fringes within the spectra compared with the other samples. For pure silica,

there was virtually no change in thickness as the �lms were annealed. The decrease in
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the thickness as the annealing temperature increases suggests that there is compressive

stress within the �lms [27, 186�188], which is further con�rmed by the XRD data,

especially for the �lms that have crystallised.

7.3.1.5 XRD Results

GIXRD data for pure and mixed �lms annealed at 700°C and 900°C are presented below.
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(a) GIXRD annealed at 700°C
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Figure 7.22: GIXRD data acquired for the annealed �lms within this study.

At 700°C, it can be see that all of the �lms still has broad weak bands, similar to

the data shown at as-deposited. As the �lms were annealed at 900°C, some �lms

showed sharp peaks, indicating that the �lms were crystalline. The pure HfO2 and

HfO2(92%):SiO2(8%) �lms showed a preferential (111) growth orientation, which is the

preferred orientation for tetragonal HfO2 �lms. It can also be observed that there
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are more peaks at (200), (220), and (311), which further con�rms the presence of the

tetragonal phase. For the HfO2(80%):SiO2(20%) �lm, the data show that the �lm

becomes more polycrystalline in nature, with the same peaks starting to appear in

the same phases as the pure hafnia and HfO2(92%):SiO2(8%) �lms. The pure silica

and HfO2(41%):SiO2(59%) �lms show broad weak bands, indicating that the �lms are

still amorphous. This is expected because silica crystallises at a much higher tem-

perature [245, 246], and the larger percentage of silica in the mixture �lms allows for

the suppression of crystallisation in the mixed �lms [72]. Feng et al. have noted in

their paper that there are several reasons as to why the mixture �lms remained amor-

phous, in example, the mixed �lms consists of more Si-O bonding than HfO2 �lm, which

have appeared to suppress crystallisation [245]. Figure 7.22b also shows that there is

a shift in the pure hafnia and HfO2(92%):SiO2(8%) �lms towards higher values of 2θ,

which indicates lattice contraction due to annealing, leading to compressive stress in

the �lms [27, 178, 179, 186�188]. The same phenomena were observed and discussed in

previous chapters for HfO2 and Sc2O3 �lms.

The data for the peaks and phase of the �lm were obtained from the powder di�raction

database, where in this case, it is JCPDS:no. 53-0550. The Joint Committee on Powder

Di�raction Standards (JCPDS) is an organisation founded on powder di�raction data

for the identi�cation of materials.

7.3.1.6 LIDT Results

In Figure 7.23 below shows the LIDT of the �lms after annealing them at 480°C for 1

hour. The �gure shows the LIDT as a function of HfO2 percentage in the �lm for both

the as-deposited and annealed �lms.
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Figure 7.23: LIDT vs HfO2 percentage for both as-deposited and annealed �lms

As shown in Figure 7.23, only some �lms underwent LIDT testing. This is because,

after annealing, some �lms have cracks, which can be observed by a microscope. These

cracks in the coatings can lead to misinterpretation of the values of LIDT, as structural

defects can modify the electric �eld, therefore lowering the damage threshold of dielectric

�lms [79]. The reason for the occurrence of cracks at this temperature can also be due

to several damages already existing on the coatings from testing at as-deposited, which

increases the chance of cracks as the �lms are annealed. For the tested samples, it can be

seen that the LIDT for HfO2(92%):SiO2(8%) �lm remains the highest. By annealing the

�lms, the pure silica and HfO2(92%):SiO2(8%) �lms' LIDT values increased, whereas

for the pure HfO2 �lm, the value decreased slightly by 0.3 J/cm2, which is still within

the error of the results. The overall increase in the LIDT values can be attributed to the

decrease in the extinction coe�cient, which in turn decreases the absorption of the �lms.

This is similar to that reported in the literature, where an increase in the SiO2 content
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decreased the absorption power of the laser and enhanced the LIDT, and by annealing

the �lms, this decreases the absorption, which may also decrease the absorption power

of the laser [226].

Figure 7.24 below shows SEM images of cracks that can be observed due to annealing

of the �lms:

(a) (b)

Figure 7.24: Cracks observed on the �lms due to annealing.

The �lms in both �gures were on JGS-3 substrates, which were only used for annealing

studies to extract optical constants, where the �lms were annealed to 700°C before

cracks were observed. As shown in Figure 7.24a, some of the cracks can be seen to

have originated from pits, which can arise from contamination in the �lms and turn

into pits as the annealing temperature increases. As mentioned, the samples which

underwent LIDT showed cracks at a lower temperature because the previous damages

were enhanced as the annealing temperature increased.

7.3.1.7 Damage Morphology

Figures 7.25 to 7.27 shows the damage morphologies of the pure and mixed �lms after

laser irradiation, where (a) shows the low �uence damages and (b) shows the high

�uence damages. It can be seen that similar to as-deposited samples, after annealing,
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there are two main types of damage observed: absorption induced damage and pits due

to inclusion.

(a) 12.2 Jcm−2 (b) 28.9 Jcm−2

Figure 7.25: Observed damage sites for annealed pure HfO2 �lm with (a) low and (b) high �uence.

(a) 16.0 Jcm−2 (b) 35.7 Jcm−2

Figure 7.26: Observed damage sites for annealed HfO2(92%):SiO2(8%) �lm with (a) low and (b) high �uence.

(a) 5.8 Jcm−2 (b) 49.8 Jcm−2

Figure 7.27: Observed damage sites for the annealed pure SiO2 �lm with (a) low and (b) high �uence.
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In Figures 7.25b and 7.26b, it can be observed that the damage morphologies are sim-

ilar and can be associated with the absorption induced damage e�ect [8, 243]. The

characteristic morphology of absorption induced defect damage is often shown as dis-

colouration or an increase in the surface roughness at the centre of the laser beam [8],

which can be observed for samples of pure HfO2 and mixed �lms with a 20% or less SiO2

contribution, similar to those of the as-deposited. This correlates with the extinction

coe�cient values (Figure 7.19), where the �lms in Figures 7.25b and 7.26b have higher

extinction coe�cient values, which are related to the absorption of the �lm because of

the higher percentage of HfO2 in the �lms. For Figure 7.27, pits can be observed at both

high and low �uences. Damage initiated by defects embedded in �lms typically results

in craters or pits in the laser beam area [8,80,243]. This morphology can be attributed

to inclusions which were rapidly heated during laser irradiation and exploded, creating

pits [8, 80, 243]. All of the �lms observed in Figures 7.25, 7.26, and 7.27 at low �uence

laser irradiation (�gures set (a)), only pits can be observed because of laser damage. In

addition, contamination and inclusions can also be clearly observed in these �gures near

the damage site, con�rming that the pit damage morphology is due to contamination

of the coatings, which is the starting point of damage for all �lms in this study, regard-

less of the mixture percentages. As mentioned, with an increase in �uence, absorption

induced damage occurs in �lms with less than 20% SiO2 within the mixture, including

pure HfO2 �lms.

7.4 Conclusion

The e�ects of di�erent mixture percentages of HfO2:SiO2 thin �lms fabricated using the

ECR-IBSD technique on the optical constants and LIDT are presented and discussed

in this chapter. Structural analysis of the �lms was carried out by GIXRD, which

con�rmed that the as-deposited �lms in this study were amorphous, regardless of the

mixture percentages. The volume mixture percentages of HfO2 and SiO2 in each �lm

in this study were determined using EMA models based on refractive index values. By
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utilising the OJL model implemented within SCOUT software, the refractive index of

the as-deposited �lms was found to be in the range of n = 1.48 � 1.87, where the lowest

value is for the pure SiO2 �lm and the highest value is for the pure HfO2 �lm. It was

shown that the mixture materials �lled in the values for the refractive index between

the two pure materials, indicating that the refractive index can be tuned by changing

the mixture percentages. As for the extinction coe�cient, this was found to be in the

range of k = 9.69×10−5−4.99×10−4, where the highest value is for the pure HfO2 �lm

and the lowest is for the SiO2 �lm, with the mixed �lm values lying in between these

two values, where the higher the SiO2 percentage, the lower the extinction coe�cient

value. The OJL bandgap energy was found in the range of 6.03 � 6.77 eV, where

the increase in SiO2 also increases the bandgap energy. The shift in the bandgap to

higher energies can also be seen from the slight shift towards lower wavelengths in the

transmittance measurement in the UV range as the SiO2 content increases. The LIDT

of the �lms was carried out by RhySearch with a 10-on-1 test using a Nd:YAG laser at

1064 nm and 11.6 ns pulses. From this, it was found that the highest LIDT was for

HfO2(92%):SiO2(8%) at 11.5 J/cm2 and the lowest for pure SiO2 at 4 J/cm2. Based

on the damage morphologies, two main types of damage were observed: absorption

induced damage and pits due to inclusions, where the latter can be observed for all

�lms at low laser �uence. The laser damage is very sensitive to contamination within

the nanosecond regime, and a large amount of discharge occurs inside the chamber

during deposition, which leads to contamination of the �lms, which can lower the LIDT

values.

The e�ects of annealing on the optical and structural properties and LIDT of HfO2:SiO2

mixed �lms are also presented and discussed for annealing temperatures of 500°C, 700°C

and 900°C. As the annealing temperature increased, the refractive index and extinc-

tion coe�cient values decreased, and the bandgap energy increased. The structural

properties were determined using GIXRD, which showed that at 700°C, all �lms with

di�erent percentages of mixtures remained amorphous, and as the temperature reached

900°C, peaks were observed for pure HfO2 and HfO2(92%):SiO2(8%) �lms, which show

a crystalline tetragonal HfO2 structure; however, �lms with a higher percentage of SiO2
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remained amorphous. All the crystalline �lms show a slight shift towards higher angles,

indicating compressive stress within the �lms, which goes hand-in-hand with the de-

crease in refractive index and decrease in the �lm thickness due to annealing. The LIDT

was carried out only for three �lms in this study after annealing owing to cracking in

the �lms. It was found that as the �lms were annealed to 480°C, the LIDT values also

increased. Similar to the as-deposited �lms, two main types of damage were observed:

absorption induced damage and pits due to inclusions, where the latter can be observed

for all �lms at low laser �uence.

From optical characterisation, it was found that by controlling the mixture percentage of

HfO2 and SiO2, the refractive index, extinction coe�cient, and bandgap energy can be

tuned to the desired values depending on the application. In addition, post-deposition

annealing can aid in tuning the optical constants of the mixed �lms. By including more

than 10% of SiO2 into the mixture of HfO2:SiO2, this can suppress the crystallisation

temperature of the �lms and provide a higher damage threshold than that of the pure

HfO2 �lm.
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8.1 Introduction

As previously mentioned, mixed materials have the advantages of tunable bandgap

energies and tunable refractive indices covering the range between the two materials

[70, 193, 226�228], among other mechanical, thermal, and structural characteristics, as

well as the avoidance of discrete layer interfaces and improved physical properties such

as reduction of residual stress [4, 230]. With these advantages, mixed materials can

be utilised in multilayer designs in place of high refractive index materials, which can

improve the LIDT of the optics utilised in high power laser systems [4, 70,229].

In the last few years, typically HfO2 have been studied as a high refractive index material

in combination with SiO2 to create mixture materials, which has been the focus of

investigations of high LIDT thin �lms [6, 154, 231, 239]. However, Sc2O3 has drawn

some attention because of its high refractive index from UV to mid-IR [247] and slightly

higher bandgap energy than that of HfO2 [6] as mentioned in Chapter 6. Although

the mixture of Sc2O3 and SiO2 has not been studied as much as the mixture with

HfO2, there are still a few studies that have investigated this mixture using di�erent

thin �lm fabrication techniques, most commonly e-beam evaporation, and little with

IBSD. This led to the interest in investigating this mixture material in this study,

especially for �lms fabricated by ECR-IBSD and its properties. A study by Gallais et

al. showed that Sc2O3:SiO2 �lms have a relatively high damage threshold at 1030 nm,

sub-ps laser applications compared to other materials within their study, and found
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that Sc2O3(60%):SiO2(40%) mixture as a high index material combined with SiO2 as

a low index material could be a promising combination for optical interference coatings

utilised in high power laser systems [4,248]. This �nding was also supported by Mende

et al. for the same combination percentage of mixture materials that can be utilised

in optical coatings for fs-range laser applications [6]. A study by Fu et al. also agrees

that mixtures of Sc2O3:SiO2 can have high LIDT and low values of bandgap energy

with a high refractive index, making it an interesting material for the design of high

LIDT coatings for both ns- and fs-range with infrared lasers (1064 nm and 1030 nm,

respectively) [230]. Kong et al. have also studied Sc2O3:SiO2 mixtures in the UV-range

(355 nm), where they found that the LIDT decreases with the increase of Sc2O3 in the

coatings, and the residual stress increases with the increase of Sc2O3 which they believe

is related to oxygen vacancies and interstitials in the Sc2O3:SiO2 mixture �lms [247].

Overall, with the limited literature available, there is agreement that Sc2O3:SiO2 is an

interesting choice for high index material for high power applications.

In this chapter, Sc2O3:SiO2 thin �lms with di�erent mixture percentages fabricated by

ECR-IBSD technology are reported. The stoichiometry and elemental composition of

the �lms were calculated by EMA estimation previously explained in Chapter 7; the

structural properties of the �lms were determined by XRD, and the optical properties

were obtained by �tting the transmittance and re�ectance spectra on SCOUT software

have been reported and discussed, along with the LIDT results which were carried out

by RhySearch (Buchs, Switzerland). Furthermore, the e�ects of the annealing of these

�lms on the structure, optical properties, and LIDT results are presented, where the

results and discussion of the as-deposited and annealed �lms are split into two separate

parts.

8.2 As-Deposited Sc2O3:SiO2 Films

Within this �rst part, the results for as-deposited Sc2O3:SiO2 thin �lms fabricated by

ECR-IBSD have been presented and discussed.
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8.2.1 Results and Discussion

8.2.1.1 Transmittance and Re�ectance Measurement

In this experiment, the e�ects of di�erent mixture percentages of Sc2O3 and SiO2 on

optical properties were investigated. Figure 8.1 below shows the transmittance and

re�ectance measurements. As previously mentioned, all of the depositions had the

same deposition pressure, base pressure, and time, with the only di�erence being the

number of sources that were on.
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Figure 8.1: Transmittance and re�ectance data for as-deposited

The �gure shows �ve di�erent spectra for the following samples: blank JGS3 substrate,

pure Sc2O3, Sc2O3(52%):SiO2(48%), Sc2O3(78%):SiO2(22%), and Sc2O3(94%):SiO2(6%).

The mixture percentages quoted were extracted from the Lorentz-Lorenz EMA model,

as previously discussed in Section 7.2.1.5.
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In Figure 8.1, it can be seen that all the coatings have interference e�ects, which are

utilised in SCOUT to extract the optical constants. It can be seen that by varying the

mixture percentages, this has an e�ect on the amplitude and the number of fringes. As

shown, pure Sc2O3 had the largest amplitude, and as the SiO2 content increased, the

amplitude decreased. This proves that tuning the volume fraction of Sc2O3 can change

the transmittance of the �lms [247]. The e�ect of the mixtures on the optical constants

based on the optical �ttings from the spectra in Figure 8.1 is discussed in the following

sections.

8.2.1.2 Refractive Index and Extinction Coe�cient

In Figures 8.2 and 8.3, the refractive index of the mixed �lms investigated in this chapter

is shown. Figure 8.2 shows the dispersion of the refractive index in the wavelength

range of 200 - 2500 nm, and Figure 8.3 shows the refractive index extracted at a �xed

wavelength of 1064 nm.

Figures 8.2 and 8.3 shows that as the SiO2 content increases in the �lms, the refractive

index decreases, where it can be see that the pure Sc2O3 possesses the highest refrac-

tive index values. As shown, the results agree with the literature, where the mixed

percentages �ll in the values of the refractive indices between the two pure materials,

demonstrating that the refractive index can be tuned by simply changing the mixture

percentages [77, 247]. The refractive index of pure SiO2 is shown in Section 7.2.1.2.
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Figure 8.2: Dispersion of the refractive index for the range of λ = 200 - 2500 nm
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Figure 8.3: The refractive index at λ = 1064 nm. The error bars show the standard deviation of �ve separate
�ttings for each sample.
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In Figure 8.3, the refractive index at 1064 nm was utilised in the EMA models (shown

in Section 8.2.1.5) to extract the volume mixture percentages of the �lms. In this

case, the lowest refractive index value, neglecting the SiO2 values, was obtained for

Sc2O3(52%):SiO2(48%) (n = 1.66), and the highest value was obtained for pure Sc2O3

(n = 1.84). All the refractive indices at 1064 nm and the mixture percentages based on

di�erent EMA models are shown in Table 8.3 in Section 8.2.1.5.

Figures 8.4 and 8.5 shows the extinction coe�cient from the range of wavelength of 200

- 2500 nm and at a �xed wavelength of 1064 nm, respectively.

Figure 8.4: Dispersion of the extinction coe�cient for the range of λ = 200 - 2500 nm for the di�erent mixed
percentages. Y-axis displays the extinction coe�cient on a logarithmic scale.

Figure 8.4 shows that as the Sc2O3 content decreases, so does the extinction coe�cient,

with the exception of Sc2O3(94%):SiO2(6%) which has a large increase. Figure 8.4

shows a sharp decline of the extinction coe�cient in the wavelengths within the UV

region, where this then continues to slowly decrease as it reaches mid-IR.
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Figure 8.5: The extinction coe�cient at λ = 1064 nm for the di�erent mixed percentages. The error bars show
the standard deviation of �ve separate �ttings for each sample.

In Figure 8.5, it can be seen that the extinction coe�cient increases as the volume per-

centage of Sc2O3 increases. The highest value was obtained for Sc2O3(94%):SiO2(6%)

with k = 1.81×10−3 and the lowest value was obtained for Sc2O3(52%):SiO2(48%) with

k = 1.76× 10−4. The results for pure silica are presented in the previous chapter. This

shows that, as the silica content increased in the mixed �lms, the extinction coe�cient

decreased, and therefore, the absorption also decreased.

8.2.1.3 Bandgap Energy

Figure 8.6 shows the bandgap energy of mixed �lms as a function of the Sc2O3 volume

fraction in the �lms, where the bandgap energy is extracted from the OJL gap energy

model, and the volume percentage is extracted from EMA model.
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Figure 8.6: The average bandgap energy of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

It can be seen that the highest bandgap energy shown in the �gure corresponds to

Sc2O3(52%):SiO2(48%) at 6.17 eV and the lowest is for the pure Sc2O3 �lm at 5.87 eV.

The bandgap energies are listed in Table 8.1. Please note that the values for SiO2 are

not mentioned here but are shown in the previous chapter. From Figure 8.6, it can be

observed that there is a linear relationship between the decrease in the bandgap energy

and the decrease in the SiO2 volume fraction in the coating. This phenomenon was

observed and reported by Mende et al. [6].

Table 8.1: The di�erent bandgap energies of Sc2O3:SiO2 thin �lms with di�erent Sc2O3 volume percentages.

SCANDIA PERCENTAGE (%) BANDGAP ENERGY (eV)

52% 6.17

78% 6.00

94% 5.97

100% 5.87
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8.2.1.4 Thickness

Figure 8.7 shows the thicknesses of the coatings with di�erent mixture percentages. As

previously mentioned, all coatings had the same deposition conditions. The thickness

is typically extracted from the number of fringes observed in the transmittance and

re�ectance spectra.
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Figure 8.7: The average thicknesses of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

From Figure 8.7, it can be seen that the highest thickness is for Sc2O3(52%):SiO2(48%)

sample, and the lowest thickness is for Sc2O3(94%):SiO2(6%) sample. Table 8.2 shows

the thicknesses of the �lms based on the volume percentage of Sc2O3 within the �lms.
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Table 8.2: The di�erent thicknesses of Sc2O3:SiO2 thin �lms with di�erent Sc2O3 volume percentages.

SCANDIA PERCENTAGE (%) THICKNESS (nm)

52% 804

78% 608

94% 338

100% 431

8.2.1.5 E�ective Material Approximation

As previously mentioned in Section 7.2.1.5, there are di�erent EMA models that can be

utilised, in which the models in focus are Linear, Lorentz-Lorenz, Drude and Needle. In

this case, the EMA models are used to calculate the volume percentage of the two host

materials by knowing the refractive indices of the two pure materials and the mixed

material in question. The values based on the refractive indices of Sc2O3 and SiO2 at

1064 nm were used in the di�erent models to map the values of the refractive indices

at di�erent volume fractions of Sc2O3, as shown in Figure 8.8.
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Figure 8.8: Di�erent EMA models and its refractive index at di�erent volume fraction of Sc2O3

As previously mentioned, the Lorentz-Lorenz model values were used to quote the mix-

ture percentages, as the values provided by this model lie in the middle of the Wiener

bounds (Drude and Needle models). The values of the volume fraction of Sc2O3 based

on the di�erent EMA models are listed in Table 8.3.

Table 8.3: Di�erent EMA models for Sc2O3 volume fraction in the mixed coatings studied in this chapter.

RUN NAME DRUDE LINEAR LORENTZ-LORENZ NEEDLE

C21H3110 (Pure Sc2O3) 1 1 1 1

C21J0710 0.47 0.50 0.52 0.58

C21J2011 0.75 0.77 0.78 0.82

C21L0112 0.93 0.94 0.94 0.95
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8.2.1.6 XRD Results

Figure 8.9 shows the GIXRD pattern of the mixed �lms with di�erent mixture percent-

ages. As can be seen from the GIXRD data, all the �lms showed broad weak bands,

indicating that all the �lms were amorphous. It can also be seen that the �lms with

a higher SiO2 content show a more prominent peak at 22° compared to the peaks that

can be seen slightly for Sc2O3. Again, although some peaks can be observed, the �lms

are amorphous because of the broad weak bands mentioned.
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Figure 8.9: XRD data acquired for the as-deposited �lms in this study, by utilising the GIXRD method.

8.2.1.7 LIDT Results

Figure 8.10 shows the damage probability curves for the pure Sc2O3 coating studied in

this chapter. As previously mentioned in Section 7.2.1.7, all samples follow the same

protocol and �ttings.
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Figure 8.10: Damage probability curve for pure Sc2O3 �lm

Figure 8.11 shows the LIDT of the coatings studied in this chapter versus refractive

index (Figure 8.11a) and bandgap energy (Figure 8.11b), respectively.
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Figure 8.11: LIDT values for all the �lms studied in this chapter as a function of the refractive index and
bandgap energy.

As shown, the highest LIDT value was for the pure Sc2O3 �lm (5.3 J/cm2), and the low-

est was for Sc2O3(94%):SiO2(6%) (1.42 J/cm2). Based on Figure 8.11a, as the refractive

index increases, so do the LIDT values, and based on Figure 8.11b, as the bandgap

energies decrease, so do the LIDT values, where both cases have the exception of

Sc2O3(94%):SiO2(6%) sample. The lowest value acquired for the Sc2O3(94%):SiO2(6%)

sample was most likely due to the large amount of contamination observed in the �lms

(Figure 8.13), which provides a much lower than expected LIDT value. This observed

increase in contamination could be due to the cleanliness of the chamber, where there

is a lot of �aking of previous materials from the chamber, and when the ion sources dis-

charge, this increases the contamination of the �lms. As previously mentioned, within

the nanosecond regime, the laser damage to the �lms is very sensitive to defects and

contaminations on the �lms and substrates [8, 229,230].
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8.2.1.8 Damage Morphology

Figures 8.12 to 8.15 shows the damage morphologies of the pure and mixed �lms after

laser irradiation, where (a) shows the low �uence damages and (b) shows the high �uence

damages. Two main types of damage can be observed: absorption induced damage and

pits due to inclusion.

(a) 10.0 Jcm−2 (b) 45.4 Jcm−2

Figure 8.12: Observed damage sites for pure Sc2O3 �lm with (a) low and (b) high �uence.

(a) 2.52 Jcm−2 (b) 15.6 Jcm−2

Figure 8.13: Observed damage sites for Sc2O3(94%):SiO2(6%) �lm with (a) low and (b) high �uence.
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(a) 6.44 Jcm−2 (b) 39.11 Jcm−2

Figure 8.14: Observed damage sites for the Sc2O3(78%):SiO2(22%) �lm with (a) low and (b) high �uence.

(a) 2.8 Jcm−2 (b) 22.48 Jcm−2

Figure 8.15: Observed damage sites for the Sc2O3(52%):SiO2(48%) �lm with (a) low and (b) high �uence.

In Figures 8.12b and 8.14b, it can be observed that the damage morphologies are very

similar, which can be associated with absorption induced damage e�ect, where the

�lms reach their melting point before delamination occurs [8, 243]. The characteristic

morphology of absorption induced defect damage is often shown as discolouration or

an increase in the surface roughness at the centre of the laser beam [8], which can be

observed for samples of pure Sc2O3 and mixed �lms with 25% or less SiO2 contribution,

disregarding the Sc2O3(94%):SiO2(6%) sample. This correlates with the extinction

coe�cient values (Figure 7.5), where the �lms in Figures 8.12b and 8.14b had higher

extinction coe�cient values, which are related to the absorption of the �lm. For the

Sc2O3(94%):SiO2(6%) sample, it can be seen that the surface quality of the �lm is

terrible, where there are defects and contamination that can be seen. This signi�cantly
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a�ects the LIDT results acquired for �lms within the nanosecond regime. Although

contamination can be seen quite obviously for all the �lms, the overall surface quality

of the Sc2O3(94%):SiO2(6%) sample can be seen to be the worst, with lots of small pits

and damages. Hence, in Figure 8.13, pits can be observed at both high and low �uences.

Damage initiated by defects embedded in �lms typically results in craters or pits in the

laser beam area [8, 80, 243]. This morphology can be attributed to inclusions which

were rapidly heated during laser irradiation and exploded, creating pits [8, 80, 243]. In

Figure 8.15b, it can be observed that the Sc2O3(52%):SiO2(48%) �lm exhibited both

absorption induced damage morphology and pits. This shows that by having less than

25% SiO2 content in the �lms, the main reason for the damage is absorption induced

defects, and higher than 25% but less than 50% consists of both types of damage.

Again, the Sc2O3(94%):SiO2(6%) sample is an anomaly in this study because of its poor

surface and �lm quality. All of the �lms observed in Figures 8.12 to 8.15 at low �uence

laser irradiation (�gures set (a)), only pits can be observed because of laser damage. In

addition, contamination and inclusions can also be clearly observed in these �gures near

the damage site, con�rming that the pit damage morphology is due to contamination of

the coatings, which is the starting point of damage for all �lms in this study, regardless

of the mixture percentages. The results reported here are similar to those reported

and observed by Mangote et al. for Sc2O3:SiO2 with respect to the change in damage

morphology; the occurrence of thermal e�ects (i.e. absorption induced damage) is more

pronounced when the Sc2O3 content increases [70].

8.3 E�ects of Annealing on Sc2O3:SiO2 Films

In this section, the results for annealed Sc2O3:SiO2 �lms at 500°C, 700°C and 900°C

have been presented and discussed.
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8.3.1 Results and Discussion

8.3.1.1 Transmittance and Re�ectance Measurement

Figure 8.17 shows the transmittance and re�ectance of some samples studied in this

chapter, where they are being compared between as-deposited, 500°C, 700°C and 900°C,

to show the di�erences within the same coatings due to annealing. As previously men-

tioned, all samples were annealed for 1 hour in air at each temperature and allowed to

cool naturally before removing them from the furnace. In each �gures, the black solid

lines represent the spectra for the blank substrate, the red solid line represents the as-

deposited, the green dashed line represents 500°C, the magenta dash-dot line represents

700°C, and the blue dotted line represents 900°C.
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(a) Annealed Pure Sc2O3 Film Spectra
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(a) Annealed Sc2O3(52%):SiO2(48%) Film Spectra

Figure 8.17: Transmittance and Re�ectance of annealed spectra for some of the samples investigated in this
chapter. The samples shown are pure Sc2O3 and Sc2O3(52%):SiO2(48%).

Figure 8.16a shows that there is a slight shift of the data that can be seen towards lower

wavelengths as the annealing temperature increases (Burstein-Moss shift). This shift

towards lower wavelengths as the annealing temperature increases can also indicate a

thickness change within the coatings, which in turn will also a�ect the refractive index

and density of the coating. There were no major changes in the transmittance and

re�ectance percentages as the temperature was increased to 700°C. As the annealing

temperature reached 900°C, both transmittance and re�ectance decreased. The same

can be said for the spectra in Figure 8.17a, where there was a small blue shift in the

data. It can also be seen that at 900°C, there is a reduction in the transmittance,

although it is not as prominent as that of the pure scandia �lm. Further discussion of

the e�ects of annealing on the optical properties is discussed in the following sections.
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8.3.1.2 Refractive Index and Extinction Coe�cient

Figure 8.18 shows the refractive index at 1064 nm for all temperature: as-deposited

(black square), 500°C (red circle), 700°C (green upright triangle) and 900°C (blue down-

ward triangle), as a function of Sc2O3 volume percentage in the �lms.

It can be seen that as the samples are annealed, they follow a similar trend where the

refractive index decreases as the temperature increases, except for some �lms whose

refractive index slightly increases at 700°C by a small amount of 0.01, then decreases

again. The most notable refractive index change was observed for the mixed material

with 94% Sc2O3. A small reduction in the refractive index owing to annealing has

been reported for Sc2O3 by other authors [249] and also for other materials like HfO2

[191, 229, 242]. As can be seen, the trend for the refractive indices at each annealing

temperature is still the same, where the higher the Sc2O3 mixture content, the higher

the value of the refractive index. Table 8.4 shows the values of the refractive index and

of each samples at di�erent annealing temperature.

215



Chapter 8. Scandia Silica Mixture

50 60 70 80 90 100

1.65

1.70

1.75

1.80

1.85
 As-Deposited
 500oC
 700oC
 900oC

R
ef

ra
ct

iv
e 

In
de

x 
@

 1
06

4 
nm

Sc2O3 Percentage (%)

Figure 8.18: The refractive index at λ = 1064 nm. The error bars show the standard deviation of �ve separate
�ttings for each sample.

Table 8.4: The di�erent refractive indices of Sc2O3:SiO2 thin �lms with di�erent mixture concentration at as-
deposited, 500°C, 700°C and 900°C annealed temperatures.

SCANDIA:SILICA CONTENT AS-DEP 500°C 700°C 900°C

100:0 (Pure Sc2O3) 1.84 1.81 1.82 1.78

94:6 1.81 1.79 1.78 1.74

78:22 1.76 1.74 1.75 1.71

52:48 1.66 1.64 1.65 1.63

Figure 8.19 shows the extinction coe�cient of the samples at 1064 nm, similar to that

of the refractive indices shown above. As the samples were annealed to higher temper-

atures, the overall trend showed that the extinction coe�cient did not change signi�-

cantly, with only a slight decrease. However, for most of the �lms, as the temperature

reached 900°C, the extinction coe�cient increased signi�cantly, which led to an in-

crease in absorption, as observed in the transmittance and re�ectance examples shown
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in Figure 8.17 for pure Sc2O3 and Sc2O3(52%):SiO2(48%), where the transmittance and

re�ectance both decreased. This could be due to the occurrence of more cracks in the

coating, which could lead to an increase in the absorption coe�cient [247] This was also

con�rmed by the decrease in the LIDT value for the pure Sc2O3 �lm (Section 8.3.1.6).
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Figure 8.19: The extinction coe�cient at λ = 1064 nm. The error bars show the standard deviation of �ve
separate �ttings for each sample.

8.3.1.3 Bandgap Energy

Figure 8.20 shows the OJL bandgap energy extracted from SCOUT for �lms at: as-

deposited (black square), 500°C (red circle), 700°C (green upright triangle) and 900°C

(blue downward triangle).
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Figure 8.20: The average bandgap energy of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

As the samples were annealed to 700°C, there was an increase in the bandgap energies

for all �lms, where the bandgap energies then decreased as the annealing temperature

reached 900°C. All samples still follow the same trend after annealing as it does for the

as-deposited �lm, where increasing the Sc2O3 content in the �lm lowers the bandgap

energies.

8.3.1.4 Thickness

Figure 8.21 shows the thickness extracted from SCOUT for the mixed �lms: as-deposited

(black square), 500°C (red circle), 700°C (green upright triangle) and 900°C (blue down-

ward triangle).
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Figure 8.21: The average thicknesses of the �lms acquired from SCOUT. The error bars show the standard
deviation of �ve separate �ttings for each sample.

The annealed samples follow the same trend as that of the as-deposited samples. For

all the �lms, as the annealing temperature increased, the thickness increased at 500°C,

and then decreased at 700°C and 900°C. For the Sc2O3(94%):SiO2(6%) �lm, there is

a small increase at every annealing temperature. However, for all these �lms, the

changes in thickness were very small (∼2%). The largest change was observed for

Sc2O3(52%):SiO2(48%) annealed at 900°C, where the highest value was d = 812 nm and

the lowest value was 754 nm. The decrease in the thickness with increasing annealing

temperature suggests that there is compressive stress within the �lms [27, 186�188],

which is further con�rmed by the XRD data, especially for the crystallised �lm.

8.3.1.5 XRD Results

GIXRD data for the mixed �lms at 700°C and 900°C are presented.
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Figure 8.22: GIXRD data acquired for the annealed �lms within this study.

At 700°C, it can be seen that all of the �lms still have broad weak bands, similar to the

data shown for the as-deposited �lm, with the pure Sc2O3 and Sc2O3(94%):SiO2(6%)

�lm peaks becoming slightly more prominent compared to the as-deposited �lms. As

the �lms were annealed to 900°C, the Sc2O3(94%):SiO2(6%) �lm showed sharp peaks,

indicating that the �lm was crystalline. The Sc2O3(94%):SiO2(6%) �lm showed a pref-

erential (222) growth orientation, which is the preferred orientation for cubic Sc2O3

�lms. It can also be seen that there are more peaks at (440) and (622), which further

con�rms the cubic phase. As for the Sc2O3(78%):SiO2(22%) and pure Sc2O3 �lms, the

data show that the �lm is moving towards becoming polycrystalline, with the same

peaks starting to appear at the same phases as the Sc2O3(94%):SiO2(6%) �lm. The

Sc2O3(52%):SiO2(48%) �lm still shows broad weak bands similar to the pure silica data,

indicating that the �lms are still amorphous. This is expected because silica crystallises

at a much higher temperature, and the larger percentage of silica in the mixed �lms
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allows for the suppression of crystallisation in the mixed �lm [72]. Figure 8.22b also

shows that there is a shift in the pure hafnia and HfO2(92%):SiO2(8%) �lms towards

higher values of 2θ, which indicates lattice contraction due to annealing, leading to com-

pressive stress in the �lms [27, 178, 179, 186�188]. The same phenomena were observed

and discussed in the previous chapters for the HfO2 and Sc2O3 �lms. The data for the

peaks and phase of the �lm is from ICDD's PDF_00-042-1463.

8.3.1.6 LIDT Results

In Figure 8.23 shows the LIDT of the �lms after annealing at 480°C for 1 hour are

shown. The �gures shows: Figure 8.23a LIDT versus refractive index, Figure 8.23b

LIDT versus bandgap energy, and Figure 8.23c shows the LIDT as a function of Sc2O3

percentage in the �lm for both as-deposited and annealed �lms.
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Figure 8.23: The LIDT values for all the �lms studied in this chapter (a) and (b) annealed at 480°C, (c) for
both as-deposited and annealed �lms.
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As shown in Figure 8.23, only some �lms underwent LIDT testing. This is because, as

previously mentioned, after annealing, some �lms have cracks, which can be seen under

a microscope. These cracks in the coatings can lead to misinterpretation of the LIDT

values, as structural defects can modify the electric �eld, thereby lowering the damage

threshold of dielectric �lms [79]. One of the reasons for the occurrence of cracks at this

temperature can also be due to several damages already existing on the coatings from

testing at as-deposited, which increases the chance of cracks as the �lms are annealed.

For the tested samples, it can be seen that the LIDT for Sc2O3(94%):SiO2(6%) increased

after annealing, whereas for pure Sc2O3, the value decreased. The signi�cant decrease in

the LIDT value for pure Sc2O3 can be attributed to the cracks on the coatings because

this is the only sample to undergo LIDT testing with cracks.

Figure 8.24 shows SEM images of cracks that can be observed due to annealing of the

�lms:

(a) (b)

Figure 8.24: Cracks observed on the �lms due to annealing.

The �lms in both �gures were on JGS-3 substrates, which were only used for annealing

studies to extract the optical constants, where the �lms were annealed to 700°C before

cracks were observed. As shown in Figure 8.24b, some of the cracks can be seen to

have originated from pits, which can arise from contamination in the �lms and become

pits as the annealing temperature increases. In Figure 8.24a, it can be seen that the

cracks originate where a portion of the �lm has broken o�, or delaminated. This could
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be due to contamination of the �lms being burned o�, breaking o� a large part of the

thin �lm, similar to how pits are created. As mentioned, the samples which underwent

LIDT showed cracks at a lower temperature because the previous damage was enhanced

as the annealing temperature increased.

8.3.1.7 Damage Morphology

Figures 8.25 and 8.26 shows the damage morphologies of the pure and mixed �lm after

laser irradiation, where (a) shows the low �uence damages and (b) shows the high

�uence damages. It can be seen that similar to as-deposited samples, after annealing,

there are two main types of damage observed: absorption induced damage and pits due

to inclusion.

(a) 7.01 Jcm−2 (b) 36.2 Jcm−2

Figure 8.25: Observed damage sites for annealed pure Sc2O3 �lm with (a) low and (b) high �uence.

(a) 2.1 Jcm−2 (b) 19.13 Jcm−2

Figure 8.26: Observed damage sites for annealed Sc2O3(94%):SiO2(6%) �lm with (a) low and (b) high �uence.
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In Figures 8.25b, it can be observed that the LIDT was performed on cracks that can

be observed on the �lms, leading to a decrease in the LIDT value, as mentioned in

Section 8.3.1.6. The damage morphology that can be observed here is similar to that

at as-deposited, where the damage can be associated with absorption induced damage

e�ect, where the �lms reach their melting point before delamination occurs [8, 243].

The characteristic morphology of absorption induced defect damage is often shown as a

discolouration or an increase in the surface roughness at the centre of the laser beam [8],

which can be observed for the pure Sc2O3 sample. It can also be observed that there

are two di�erent spots which have been damaged next to each other and within the

size of the beam diameter, where the smaller damaged spot appears as a pit where

some of the cracks originate. For the Sc2O3(94%):SiO2(6%) sample, many defects and

contamination were observed on the �lm, which leads to the decreased surface quality

of the �lm. This signi�cantly a�ects the LIDT results acquired for the �lms within the

nanosecond regime. In Figure 8.26, pits are observed at both high and low �uences.

Damage initiated by defects embedded in �lms typically results in craters or pits in the

laser beam area [8,80,243]. This morphology can be attributed to inclusions which were

rapidly heated during laser irradiation and exploded, thereby creating pits [8, 80, 243].

It can also be observed in Figures 8.25 that at low �uence laser irradiation, only pits

can be observed because of laser damage. In addition, contamination and inclusions

can also be clearly observed in these �gures near the damage site, con�rming that the

pit damage morphology is due to contamination of the coatings, which is the starting

point of damage for all the �lms in this study, regardless of the mixture percentages. As

previously mentioned, the pure Sc2O3 sample is the only one which RhySearch carried

out the LIDT testing despite the cracks in the �lms, which con�rms the theory that this

will provide a lower LIDT than expected owing to the improvement of the absorption

coe�cient of the �lms [247]. Another theory as to why cracks could lower the LIDT

threshold was discussed by Ristau, who stated that structural defects can modify the

electric �eld, thereby lowering the damage threshold of dielectric �lms [79].
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8.4 Conclusion

The e�ects of di�erent mixture percentages of Sc2O3:SiO2 thin �lms fabricated using the

ECR-IBSD technique on the optical constants, structure, and LIDT are presented and

discussed in this chapter. Structural analysis of the �lms was carried out using GIXRD,

which con�rmed that the as-deposited �lms in this study were amorphous, regardless of

the mixture percentages. The volume mixture percentages of Sc2O3 and SiO2 in each

�lm in this study were determined using EMA models based on the refractive index

values. By utilising the OJL model implemented in SCOUT software, the refractive

index of the as-deposited �lms was found to be in the range of n = 1.66 � 1.84, where the

lowest value is for the Sc2O3(52%):SiO2(48%) �lm and the highest value is for the pure

Sc2O3 �lm. It was shown that the mixture materials �lled the values for the refractive

index between those of the two pure materials, indicating that the refractive index can

be tuned by changing the mixture percentages. The extinction coe�cient was found to

be in the range of k = 1.76 × 10−4 − 1.81 × 10−3, where the highest value was for the

Sc2O3(94%):SiO2(6%) �lm and the lowest was for the Sc2O3(52%):SiO2(48%) �lm, with

the other mixed �lm values lying in between these two values, where the higher the SiO2

percentage, the lower the extinction coe�cient value, with the Sc2O3(94%):SiO2(6%)

�lm being the anomaly. The OJL bandgap energy was found in the range of 5.87 �

6.17 eV, where the increase in SiO2 also increases the bandgap energy. The shift in

the bandgap to higher energies can also be seen from the slight shift towards lower

wavelengths in the transmittance measurement in the UV range as the SiO2 content

increases.

The LIDT of the �lms was carried out by RhySearch with a 10-on-1 test using a Nd:YAG

laser at 1064 nm and 11.6 ns pulses. From this, it was found that the highest LIDT was

for the pure Sc2O3 �lm at 5.3 J/cm2 and the lowest for Sc2O3(94%):SiO2(6%) at 1.42

J/cm2. Based on the damage morphologies, two main types of damage were observed:

absorption induced damage and pits due to inclusions, where the latter could be ob-

served for all �lms at low laser �uence. Laser damage is very sensitive to contamination
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within the nanosecond regime, and a large amount of discharge occurs inside the cham-

ber during deposition, which leads to contamination of the �lms, which can lower the

LIDT values. Contamination of the �lms was clearly observed under the microscope,

with the Sc2O3(94%):SiO2(6%) �lm having the worst �lm surface quality.

The e�ects of annealing on the optical and structural properties and LIDT of Sc2O3:SiO2

mixed �lms are also presented and discussed for annealing temperatures of 500°C, 700°C

and 900°C. As the annealing temperature increased, the refractive index and extinction

coe�cient decreased, and the bandgap energy increased. However, the extinction coef-

�cient at 900°C increases signi�cantly. The structural properties were determined using

GIXRD, which showed that at 700°C, all �lms with di�erent percentages of mixtures

remained amorphous, and as the temperature reached 900°C, peaks were observed for

Sc2O3(94%):SiO2(6%) �lms, which showed a cubic Sc2O3 structure; however, �lms with

a higher percentage of SiO2 remained amorphous. The pure Sc2O3 �lm also showed a

slightly polycrystalline cubic structure; however, it did not fully crystallise at 900 °C. All

the crystalline (and polycrystalline) �lms show a slight shift towards higher angles, in-

dicating compressive stress within the �lms, which goes hand-in-hand with the decrease

in refractive index and decrease in the �lm thickness due to annealing. The LIDT was

carried out for only two �lms in this study after annealing, owing to cracking in the �lms.

As the �lms were annealed to 480°C, the LIDT value for pure Sc2O3 �lm decreased due

the tests being done on the cracks of the coatings, whereas the Sc2O3(94%):SiO2(6%)

mixed �lm's LIDT value increases. Similar to the as-deposited �lms, two main types of

damage were observed: absorption induced damage and pits due to inclusions, where

the latter could be observed for all �lms at low laser �uence.

From optical characterisation, it was found that by controlling the mixture percentage

of Sc2O3 and SiO2, the refractive index, extinction coe�cient, and bandgap energy

could be tuned to the desired values depending on the application. In addition, post-

deposition can aid in tuning the optical constants of the mixed �lms. By including

more than 10% of SiO2 into a mixture of Sc2O3:SiO2 �lms fabricated by ECR-IBSD,

this can suppress the crystallisation temperature of the �lms, along with the pure Sc2O3

227



Chapter 8. Scandia Silica Mixture

which typically crystallises at 500°C. This shows that the mixed Sc2O3:SiO2 �lms, and

pure Sc2O3 �lm, fabricated by ECR-IBSD could be an interesting material for high-

temperature applications.
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9 | Conclusion

The research presented in this thesis utilises ion beam sputter deposition to fabricate

amorphous thin �lm coatings of materials with a high refractive index and high laser

induced damage threshold, which is typically used in laser systems. Ion beam sputter

deposition is an ideal deposition method for �lms that will be used in harsh environments

with high �uence requirements and desirable properties close to those of bulk properties

(i.e. high density �lms, improved adhesion of �lms to substrate, fewer defects, etc.).

Typically, RF-type ion sources are used for IBSD processes, and as in this study, ECR-

type ion sources were utilised. An overview of the two deposition setups of the ECR-

IBSD processes used throughout this thesis, which were developed and operated by

the author, to produce the coatings discussed in this thesis, alongside the fundamental

theory of the ECR-IBSD process. The two ECR-IBSD setups are novel because the

�rst system can employ six ECR ion sources, where the individual sources can be

controlled separately, and the second set-up is the only setup in the world, to the

author's knowledge, which employs 24-ion sources in a ring shape, where the microwave

power of the individual sources can be controlled. In this thesis, the fundamental theory

was discussed for all the characterisation methods carried out for the �lms discussed,

which includes, but is not limited to, the optical software used (SCOUT), XRD, EDS,

and LIDT testing carried out by RhySearch.

The materials of interest discussed in this thesis include both pure and mixed materials,

where the focused materials are HfO2, Sc2O3, HfO2:SiO2, and Sc2O3:SiO2. In this work,

it has established the in�uence of oxygen incorporation in pure materials from an optical
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and structural perspective. This work has led to the understanding that utilising ECR-

IBSD and ceramic targets provides over-stoichiometric HfO2 and Sc2O3. For the mixed

materials, the study focused on the in�uence of di�erent mixture percentages on the

optical, structural, and LIDT properties of the �lms.

For the pure HfO2 study, three di�erent con�gurations were used: di�ering reactive

oxygen percentages, di�ering sputtering oxygen percentages, and pure oxygen sputter-

ing. By utilising the OJL model, the refractive indices of the as-deposited �lms were

found to be in the range of n = 1.70 � 1.92, the extinction coe�cient was found to be in

the range of k = 0.52 � 6.29 × 10−4, and the OJL bandgap energy was found to be in

the range of 5.6 � 6.0 eV. From this study, it was found that both the refractive index

and extinction coe�cient decreased with an increase in the oxygen content, whereas

the bandgap energy increased. The e�ects of annealing on the optical and structural

properties of HfO2 �lms were also investigated. It was found that the refractive indices

for all the �lms decreased, and the extinction coe�cient of the �lms increased, as did

the bandgap energies. The e�ect of annealing was investigated at temperatures of up

to 700°C. From the GIXRD results, it was found that the �lms fabricated by ECR-

IBSD remained amorphous after annealing to 500°C, whereas they showed a monoclinic

crystalline structure after annealing to 700°C. As for the pure Sc2O3 study, the e�ects

of di�erent reactive oxygen percentages and pure oxygen sputtering are presented and

discussed. The refractive indices of the as-deposited �lms were found to be in the range

of n = 1.87 � 1.91, the extinction coe�cient was found to be in the range of k = 1.7 �

2.6 × 10−3, and the OJL bandgap energy was found to be in the range of 5.86 � 6.13

eV. From the study, it was found that neither the refractive index nor the extinction

coe�cient exhibit a real trend with di�ering oxygen percentages. However, the averages

were found to be n = 1.89 ± 0.02 and k = (2.1 ± 0.4) × 10−3. As for the bandgap

energy, this increased with an increase in the oxygen percentage in the process. The

e�ects of annealing on the optical and structural properties of the Sc2O3 �lms were also

investigated. It was found that the refractive indices for all the �lms decreased, and

the extinction coe�cient of the �lms �rst decreased and then increased after reaching

an annealing temperature higher than 500°C. As for the bandgap energies, as the an-
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nealing temperature increases, so does the bandgap energy. The e�ect of annealing was

investigated at temperatures of up to 900°C. From the GIXRD results, it was found

that the �lms fabricated by ECR-IBSD remained amorphous despite being annealed

at 900°C. Typically, Sc2O3 �lms crystallise at 500°C, and this study shows that Sc2O3

�lms fabricated by ECR-IBSD could be an interesting material for high-temperature

applications because the �lms remained amorphous. From the studies carried out in this

thesis for pure materials, it was found that by controlling both the reactive and sputter-

ing oxygen concentrations during deposition, the bandgap energy and refractive index

could be tuned to the desired value. In addition, post deposition annealing can aid in

tuning the optical constants to the desired values for di�erent applications. Although,

it is surprising that all of the �lms within the pure material study has excess oxygen

within the coatings, where further investigation would be of value, this can still be of

bene�t in di�erent applications depending on the optical properties that are required.

For both the mixed materials, the e�ects of di�erent mixture percentages on the optical,

structural, and LIDT properties were investigated. From these studies, it was found

that as the silica content increased in the mixture, the refractive indices decreased. A

similar trend was observed for the extinction coe�cient. As for the bandgap energy, as

the silica content increased, so did the bandgap energy of the mixed materials. It can

be concluded that the optical constants of the mixed materials can �ll in the optical

values between the two pure materials, indicating that the optical properties can be

tuned by changing the mixture percentages. It was also found that with more than

10% SiO2 in the mixed �lms, silica suppressed the crystallisation of the mixed �lms,

leading to amorphous �lms after annealing to 900°C. The LIDT was performed for

the as-deposited and annealed to 480 °C. The LIDT of the annealed �lms increased

slightly for the �lms that were tested. However, some �lms were not able to carry

out LIDT testing after annealing because of the cracks in the coatings, which can

provide lower values of LIDT than expected for the coatings. From this study, at as-

deposited, the highest LIDT is for HfO2(92%):SiO2(8%) at 11.5 J/cm2 and the lowest

is for Sc2O3(94%):SiO2(6%) at 1.42 J/cm2. The main damage morphologies observed

for the �lms fabricated by ECR-IBSD were absorption induced damage and pits owing
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to inclusions. As the LIDT is very sensitive to contamination within the nanosecond

regime, this is a downfall of the �lms studied in this thesis. Contamination can arise from

many factors: during the production steps, substrate surface polishing, cleanliness of

the substrate surface prior to coating, cleanliness of the deposition chamber, deposition

process, and optics handling techniques. In these studies, contamination likely occurred

during the loading of substrates into the system and during the deposition process.

During the deposition process, there was a large amount of discharge inside the system

which can cause contamination inside the system from delamination of the materials

coated on the inner walls. With this knowledge, the most important next steps are to

mitigate the discharge inside the chamber during deposition, and carry out LIDT tests

again to be certain as to what causes the LIDT within the nanosecond regime.

For future work, further development and tweaking of the two ECR systems will have

to be carried out to fully mitigate the discharging that occurs inside the system. Several

methods can be employed, �rst by utilising metal targets instead of ceramic targets,

as signi�cant discharge can occur owing to the accumulation of charges on the non-

conductive target surface; second, by employing more, or more e�ective, neutralisers

in the system; and lastly, regular cleaning of the deposition chamber to minimise the

materials on the chamber wall delaminating, leading to contamination in the system

which can contaminate the substrates. Once the contamination has been minimised,

further investigation of di�erent mixture percentages of the mixed coatings on the LIDT

can be carried out to determine the main cause of damage in the ECR-IBSD coatings in

the nanosecond regime, that is, bandgap dependency or absorption dependency. Several

studies have been thought of that could be carried out in order to understand more about

the �lms that have fabricated by ECR-IBSD and its optical properties, including LIDT

once the discharges have been mitigated:

� New set of studies between metallic and ceramic targets should be carried out to

understand the properties of the �lms and the e�ects di�erent types of targets has

on the optical properties of the �lm,
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� With metallic targets, di�erent oxygen percentage in the background could be

studied, alongside di�erent sputtering gases (argon, oxygen, nitrogen, etc.),

� Mixed materials, including more than just mixing two di�erent materials would

be of interest (Hafnia/Scandia/Silica mixtures),

� Elevated substrate temperature inside the system during the deposition to inves-

tigate if high deposition temperature will decrease the defects in the coatings and

the e�ects this has on the �lms' structural, optical and LIDT properties,

� Studying multilayers, as they are typically utilised in optical systems, which can

provide �real-world� insights into the optical coatings that have been produced by

ECR-IBSD.

Further investigation into the LIDT of �lms fabricated from both metallic and ceramic

targets will help gain insight into the main cause of damage in the nanosecond regime

once contamination and discharging issues have been mitigated. Alongside the set of

studies mentioned, post-deposition annealing of the coatings will also be of interest to

understand the e�ects of heat treatment on the optical, structural, and LIDT properties

of the �lms.

For the 600 system, as the angle of the target relative to the ion sources can be moved,

this will be an interesting study to carry out, where di�erent target angles can be

manipulated. The change in the target angle can a�ect the amount of argon trapped

in the �lms, along with the study of backscattered argon and how this can change the

�lm structure.

Since the studies within this thesis have been carried out and the group has expanded,

new characterisation techniques are now available, such as: Mass spectrometer, where

this can be used to study the ECR plasma and its energies which will provide an

important and interesting insights into the ECR plasmas and �lms that have been

fabricated; Photothermal Common-path Interferometry (PCI) and Cavity Ring Down

(CRD) systems are also available, where they can be utilised to study the absorption
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in parts per million (ppm) level, which can lead to the study of the correlation between

the absorption of the �lms and its LIDT in the nanosecond regime.

The LIDT study presented in this thesis has focused on the wavelength of 1064 nm and

within the nanosecond regime, and it would also be very interesting to investigate the

LIDT at di�erent laser parameters (di�erent wavelengths and pulse durations), as well

as the possibility of investigating continuous wave lasers.

Finally, a study that would also be very interesting in the future is to add another

ECR source where it is operating at a lower energy to act as an ion assist source, which

can be found in many other IBSD systems, where the assist source is typically used

to further densify the �lms and reduce their stress. The optical, structural, and LIDT

properties of these �lms will be very interesting and could provide further understanding

of ECR-IBSD fabricated thin �lms.
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Abstract
We report on the development and extensive characterization of co-sputtered
tantala–zirconia (Ta2O5-ZrO2) thin films, with the goal to decrease coating
Brownian noise in present and future gravitational-wave detectors. We tested
a variety of sputtering processes of different energies and deposition rates, and
we considered the effect of different values of cation ratio η = Zr/(Zr + Ta) and
of post-deposition heat treatment temperature Ta on the optical and mechan-
ical properties of the films. Co-sputtered zirconia proved to be an efficient
way to frustrate crystallization in tantala thin films, allowing for a substantial
increase of the maximum annealing temperature and hence for a decrease of
coating mechanical loss ϕc. The lowest average coating loss was observed for an
ion-beam sputtered sample with η = 0.485 ± 0.004 annealed at 800 ◦C, yield-
ing ϕc = 1.8 × 10−4 rad. All coating samples showed cracks after annealing.
Although in principle our measurements are sensitive to such defects, we found
no evidence that our results were affected. The issue could be solved, at least
for ion-beam sputtered coatings, by decreasing heating and cooling rates down
to 7 ◦C h−1. While we observed as little optical absorption as in the coatings of
current gravitational-wave interferometers (0.5 parts per million), further devel-
opment will be needed to decrease light scattering and avoid the formation of
defects upon annealing.

Keywords: thin films, thermal noise, gravitational-wave detectors

(Some figures may appear in colour only in the online journal)

1. Introduction

The detection of gravitational-wave (GW) signals from astrophysical systems [9] has ushered
in a new era in astronomy [10, 11], allowing the study of previously invisible systems. The
current generation of GW interferometric detectors are sensitive enough to allow a confident
candidate event about once per week [13, 14]. Increasing the sensitivity of the detectors is
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important not only to increase the detection rate but also to improve the signal to noise ratio
and sky localization of events, allowing for a more precise probing of the properties of nuclear
matter in neutron stars [12] and of the fundamental physics of gravitation and general relativity
[8].

Ironically, the sensitivity of current detectors to signals from very large and massive astro-
physical systems is limited by random noise in microscopic systems, that is, fluctuations result-
ing from the internal mechanical dissipation in the material constituting the mirrors used as
test masses [42]. In the most sensitive region of the detection band of Advanced LIGO [7] and
Advanced Virgo [15], between 50 and 300 Hz, the sensitivity is limited by an equal contribu-
tion of quantum noise [26] and thermal noise, the latter being dominated by coating Brownian
noise [72]. Indeed, all GW detectors currently operating are laser interferometers with km-scale
optical resonators [56], where the test masses used to probe the space time metric fluctuations
are high-quality fused silica mirrors with high-reflection (HR) dielectric coatings on the front
surfaces [27, 46, 84]. Of all the sources of thermal noise in the mirrors, the Brownian motion
of particles in the coating layers is the limiting factor and hence needs to be reduced for future
sensitivity upgrades [40, 48, 50].

The dielectric coatings used in the current generation of GW detectors are Bragg reflectors
[75] made of alternate ion-beam sputtered (IBS) thin layers of silica (SiO2) and tantala–titania
(Ta2O5–TiO2) of optimized thickness [58]. Silica is the low refractive index material (n = 1.45
at 1064 nm), and the tantala–titania is the high refractive index material (n = 2.07 at 1064 nm)
[32]. These materials and their synthesis by various methods have been extensively investigated
in the context of optical materials in general and interferometric filters for photonic, lasers, and
astronomy applications in particular [75], including for example their mechanical properties
[3, 32, 38], showing that their performance is intimately related to parameters such as their
internal stress and growth parameters [32].

The detection of GW signals is performed by monitoring the change in the relative distance
between the mirrors, measured as a change in the phase of the laser beams [78]. Therefore,
any fluctuation in the thickness or in the optical properties of the coating materials acts like a
spurious displacement noise. Thermo-refractiveand thermo-elastic fluctuations are not relevant
[28], and the dominant source of phase noise is due to the Brownian motion of all the layers. The
fluctuation dissipation theorem [1] links Brownian noise to the rate of energy dissipation in the
coating material due to internal friction. The amount of friction is measured by the material loss
angle ϕ, that is the fraction of energy lost per cycle when the material is driven by a sinusoidal
external force. In the coating materials used so far, the worst offender is tantala–titania, with
measured values (2.3–3.4) × 10−4 [32, 82]. The silica layers have one order of magnitude
lower loss angle, (2.3–4.0) × 10−5 [32, 44].

The goal for the GW detector upgrades in the next 2–5 years is to roughly double the sen-
sitivity to GW inspiral signals [40], which translates to an improvement of the same factor
of the sensitivity in the 100 Hz region. In Advanced LIGO, for instance, this sets a target of
6.6 × 10−21 m Hz−1/2 at 100 Hz in terms of coating Brownian noise, to be compared with the
current estimated level of 1.3 × 10−20 m Hz−1/2 [23]. The Brownian noise amplitude spectral
density scales with the square root of the total loss angle of the HR coating [36]. Therefore the
upgrade goal translates into improving the high refractive index material loss angle by at least
of a factor 4. Marginal or no improvement is necessary for the low refractive index material.
For this reason, most of the coating research in the Virgo and LIGO collaborations focused on
finding an alternative material to replace the tantala–titania layers [33, 84], while keeping the
same outstanding optical properties (absorption, scattering, etc) of the HR coatings. The main
line of research explores the co-sputtering of other oxides with tantala, following the success of
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co-sputtered tantala–titania coatings [37] which allowed a reduction of the coating loss angle
by about 25% [32] with respect to tantala.

Beginning in 2012, one of the authors (SP) characterized a series of zirconia-based coatings.
That investigation was motivated by zirconia (ZrO2) being a high-index material (n � 2 at
1064 nm, like tantala) possessing a similar molecular structure and physical parameters to
silica. However, unlike silica, when treated at high temperatures, zirconia will crystallize unless
stabilized. Tewg et al [67] showed that the addition of zirconia to tantala thin films allowed for a
higher maximum heating temperature, before the onset of crystallization. Post-deposition heat
treatment, referred to as annealing hereafter, is a standard procedure to decrease the internal
stress, the optical absorption and the mechanical loss of coatings [32]. As a general empirical
rule, the higher the annealing peak temperature, the lower the resulting coating mechanical
loss. In the work of Tewg et al, the annealing had a duration of 10 min, while typical annealing
times for HR coatings used in GW detectors are of the order of 10 h [32]. Indeed, higher
annealing temperatures (up to 900 ◦C) and duration would be beneficial also for the silica
layers, decreasing their mechanical loss [17, 31] as a result of structural relaxation, leading to
HR coatings with overall lower loss angle and hence lower thermal noise.

This paper focuses on collaborative work, carried out by several groups within the LIGO and
Virgo Collaborations to produce and characterize co-sputtered tantala–zirconia thin films, for
possible use as high refractive index layers for the new sets of mirrors of the Advanced LIGO +
and Advanced Virgo + detector upgrades. We considered the effect of adding various amounts
of zirconia, and measured the optical and mechanical properties of the films as functions of
their chemical composition and annealing temperature. As coating mechanical loss depends in
general on the nature of the growth technique, we tested a variety of sputtering processes of
different energies and deposition rates. A detailed description of the coating samples is given
in section 2. Different techniques and methodologies have been used to characterize the optical
and mechanical properties of the coating samples, described with their results in sections 3 and
4. In sections 4 and 5 we show that the main effect of co-sputtering zirconia with tantala is a
significant increase of the maximum annealing temperature Ta, hence a reduction of coating
mechanical loss. The main issues we encountered are cracking of all annealed single-layer
samples and bubble-like defects in annealed IBS HR coatings. Later we found that cracking
could be avoided by drastically slowing down the annealing heating and cooling rates of the
samples. Bubble-like defects, however, remain a pending issue to date. In section 6 we present
the results of Raman spectroscopy measurements, and discuss the possibility of using Raman
peaks as a probe of the state of relaxation or a predictor of the loss angle in a material. Finally,
we discuss the results and their implications in section 7.

2. Deposition methods and film composition

The co-sputtered tantala–zirconia coating samples used for this work were produced by
one industrial manufacturer and several academic research groups, using different growth
techniques:

• Ion-beam sputtering (IBS), at MLD Technologies (MLD) and Laboratoire des Matériaux
Avancés (LMA)

• Electron-cyclotron-resonance ion-beam deposition (ECR-IBD), at University of Strath-
clyde (UoS)

• Reactive biased-target deposition (RBTD), at Colorado State University (CSU), Fort
Collins
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Table 1. Measured atomic cation ratio η = Zr/(Zr + Ta), analysis method used to deter-
mine η and density ρ of co-sputtered Ta2O5–ZrO2 thin films. RF-MS samples had Ta
deposited by RF-MS and Zr deposited by DC-MS, HiPIMS samples had Ta deposited by
HiPIMS and Zr deposited by RF-MS. Density values are plotted and discussed in section
3.5, where correlation between oxygen concentration, density and refractive index are
considered.

Sample Process η (at.%) Method ρ (g cm−3)

MLD2014 IBS 48.5 ± 0.4 EDX
MLD2018 IBS 50.2 ± 0.6 EDX
LMA IBS 19 ± 1 EDX 6.9 ± 0.1
UoS ECR-IBD 34.0 ± 0.5 EDX
UMP 551 RF-MS 41 ± 3 RBS 6.1 ± 0.2
UMP 554 RF-MS 43 ± 3 RBS 5.9 ± 0.2
UMP 658 HiPIMS 24 ± 3 RBS 7.0 ± 0.2
UMP 659 HiPIMS 24 ± 2 RBS 7.1 ± 0.2
UMP 542 HiPIMS 7 ± 2 RBS 7.3 ± 0.2
UMP 664 HiPIMS 7 ± 2 RBS 7.1 ± 0.2
UMP 678 HiPIMS 47 ± 2 RBS 6.6 ± 0.2
UMP 680 HiPIMS 47 ± 2 RBS 6.5 ± 0.2
CSU II RBTD 23 ± 1 XPS 7.1a

CSU III RBTD 54 ± 3 XPS 7.1a

aEstimated from component values and concentration.

• High-power impulse (HiPI) and radio-frequency (RF) magnetron sputtering (MS), at
Université de Montréal and Polytechnique Montréal (UMP).

Acronyms of growth techniques and groups are used throughout this paper to identify the
samples. The measured atomic cation ratio η = Zr/(Zr + Ta) and density ρ of all samples
considered in this work are summarized in table 1 and plotted and discussed in section 3.5.
Obtained values of η depended on the different coating facilities used, in terms of their equip-
ment, configuration, accessible growth parameters, and availability. Considering all our sample
sets, we eventually managed to reproduce almost every cation ratio already tested by Tewg et
al in their study [67]. Details on the different growth processes, sample specifications and
characterizations follow below.

After coating deposition, all coating samples were annealed in air at increasing peak tem-
perature Ta by steps of 50 or 100 ◦C, starting from 300 ◦C, until they showed signs of crystal-
lization. The annealing time for each soaking temperature Ta was 10 h, except for ECR-IBD
samples for which it was 5 h.

2.1. IBS

Ion-beam-sputtered films where produced by MLD Technologies and by the LMA research
group. Details are described below.

2.1.1. MLD Technologies. The provider is a manufacturer of high performance and specialty
optical coatings located in Mountain View, CA, with coating facilities in Eugene, OR. The
company deposited the coatings using standard IBS, where a beam of Ar ions is directed at
a metal target and the sputtered metal atoms are oxidized in a low density O2 atmosphere
before striking the substrate. For all deposition runs, MLD coated: (i) thin super-polished disk
substrates of Corning 7980 fused silica that were 76.2 mm in diameter and 2.5 mm thick;
(ii) a ∼100 μm thick fused-silica cantilever welded to a 10 mm × 10 mm × 3 mm
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clamping block; (iii) and a number of 35 mm × 5 mm × ∼65 μm silicon cantilevers with a
10 mm × 5 mm × ∼550 μm clamping block. As is standard practice, each run included fused-
silica witness samples with 25.4 mm diameter that were used to test the coating composition
and thickness.

MLD conducted 2 runs, whose samples are referenced as MLD2014 and MLD2018, of
identical specifications: the design goal was a single 500 nm thick tantala–zirconia coat-
ing with atomic cation ratio η = Zr/ (Zr + Ta) ∼ 36%, as specified by Tewg et al [67] for
achieving amorphous coatings stable to peak annealing temperatures of 800 ◦C, where the
ratio was intended to denote atomic number density. MLD performed post-deposition energy-
dispersive x-ray spectroscopy (EDX) measurements that reported cation ratios in agreement
with that goal. However, while Tewg et al reported atomic number densities, MLD reported
ratios were later learned to be molecular number densities. Moreover, a reanalysis of the EDX
data showed that the η was 48.5 ± 0.4% for MLD2014 and 50.2 ± 0.6% for MLD2018. Thus
the actual molecular number densities were ZrO2 = 65.3 ± 0.4% and Ta2O5 = 34.7 ± 0.4%
for MLD2014 and ZrO2 = 66.8 ± 0.6% and Ta2O5 = 33.2 ± 0.6% for MLD2018. MLD also
reported coating thicknesses of 590 nm for MLD2014 and 483 nm for MLD2018.

After coating deposition, to test the effect of annealing on coating mechanical loss,
the fused-silica disk and the silicon cantilevers were progressively annealed with steps of
increasingly high temperatures, ranging from 300 to 800◦C.

2.1.2. LMA. Co-sputtered Ta2O5–ZrO2 coatings were produced with the custom-developed
so-called Grand Coater (with a volume of 10 m3) used to coat the mirrors of the Advanced
LIGO, Advanced Virgo and KAGRA detectors [27, 32, 46]. Prior to deposition, the base pres-
sure was less than 10−7 mbar. Ar gas was fed into the sputtering source while O2 gas was fed
directly into the vacuum chamber, for a total working pressure of 2 × 10−4 mbar. Energy and
current of the sputtering Ar ions were of the order of 1 keV and 0.1 A, respectively. During
deposition, the co-sputtered Ta2O5 and ZrO2 particles impinged on substrates heated up to
about 120 ◦C.

Single layers with a thickness between 500 and 650 nm have been grown on various sub-
strates for different purposes: (i) on fused-silica witness samples (25.4 mm in diameter, 6
mm thick) for transmission spectrophotometry; (ii) on silicon wafers (75 mm in diameter,
0.5 mm thick) for reflection spectroscopic ellipsometry and EDX analyses; (iii) on a Corn-
ing 7980 fused-silica disk-shaped mechanical resonator of 75 mm in diameter and 1 mm thick
for measuring coating mechanical loss, Young modulus, Poisson ratio and density.

Additionally, Ta2O5–ZrO2/SiO2 HR coatings with the same design of those of Advanced
LIGO and Advanced Virgo most reflective mirrors (end test masses, ETMs) [32] have been
deposited on micro-polished fused-silica witness samples for optical absorption and scatter-
ing measurements. By design, those ETM coatings have a transmission of 5 parts per million
(ppm) at 1064 nm, determined by 38 layers of optimized thickness [58], for a total thickness of
5.9 μm [32].

Prior to coating deposition, to release the internal stress due to manufacturing and induce
relaxation, the fused-silica disk was annealed in air at 900 ◦C for 10 h. After deposition, all
coating samples were annealed in air for 10 h: optical samples were annealed at 500 ◦C, the
disk underwent consecutive annealing treatments of increasing peak temperature (500, 600 and
700 ◦C) and the mechanical loss of its coating was measured after each annealing step.

We used an analytical balance to measure the mass of the disk before and after the coating
deposition, as well as after the 500 ◦C annealing. To estimate the surface area coated in the
deposition process, we measured its diameter with a Vernier caliper. As the coating thickness
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was known with high accuracy from the optical characterization (see section 3.1.2), the coating
density ρ = 6.9 ± 0.1 g cm−3 was straightforwardly estimated as the mass-to-volume ratio.

We used a Zeiss LEO 1525 field-emission scanning electron microscope (SEM) and a
Bruker Quantax system equipped with a Peltier-cooled XFlash 410 M silicon drift detector
to analyze the surface and elemental composition of the single-layer coatings. The SEM beam
was set to 15 keV for the survey. We performed multiple EDX analyses on different coat-
ing sample spots and with different magnifications (from 100× to 5000×). Semi-quantitative
(standardless) results were based on a peak-to-background evaluation method of atomic num-
ber, self-absorption and fluorescence effects (P/B-ZAF correction) and a series fit deconvo-
lution model provided by the Bruker Esprit 1.9 software. Using the self-calibrating P/B-ZAF
standard-based analysis, no system calibration had to be performed. According to our EDX
analyses, our thin films had an average atomic cation ratio η = Zr/(Zr + Ta) = 19 ± 1%. We
also found that they incorporated 2.9 ± 0.6 at.% of Ar.

2.2. ECR-IBD

Coatings were deposited using a custom-built ion beam deposition system that utilized three
ECR ion sources for sputtering [20]. The ion beams are generated by injection of Ar gas into
a resonance microwave cavity, with ∼3 W injected power at 2.45 GHz. The confinement of
the plasma permits the extraction of ions through a single aperture, enabling a larger range of
stable extraction potentials to be explored, with low ion current. The extraction potential was
10 kV and ion currents ranged between 0.2–0.6 mA per source, resulting in a deposition rate of
0.001 nm s−1. Base pressure was below 1 × 10−5 mbar prior to deposition, with pressure rising
to 8 × 10−5 mbar with Ar injected through the ion sources, and increasing to 1.2 × 10−4 mbar
with reactive O2 gas fed into the chamber. The targets used during the deposition process are
two circular 152.4 mm diameter targets of pure tantala and zirconia provided by Scotech, UK,
both with 99.99% purity. During the deposition process, two ion beams were directed onto the
tantala target and one beam on the zirconia target, with the aim for cation ratio η = Zr/(Zr +
Ta) of ∼33%. Fused-silica witness samples and cantilevers were placed on a rotating substrate
holder to ensure coating uniformity.

The cantilevers, used for coating mechanical loss measurements [55], were fabricated from
45 mm × 5 mm ×(175 ± 3) μm strips of fused silica, flame welded to 10 mm × 10 mm ×
3.1 mm clamping blocks [55]. They were cleaned in boiling H2O2 (30% w/w in H2O) with
1 mol l−1 KOH dissolved, in order to remove the majority of particulates associated with the
welding process, then annealed in air for 5 h at 950 ◦C prior to measurement and deposition.

EDX was used to quantify the cation ratio η = Zr/(Zr + Ta), found to be 34.0 ± 0.5%.

2.3. RBTD

Coatings were deposited using a LANS system by 4Wave, Inc. [63], where a low energy Ar ion
plume is produced using an end-Hall ion source operated at 60 V and 5.8 A, with an Ar flow
of 27 sccm. For neutralization, a hollow cathode electron source is employed at an emission
current of 6.2 A with an Ar flow of 25 sccm. The Ar ions are attracted to a biased metallic
target, leading to sputtering of the target material. For oxide coatings, O2 is introduced into the
chamber during the process. Substrates are placed in a sample holder facing the ion source,
and rotating at 20 rpm during deposition to ensure uniformity of the film. The chamber base
pressure is below 1 × 10−7 mbar, while the process pressure is about 9 × 10−4 mbar.

The LANS system has the ability to simultaneously bias up to three targets to produce
mixed oxide coatings. An asymmetric, bipolar DC pulse is used to bias the targets with a
negative voltage of −800 V and a positive voltage of 10 V and a period of 100 μs. For a
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Table 2. Deposition conditions for Ta2O5–ZrO2 thin films grown via RBTD. Pure Ta2O5
and ZrO2 samples (I and IV, respectively) are included for reference.

Film O2 flow (sccm) Target Pulse width (μs) Deposition rate (nm s−1)

CSU I 12 Ta 2 0.0212 ± 0.0001
CSU II 12 Ta–Zr 2–54 0.0294 ± 0.0001
CSU III 12 Ta–Zr 47–2 0.0217 ± 0.0001
CSU IV 12 Zr 2 0.0116 ± 0.0001

Table 3. Atomic concentrations obtained from XPS analysis at the surface of as-
deposited Ta2O5 –ZrO2 thin films grown via RBTD.

Elemental concentration (at.%) Cation ratio

Film C O Zr Ta Zr/(Zr + Ta)

CSU II 38 ± 1 44 ± 1 4.3 ± 0.1 14.1 ± 0.1 0.23 ± 0.01
CSU III 39 ± 1 42 ± 1 10.4 ± 0.4 8.7 ± 0.1 0.54 ± 0.03

binary oxide mixture, two targets are simultaneously biased and different mixture proportions
of the materials are achieved by controlling the individual pulse duration of each target. Ta
and Zr targets were employed to deposit tantala–zirconia thin films, and the corresponding
deposition conditions are presented in table 2. Deposition rates for RBTD are typically an order
of magnitude lower than with a gridded IBS system, ranging from 0.0212 nm s−1 for tantala to
0.0116 nm s−1 for zirconia. Films with a thickness between 200–300 nm were grown on: (i)
25.4 mm diameter and 6.35 mm thick UV grade fused-silica substrates; (ii) 75 mm diameter
and 1 mm thick fused-silica substrates; and (iii) (111) Si wafer substrates.

X-ray photoelectron spectroscopy (XPS) measurements were performed on as-deposited
coatings using a Physical Electronics PE 5800 ESCA/ASE system with a monochromatic Al
Kα x-ray source. The photoelectron take-off angle was set at 45◦ and a charge neutralizer with
a current of 10 μA was employed. The chamber base pressure was around 1 × 10−9 mbar.
High resolution scans were recorded for the main peaks of the detected elements: C 1s, O
1s, Zr 3d and Ta 4f. No Ar can be detected by XPS in this case, because the peak associated
with this element is superimposed with a Ta peak. Presence of carbon is due to normal surface
contamination of samples exposed to the atmosphere. In the case of insulating samples the
carbon is not removed but instead used for calibration of the binding energy scale, by employing
the position of the adventitious carbon peak. CasaXPS software (version 2.3.19) was used to
fit the high-resolution spectra [71].

Table 3 shows the atomic concentrations obtained from XPS for the thin films as deposited.
The atomic percentage cation ratio, η = Zr/(Zr + Ta), resulted in 0.23 ± 0.01 for sample II
and 0.54 ± 0.03 for sample III.

Figure 1 presents typical fits of the main XPS peaks. The C 1s peak was composed mainly
of adventitious carbon, and up to 5% of carbon was found to be linked to an alcohol and/or
ester functionality. This further confirmed that the presence of carbon was due to surface con-
tamination. The O 1s peak had two components: lattice O, determined as such based on the
tabulated position of O 1s for zirconia and tantala (around 530 eV), and non-lattice oxygen. In
all cases, 1 to 3% of the oxygen was associated with hydroxide species based on the analysis
of the C 1s peak, so the non-lattice peak could be attributed mainly to oxygen in defective
sites. In the case of the Zr 3d peak, the doublet energy separation was found to be (2.39 ±
0.01) eV and the Zr 3d5/2 peak position was (182.1 ± 0.1) eV for both films. These values are
in agreement with the tabulated values for zirconia [76]. For the Ta 4f doublet in both films,
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Figure 1. Typical fit of XPS peaks for an as-deposited Ta2O5–ZrO2 thin film grown via
RBTD with a cation ratio of 0.54: (a) C 1s, (b) O 1s, (c) Zr 3d and (d) Ta 4f.

the energy separation was determined as (1.89 ± 0.01) eV and the Ta 4f7/2 peak position as
(26.0 ± 0.2) eV, which is in agreement with reported values for tantala [76]. Therefore, for the
evaluated zirconia-doped tantala films as deposited, there was no noticeable modification of
the chemical environment of either Ta or Zr, compared to their corresponding oxides.

2.4. HiPIMS/RF-MS

Layers of approximately 700 nm in thickness were synthesized in a Kurt J Lesker CMS-18
system, equipped with two 76 mm diameter metallic targets of Zr and Ta of 99.95% purity
located ∼25 cm beneath the substrate holder. Prior to deposition, the base pressure in the system
was less than 10−7 mbar. Depositions were carried out on different samples: (i) the 75 mm
diameter fused-silica disks were placed face down, one at a time, on a rotating substrate holder
featuring a wedged hole in the middle, such that they were supported by a 1 mm ledge; (ii) silica
and (iii) silicon substrates were placed next to the disks as witness samples. During deposition,
the pressure was 9 mbar with a 20% O2:Ar gas ratio.
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Figure 2. Areal mass density of Ta2O5–ZrO2 thin films grown via MS: values mea-
sured by sample weighing are presented as a function of those measured by RBS, for
comparison. The black line shows the 1:1 relationship.

For six samples, Ta was sputtered by HiPIMS [34, 35] using a Huttinger power supply, while
the Zr was sputtered using an RF power supply (13.56 MHz) [22]. Two additional samples had
their Ta deposited by RF-MS while the Zr was deposited by DC-MS, for comparison. The
nominal duty cycle of the HiPIMS process was set at a voltage of 700 V, with a pulse duration
of 80 μs at a frequency of 80 Hz. The nominal RF voltage applied to the Zr target varied
between 200 V and 400 V, in order to achieve different doping levels. Both magnetrons were
pre-sputtered for 12 min prior to deposition, in order to reach steady-state conditions before
opening the main shutter. Depositions typically lasted 2 to 6 h.

Rutherford back scattering (RBS) measurements [68] were performed on the Si witness
samples to measure the composition and areal atomic density of the films. Two ion beam con-
figurations were implemented: a 2 MeV He ion beam to obtain the classical Rutherford cross
section of O, and a 3.9 MeV He ion beam in order to separate the different peaks of Ta, Zr and
Ar. The latter allowed for a higher precision of the concentration of these elements but with
less precision on the O content, given the non-Rutherford cross-section and charging effects.
The incidence angle was set at 7◦ and the scattering angle at 170◦ to maximize mass resolution.
SIMNRA simulations [74] were compared to the experimental spectra in order to extract the
composition and the areal atomic density of the deposited layers. Uncertainties were estimated
by varying the concentrations until the simulation no longer fit the data. The resulting cation
ratios η = Zr/(Ta + Zr) are reported in table 1, while the O content is discussed below. The
coatings contain ∼1.5% Ar, as expected for samples deposited in Ar ambient. Elastic recoil
detection analysis in other coatings usually also reveals the presence of 1.5 to 3.0% of hydro-
gen. We expect this to be the case in these films as well. No concentration gradients were
identified within the sensitivity of our measurements.
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Table 4. Measured refractive index n at 1064, 1550 and 2000 nm of co-sputtered
Ta2O5 –ZrO2 thin films, and characterization method used to determine it (SP and SE
indicate spectroscopic photometry and spectroscopic ellipsometry, respectively). The
site of production and characterization is the same, and is indicated by the group acronym
in each sample name. RF-MS samples had Ta deposited by RF-MS and Zr deposited by
DC-MS, HiPIMS samples had Ta deposited by HiPIMS and Zr deposited by RF-MS.
Index values are plotted and discussed in section 3.5.

Sample Process η (at.%) n1064 n1550 n2000 Method

MLD2014 IBS 48.5 ± 0.4 2.07 ± 0.01 2.06 ± 0.01 SP
MLD2018 IBS 50.2 ± 0.6 2.08 ± 0.01 2.07 ± 0.01 SP
LMA IBS 19 ± 1 2.08 ± 0.01 2.07 ± 0.01 2.06 ± 0.02a SE
UoS ECR-IBD 34.0 ± 0.5 1.96 ± 0.01 1.95 ± 0.01 1.94 ± 0.01 SP
UMP 551 RF-MS 41 ± 3 2.01 ± 0.01 1.99 ± 0.01 1.99 ± 0.01 SE
UMP 554 RF-MS 43 ± 3 1.99 ± 0.01 1.97 ± 0.01 1.96 ± 0.01 SE
UMP 658 HiPIMS 24 ± 3 2.13 ± 0.01 2.11 ± 0.01 2.11 ± 0.01 SE
UMP 659 HiPIMS 24 ± 2 2.11 ± 0.01 2.10 ± 0.01 2.09 ± 0.01 SE
UMP 542 HiPIMS 7 ± 2 2.12 ± 0.01 2.11 ± 0.01 2.10 ± 0.01 SE
UMP 664 HiPIMS 7 ± 2 2.11 ± 0.01 2.10 ± 0.01 2.09 ± 0.01 SE
UMP 678 HiPIMS 47 ± 2 2.11 ± 0.01 2.10 ± 0.01 2.09 ± 0.01 SE
UMP 680 HiPIMS 47 ± 2 2.11 ± 0.01 2.10 ± 0.01 2.09 ± 0.01 SE
CSU II RBTD 23 ± 1 2.07 ± 0.01 2.06 ± 0.01 2.05 ± 0.01a SE
CSU III RBTD 54 ± 3 2.10 ± 0.01 2.09 ± 0.01 2.08 ± 0.01a SE

aModel extrapolation.

The mass density of the films was calculated by the following two methods. The first one
relies on the areal atomic density (at./cm2) and composition found by RBS. Knowing the atomic
mass, it was possible to compute the areal mass density (g cm−2). The second method consisted
in measuring the substrate mass before and after deposition using a micro-balance, and dividing
it by the coated area. The latter was measured from a photograph, in order to account for
the area of the uncoated region near the edges of the sample. For both methods, the areal
density was divided by the thickness found by ellipsometry (see section 3.4). We note that
for the density calculation based on RBS, due to the presence of thickness gradients, both
measurements needed to be carried out at the same location to avoid discrepancies. Likewise,
in the case of the weighing method, it was important to consider an average thickness deduced
from the thickness mapping obtained by ellipsometry. Figure 2 compares the areal mass density
deduced from RBS measurements and by weighing the samples, that is, without considering
the thickness. We can observe that both data sets closely follow a 1:1 relationship. Given the
independence of both methods, we can assume that the measured values are accurate. Densities
reported in table 1 are average values between the two methods.

3. Optical properties

The optical properties of the coating samples were characterized using different techniques.
Table 4 presents the measured values for the refractive index n at the wavelengths of interest for
current and future GW interferometers: 1064, 1550 and 2000 nm [7, 15, 48, 50]. In some case,
the refractive index at 2000 nm was estimated by extrapolating the sample best-fit dispersion
models through the infrared region, where optical absorption is expected to be negligible.

Optical absorption at 1064 nm was measured on RBTD single-layer samples and IBS multi-
layer HR stacks. Light scattering at 1064 nm was measured on IBS multi-layer HR stacks.
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At 1550 nm, where only ellipsometric and photometric measurements were available,
extinction values were smaller than the sensitivity of the instruments (k < 10−3). Mea-
surements and their analyses are described below. A comparative summary is presented in
section 3.5, where correlations between oxygen concentration, density and refractive index are
discussed.

3.1. IBS

3.1.1. MLD. After deposition, MLD used a Cary spectrophotometer to measure the coat-
ing transmittance over the 400–1800 nm spectral range. The coating thickness and index of
refraction were determined by a fit to this data.

At Embry-Riddle Aeronautical University, Prescott (Gretarsson Lab), we measured the opti-
cal thickness dependence on temperature for sample MLD2014 by monitoring the wavelength
dependence of its transmission spectrum extrema as a function of temperature in the range
89◦C–411◦C. Details of the apparatus and method are given elsewhere [73]. Typical fits to the
extrema locations are shown in figure 3(a). The measured coating optical thickness as a func-
tion of temperature, shown in figure 3(b), is linear. Note that, due to uncertainty in the physical
thickness of the coating layer, optical thickness is not used here to estimate the absolute value
of the index, only the change with temperature. The fractional optical thickness change as a
function of temperature was found to be

1
L

dL
dT

= α + β/n = (18.6 ± 1) × 10−6 K−1, (1)

where α is the thermal expansion coefficient and β is the thermo-optic coefficient.

3.1.2. LMA. Refractive index and thickness of as-deposited coating samples were determined
by spectroscopic ellipsometry, via coupled analysis of data sets acquired with two different
J. A. Woollam Co. commercial instruments covering complementary spectral regions: a VASE
for the 190–1100 nm range and a rotating-compensator M-2000 for the 245–1700 nm range.
The wide range swept with both instruments allowed us to extend the analysis from ultraviolet
to near infrared (0.7–6.5 eV). Consistent results were obtained in the overlapping range, within
the uncertainty of the models used to fit the data. Analysis was carried out independently for
VASE and M-2000 data, and eventually the information was combined in order to obtain the
final results.

The optical constants were obtained by measuring the amplitude ratio Ψ and phase differ-
ence Δ of the p- and s-polarized light [64] reflected by the samples at different incidence angles
θ = 55◦, 60◦, 65◦, close to the coating Brewster angle. The optical response of the substrates
(silicon wafers with a thin native oxide layer and unpolished rear surface in order to avoid
backside spurious reflections) was characterized with prior dedicated measurements and anal-
yses [18]. As in previous works on similar systems [18, 47], we analyzed the data through a
three-layer model consisting of substrate, thin film and surface layer. The latter, accounting for
surface roughness, was defined via a Bruggeman effective medium approximation. The result-
ing coating roughness was less than 1 nm, a value comparable with those measured with an
atomic-force microscope on similar samples [47]. Being less than 1% of the coating thickness,
the surface layer did not substantially affect the data fit, especially in the near-infrared region.

The dielectric functions were reconstructed by using Kramers–Kronig-consistent
Tauc–Lorentz [6] and Cody–Lorentz [80] models. Both models fit the data with comparable
mean squared error, and yielded consistent results. We then obtained the complex refractive
index of the as-deposited thin films from the best-fit dielectric functions. The Cody–Lorentz
model provided a slightly better fit in the region of the absorption edge and included also the
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Figure 3. Characterization of optical thickness dependence on temperature of IBS
Ta2O5 –ZrO2 thin film MLD2014. (a) Transmission spectrum extrema with parabolic
fits to determine the extrema locations as a function of temperature. Higher tempera-
tures shift the extrema to longer wavelengths, indicating an increasing optical thickness
with temperature. (b) Optical thickness of the coating as a function of temperature.

Urbach tail absorption, which may be correlated to coating mechanical loss [19]. However,
data quality for energies higher than the energy gap (E > 4 eV) was degraded and resulted in
a large uncertainty for the Urbach energy EU = 130 ± 30 eV.

All measured spectra were fit with the same accuracy. Figure 4 shows exemplary spectra
acquired at θ = 60◦ and their best fits with a Cody–Lorentz model. Figure 5(a) shows the
reconstructed coating optical constants, and figure 5(b) is a Cody plot highlighting the coating
energy gap, Eg = 4.1 ± 0.1 eV, which is consistent with that of pure tantala coatings produced
under identical conditions [18].
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Figure 4. Measured ellipsometric spectra of an as-deposited IBS Ta2O5–ZrO2 thin film
with cation ratio η = 0.19 (LMA), acquired at an incidence angle θ = 60◦. The best-fit
Cody–Lorentz model is shown (dashed line).

Figure 5. Measured optical properties of as-deposited IBS Ta2O5–ZrO2 thin films with
cation ratio η = 0.19 (LMA): (a) refractive index n and extinction coefficient k as func-
tion of photon energy E, the region of interest for present GW detectors is around
E = 1.2 eV [7, 15] (corresponding to a wavelength of 1064 nm) and for future GW
detectors is around E = 0.8 and E = 0.6 eV [48, 50] (corresponding to 1550 and
2000 nm, respectively); (b) Cody plot highlighting the energy gap Eg.

After annealing at 500 ◦C in air for 10 h, single-layer coating samples were characterized in
their transparency region (400–1400 nm) with a Perkin Elmer Lambda 1050 spectrophotome-
ter, at normal incidence. The annealing reduced the refractive index in the near-infrared region
by about 3%. Samples of HR ETM stacks (see section 2), also annealed at 500 ◦C in air for 10 h,
were characterized for optical absorption and light scattering with a custom-developed setup
based on the photo-thermal deflection principle [21] and a commercial CASI scatterometer,
respectively. We measured an optical absorption of 0.5 ppm, and 45 ppm of scattered light.

3.2. ECR-IBD

Optical-transmission spectra of as-deposited films, shown in figure 6, were measured in the
250–2100 nm range using a Varian 5000 spectrophotometer and fit to transmission simula-
tions using SCOUT software by WTheiss. The behavior of the measured extinction coefficient,
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Figure 6. Refractive index n and extinction coefficient k as function of photon energy
for as-deposited ECR-IBD Ta2O5–ZrO2 thin films with cation ratio η = 0.34.

particularly the short-wavelength cut-off, is likely due to the deposition parameters associated
with the ECR-IBD process, e.g. the higher ion energy and slower deposition rate. At 1064 nm
and 1550 nm, the refractive index n was found to be 1.96 ± 0.01 and 1.95 ± 0.01, respectively,
and the extinction coefficient k < 10−3.

3.3. RBTD

Refractive index and extinction coefficient for the films were determined by spectroscopic
ellipsometry using a Horiba UVISEL ellipsometer. Measurements were taken at an angle of
60◦, for a spectral range of 0.59–6.5 eV. The films were evaluated as deposited and after anneal-
ing at the maximum temperature for which no crystallization was detected and mechanical loss
minimized. A reduction of the refractive index was found after annealing, which could be due
to oxygen incorporation during the process or due to formation of Ar bubbles [29]. Films pre-
viously grown by our group were found to contain 3 to 5% of Ar. When Ar bubbles are formed
and coalesce upon annealing, the films usually feature a reduction in the refractive index that is
accompanied by an increase in thickness. In our case, however, the thickness did not increase
after annealing within the resolution of the instrument, indicating no significant presence of Ar
bubbles in the coatings.

The dispersion of refractive index n and extinction coefficient k are presented in figure 7.
The refractive index for both annealed films is presented in table 4. The film with the largest
cation ratio featured the highest refractive index, as expected, given that the refractive index of
zirconia is higher than that of tantala.

Optical absorption at λ = 1064 nm was determined by photothermal common-path
interferometry [16]. We define the absorption normalized to a quarter wave thickness as

aQWT =
a
d

λ

4n
, (2)

with a being the absorption as measured in ppm, n the refractive index, d the coating thickness
and λ = 1064 nm. aQWT was 4.4 ± 0.8 ppm for the film with cation ratio η = 0.54 and 1.85
± 0.05 ppm for the film with cation ratio η = 0.23. These results are summarized in table 5.
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Figure 7. Refractive index n and extinction coefficient k as function of photon energy
for RBTD Ta2O5–ZrO2 thin films: (a) cation ratio η = 0.23, annealed at 800 ◦C for
10 h; (b) cation ratio η = 0.54, annealed at 600 ◦C for 10 h.

Table 5. Absorption loss normalized to a quarter wave thickness αQWT at 1064 nm
for RBTD Ta2O5–ZrO2 thin films annealed at the maximum temperature Ta before
crystallization (see equation (2) and section 5 for more details).

Sample Ta (◦C) Cation ratio η aQWT @ 1064 nm (ppm)

CSU II 800 0.23 1.85 ± 0.05
CSU III 600 0.54 4.4 ± 0.8

3.4. HiPIMS/RF-MS

Similarly to what is described in sections 3.1.2 and 3.3, spectroscopic ellipsometry was car-
ried out between wavelengths of 210 nm and 2500 nm with a J. A. Woollam Co., Inc. RC2-XI
ellipsometer. Data analysis to obtain the complex refractive index and thickness mappings was
carried out using the J. A. Woollam CompleteEASE software, with the optical properties being
represented by a general oscillator model consisting of a Tauc–Lorentz and Gaussian oscilla-
tors for the UV absorption. The model parameters were first fit for each sample from a series of
measurements at four different incidence angles, 45◦, 55◦, 65◦ and 75◦, carried out at the center
of the sample. The average thickness of the samples was then established through a mapping of
48 points, measured at 70◦ where only the thickness and surface roughness (Bruggeman effec-
tive medium approximation) were fit while keeping the optical model constant. The measured
refractive index at 1064 and 1550 nm of all HiPIMS/RF-MS samples is presented in table 4.

3.5. Comparative summary

Figure 8(a) shows the refractive index values at 1064 nm and 1550 nm reported in table 4 as
a function of the cation ratio η = Zr/(Zr + Ta), for all the samples. By way of example, a
comparison of dispersion laws for samples where η ∼ 20% is presented in figure 9.

The solid line in figure 8(a) corresponds to the rule of mixtures (addition according to molar
fractions, also known as Arago–Biot rule [65] for the refractive index), assuming bulk values
for pure oxides. The low dependence on η is expected, since tantala and zirconia have a similar
refractive index at these wavelengths. Samples deposited by HiPIMS, IBS and RBTD feature
values close to the rule of mixture. For samples where tantala is deposited by RF-MS or when
the coating is deposited by ECR-IBD, the refractive index is significantly lower.
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Figure 8. Correlation between oxygen concentration, density and refractive index of
co-sputtered Ta2O5–ZrO2 thin films, as a function of cation ratio η = Zr/(Ta + Zr): (a)
refractive index at 1064 nm (filled markers) and 1550 nm (empty markers), the black
solid line is the value expected from the rule of mixtures (or Arago–Biot rule [65]) at
1064 nm when considering the refractive index found in reference [69] for bulk zirco-
nia and reference [85] for that of bulk tantala; (b) oxygen concentration; (c) density.
The solid lines in (b) and (c) are the expected oxygen content and density, respectively,
according to the rule of mixture and assuming stoichiometric tantala and zirconia for the
oxygen content, and density values for Ta2O5 and ZrO2 taken from the literature [4, 55].
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Figure 9. Comparison of refractive index n for Ta2O5–ZrO2 thin films with cation ratio
η ∼ 20%, as function of photon wavelength: as-deposited IBS sample (LMA), HiPIMS
samples annealed at 700 ◦C before crystallization, RBTD sample annealed at 800 ◦C.

In figure 8(b), we find that the oxygen content in the layers where tantala is deposited by
HiPIMS follows the rule of mixture (according to molar fractions) between stoichiometric tan-
tala and zirconia, while there is an excess of oxygen in the films where tantala was deposited by
RF-MS. Accordingly, as shown by figure 8(c), the density of films where tantala is deposited
by HiPIMS or IBS follow the rule of mixture considering bulk densities of tantala and zirconia
[4, 55], while those where tantala was deposited by RF-MS show a significantly lower den-
sity. Hence, the excess of oxygen leads to films with lower density and correspondingly lower
refractive index. The explanation partly lies in the fact that atoms, when deposited by HiPIMS,
have a higher kinetic energy than in RF-MS, which produces more compact films with less
chances to have, for example, two oxygen atoms on the same bond. It is worth noting that we
did not attempt to grow stoichiometric RF-MS layers, for example by changing the O2:Ar ratio
during deposition, as we wanted to compare HiPIMS and RF-MS under the same conditions.

Our results show the correlation between the oxygen concentration, the density, and the
refractive index. Techniques such as HiPIMS and IBS feature atomic fluxes with higher kinetic
energy, leading to higher dissociation rates of oxygen. This means that less oxygen may be used
in the Ar/O2 mixture to obtain stoichiometry. Also, the higher energy of species impinging
on the growing film surface leads to coatings of higher density. Conversely, RF-MS films are
generally less dense and have a lower refractive index. However, pores are frequently filled with
water vapor that adds oxygen and hydrogen, leading to apparent oxygen over-stoichiometry.
The former may therefore have more desirable properties for optical components. We will see
in section 4 how that affects the loss angle.

4. Mechanical properties

The mechanical loss ϕc, Young modulus Yc and Poisson ratio νc of the coating samples were
measured using different setups, all based on the ring-down technique [83]: the mechanical
resonances (modes) of a suspended coated resonator are excited using an actuator, and the
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amplitude of their ring-down oscillations is monitored using an optical transducer. For a res-
onating mode of frequency f and ring-down time τ , the measured mechanical loss angle is
ϕ = (π fτ )−1. The coating loss angle ϕc can be calculated as

ϕc =
ϕ + (D − 1)ϕs

D
, (3)

where ϕs is the measured loss angle of the substrate, ϕ is the measured loss angle of the coated
sample and D is a so-called dilution factor, defined as the ratio of the coating elastic energy to
the total elastic energy of the coated sample.

Coated samples were suspended under vacuum, in order to prevent systematic damping
from ambient pressure. We used different suspension systems, each one specifically adapted to
the different geometries of the substrates used as resonators. Because of the different suspen-
sion systems and samples, we also used different methods to estimate D, Yc and νc. Specific
measurements and their analyses are described in the following.

Results are summarized in table 6, where an average coating loss ϕ, taken from every set of
resonant modes of each sample, is used to ease comparisons. Since the lowest coating thermal
noise occurs when the coating Young modulus matches that of the substrate [36], values of the
parameter

γ = ϕc

(
Yc

Ys
+

Ys

Yc

)
(4)

are also presented, where Y s = 73.2 GPa is the Young modulus of the fused silica substrate of
Advanced LIGO and Advanced Virgo mirrors [7, 15].

A comparative summary is presented in figures 18 and 19 of section 4.5, where the effects
of different cation ratios η = Zr/(Zr + Ta) and annealing temperatures Ta on the coating
mechanical loss are discussed.

4.1. IBS

4.1.1. MLD. The coating samples used to measure coating mechanical loss, Young modulus
and Poisson ratio were grown on fused-silica disks and cantilevers and on silicon cantilevers
(see section 2.1.1). Samples grown on fused-silica substrates were used for measurements at
ambient temperature, those on silicon cantilevers to perform cryogenic measurements.

Disks — the mechanical loss measurements were performed at Hobart and William Smith
Colleges (HWS). The coated, fused silica substrates were welded to a monolithic, fused silica
fiber suspension. The mechanical loss was measured for the samples’ eight lowest vibrational
modes, which span the frequency range from 2.5 to 18 kHz. Each mode was excited to reso-
nance using an electrostatic comb exciter. The dissipation was measured using an ellipsometry
detector to monitor the strain-induced birefringence during ring-down (see [37] for details).
The loss for each mode was measured several times with both weighted and unweighted
averages retained.

After each set of measurements, the samples have been annealed and remeasured. The
annealing temperatures were 300, 600, 650, 700, 750 and 800 ◦C for MLD2014 and 400,
600 and 700 ◦C for MLD2018. For these experiments, the fused silica substrate is typically
annealed to high temperature before being coated. The MLD2018 disk was properly annealed
at 950 ◦C, whereas the MLD2014 disk was not annealed prior to coating. For the latter sample,
the substrate loss was determined from the data using the frequency dependence of the loss
as determined by finite-element modeling. The model, created using COMSOL, was used to
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Table 6. Measured mechanical properties of co-sputtered Ta2O5 –ZrO2 thin films: frequency-averaged mechanical loss ϕ of samples annealed at
the highest peak temperature Ta before the onset of crystallization, Young modulus Yc, Poisson ratio νc, and coefficient γ = ϕc(Yc/Ys + Ys/Yc),
where Ys = 73.2 GPa is the Young modulus of a fused silica substrate. The characterization methods used to determine such properties are also
listed, together with the site where the characterizations were performed. RF-MS samples had Ta deposited by RF-MS and Zr deposited by
DC-MS, HiPIMS samples had Ta deposited by HiPIMS and Zr deposited by RF-MS. RF-MS, HiPIMS and IBS (LMA) samples have been
annealed for 10 h, ECR-IBD samples for 5 h. Average coating loss values are plotted in figures 18 and 19 and discussed in section 4.5.

Sample Process Ta (◦C) η (at.%) ϕc (10−4 rad) Yc (GPa) νc γ (10−4 rad) Method

MLD2014 IBS 800 48.5 ± 0.4 4.26 ± 0.11 131 ± 2 10.0 a

MLD2018 IBS 700 50.2 ± 0.6 1.82 ± 0.04 130 ± 2 4.3 a

LMA IBS 700 19 ± 1 4.41 ± 0.68 120 ± 3 0.32 ± 0.01 9.9 GeNS (LMA)
UoS ECR IBD 750 34.0 ± 0.5 3.64 ± 0.45 176 ± 8 10.3 Clamped cantilevers (UoS)
UMP 551 RF-MS 800 41 ± 3 2.36 ± 0.85 125 ± 2 0.21 ± 0.05 5.4 GeNS (Caltech)
UMP 554 RF-MS 800 43 ± 3 2.52 ± 0.82 114 ± 2 0.36 ± 0.03 5.5 GeNS (Caltech)
UMP 658 HiPIMS 700 24 ± 3 5.59 ± 0.90 110.6 ± 1.2 0.31 ± 0.02 12.1 GeNS (Caltech)
UMP 659 HiPIMS 700 24 ± 2 5.04 ± 1.53 108 ± 5 0.35 ± 0.05 10.9 GeNS (Caltech)
UMP 542 HiPIMS 600 7 ± 2 5.69 ± 0.37 100.6 ± 1.1 0.34 ± 0.02 12.0 GeNS (Caltech)
UMP 664 HiPIMS 650 7 ± 2 4.45 ± 0.38 116.5 ± 1.3 0.33 ± 0.02 9.9 GeNS (Caltech)
UMP 678 HiPIMS 800 47 ± 2 4.38 ± 0.63 111 ± 4 0.28 ± 0.09 9.5 GeNS (Caltech)
UMP 680 HiPIMS 800 47 ± 2 4.87 ± 0.92 110 ± 4 0.28 ± 0.09 10.6 GeNS (Caltech)
CSU II RBTD 800 23 ± 1 3.22 ± 0.53 145 ± 6 0.30 ± 0.09 8.0 GeNS (Caltech)
CSU III RBTD 600 54 ± 3 2.67 ± 0.15 143 ± 5 0.37 ± 0.05 6.6 GeNS (Caltech)

aDisks suspended by welded glass fibers (HWS)/clamped cantilever blades, at ambient and cryogenic temperature (IGR)/nanoindentation (Caltech).
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Figure 10. Coating loss as a function of frequency for IBS Ta2O5 –ZrO2 thin films, as
measured on suspended disks: (a) sample MLD2014, (b) sample MLD2018. The loss
is steadily reduced with increased annealing temperature Ta, until reaching a minimum
near 700 ◦C. A weighted linear least-squares fit is shown (black line) for the data sets of
the 700 ◦C annealing. In the MLD2014 data, panel (a), the fit line follows the low loss
data due to their smaller uncertainties.

calculate the dilution factor for the total coating loss and for the decomposition of the coating
loss into bulk and shear loss [86].

As shown in figure 10, the coating loss for both samples decreased with increasing annealing
temperature, until reaching a minimum at 700 ◦C. A linear fit of the frequency-dependent
coating loss after annealing at 700 ◦C gave:

ϕc ( f ) = (9.29 ± 0.09) × 10−9 Hz−1 f + (2.907 ± 0.007) × 10−4 for MLD2014,

ϕc ( f ) = (5.7 ± 0.2) × 10−9 Hz−1 f + (3.87 ± 0.02) × 10−4 for MLD2018.

The variation in the ratio of bulk and shear energy with mode shape, which in turn depends
on frequency, introduces a scatter of the data about any function of a single coating loss angle.
Instead, a decomposition of the coating loss into shear and bulk components allows a more
precise fit to the data, as shown in figure 11. A fit of each data set to bulk and shear coating
loss resulted in the dependence of these values with annealing temperature Ta shown in figure
12: the shear loss steadily decreased for increasing Ta, whereas the bulk loss showed no clear
dependence. The substrate barrel (edge) was polished. A fit to the data showed no significant
contribution from edge dependent losses [24].

The coating Young modulus was measured after annealing at two different tempera-
tures, using a nano-indentation facility at the California Institute of Technology (Caltech).
The results, Yc = 130 ± 2 GPa for MLD2018 annealed at 800 ◦C and Yc = 131 ± 2 GPa
for MLD2014 annealed at 600 ◦C, assume a coating Poisson ratio of 0.298 determined by
molecular dynamics models [66].

Cantilevers — the mechanical loss of the MLD2018 coating was measured also on a fused-
silica cantilever at ambient temperature, and on silicon cantilevers at cryogenic temperatures.
Measurements were performed at the Institute for Gravitational Research of the University of
Glasgow (IGR).
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Figure 11. Comparison of analysis methods, as applied to coating loss data of IBS
Ta2O5 –ZrO2 thin films (MLD) measured on suspended disks: (a) fit with single loss
angle, (b) fit with bulk and shear loss angles. The need for separate analysis of bulk and
shear coating loss angle is pointed out by the improved fit of panel (b).

Figure 12. Bulk and shear coating loss as function of annealing temperature for IBS
Ta2O5 –ZrO2 thin films, as measured on suspended disks: (a) sample MLD2014, (b) sam-
ple MLD2018. The shear loss is steadily reduced with increased annealing temperature,
while the bulk loss shows no clear dependence.

The cantilevers were mounted in a clamp, under vacuum, and their bending modes were
excited using an electrostatic actuator. The amplitude of the ring-down motion was monitored
using an optical shadow sensor. The coating mechanical loss was then calculated using equation
(3) and

D =
3Ycdc

Ysds
, (5)

where Yc and dc are the coating Young modulus and thickness, respectively, and Y s and ds are
the substrate Young modulus and thickness, respectively.
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Figure 13. Coating loss of IBS Ta2O5–ZrO2 thin film MLD2018, as measured on a
clamped ∼100 μm thick fused-silica cantilever at ambient temperature. Left: (a) the loss
was measured as a function of frequency on the as-deposited sample, then re-measured
after progressive annealings at 300, 400 and 500 ◦C; right: (b) frequency-averaged coat-
ing loss ϕ as a function of annealing temperature. The coating loss decreased after each
annealing treatment.

After each set of measurements, the coated fused-silica cantilever was progressively
annealed at increasing peak temperatures, up to 500 ◦C. Figure 13(b) shows the effect of anneal-
ing on the coating mechanical loss as a function of frequency, and that the coating mechanical
loss at 1 kHz decreased by over a factor of three upon annealing, from ϕ = 1.1 × 10−3 in its
as-deposited state to ϕ = 3.2 × 10−4 after a 500◦C annealing.

The coated silicon cantilevers were measured in a temperature-controlled, liquid-helium-
cooled cryostat [77]. The coating mechanical loss was calculated using equations (3) and (5)
for a large number of resonant modes, from ∼1 to 30 kHz, as extensively detailed in [77].
Here, for sake of conciseness, we present in figure 14 only the coating loss of the third- and
fourth-order bending modes, at ∼1.4 kHz and ∼2.7 kHz respectively.

Figure 14 shows that IBS Ta2O5–ZrO2 coating in its as-deposited state has a very small and
broad loss peak of ∼6 × 10−4 at ∼30 K. This peak narrowed to 1 × 10−3 after annealing at
300 and 400 ◦C, and further increased to 1.2 × 10−3 after an 800 ◦C anneal. Below 100 K, the
coating loss temperature-dependent trend of the annealed Ta2O5–ZrO2 samples is similar to
that of pure IBS Ta2O5 films annealed at 600 ◦C [39]. After annealing at 800 ◦C, the coating
loss of Ta2O5–ZrO2 does not show the large and broad loss peak observed at 80 K for IBS
poly-crystalline Ta2O5 thin films annealed to the same temperature [39]. This is a clear indica-
tion that co-sputtering ZrO2 with Ta2O5 prevented the onset of crystallization for annealing at
800 ◦C.

As shown in figure 13, annealing reduced the coating loss at ambient temperature. At the
same time, figure 14 suggests that annealing increased the coating loss at low temperatures,
which is the opposite of what has been observed on IBS poly-crystalline Ta2O5–TiO2 [41].
This is of interest for further understanding of coating loss and structure and modeling, and
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Figure 14. Cryogenic mechanical loss of IBS Ta2O5–ZrO2 coatings as a function of
sample temperature, as measured on clamped ∼65 μm thick silicon cantilevers. Left:
(a) results for the third-order bending mode at ∼1.4 kHz; right: (b) results for the fourth-
order bending mode at ∼2.7 kHz. The coating loss of sample MLD2018 as deposited and
after a 300 ◦C annealing and of sample MLD2014 after 600 ◦C and 800 ◦C annealing are
shown, and compared to data of IBS amorphous Ta2O5 and poly-crystalline Ta2O5–TiO2
samples annealed to 600 ◦C [39, 41]. Finite-element representations of the measured
resonant mode are visible at the bottom of each plot.

suggests that different values of the cation ratio η = Zr/(Zr + Ta) need to be investigated at
low temperatures.

4.1.2. LMA. We used a gentle nodal suspension (GeNS) system [25] to measure coating
mechanical loss, Young modulus and Poisson ratio via the direct measurement of the disk
dilution factor [32]. As a matter of fact, the dilution factor D in equation (3) can be written as
a function of the resonator mode frequency ( f0, f ) and mass (m0, m) before and after coating
deposition, respectively [52]:

D = 1 −
(

f0

f

)2 m0

m
. (6)

The advantage of measuring the dilution factor is that the ensuing coating loss estimation
is then exclusively based on measured quantities: sample loss angle, mode frequency and
mass. Therefore, unlike other experimental setups based on the ring-down method, our method
does not require prior knowledge of coating Young modulus and thickness. Furthermore, one
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Figure 15. Measured mechanical properties of IBS Ta2O5–ZrO2 thin films (LMA) as a
function of frequency, as measured on a disk suspended with a GeNS system: (a) mea-
sured and best-fit simulated dilution factor D, for the first three families of disk mode
shapes [32]; (b) coating loss angle ϕc, as measured after deposition and after annealing
treatments at 500, 600 and 700 ◦C for 10 h, in air. Data of the annealed Ta2O5–TiO2 lay-
ers of Advanced LIGO and Advanced Virgo is also shown, for comparison [32]. Dashed
lines are least-squares fits using a power-law model ϕc( f ) = a f b, best-fit parameters a
and b are presented in table 7. Values at f < 1 kHz are model extrapolations.

can estimate coating Young modulus Yc and Poisson ratio νc by fitting the results of finite-
element simulations to measured values of D estimated via equation (6). Compared to nano-
indentation, such method does not rely on the prior knowledge of νc, and does not depend on
the nature of the substrate used nor on the model chosen for data analysis [32]. Figure 15(a)
shows best-fit results for three mode families of different shapes and frequency [32], giving
Yc = 120 ± 3 GPa and νc = 0.32 ± 0.01. Details about our fitting method and finite-element
simulations can be found elsewhere [30, 32].

Figure 15(b) shows the coating loss angle before and after consecutive annealing treatments
at 500, 600 and 700 ◦C for 10 h, in air. As expected, the annealing reduced the coating loss.
However, the coating showed cracks after the 700 ◦C annealing. This issue is further discussed
in section 5.

We used a power-law model ϕc( f ) = a f b to describe the observed frequency-dependent
behavior of the coating internal friction [24, 53, 81], and applied least-squares linear regression
in order to fit the data. Best-fit parameters are presented in table 7. It is worth noting that the b
parameter increased after each annealing step, implying lower loss values in the most sensitive
region (50–300 Hz) of GW detectors. Thus, by extrapolating our results to lower frequency,
we obtain a loss angle of 1.8 × 10−4 at 100 Hz for the Ta2O5–ZrO2 annealed at 700 ◦C. This
value has to be compared to 2.4 × 10−4 for the Ta2O5–TiO2 layers of GW detectors [32].

4.2. ECR-IBD

The coating mechanical loss at ambient temperature was characterized using fused-silica can-
tilevers. They were mounted in a stainless steel clamp within a vacuum chamber with residual
pressure pressure below 5 × 10−6 mbar, and excited using an electrostatic actuator [49]. The
freely-decaying amplitude of the resonant motion was monitored using an optical shadow sen-
sor. We then used equations (3) and (5) to calculate the coating loss for the cantilever bending
modes [79], and the results are presented in section 4.5.
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Table 7. Best-fit parameters of a power-law internal friction model ϕc( f ) = a f b for data
sets of IBS Ta2O5 –ZrO2 thin films (LMA) measured on a disk suspended with a GeNS
system, as function of annealing peak temperature Ta (as-deposited coating samples are
denoted by Ta = 0◦C), shown in figure 15(b). Each annealing treatment was performed
in air and lasted 10 h.

Ta (◦C) a (10−4 rad Hz−b) b

0 4.4 ± 0.4 0.05 ± 0.01
500 ◦C 1.6 ± 0.2 0.13 ± 0.01
600 ◦C 1.7 ± 0.2 0.12 ± 0.01
700 ◦C 0.8 ± 0.1 0.18 ± 0.02

Figure 16. Cryogenic mechanical loss of as-deposited ECR-IBD Ta2O5–ZrO2 coatings
as a function of sample temperature, as measured on clamped ∼65 μm thick silicon
cantilevers. Left: (a) results for the third-order bending mode at ∼1.4 kHz; right: (b)
results for the fourth-order bending mode at ∼2.7 kHz. Data of an ECR-IBD sample
grown through standard deposition (blue markers) and that of an ECR-IBD grown on
a substrate held at 200 ◦C (green markers) are shown, and compared to the data of as-
deposited IBS Ta2O5–ZrO2 MLD2018 (see figure 14) and Ta2O5 [39] coating samples.
Finite-element representations of the measured resonant mode are visible in each plot.

The same method was applied to perform cryogenic loss measurements of coated silicon
cantilevers, whose results are shown in figure 16 for the third- and fourth-order bending modes
at ∼1.4 kHz and ∼2.7 kHz, respectively, and compared to the results obtained for the IBS
sample MLD2018 (see section 4.1.1 and figure 14). Below ∼100 K, both the ECR-IBD and
IBS as-deposited Ta2O5–ZrO2 coatings have a lower coating loss than that of as-deposited
IBS Ta2O5 [39]. This shows that, prior to annealing, the addition of ZrO2 already reduced the
coating loss at low temperature. Below 30 K, the loss of the ECR-IBD coatings is comparable
to that of IBS coatings.
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Figure 16 also shows the data of coating loss for an ECR-IBD Ta2O5–ZrO2 coating sample
grown on a substrate held at 200 ◦C. By comparing the ECR-IBD samples, it can be seen that
heating the substrate to a higher temperature had a considerable effect on the low-temperature
coating loss, between 100 and 200 K: for instance, the coating loss of the sample grown at
200 ◦C is 1.8 times smaller at 200 K. Finally, we found that the coating loss of the ECR-IBD
sample grown at 200 ◦C is similar to that of the IBS sample MLD2018 in its as-deposited state.

Coating Young modulus Yc was measured using a Bruker Hysitron TriboScope nano-
indenter system, with a three-sided Berkovich pyramid diamond tip (Y indenter = 1140 GPa,
and ν indenter = 0.007) and found to be Yc = 176 ± 8 GPa, assuming a coating Poisson ratio
of νc = 0.297 determined by molecular dynamics models [66]. Measurements were taken on
as-deposited thin films grown on 1 mm thick JGS-1 fused-silica witness samples, following
the Oliver–Pharr method [2].

4.3. RBTD

Coating mechanical loss, Young modulus and Poisson ratio were estimated by measuring sus-
pended coated fused-silica disks. The disks were measured by the LIGO Laboratory group at
Caltech, in a setup with four independent GeNS systems [25] installed in the same vacuum
chamber to simultaneously measure all the accessible resonant modes of four samples [54].

Prior to coating deposition, the resonant frequencies and mechanical loss of the disks were
characterized through specific measurements, which served as a reference and for background
noise estimation for the subsequent series of measurements performed after deposition. All
surfaces of the bare disks, including the edge, were polished to a standard optical grade to
reduce the contribution of substrate surface losses [5, 24].

After coating deposition, the disks were measured again, and then repeatedly annealed
at increasing peak temperature Ta, from 300 to 800 ◦C. After each annealing treatment, the
resonant frequencies and mechanical loss of the disks were measured. Knowing the coating
thickness and density from the previous characterizations (see sections 2 and 3), it was pos-
sible to compute the coating elastic properties, i.e. Young modulus Yc and Poisson ratio νc,
with a procedure similar to what explained in [32, 52] and in [57] and to what was done in
analyzing the samples grown by LMA. The measured elastic properties, with their estimation
uncertainties, were then used to compute the dilution factors D and extract the coating loss
angle according to equation (3). The results are presented in table 6 and figures 18 and 19, and
discussed in section 4.5.

4.4. HiPIMS/RF-MS

Coating mechanical loss, Young modulus Yc and Poisson ratio νc were measured on suspended
coated fused-silica disks by the LIGO Laboratory group at Caltech, using the same setup and
analysis methods described in section 4.3.

HiPIMS coating samples with different cation ratios η = Zr/(Zr + Ta) were produced, in
order to determine how ZrO2 content affects the loss angle. Also, as mentioned in section
3.5, RF-MS coating samples were grown with the same Ar:O2 gas ratio, which had higher
oxygen content and hence lower densities and refractive index. Samples were then annealed
at increasing peak temperature Ta by steps of 50 and 100 ◦C, starting from 400 ◦C, until they
showed signs of crystallization. The annealing time for each soaking temperature Ta was 10 h.
Depending on the cation ratio, the onset of crystallization was observed at temperatures which
ranged from Ta = 700◦C to Ta = 850◦C.

Figure 17 presents the coating loss angle as a function of the cation ratio η at 650◦C, where
it can be seen that most values are overlapping. This means that, within the uncertainties of
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Figure 17. Coating loss of HiPIMS (red markers) and RF-MS (blue markers)
Ta2O5 –ZrO2 thin films as a function of cation ratio η = Zr/(Zr + Ta), as measured
on suspended fused-silica disks after annealing at 650 ◦C. The dashed black line repre-
sents the loss angle value of the annealed Ta2O5 –TiO2 layers of Advanced LIGO and
Advanced Virgo [32].

the measurements, η does not considerably affect the coating loss angle. Although still within
measurement uncertainty, however, RF-MS samples feature a slightly lower coating loss angle.
Therefore, even if HiPIMS samples were shown to be denser and closer to stoichiometry than
RF-MS samples, this did not translate into a decrease of the coating loss angle.

4.5. Comparative summary

We discuss here the effects of different cation ratios η = Zr/(Zr + Ta) and annealing peak
temperatures Ta on the mechanical loss of our coating samples, limiting our analysis to the
results obtained at ambient temperature so that we can compare samples from all the growth
techniques presented in this work. To ease comparison, an average coating loss ϕ can be taken
from every set of measured resonant modes of each sample.

Figure 18 shows the resulting ϕ as a function of cation ratio η, where it can be seen that η
does not affect significantly the coating mechanical loss. Furthermore, coating loss seems to
be fairly independent of the technique used to grow the samples.

The samples were progressively annealed through steps of increasingly high peak temper-
ature Ta to test the effect of annealing on coating loss. For these experiments, the fused silica
substrate is typically annealed to temperatures higher than 900 ◦C before being coated. The
high temperature annealing of the bare substrate lowers its mechanical loss (ϕs < 10−7) such
that it is negligible compared to the coating loss. In addition, the substrate loss will not change
with lower temperature annealing cycles, so that any change in the coated sample loss may be
attributed solely to the coating.

Figure 19 shows that annealing significantly reduced the coating mechanical loss, from
about 10−3 for as-deposited samples down to (2–4) × 10−4 for samples treated at 800 ◦C.
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Figure 18. Frequency-averaged coating loss angle ϕ of all the Ta2O5–ZrO2 coating sam-
ples considered in this work, as a function of cation ratio η = Zr/(Ta + Zr). Each panel
corresponds to a different annealing peak temperature Ta.

5. Effects of annealing

As expected, co-sputtering zirconia proved to be an efficient way to frustrate crystallization in
tantala thin films, allowing for a substantial increase of the maximum annealing temperature
Ta. Figure 20 shows that higher cation ratios η = Zr/(Zr + Ta) allowed to increase Ta up to
800 ◦C, without crystallization occurring. More specifically, IBS samples have been tested up
to 800 ◦C and no sign of crystallization was observed. RBTD sample CSU II (η = 0.23) was
amorphous after treatment at 800 ◦C. HiPIMS/RF-MS samples showed signs of crystallization
for temperatures ranging from 700 to 850 ◦C, depending on the cation ratio η.

Figures 18 and 19 show that annealing significantly reduced the coating mechanical loss,
from about ϕ ∼10−3 for the as-deposited samples down to ϕ ∼ (2 − 4) × 10−4 for the samples
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Figure 19. Frequency-averaged coating loss angle ϕ of all the Ta2O5–ZrO2 coating
samples considered in this work, as a function of the annealing peak temperature Ta (as-
deposited samples are denoted by Ta = 0◦C). The four panels group together different
samples with similar cation ratio η = Zr/(Ta + Zr).

treated at 800 ◦C, whereas, within the measurement uncertainties, the doping does not affect
the loss angle for a given Ta.

However, cracks appeared on IBS (MLD), RBTD and HiPIMS/RF-MS samples after
annealing at 500 ◦C, and on single-layer IBS samples (LMA) after annealing at 700 ◦C. By
way of example, figure 21 shows the cracks observed on an IBS sample (LMA) with an optical
microscope; such cracks covered the whole surface of the sample, and their width was of the
order of 10−5 m. Likely, this happened because of a mismatch between the thermal expansion
coefficients of the thin films and substrates, causing high thermal stress. Although in principle
our mechanical loss measurements are sensitive to such defects, we found no evidence that
our results were affected. At least for some IBS samples (LMA), we avoided the formation of
cracks by decreasing the annealing heating and cooling rates down to 7 ◦C h−1. Such samples
could be annealed up to 800 ◦C without any cracks forming at their surface.

Nevertheless, starting from Ta = 500◦C, bubble-like defects of different number and size,
detected with an optical microscope, appeared at variable depth in the IBS HR coating samples,
likely due to the presence of incorporated argon within the layers [29, 43, 70]. We observed
no trace of such defects in the annealed IBS single-layer samples deposited under identical
conditions, indicating that this phenomenon only occurs when layers are stacked. It is not clear
how to avoid this issue yet, and we are currently working to solve this problem.

At the same time, annealing at Ta = 500◦C decreased the optical absorption of the IBS HR
samples down to 0.5 ppm.
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Figure 20. State of IBS, RBTD and HiPIMS/RF-MS Ta2O5–ZrO2 thin films after
annealing at temperature Ta, as a function of cation ratio η = Zr/(Ta + Zr). Blue mark-
ers denote amorphous samples, while red ones indicate that the transition to a poly-
crystalline phase was observed. RBTD samples are denoted by squares, IBS samples by
triangles (LMA) and pentagons (MLD), HiPIMS/RF-MS samples by circles. The dashed
curve shows the approximate limit of the phase transition as a function of η.

Figure 21. Cracks observed on an IBS Ta2O5 –ZrO2 thin film (LMA) after annealing at
Ta = 700◦C.

6. Raman spectroscopy

Raman spectroscopy probes the vibrational modes of a material constituents. In previous stud-
ies on amorphous silicon (a-Si), Roorda et al found a correlation between structural relaxation
and the width of a peak in its Raman spectrum [51]. A sharpening of the peak was interpreted
as the results of a decrease in the bond angle distribution upon annealing. Granata et al also
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found a correlation between the mechanical loss and the normalized area of a Raman line in
IBS and bulk silica [31]. Thus, it is of interest to see if there is a correlation between the Raman
spectra of Ta2O5–ZrO2 thin films and their loss angle, via structural relaxation.

Raman spectroscopy was performed on the coated silica disks with a Renishaw Invia Reflex
microscope, with an Ar laser at a wavelength of 514 nm. The measurement was performed three
times at different locations on each sample, then the spectra of each sample were averaged. It
was carried out on all the MS as-deposited samples and on seven MS samples after annealing
at 800 ◦C. Note that two of these annealed samples showed signs of crystallization, with sig-
nificant change in the coating Young modulus and loss angle measurements (see table 6 and
sections 4.4 and 4.5). Figure 22(a) presents an example of the Raman spectrum measured on a
crystallized sample, where the arrows identify peaks associated with the crystal phase [45].

Tantala–zirconia has a complex structure, which translates into several peaks in the Raman
spectrum, some of them overlapping, and makes the data analysis non-trivial. In addition,
Ta2O5–ZrO2 thin films are transparent at 514 nm, so that peaks from the underlying silica
substrate also contribute to the measured spectra. Therefore, the initial step of the analysis was
to decorrelate the contribution of the thin film from that of the substrate. Figure 22(a) shows
a Raman spectrum of an amorphous sample (red curve), with, superimposed, a model (black)
resulting from different contributions summed together: (i) the spectrum of a bare silica sub-
strate (blue), (ii) the spectrum of a pure tantala thin film (green) obtained from a previous study
[55], (iii) a background contribution represented by an exponential (dashed gray), (iv) addi-
tional contributions required so that the model correctly fit the data (purple), which are then
assumed to be due to the addition of zirconia and which were modeled using four Lorentzian
functions. Thanks to this model, we can identify where the thin film is the main contributor to
the measured spectrum: referring to the purple curve of figure 22(a), this can be seen to happen
in the interval from 600 to 750 cm−1. An additional contribution from the thin film is observed
near 900 cm−1, but is less clearly separated from the substrate signal and was disregarded in
the following analysis.

Next, we wanted to estimate the width of the Raman peak attributed to the thin film. How-
ever, trying to subtract substrate contributions or using a fit model would likely influence the
shape of the peak, hence its width. To avoid this, we rather relied directly on the experimental
data: we calculated the maximum slope of the raw signal on one side of the peak, at a location
where the coating contribution to the spectrum is dominant. Indeed, the slope of a peak edge is
a proxy for the peak width: for both Lorentzian and Gaussian functions, the maximum slope is
proportional to the inverse squared width. Thus narrower peaks, which might be attributed to a
more relaxed material, should feature a steeper slope on each side. To this end, the raw spectra
were smoothed with a bi-cubic spline and normalized so that their maximum, in the 550 cm−1

to 750 cm−1 spectral region, where the contribution of the thin film is at the highest, is at unity.
We then computed the derivative, an example of the result is found in figure 22(b).

In all panels of figure 22, the position of interest, i.e. the point where the slope of the signal
related to the Zr contribution is the steepest, is represented by a vertical red line. In figure 22(c),
we can see two raw spectra of the same sample, acquired before and after annealing. The slope
computed using the spline fit at the Raman shift of interest is also plotted as a straight line, for
each spectrum. We can observe from the raw data that the slope around 705 cm−1 changes upon
annealing and is well represented by the first derivative deduced from the method illustrated in
figure 22(b). If Raman peaks sharpen with relaxation, and relaxation decreases the loss angle,
we expect a higher value of the derivative with decreasing loss angle.

Figure 23 shows the absolute value of the first derivative around 705 cm−1 as a function
of the loss angle, where the color scale represent the cation ratio η = Zr/(Zr + Ta). The red
markers correspond to the two crystallized samples which show characteristic peaks in their
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Figure 22. Measured Raman spectra of HiPIMS/RF-MS Ta2O5 –ZrO2 thin films and
their analysis: (a) example of a spectrum obtained for an amorphous sample with, super-
imposed, a model resulting from different contributions summed together (see text for
details); (b) derivative of the raw Raman spectrum, smoothed using bi-cubic splines; (c)
raw, normalized spectrum of the same sample, as-deposited and annealed. The slopes
extracted using the derivative method shown in (b) are represented by straight lines. The
vertical red line across all panels is the position of the minimum of the first derivative of
the Zr contribution shown in (a).
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Figure 23. Absolute value of the minimum of the derivative of the Raman spectrum
near 705 cm−1 as a function of the loss angle, for HiPIMS/RF-MS Ta2O5–ZrO2 thin
films. The color scale corresponds to the cation ratio η = Zr/(Zr + Ta), circles denote
spectra acquired on the as-deposited samples and triangles denote those acquired on the
annealed samples, the same sample being linked by a black arrow. Red markers represent
samples showing signs of crystallization.

Raman spectrum, and most probably some delamination, making their loss angle measure-
ments unreliable. The circles are for measurements carried out on as-deposited samples while
the triangles are for the annealed ones, and the same samples are linked by an arrow pointing
toward the annealed one.

Figure 23 clearly shows that, upon annealing, each individual sample sees its peak slope
increase and its loss angle decrease at the same time. Hence, the Raman peak sharpens upon
relaxation, similar to what is observed in a-Si [51]. However, if one considers only the subset of
the as-deposited samples (circles), it appears that the lower the loss angle, the lower the slope,
which means the Raman peaks are wider. Also, samples that have the lowest loss angle are
the ones with the highest cation ratio η (greener data points). Hence, the shape of the Raman
peak near 705 cm−1 cannot be attributed solely to relaxation, as it is also clearly influenced by
the micro-structural modifications that large amounts of Zr induce into the thin films, which in
turn have an impact on the vibrational states distribution and hence on the shape of the Raman
spectrum.

Therefore, these results show that Raman spectroscopy could be used as a probe to monitor
the relaxation state of tantala-based alloys, and that relaxation is linked to the loss angle. Similar
conclusions were reached using x-ray diffraction on tantala [55], where the x-ray peak of tantala
sharpened with decreasing loss angle. However, the Raman peak shape is also influenced by
the amount of doping, so while it can be used to monitor the evolution of a specific sample, it
would be difficult to use it more generally as a probe of the state of relaxation in a material or
a predictor of the loss angle.

7. Summary and conclusions

In order to decrease coating Brownian noise in current GW detectors, we developed a set of co-
sputtered tantala–zirconia thin films. We extensively characterized these coatings for optical
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and mechanical properties, to test their performances against the very stringent requirements
of GW detectors.

As expected, co-sputtering zirconia proved to be an efficient way to frustrate crystal-
lization in tantala thin films, allowing for a substantial increase of the maximum annealing
temperature Ta, hence for a decrease of coating mechanical loss. The lowest average loss,
ϕc = 1.8 × 10−4 rad, was measured on IBS sample MLD2018 with cation ratio Zr/(Ta + Zr) =
48.5 ± 0.4% annealed at 800 ◦C. Higher annealing temperatures were prevented by the onset
of crystallization.

The lowest loss value measured on co-sputtered tantala–zirconia thin films has to be com-
pared to ϕc = (2.3–3.4) × 10−4 rad of tantala–titania layers in current GW detectors [32, 82],
and to other high-index oxide coatings, either simple or co-sputtered [29, 33, 59–62]. Fur-
ther coating loss reduction, down to 1 × 10−4 rad or lower, might be obtained with non-oxide
coatings [33].

As measured on IBS HR samples with the same design of those of Advanced LIGO and
Advanced Virgo, we observed as little optical absorption (0.5 ppm) as in current GW detectors
[27, 46]. The same samples, however, featured an unusually high value of scattering, 45 ppm,
compared to that of present detectors (5 ppm) [27, 46]. Indeed, part of the observed excess
scatter might be ascribed to the presence of Ar bubbles formed upon annealing [29, 43, 70].

For some samples, we measured a refractive index at 1064 and 1550 nm higher than that
of pure tantala thin films. This implies that HR stacks containing zirconia-doped tantala lay-
ers could be even thinner than HR coatings of present detectors, further decreasing coating
Brownian noise [33].

For use in future GW detectors, further development will be needed to decrease scattering
and to avoid the formation of bubble-like defects upon annealing. We are currently working to
find appropriate solutions to these issues.
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Ion beam deposition (IBD) is a method generally used for 
the fabrication of Bragg reflectors with extremely low lev-
els of optical loss. Gravitational wave detector mirrors are 
one example which requires high-reflectivity, through use 
of multilayer dielectric coatings, that require sub-ppm ab-
sorption over large area. Although, the Brownian thermal 
noise of typical coating materials, due to the mechanical 
dissipation, remains too high to allow future gravitational 
wave detectors to reach their quantum-limited sensitivities. 
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 Therefore, the University of Strathclyde have developed a new 
IBD process to extend the available parameter range during 
manufacture, along with providing additional potential bene-
fits. This technique utilized electron cyclotron resonance (ECR) 
plasma generation, alongside an extraction geometry which 
yields a cleaner and more precisely controlled extraction for 
generating an energetic ion beam for sputtering. This tech-
nique has been used to fabricate the lowest optical absorption 
amorphous silicon in the world; k = 1.2 x 10-5  at 1550 nm –  

a factor of 100 lower than standard RF-IBD. This talk will describe 
a new scaled-up deposition system being commissioned, with 
6 independent ECR sources, enabling unique opportunities for 
developing novel alloys such as ultra-stable glasses. Relevance 
for other applications requiring ultra-low optical loss and high 
laser-induced damage threshold are discussed, along with the 
results obtained by manipulating the deposition parameters 
and the effect it has on the coatings’ optical properties.

64th Annual Technical Conference Proceedings Virtual Event:  May 3 – 7, 2021
© 2021 Society of Vacuum Coaters all rights reserved ISSN 0737-5921, ISBN 978-1-878068-41-5

www.svc.org https://doi.org/10.14332/svc21.proc.0047
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Outline
§ Introduction

§ Our group
§ Laser Optics
§ Gravitational Waves & it’s Detectors 

§ Technique
§ Ion Beam Deposition
§ Electron Cyclotron Resonance (ECR) Ion Source

§ Set-up
§ RF Ion Beam Deposition
§ ECR Ion Beam Deposition
§ Characterisation

§ Objectives

§ Results

§ Conclusion & Outlook

1.
Introduction

Our Group
Laser Optics

Gravitational Waves & its Detectors

Chalisa Gier & 
Dr. Marwa Ben Yaala

ECR-IBD for High Laser Damage 
Threshold Optical Coatings

ECR-IBD Coatings for GW Mirrors

Professor Stuart Reid
Group Leader &
Head of the Department

Callum Wiseman
Piezoelectric Coatings for Sensors

DLC Coatings for Biomedical 
Applications 

Curtis Talbot
Thermal Annealing Impact on 
Optical Performance of Oxide 
Coatings

Our Group

Dr. Paul Hill &
Gavin Wallace

RF-IBD Mirror Coatings & 
Mechanical Loss Measurements for 

GWD
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Optical Coatings for High Power Laser Optics

■ High-power thin film optical coatings
§ Required for optics that must handle sustained 

high-power output from lasers

■ The optical coating is generally the limiting 
factor in the output of a high-power laser 
system

■ Hence, there is an increased requirement 
for coatings with high damage threshold

Gravitational Wave Detectors

High demanding key 
requirements for optical coatings:

§ Very low absorption and 
scattering losses

§ High reflectivity
§ Low-loss dielectric mirrors

2.
Technique

Ion Beam Deposition
Electron Cyclotron Resonance (ECR) Ion Source
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Electron Cyclotron Resonance (ECR) Ion Source

Advantages of our ECR sources:

§ Grid-less
§ Filament Free
§ Maintenance Free
§ Low Current
§ 0-10 kV Extraction Potential
§ Can be precisely controlled

Kauffman-type // RF-type Source Our ECR-type Source

Illustration creds: M. Ben Yaala [illustrations modified from C. Bundesmann & H. Neumann (2018)]

Ion Beam Deposition

§ Gas Injected

§ Ionised Atoms

§ Accelerated the created atoms

§ Sputter the target

§ Deposit on substrate

IBD: Highest quality optical coatings, with low absorption 
and scatter. Optical values close to those of bulk materials.

3.
Set-up at Strathclyde University

RF-IBD
ECR-IBD

Characterisation
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RF-IBD

Photo creds: G. Wallace

Extreme Performance Optical coatings Centre 
(EPOC)

Industry best – unavailable in UK
EPOC aim: make available to UK photonics sector
(+ largest IBD in world)

Large-scale RF ion beam deposition
CEC/Strathclyde/Glasgow/UWS
amorphous coatings for up to 620 mm dia / 200 kg

ECR-IBD

World record for the fabrication of the lowest absorption of 
amorphous silicon thin films (<20 ppm absorption at 1550 nm) -
Birney et al., PRL 2018
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ECR-IBD

ECR-IBD

Characterisation

GeNS System commissioned at Strathclyde. 

This system is use to measure the 
mechanical loss of coated discs 
(experiment carried out by Gavin Wallace)

Photon RT 
(spectrophotometer) at 
Strathclyde.

The system is specially 
designed for optical 
coaters, with wide range 
of wavelength: 
185-5000 nm

The Transmittance and 
Reflectance data obtained 
is then used in SCOUT to 
obtain optical parameters 
(n, k, and Eg )

Photo creds: G. Wallace
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4.
Objectives

Parameters
Target Materials

Parameters for Tuning Coating’s Properties

Parameters

Ion Energy
Deposition 

Temperature

Ion Assist

Sputtering 
Gas

(Ar, N2, O2, 
Xe,...)

Post 
Deposition 

Thermal 
Treatment

Gas Mixture
(Ar/O2

mixture)

Substrates

Target 
Materials

Materials that have been investigated

Gravitational Wave:
■ GeO2

■ TeO2

■ TiO2
■ SiO2

■ a-Si
■ SiNx

■ Ta2O3
■ ZrO2

■ and mixed 
materials 

LIDT:
■ HfO2

■ Sc2O3

■ SiO2
■ and mixed 

materials 

Cardiovascular Implants:
■ DLC

Piezoelectric:
■ ZnO
■ AlN
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5.
Results

Effects of Different Gas Mixture during Deposition 

HfO2 with varying oxygen percentage in the background and the 
effects on the refractive index

HfO2 with varying oxygen percentage through the ECR ion sources 
and the effects on the refractive index

Mixed Material - Sc2O3:SiO2

The graphs are showing the effect of post deposition annealing on the refractive index and Bandgap energy 
for both Argon and Oxygen Sputtering gas of Sc2O3:SiO2 mixture coatings 
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Mixed Oxides - ZrO2:Ta2O5

■ By using mixed materials, this will gain the benefit of high n and low mechanical loss 
materials, without losing the required optical properties
§ This will reduce the coating thickness

• Leading to the reduction of Brownian thermal noise

a-Si

6.
Conclusion & Outlook
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Summary

■ Successfully commission and develop two ECR-IBD systems

■ RF & GeNS system has also been successfully commissioned by G. Wallace

■ Different materials have been investigated
§ Laser Optics: HfO2 ; Sc2O3 and mixing with SiO2

§ Gravitational Waves: ZrO2:Ta2O5 ; TeO2 ; a-Si

■ Investigated different parameters during and after deposition & investigate 
the effects it has on the coatings’ optical parameters

Ongoing Research Activity

■ For GW: Investigate materials with corner sharing properties & effects of 
post-deposition thermal treatment on optical properties 
& mechanical loss
§ GeO2

§ GeO2:TiO2 alloys
§ TeO2

■ For Laser Optics: Investigate other mixed materials (including different 
mixing percentage) & the effects of post-deposition thermal treatment on 
the optical properties and LIDT

Contact Information:
Email: chalisa.gier@strath.ac.uk

LinkedIn: Chalisa Gier
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Chalisa Gier is a Ph.D. candidate, currently 
in her final year of studies, in the Biomedical 
Engineering department, at the University 
of Strathclyde. She first received her bache-
lor’s degree in Physics from the University of 
the West of Scotland (2017) and her master’s 
degree in Applied Physics at the University of 

Strathclyde the following year (2018). Her research is focused 
utilising the novel electron cyclotron resonance (ECR) ion beam 
deposition technology to fabricate thin film coatings, where 
this technique has previously been used to fabricate the lowest 
optical absorption amorphous silicon (2018). She has helped 
to developed and optimised two different ECR-systems during 
her Ph.D.: 6-ion beams and 24-ion beams ECR-systems. Current-
ly, she is working on her thesis focusing on the fabrication and 
characterisation of thin films for both high laser damage thresh-
old for optical coatings and low mechanical loss for gravitational 
wave mirrors, looking at both pure and mixed-oxide materials.

Dr. Marwa Ben Yaala is a research associate 
in the Biomedical Engineering Department, 
at the University of Strathclyde. She was 
awarded the doctoral degree “Summa Cum 
Laude” in experimental physics in 2019 from 
the University of Basel, working in the EuroFu-
sion EC-funded project, following a research 
assistant position at Fraunhofer FEP, Dresden. Dr Ben Yaala pio-
neered various plasma-based etching/deposition technologies, 
and now leads the Electron cyclotron resonance (ECR) ion beam 
facility at the University of Strathclyde. She leads the develop-
ment and commercialisation of ECR-IBD in relation to extreme 
performance optical coating fabrication, funded by STFC-IPS, 
in partnership with Gooch & Housego. Dr Marwa Ben Yaala de-
veloped the world’s first 6-beam and 24-beam high-energy ECR 
systems, relevant for flexible, high-throughput use of ECR ion 
beam deposition technology.
 

Callum Wiseman is a Researcher in thin film 
design and development in the Biomedical 
Engineering department at the University of 
Strathclyde. He has experiences in wide range 
of material characterisation techniques. His 
main research focus: ZnO for piezoelectric ap-
plications and DLC coatings for biomedical ap-

plications, both deposited by ECR ion beam sputter deposition.  

Gavin is a current Ph.D. candidate at the Uni-
versity of Strathclyde. He attained a physics 
honours degree in 2016 from University of the 
West of Scotland before working on non-dis-
persive infrared gas sensor technology at Gas 
Sensing Solutions Ltd. His current Ph.D. topic 
is the study of optical coatings with applica-

tions in gravitational wave research using RF ion beam deposi-
tion technology. 

Professor Stuart Reid is the Head of the De-
partment of Biomedical Engineering at the 
University of Strathclyde. He leads a multidis-
ciplinary team working on both medical and 
astrophysics research:- Bone: He is co-inven-
tor of “nanokicking”, where nanoscale vibra-
tions are used to persuade stem cells to turn 
into bone in the lab (ACS Nano 2013, Nature BME 2017). He is 
in the process of co-founding a company (www.nanokick.com) 
to help supply bone graft (the most transplanted tissue after 
blood) for regenerative medicine. UK Charity, Find A Better Way 
(https://www.findabetterway.org.uk) is funding the first-in-man 
study of nanokicked stem cells, planned for 2020, with the aim 
to provide bone graft for patients injured by land mines. IBD 
amorphous coatings: Reid’s lab is also developing and manu-
facturing some of the most advanced laser mirrors in the world, 
to enable future gravitational wave detectors to be limited en-
tirely by quantum effects. The team has pioneered the first ECR 
(electron cyclotron resonance) ion beam deposition facility, and 
the first elevated temperature ion beam deposition (up to 500C) 
for the fabrication of ultra-stable “ideal glasses”. This technolo-
gy has enabled the fabrication of the world’s lowest optical ab-
sorption amorphous silicon (aSi), reaching <20ppm absorption 
at 1550nm for a quarter-wave layer. The group is also pioneering 
ultra-low mechanical dissipation mixed oxides, reaching levels 
of 1.3e-4 for Zr-doped Ta2O5 thin films. The group has now 
developed the world’s first 6-beam and 24-beam high energy 
ECR systems. MBE crystalline mirror coatings: Working along-
side local SME, Gas Sensing Solutions (GSS) Ltd, and Stanford, 
Glasgow, and West of Scotland Universities, we are developing 
AlGaP interference optics that can be integrated into silicon 
optoelectronic devices. Breath analysis (capnograph): Working 
with GSS Ltd and the University of the West of Scotland (UWS), 
we are developing optical coatings to tune (narrow) the spectral 
response of NDIR (non-dispersive infrared) CO2 gas sensors for 
use in medical capnography.
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A B S T R A C T   

The effects of reactive and sputtering oxygen partial pressure on the structure, stoichiometry and optical 
properties of hafnium oxide (HfO2) thin films have been systematically investigated. The electron cyclotron 
resonance ion beam deposition (ECR-IBD) technique was used to fabricate the films on to JGS-3 fused silica 
substrates. The amorphous structure of HfO2 films were determined by X-ray Diffraction. Energy-dispersive X-ray 
Spectroscopy and Rutherford Backscattering Spectrometry were carried out for the composition and stoichi
ometry analysis, where this suggests the formation of over-stoichiometric films. The data suggests that the O:Hf 
ratio ranges from 2.4 – 4.45 to 1 for the ECR-IBD fabricated HfO2 films in this study. The transmission and 
reflectance spectra of the HfO2 films were measured over a wide range of wavelengths (λ = 185 – 3000 nm) by 
utilizing a spectrophotometer. The measured spectra were analyzed by an optical fitting software, which utilizes 
the model modified by O’Leary, Johnson and Lim, to extract the optical properties, refractive index (n) and the 
bandgap energy (E0). By varying the reactive and sputtering oxygen partial pressure, the optical properties were 
found to be n = 1.70 – 1.91, and E0 = 5.6 – 6.0 eV. This study provides a flexible method for tuning the optical 
properties of HfO2 coatings by controlling the mixture of reactive and sputtering gas.   

1. Introduction 

Hafnium oxide, also known as Hafnia (HfO2), is one of the most 
attractive high refractive index materials, high-k dielectric, with excel
lent thermal and chemical stability [1] that are widely used in optical 
coating applications. They are also commonly used in multilayer optical 
coatings as the high index material, alongside low index material like 
silica, where it can be utilized in interference filters, anti-reflective 
coatings, metal-oxide-semiconductor transistors, and cameras that can 
be utilized for space applications [2–4]. Other applications that HfO2 
films has been utilized aside for optical coatings are memory applica
tions [1,5,6], ferroelectrics transistors which can be used for in-memory 
computing devices, as well as neuromorphic devices [7–9] and as HfO2 
based nanoagent in clinical trials for radiosensitized tumor therapy [10]. 
HfO2 has optical transparency over a wide spectral range, from 

ultraviolet (UV) to mid-infrared (mid-IR) region, due to its wide 
bandgap of 5.3 – 5.7 eV [11,12], alongside high laser induced damage 
threshold (LIDT), allowing it to often be utilized as the coating for optics 
in high power laser systems. These HfO2 coated optics are utilize in 
filters or mirrors for laser spectroscopy, laser diodes, and multilayer high 
reflection mirrors for Gravitational-wave interferometers, for example 
[13–15]. Although, from previous studies by many authors over the 
years, it shows that HfO2 has its favorable and advantages characteris
tics for different applications, but the optical and structural properties of 
the thin films can vary depending on the deposition methods, as well as 
the deposition parameters [1,2]. This leads to common deposition 
techniques, including electron beam evaporation [11,16,17], dual ion 
beam sputtering [18,19], reactive low voltage ion plating, radio fre
quency (RF) magnetron sputtering [20], high pressure reactive sput
tering [21], pulsed laser deposition [1], and ion beam deposition (IBD) 

* Corresponding author. 
E-mail address: marwa.ben-yaala@strath.ac.uk (M. Ben Yaala).  

Contents lists available at ScienceDirect 

Thin Solid Films 

journal homepage: www.elsevier.com/locate/tsf 

https://doi.org/10.1016/j.tsf.2023.139781 
Received 13 July 2022; Received in revised form 23 February 2023; Accepted 27 February 2023   



Thin Solid Films 771 (2023) 139781

2

[22,23], yielding inconsistent optical, electronic and structural proper
ties. These inconsistencies reported in literature includes differences in 
films’ stoichiometry due to the deposition method, crystalline phases, 
polycrystallinity, amorphous nature, density, and defect states [1,24, 
25]. With these inconsistencies reported in film properties, it has pre
viously been demonstrated that IBD is a technique that is capable of the 
fabrication of high quality thin films, with properties close to those of 
bulk materials. The high quality includes low scattering, high density, 
high refractive index, low absorption, good mechanical structural 
properties, and good environmental stability. The investigation of the 
purity, stoichiometric defects, and optical properties are of great sig
nificance for the preparation of high-quality coatings. 

Reported here is a strategy for the optimization of HfO2 film prop
erties by controlling the oxygen to argon ratio during the IBD process. 
The films were produced by utilizing electron cyclotron resonance 
(ECR)-IBD, which is a process that has previously yielded the lowest IR 
absorption in amorphous silicon thin films [26], but otherwise under
explored for optical coating development. The stoichiometry and 
elemental analysis of the films discussed were carried out by 
Energy-dispersive X-ray Spectroscopy (EDS) along with Rutherford 
backscattering spectrometry (RBS). The structural properties of the films 
were determined by X-ray Diffraction (XRD), and the optical properties, 
such as refractive index (n) and bandgap energy (E0), were obtained by 
fitting the transmittance and reflectance spectra by using a commercial 
optical fitting software application. The aim of this work is to report the 
correlation between the reactive oxygen partial pressure and HfO2 films’ 
optical and structural properties and film composition by utilizing the 
ECR-IBD technique. 

2. Materials and method 

2.1. Thin film fabrication 

The HfO2 coatings presented in this study were fabricated in a 
custom-built IBD system [26], utilizing three compact ECR ion sources 
(all ECR sources from Polygon Physics, France), as shown in Fig. 1. These 
ion sources generate highly confined (mm-scale) parallel beams 
extracted through a single aperture and extracted with 10 kV potential. 
The three ion beams are directed onto a HfO2 target, which is situated in 
the middle of the chamber. During the deposition process, everything 
inside the system was kept constant (i.e. target-to-substrate position, 
target angle, etc.). The ion sources parameters are controlled via a 
LabVIEW software (Version 16.0, NI): gas flow through the ion sources, 
the individual microwave power for plasma generation, beam voltage, 
and focus voltage. The microwave power input is between 3 – 5 W, the 

focus voltage is between 3 – 6 kV and the beam voltage is kept constant 
at 10 kV for all sources. The chosen parameters are used to provide the 
highest extraction current, minimal beam divergence, highest ion en
ergies and to provide the most stable beam for each deposition. 

The substrates used in this study are JGS-3 fused silica circular discs, 
20-mm in diameter and 1-mm thick (Changchun Qianhao Photoelectric 
Co., Ltd, China). For improved thickness uniformity of the coatings, four 
samples are placed on a rotating substrate holder, on a ferrofluidic drive, 
driven by a stepper motor at 0.6 rpm for each deposition. Due to the 
nature of the ECR sources and their low deposition rate (~0.01 Å/s), the 
deposition time for each run is 72 h, where the thickness varies between 
140 – 270 nm, dependent on the coating configurations. The growth rate 
was measured in situ by utilizing a quartz microbalance, and the thick
ness of the coatings were later determined by fitting the transmittance 
and reflectance measurements using SCOUT (Version 4.93, WTheiss 
Hardware and Software). 

A hafnium oxide target with 99.99% purity was used for this inves
tigation. A neutralizer was added to the setup to mitigate instabilities 
associated with plasma charging build-up, in addition to electrical dis
charging/arcing due to the accumulation of charge on the non- 
conductive target surface. 

For the deposition process, the base pressure of the chamber was 
lower than 3 × 10− 4 Pa and the deposition were carried out at room 
temperature. The total pressure was fixed to 2.5 × 10− 2 Pa during 
deposition. The gasses were introduced in the chamber following three 
configurations:  

(i) Varying the reactive oxygen background partial pressure from 
10% to 90% of the fixed total pressure value, where argon is 
introduced through the sources and neutralizer, where this will 
be referred to as ‘X% Reactive Oxygen’  

(ii) Varying the sputtering oxygen partial pressure through 1 or 3 
sources with no background gas, where this will be referred to as: 
‘10% Sputtering Oxygen’ when 1 source is utilizing oxygen while 
the remaining 2 sources and the neutralizer are utilizing argon; 
and ‘30% Sputtering Oxygen’ when all 3 sources are utilizing 
oxygen and the neutralizer is utilizing argon. For this configu
ration, the argon from the neutralizer is taken into account for the 
overall gas percentages and fixed total pressure value  

(iii) Using pure oxygen gas for the full process through the sources 
and the neutralizer, where this will be referred to as ‘Pure Oxygen 
Process’ 

2.2. Optical characterization 

For the optical characterization of the deposited films, Photon RT 
spectrophotometer (EssentOptics Ltd., Belarus) was used to obtain the 
transmittance (T) and reflectance (R) of the coatings at the wavelength 
range of 185 – 5000 nm. Once both spectra were obtained for each 
substrate, the data is imported to the optical fitting software SCOUT to 
analyze the spectra [26,27]. 

There are many different methods which can be used to model the 
optical properties of amorphous semiconductors, based on the density of 
states (DOS) function, where Tauc-Lorentz model [28] and O’Leary, 
Johnson, and Lim (OJL) model [29] are typically used. Within this 
study, the OJL model has been utilized within SCOUT. 

OJL model is used to describe the interband transition in the amor
phous semiconductors [30,31]. This model assumes the parabolic shape 
valance and conduction band of the DOS, with tail states exponentially 
decaying into the bandgap [29–31]. The said tail states are the results of 
the disorder present in amorphous semiconductor, where this is also 
known as the Urbach tail [32]. The parameters of OJL DOS model are: 

Em,c = Ec +
1
2
γc (2.2.1)  

Fig. 1. Schematic diagram of the experimental setup for the HfO2 study. The 
figure shows all the different components of the custom-built ECR-IBD system. 
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Em,v = Ev −
1
2

γv (2.2.2) 

Where Ec and Ev are the conduction and valence band energy, γc and 
γv is the damping constant of the conduction and valence bands, and mc 
and mv are the conduction and valence band mass. Eqs. (2.2.1) and 2.2.2 
represents the mobility edges of the conduction and valence bands, 
respectively. As for the bandgap energy (E0), this is denoted by: 

Ec +
1
2

γc −

[

Ev −
1
2
γv

]

= E0 (2.2.3) 

Where E0 can be acquired via SCOUT. The other OJL interband 
transitions within SCOUT are as follows [30,31,33,34]:  

• OJL mass: this acts as the scaling factor in determining the shape of 
the DOS  

• OJL gamma valence: this is the band tail width, or Urbach tail  
• OJL decay: this is the number which ensures the imaginary part 

decays to zero for high frequency 

As for the refractive index (n), this is calculated by utilizing the 
Kramers-Kronig Relation (KKR) implemented in SCOUT. The KKR con
nects the real and imaginary parts of the susceptibilities, and can be used 
to calculate the real and imaginary parts of the dielectric function. By 
utilizing both the KKR and OJL model implemented in SCOUT and 
fitting of T and R spectra, this allows for the extraction of n, E0, and 
thickness, among other optical constants not discussed in this study. 

The following steps were taken within SCOUT to carry out the optical 
fittings: (1) Introduce the OJL model, initial values of the complex 
refractive index (based on literature) and film thickness. (2) Insert the T 
and R spectra. (3) Run the “automatic fit”, where the downhill simplex 
method is applied to vary the fit parameters in order to minimize the 
deviation between the experimental and simulated values, until an 
optimal fit is obtained. (4) The E0, n and thickness values can now be 
obtained [30,31]. 

2.3. Elemental and structural characterization 

The compositional elemental analysis and mapping of the samples 
were measured by Hitachi S3700-N Scanning Electron Microscope 
(SEM), equipped with an EDS system at room temperature, operated at 
an accelerating voltage of 10 kV. Further confirmation of the elemental 
analysis were carried out by RBS measurements, which were carried out 
using a 2 MeV 4He beam. The beam was incident at an angle of 7◦ from 
the surface of normal to minimize channeling effects, and the detector 
was placed at a scattering angle of 170◦ Atomic concentrations were 
determined by fitting the experimental spectra with the SIMNRA pro
gram [35]. The structure of the films was determined by utilizing XRD 
method using Bruker D8 Advance with a Cu Kα X-ray source at λ =
1.541 Å. The XRD scans are measured in the standard Bragg-Brentano 
geometry, measured between the angles of 2θ = 20 – 55◦

3. Results 

Fig. 2 shows the XRD pattern of pure HfO2 films with varying oxygen 
content: (i) in the background with argon as the sputtering gas, (ii) 
through the ion sources (1 and 3 sources), where argon is still present in 
the process through the neutralizer, and (iii) pure oxygen process, where 
there is no argon inside the chamber. As can be seen from the XRD data, 
all HfO2 films show a broad weak band, which indicates that all of the 
films in this study are amorphous. XRD data for a blank substrate is also 
included to show the peak centered at ~21◦ in all samples is from the 
substrate. The XRD data shows minimal difference between the blank 
substrate and coated substrates, which further demonstrates that the 
HfO2 thin films in this experiment are amorphous. Also included in the 
figure is a sample annealed to 500 ◦C from the pure oxygen process, 

which shows the emergence of narrow peaks compared to the as- 
deposited films. These narrow peaks are an indicator to the increasing 
crystalline structure when the films are annealed, and are denoted by * 
in Fig. 2. This is further confirmation that the as-deposited samples 
investigated are in fact amorphous. 

The atomic composition of the deposited hafnia films measured by 
EDS is shown in Fig. 3. The only elements detected by utilizing EDS in all 
coatings are O, Hf, and Ar. In Fig. 3a and b, the atomic percentage of 
oxygen and hafnium present in the films are provided. Fig. 3d shows the 
ratio between oxygen and hafnium present. By increasing the back
ground oxygen partial pressure over 35%, an increase of the oxygen 
concentration in the films is observed. The highest value of oxygen 
concentration in the films was acquired by 30% sputtering oxygen, 
where the O:Hf ratio is 4.45:1 (red circle). Note that the composition for 
the pure oxygen process was not measured by EDS. From Fig. 3d, it can 
be seen that all coatings have an excess of oxygen, and are over- 
stoichiometric due to the measured O:Hf ratios being above 2:1, 
where the lowest is 2.4:1 at 20% background oxygen (black square). 
Fig. 3c shows the Ar atomic percentage measured by EDS. For all films 
within this study, the Ar concentration is lower than 2.5%. The decrease 
in Ar concentration is correlated with the oxygen increase, as shown in 
Fig. 3a. However, at 30% sputtering oxygen (red circle), there are no Ar 
incorporated within the films. 

Due to the high O:Hf content shown in Fig. 3d, RBS measurements 
were also carried out to confirm the O:Hf content, and the stoichiometry 
of the films discussed within this paper. Fig. 4 shows the O:Hf content 
acquired by utilizing RBS method. As shown, the results are slightly 
different to that of EDS results (Fig. 3d). However, the RBS results are in 
agreement with EDS results, where the films discussed within this study 
are all over-oxygenated, and therefore, over-stoichiometric. As previ
ously mentioned, for stoichiometric HfO2 thin films, the O:Hf ratio must 
be 2:1, where in this case (based on RBS results, Fig. 4), the lowest O:Hf 
ratio in this study has the value of 2.65:1 at 10% background oxygen 
(black square). Alongside, the highest O:Hf ratio in this study, based on 
RBS results, is 3.89:1 at pure oxygen process (green triangle). 

The transmittance and reflectance measurements are shown in Fig. 5. 
The absorption peaks measured at 2700 nm (very predominant in the 
transmittance data) are the water absorption peaks, which are associ
ated with the substrate material. As described in the materials and 
methods section, for varying oxygen content configuration (i) are shown 
as solid lines, where 10% and 90% reactive oxygen is shown in Fig. 5; 
configuration (ii) is shown as dashed lines; and configuration (iii) is 
shown as dotted lines. As shown in Fig. 5, the higher the oxygen content 
(for all three configurations), the transmittance also increases, and 
therefore, the reflectance decreases – where this can be seen most 
prominently in the range of 1500 – 3000 nm. In example, for configu
ration (i) 10% reactive oxygen (red, solid line) has a lower transmittance 

Fig. 2. XRD spectra of blank substrate and HfO2 thin films deposited by ECR- 
IBD for the three different configurations of the introduction of oxygen in the 
system: (i) reactive gas, (ii) sputtering gas, and (iii) pure oxygen process with 
and without thermal annealing. 
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(and higher reflectance) than that of 90% reactive oxygen (magenta, solid 
line) in this wavelength range. This is also true for configuration (ii), 
where 10% sputtering oxygen (blue, dashed line) has a lower trans
mittance (and higher reflectance) than that of 30% sputtering oxygen 
(green, dashed line) within this wavelength range. Alongside, configu
ration (iii), where this is the pure oxygen process (orange, dotted line) has 
the highest transmittance, and lowest reflectance out of all three 
configurations. 

It can also be observed that the transmittance data of samples shown 
exhibit interference effects. These interference fringes can be used as an 
indicator for the thickness of the films [31], where it can be observed 
that the films have different thickness due to the different configurations 
and oxygen percentages. As previously mentioned, all coatings have the 
same deposition time of 72 h, where the thicknesses varies between 140 
– 270 nm, dependent on the coating configurations. From Fig. 5, the data 
shows that by varying the oxygen content, for all three configurations, 
this has an effect on the transmittance and reflectance data, along with 
other optical properties, which will be discussed further. 

Fig. 6a shows the refractive index acquired from fitting via SCOUT 
for the wavelength range of 200–2500 nm, whereas Fig. 6b shows the 
refractive index extracted for a fixed wavelength of 1064 nm. This 
wavelength is chosen as Nd:YAG lasers operating at 1064 nm are widely 
used in many high power laser systems, including for military, medicine, 
and spectroscopy purposes. Fig. 6a shows that, as the oxygen concen
tration increases, the refractive index decreases for all three configura
tions (reactive oxygen, sputtering oxygen, and pure oxygen process), 
where the pure oxygen process possessing the lowest refractive index, 
and 10% reactive oxygen process possessing the highest refractive index. 
Fig. 6b also shows that at 10% reactive oxygen, the refractive index at 
1064 nm is the highest (n = 1.91) and decreasing as the reactive oxygen 
percentage increases. The lowest refractive index at 1064 nm is for the 
pure oxygen process with the value of n = 1.72. The data shown in Fig. 6 
are quoted from the average values from SCOUT fittings, where four 
coated substrates from each run are fitted five times each. 

Fig. 7 shows the bandgap energy of HfO2 films, extracted from the 
OJL gap energy model. For configuration (i) [black square], Fig. 7 shows 
that at 35% reactive oxygen partial pressure has the lowest bandgap 
energy of 5.6 eV, however, within the error range, from 10 – 50% 

Fig. 3. EDS measurement of the atomic percentages of (a) oxygen, (b) hafnium, (c) argon in the coatings, and (d) atomic percentage ratio of oxygen over hafnium in 
the coatings. 

Fig. 4. Atomic percentage ratio of oxygen over hafnium in the coatings 
extracted by RBS measurements. 
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reactive oxygen partial pressure, the bandgap energies are within the 
same values of 5.65 ± 0.05 eV. For configuration (ii) [red circle], the 
bandgap energy increases with the increasing percentage of oxygen used 
as sputtering gas, from 5.69 eV at 10% sputtering oxygen to 5.82 eV at 
30% sputtering oxygen. As for configuration (iii) [green triangle], the 
pure oxygen process provides the highest bandgap energy at 6 eV. The 
overall trend that can be concluded from Fig. 7 is that as the oxygen 
concentration increases for each configuration, the bandgap energy also 
increases. 

4. Discussion 

The transmission spectra measured for all films presented in Fig. 5 
show a high transmission from the UV to mid-IR (~300–3000 nm) which 
makes HfO2 an interesting material for optical applications. At the 
wavelength of ~2700 nm, it can be seen that in the transmittance data, 
there are absorption peaks. This absorption is common in fused silica 
substrates, where this band corresponds to the OH absorption band (or 
“water band”) [36]. It can also be seen that they are 
substrate-dependent, as not all of the transmittance data shown in Fig. 5 
possess this absorption peak. As this absorption peak is only due to the 

Fig. 5. Transmittance and reflectance data acquired from Photon RT spectrophotometer with wavelength range of λ = 185 – 3000 nm. Only a few selected samples 
used in this study are shown in the figure. 

Fig. 6. Refractive index of the films acquired from SCOUT fittings: (a) 
dispersion of refractive index versus wavelength of HfO2 films with different 
oxygen configurations, and (b) refractive index of each film at 1064 nm versus 
the oxygen percentage. 

Fig. 7. OJL bandgap energy (E0) versus oxygen percentage, where E0 is ac
quired from the computed data from SCOUT. 
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substrates, it is negligible when it comes to the discussion of the films 
optical constants in this study. 

The XRD data in Fig. 2 shows that all coatings within this experiment 
exhibit a very broad wide band and minimal difference compared to 
blank substrates, which demonstrates that the HfO2 films in this 
experiment are amorphous, similar to the amorphous glass substrate. 
The XRD data for annealed HfO2 fabricated within the same pure oxygen 
process is shown to exhibit narrow peaks, where this shows that the film 
is becoming more crystalline in nature. This is in contrast to the broad 
peak of the films within this investigation, further verifying that the 
films are amorphous, even with the increase of oxygen content at room 
temperature. 

The EDS compositional analysis presented in Fig. 3 shows that, 
within the measurement certainty of circa 0.1%, only Ar, O, and Hf 
species are observed. High purity films are expected from the ECR-IBD 
process, due to a highly confined, filament-free plasma generation in 
addition to the extraction of ions through a single aperture. The single 
aperture extraction allows high extraction potentials and eliminates the 
requirement for extraction grids that are a source of contamination in 
standard IBD processes. As shown in Fig. 3c, the films contain interstitial 
argon in the range 1.7 – 2.5%, which is typical in IBD processes, where 
inert gasses are used as the sputtering species, and trapped atoms can 
create “nanobubbles” [23]. However, the 30% sputtering oxygen pro
cess (configuration (ii), where argon is only utilized via the neutralizer) 
and pure oxygen process (configuration (iii), based on RBS results), does 
not have any Ar within the films, due to no use of argon during the 
deposition process. The amount of Ar that exists within the films in this 
study is slightly higher than the Ar solubility in solid materials (~1%) 
[23,37], however, this is still less than that of conventional RF-IBD 
systems (6 – 10%) [23]. This surplus of Ar quantity is associated with 
the implantation of the reflected neutral atoms with high kinetic en
ergies, where the backscattered argon are incorporated into the coat
ings, along with the film-forming particles, as the angular distribution of 
each of these have some overlap as they leave the target surface [23,38, 
39]. These Ar atoms will accumulate to form bubbles within the HfO2 
matrix due to the inert nature of the gas. Whilst the fraction of argon in 
these samples are low, the quantity of implanted argon bubbles [23] 
decreases with increasing oxygen adsorption in the films. It is likely that 
the different oxygen regimes across the range of the samples reported in 
this paper play different roles in the deposition process and resultant 
thin film properties. The presence of nanobubbles, both due to the 
entrapment of Ar and O2 molecules, may have an effect on the absorp
tion of thin films, alongside the LIDT if used in laser systems, as the 
trapped nanobubbles can lead to optical breakdown due to laser expo
sure. Further investigation into the nanobubbles and the effect on ab
sorption and LIDT results produced by films utilizing ECR-IBD will be of 
interest to study. 

In addition, from both the EDS measurements and RBS measure
ments, the films presented in this paper are all over-stoichiometric in 
relation to the composition of the HfO2 target (2:1 is the expected O:Hf 
ratio). Different mechanisms are thought to be the cause for the over- 
stoichiometry:  

(I) Interstitial oxygen in the films, where the oxygen molecules are 
supplanted in the interstitial sites within the HfO2 lattice, where 
the oxygen aggregates in the films [40];  

(II) Higher coordination number compounds are bonded during the 
deposition due to the high energy process (e.g. HfOx, where x >
2) [41]. 

Since Hf does not have a stable oxidation state to allow for bonding of 
three O atoms, the possibility of higher coordination compound like 
HfO3 can be ruled out. In turn, this leads to the conclusion that the over- 
stoichiometry observed are due to the interstitial oxygen within the 
films. 

The decreasing refractive index of the films at higher reactive oxygen 

partial pressure (Fig. 6), where the literature value reported is n = 1.88 
at 1064 nm for HfO2 thin films, and n = 2.1 (at 550 nm) for bulk HfO2 
[11,42–44] can be attributed to the interstitial oxygen that exists within 
the lattice. Alongside the decrease in refractive index observed due to 
interstitial oxygen, this also leads to the increasing bandgap behavior 
(Fig. 7), particularly increasing to greater than the reported bandgap 
values (5.3 – 5.7 eV) [11,12]. 

With the increase of oxygen content and O:Hf ratios, changes can be 
observed most prominently in the increased transmittance data (Fig. 5), 
especially in the mid-IR region of the samples deposited (λ ≈ 1300 – 
3000 nm). At 90% reactive oxygen (configuration (i)), where the O:Hf 
ratio is ~3:1, the transmittance has increased the most compared to 
other spectra in the same configuration (i), (Fig. 5a). At 30% sputtering 
oxygen (configuration (ii)), where the O:Hf ratio is ~4.45:1 (from EDS, 
and ~3.5:1 from RBS), provides an even higher transmittance than that 
of reactive oxygen configuration; and the pure oxygen process (config
uration (iii)), where this has the highest transmittance out of all three 
configurations (Fig. 5b) with O:Hf ratio of ~4:1 (Fig. 4, green triangle). 

Fig. 6 shows that as the oxygen content increases, for all configura
tions, the refractive index decreases. This reduction in refractive index 
related to the increase of reactive oxygen partial pressure in configu
ration (i) could also be associated to the reduced packing density, which 
also leads to the increase in the bandgap energy when comparing be
tween the samples within the same configuration. As previously stated, 
in literature, the refractive index of HfO2 thin films is n = 1.88 at 1064 
nm for HfO2 thin films, where the films were fabricated by electron 
beam evaporation [11,42]. For films in configuration (i), the overall 
refractive index at differing reactive oxygen percentages is higher than 
reported values, where this could be due to the higher overall packing 
density through the use of ECR-IBD when compared to films fabricated 
by other processes, such as electron beam evaporation or magnetron 
sputtering, when the films are still amorphous. Fig. 6 also shows that the 
refractive index is lower when utilizing oxygen as sputtering gas 
compared to argon, where this is most apparent in the pure oxygen 
process (configuration (iii)). 

As for the optical bandgap energy, this is affected by many factors: 
defect density, purities, packing density, stoichiometry, etc. As previ
ously stated, the bandgap energy of HfO2 reported in the literature is 5.3 
– 5.7 eV [11,12]. It can be seen that in this work, by increasing the 
oxygen content during the deposition, the bandgap energy can be 
manipulated to be higher than that of the reported values (Fig. 7). Other 
researchers [13] have reported the values of 5.59 – 5.68 eV with 
increasing reactive oxygen partial pressure, and another group [45] 
have reported the values of 5.58 – 5.83 eV, where in this work, the 
values are reported in the range of 5.6 – 5.8 eV by increasing the reactive 
oxygen partial pressure (configuration (i)). As for configuration (ii) and 
(iii), the bandgap energies are in the range of 5.69 – 6.0 eV. This shows 
that as the oxygen content increases, the bandgap energy increases, 
which is in agreement with other groups’ findings [45]. In addition, 
there is also a slight blue-shift of the transmittance data (Fig. 5), at the 
UV range for the absorption edge, that can be seen with the increase of 
oxygen content. This absorption edge is associated with the bandgap 
energy, and the shift seen is known as Burstein-Moss shift, where this 
shift to lower wavelengths of the absorption edge is associated with the 
increase of bandgap energy. 

As stated earlier, the decrease in refractive index and increase of 
bandgap energy as the oxygen content increases within this study can 
also be due to the decrease in the packing density of the films. Yoldas 
formula [45] can be utilized to calculate the packing density (p), where 
this is defined as: 

p =
n2

p − 1
n2

b − 1
(4.1) 

Where np is the refractive index of the thin films at 600 nm, and nb is 
the refractive index of bulk-HfO2 in this case, where nb = 2.1. By 
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utilizing this equation, it was found that the highest packing density 
within this study can be found for 10% reactive oxygen (configuration 
(i)) where p = 0.81, and the lowest packing density within this study is 
found when utilizing pure oxygen process (configuration (iii)) where p 
= 0.6. This is in agreement with the results extracted from SCOUT, 
where at highest packing density calculated (10% reactive oxygen, 
configuration (i)), the refractive index is highest (Fig. 6), with the lowest 
bandgap energy (Fig. 7). Alongside, at lowest packing density calculated 
in this study (pure oxygen process, configuration (iii)), the refractive 
index is lowest (Fig. 6), with the highest bandgap energy (Fig. 7). 

The film growth rate for all films sputtered with argon is ~0.01 Å/s, 
which is around two orders of magnitude lower than that of conven
tional IBD. The slow deposition rate may be one of the reasons for the 
over-stoichiometry where the oxygen adatoms have a longer time for 
reacting and diffusing in the forming thin film. The high energy of the 
ECR process could also produce highly reactive oxygen that sputters the 
targets and are bonded to the hafnium atoms. The rate decreases further 
with the introduction of oxygen in the sources as sputtering gas 
(configuration (ii) and (iii)). This rate is directly related to the mo
mentum transfer between the bombarding ions and the target atoms, 
which is directly correlated to the difference in atomic mass between the 
working gas and the target atoms. In particular, for Hf, the sputtering 
yield is ~3 times higher with Ar than with O2 [46]. 

5. Conclusion 

The effect of reactive oxygen partial pressure and sputtering oxygen 
through the ion sources plays an important role in the optical properties 
of HfO2 thin films, fabricated by ECR-IBD technique. ECR gridless high- 
energy ion sources produced high-density pure hafnia films (with a 
lower backscattered Ar content at ~2.5% compared to the conventional 
IBD technique). The structural analysis carried out by XRD confirmed 
that all films within this study are amorphous. The compositional 
analysis demonstrated that the films in this study were all over- 
stoichiometric as the O:Hf ratio is higher than 2:1, even for reactive 
O2 partial pressure as low as 10% from the total process pressure which 
was found to be 2.8:1. Further investigation into the over-stoichiometry 
were carried out by utilizing RBS, where the results are in agreement 
with EDS results, demonstrating over-stoichiometric films found in this 
study. By utilizing the OJL model implemented within SCOUT software, 
the refractive index were found to be in the range of n = 1.70 – 1.91, and 
the OJL bandgap energy were found to be in the range of E0 = 5.6 – 6.0 
eV for the different oxygen concentrations that were investigated. The 
results indicated that the refractive indices decreases with the increase 
of oxygen content within the chamber, whereas the bandgap energies 
increases. This shift of bandgap to higher energies can also be seen from 
the slight shift towards lower wavelengths (blue shift) in the trans
mittance measurement in the UV range as the oxygen content increases. 
From the optical characterizations, it was found that by controlling both 
the reactive and the sputtering oxygen concentration during deposition, 
the bandgap energy, and the refractive index, could be tuned to the 
desired value, depending on the application. 

Future work will include chemical analysis to understand how the 
excess oxygen is incorporated in the films and how it affects the nature 
of the hafnia coatings deposited by the ECR-IBD method. Furthermore, 
as HfO2 coatings are of interest for high-quality optical coatings for laser 
systems, LIDT studies will be carried out to compare the three different 
configurations discussed in this investigation. Along with this, the study 
of temperature treatment on these films will also be of interest to 
determine the optical, structural and the oxygen incorporation changes 
that may be observe, and in turn, the LIDT changes that may occur. 
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