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ABSTRACT 
 

 
 
INVESTIGATION ON HAFNIUM OXIDE MIXTURES FOR UV COATINGS FOR FUSION 

ENERGY APPLICATIONS 

 
 
 

Metal oxide thin films play a crucial role in optical coatings for high power lasers. 

High laser damage resistance optical coatings find use in vacuum windows, mirrors, 

laser crystals, and harmonic generation crystals in high average and peak power lasers. 

The laser damage of multi-layer dielectric optical coatings is limited by that of the high 

index of refraction material, which is typically hafnium dioxide. Therefore, this work is 

focused on improving the laser damage performance of hafnium oxide by modifying the 

material’s optical and structural properties through doping or mixing with other metal 

cations for applications in ultraviolet interference coatings for =355 nm.  UV coatings 

capable of enduring billions of laser shots unscathed are pivotal to drivers for inertial 

confined fusion energy (IFE).  

The laser-induced damage threshold (LIDT) of metal oxide thin films is 

constrained by various intrinsic and extrinsic factors, including crystallinity, fabrication 

method, and defect incorporation during processing. The implementation of high LIDT 

optical coatings is primarily limited by the ability to engineer amorphous oxide layers 

with controlled structural and optical properties. For UV lasers, amorphous dielectric 

coatings are multilayer stacks of alternating layers of HfO2 and SiO2. HfO2 has a high 

index of refraction and a high band gap at =355 nn while SiO2 has a low index of 

refraction, offering sufficient index contrast to engineer high reflector and anti-reflection 

coatings at =355 nm. To optimize LIDT, mixed amorphous oxide alloys offer a promising 
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research direction for UV  high energy lasers for IFE.  

This thesis investigates a variety of metal oxide mixture thin films as the high 

index material in  anti-reflection coatings for =355 nm. Primarily, the optical properties, 

laser damage performance, amorphous morphology, and electronic state analysis of 

hafnium oxide mixtures with SiO2 and Al2O3 are investigated. These mixtures are 

fabricated with the biased target deposition (BTD) technique which is entirely 

unexplored in the context of high LIDT interference coatings. Two-layer anti-reflection 

(AR) coatings were designed and fabricated by reactive biased target deposition (BTD) 

using mixtures of HfO2 and SiO2, HfO2 and Al2O3, as the high index layer and SiO2 as 

the low index layer.  The laser damage response was assessed from 1-on-1 and S-on-1 

tests from which the laser induced damage threshold (LIDT) fluence was determined.  It 

is shown that in BTD 2-layer ARs using mixtures of Hf1-ySiyOx and Hf1-yAlyOx the 1-on-1 

LIDT increases with respect to the HfO2/SiO2 AR.  The BTD ARs have a density higher 

than electron beam evaporated (EBE) HfO2/SiO2 ARs but lower than ion beam sputtered 

(IBS) HfO2/SiO2 ARs.  The 1-on-1 LIDT of the BTD ARs is slightly lower than that of 

electron beam evaporated (EBE) HfO2/SiO2 ARs and ion beam sputtered (IBS) HfO2/SiO2 

ARs. While the 104-on-1 LIDT of EBE ARs was higher than that of either sputtering 

method. Substrate etching prior to deposition and UV conditioning increase the 1-on-1 

LIDT of sputtered ARs. The S-on-1 LIDT of BTD ARs decreases by 25% for S=10 and 

remains unchanged to S=104 laser shots, indicating no accumulation fatigue.
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Chapter 1 Introduction  
 

 

Oxide coatings have a pronounced role in the success of high-power laser 

facilities, enabling beam steering and preventing unwanted reflections from optical 

elements under extreme conditions. At NIF, the 1064nm Nd:Glass wavelength, 1ω, is 

converted to the third harmonic, (3, =355 nm), before striking the target.  

Furthermore, NIF laser operation is limited by the 3ω LIDT of the anti-reflection and 

high-reflection coatings on the final optics in the beamline [6]. It has been determined 

that NIF optics typically exhibit damage site growth at ~4 J/cm2, but to achieve fusion 

ignition they must operate at a fluence of 8 J/cm2 [68]. Therefore, the optics are often 

damaged which necessitates an intricate and expensive optics recycling loop. The 

disadvantage of damaged optics in a fusion energy facility such as NIF is the laser 

downtime caused by breaking vacuum to replace the optics [67]. In pursuit of a fusion 

pilot plant, amorphous oxides resilient to high 3ω fluence for giga-shot operation are 

required. Consequently, investigations into materials with higher UV, nanosecond LIDT 

has been a focus of the laser damage research community [6,7,9,11,20]. In this laser 

regime, materials with higher band gap typically demonstrate higher LIDT.  Hence, the 

highest performing metal oxides are HfO2, Al2O3, and SiO2 which have an optical band 

gap of ~5.4eV, ~6.5eV, and ~7.5 eV respectively. Silica is often used as the low index 

layer in interference coatings and has a LIDT that is typically more than double that of 

the high index materials (i.e hafnia). Accordingly, most research is focused on the 

damage threshold of the high index layers as this is the performance limiting LIDT. 

Optical coating scientists often utilize high band gap and low refractive index (>5.5eV) 

materials as the high index layer to improve LIDT [8]. A consequence of using higher 



   

 

 

2  

band gap materials is the lower refractive index. A lower refractive index increases the 

number of layers required to reach spectral requirements and makes the coating more 

susceptible to nodule incorporation [6]. Mixtures of oxides allow for tailoring the 

refractive index. Mixture materials have been shown to improve LIDT, with performance 

improvements as high as 2-4x [5]. 

The principal interest of this thesis is the effect of mixing higher band gap 

materials into HfO2 for the purpose of making 3 anti-reflection coatings for laser drivers 

of fusion. Unique to this research, I present the first investigation into the laser damage 

properties of amorphous oxide mixtures sputtered by biased target ion beam deposition. 

I report that a biased target ion beam sputtered AR coating with Hf0.2Si0.8Ox as the high 

index layer improves the 3 laser damage resistance by a factor of 2x compared to HfO2. 

Al2O3 is a candidate material for the high index layer in the 3 coatings at NIF, which 

has the same index of refraction as Hf0.2Si0.8Ox [6]. My LIDT result on Hf0.2Si0.8Ox 

demonstrates that it is an equally high performing material to Al2O3 and should be 

considered as a candidate for the high index layer. Furthermore, this work adds to the 

literature regarding the role of fabrication method, annealing, crystallinity, and laser 

conditioning on the 3 laser damage resistance. The multi-shot LIDT results show that 

electron beam evaporation is the best fabrication method for 3 coatings for fusion 

lasers because it does not degrade in LIDT with increasing shot number like IBS 

coatings. I demonstrated that substrate conditioning by dry etching with Ar/O2 plasma 

increases the laser damage threshold of anti-reflection coatings by ~2x. By utilizing a 

raster laser conditioning protocol, I demonstrated a ~1.5x increase in LIDT in HfO2 and 

HfSiOx coatings fabricated by biased target ion beam deposition. My laser conditioning 

results on ion beam sputtered HfO2 AR’s corroborate previous reports that dense IBS 

materials do not significantly improve in LIDT with laser conditioning [45].  
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In this chapter, background information and a review of literature on amorphous 

metal oxides is presented. Section 1.1 provides context on the fabrication, properties, 

and structure of amorphous oxides as it pertains to mixture materials. Section 1.2 

provides the motivation for LIDT research in the ultraviolet and a review of the literature. 

Section 1.3 defines the scope of this work. 

1.1 Motivation 

 

1.1.1 Laser Driven Inertial Confined Fusion Energy  
 

Laser driven inertial confined fusion (ICF) is a promising source of carbon free 

energy [106]. To achieve fusion ignition, the energy of the fusion reaction must exceed 

the energy deposited on target. The mechanism of energy gain is the production of 

~3.5MeV alpha particles which deposit more energy in the plasma, thereby increasing 

the rate of fusion reactions [120]. This process is known as alpha-heating. In 2022, the 

National Ignition Facility demonstrated fusion ignition for the first time, owing to the 

increase in laser energy from 1.9MJ to 2.05MJ [106].  

First suggested in 1972, fusion ignition by laser driven inertial confined fusion 

has been pursued by Lawrence Livermore National Laboratory (LLNL), but numerous 

scientific obstacles have hindered success [121]. The principle of ICF is the rapid heating 

of a target exterior, known as the ablator, to compress the interior fuel, often a 

deuterium-tritium mixture, to fuse atomic nuclei [120]. Deuterium and tritium are used 

because they have the largest fusion cross section [120]. In the experiments which 

achieved fusion ignition, the indirect drive method was utilized. Indirect drive implies 

the laser energy strikes a high Z number hohlraum, which produces x-rays via the 

inverse bremsstrahlung process, depicted in figure 1.5 [106].  
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Figure 1.1 Diagram of indirect and direct drive ICF targets (left). Taken from [120]. Laser to 
plasma energy conversion percentage versus Nd:glass laser harmonic wavelengths (right). 

Taken from [132]. 

 

These x-rays heat the exterior ablator to plasma temperatures, starting the compression 

process. The laser wavelength is frequency converted to the third harmonic, 3ω, before 

striking the hohlraum. The benefit of 3ω over 1ω wavelength is increased laser to x-ray 

conversion efficiency, shown in figure 1.5 [132]. Longer infrared wavelengths strongly 

couple to Raman and Brillouin scattering processes and cannot penetrate dense 

plasmas, thereby decreasing the absorption by inverse bremsstrahlung [132]. 

The ability of plasma to start thermonuclear ignition is defined by the Lawson criteria, 

equation 1.9, where P the plasma pressure, τ is the compression time of the fuel, θα is 

the fraction of alpha particle energy deposited in the fuel and f(T) is a dimensionless 

parameter of temperature [122]. 𝑃𝜏  >  11 ⋅ 𝑓(𝑇)𝜃𝛼       (1.9) 

The Lawson parameter, P*τ, is essentially the primary value that needs to be maximized 

to achieve ignition. Interestingly, to increase the pressure a higher velocity plasma 

compression is needed, which subsequently reduces the compression time. Finding the 

balance between compression and Lawson parameters has proven to be a difficult 
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challenge inherent to laser driven ICF [106]. The pressure levels achievable with 2MJ of 

laser energy are on the order of giga-bars with temperatures of keV (1 keV->11 million 

C°). This extreme pressure creates ultra-high energy ions, which can overcome the 

massive Coulomb barrier required to fuse atoms [120]. The Lawson criteria was 

exceeded at NIF, by using 192 Nd:glass laser beams, frequency tripled to 351nm, 

delivering 2.05 MJ of UV laser energy on target.  

1.1.2 National Ignition Facility (NIF) Laser for Fusion 

A schematic depiction of the NIF laser used for fusion energy experiments is 

shown in figure 1.2, taken from [6]. The laser starts at the pre amp where a fiber optic 

laser with an energy of 200pJ is amplified by several stages to an energy of 6J using 

an Nd:glass regenerative amplifier. The wavelength entering the main amplifier is 

1053nm, also referred to as 1ω [130]. This p-polarized pulse is injected into the 

transport spatial filter section and focused by the spatial filter SF3 into the main 

amplifier section. The seed pulse is amplified by five Nd:glass slabs before being 

injected into the main amplifier by way of reflection from LM3. At this time the Pockel 

cell changes the polarization of the beam such that it will be trapped in the laser cavity 

for 280ns. During this time the beam completes four passes through the main amplifier 

head which consists of 11 Nd:glass slabs. The Pockel cell changes the polarization 

causing the beam to leave the cavity and reflect from LM3. The beam is once again 

amplified by the power amplifier stage as it travels to the transport spatial filter. At this 

point, the infrared laser energy is on the order of 104 J, resulting in 3MJ of total energy 

between 192 beamlines. After reflecting from the transport mirrors, LM4-8, the beam 

arrives at the final optics assembly. In the final optics assembly, the beam is converted 

to the third harmonic by two potassium dihydrogen phosphate (KDP) optical crystals, 

3ω, λ=351nm, with an efficiency of ~80% [132]. The 3ω beam is focused directly onto 
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the target using a wedged lens [132]. A fraction of the 1ω and 2ω energy remains in the 

beam which has undesirable effects on the x-ray conversion efficiency, figure 1.1[132]. 

To combat the effect of unwanted harmonics the 1ω and 2ω focus is placed far from the 

target to decrease the fluence.  

 

Figure 1.2 Schematic depiction of one of the 192 laser fusion drivers used by NIF to 
demonstrate fusion ignition. Purple arrow originating from the target represents backscattered 

355nm light from the target. Taken from [6]. 
 

 

1.1.3 3ω Optics at NIF 

Laser damage events occur most often in the final transport mirrors and final 

optics assembly. The final transport mirrors are HfO2/SiO2 multilayer dielectric coatings 

designed for high reflection (HR) at 1ω and anti-reflection (AR) at 3ω, figure 1.3 [6]. Anti-

reflection at 3ω is necessary because 3ω light is backscattered from the target which 

increases the frequency of laser damage events, shown in figure 1.4 [6]. The final mirror, 

LM8, has a disproportionate frequency of damage events. This observation is explained 

by the ~90% transmission at each transport mirror, such that LM8 experiences the 

highest 3ω energy.  
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Figure 1.3 Spectral reflection of transport mirror LM8. Coatings are dichroic, designed 
for high reflection at 1ω (1053nm) and high transmission at 3ω (351nm).  

 

 
Figure 1.4 Annual number mirrors exchanged versus year (left). Relative frequency of damage 

events amongst dielectric “bouncing” mirrors LM4-LM8. 
of backscattered light by Raman/Brillouin scattering 

The KDP crystals and fused silica optics in the final optics assembly are anti-

reflection coated using a porous silica single layer anti-reflection coating. The sol-gel AR 

coating uses near-spherical silica nanoparticles randomly oriented on the substrate 

surface. The thickness of the film is designed to provide ~99.5% transmission at 1ω and 

3ω. Porous silica is used due to the high resistance of silica to laser damage [68]. Recent 

publications from Lawerence Livermore National Lab (LLNL) and the National Ignition 

Facility (NIF) indicate that the operating 3ω fluence incident on the final optics is as 

high 9 J/cm2 [67]. Meanwhile, the empirically determined fluence at which damage sites 

grow in fused silica optics is 4 J/cm2, illustrated in figure 1.6. 
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Figure 1.6) Laser beam area and operating fluences at the inertial confined fusion 

energy facilities, Nova, OMEGA, and NIF 

NIF determined that optics could not be produced which are resilient to 3ω  operating 

fluences higher than 4 J/cm2 therefore the Optics Recycle Loop Program was 

established [68]. This program has several highly sophisticated process steps, all of 

which are necessitated by the low 3ω damage threshold of currently available optics. 

First is the in situ final optics damage inspection (FODI) which inspects each beam line 

from the target chamber. The FODI finds damage sites larger than 50um on final optics 

and tracks the growth of the damage sites during operation and determines when the 

optic needs to enter the recycle loop. Afterwards, damage sites which exceed an 

internally defined size threshold are ablated with a CO2 laser in what they call the 

“damage mitigation” procedure [68]. The optic is then coated with a single layer porous 

silica anti-reflection coating deposited by sol-gel and post deposition treatment to create 

pores. After final inspection, the optic is inserted back into the beamline. This complex 

procedure illustrates the deficiency of laser damage resistant optics and the need for 

further research towards the improvement of 3ω LIDT. The operating fluence for 3ω 

coatings is defined by LLNL/NIF as a “functional damage threshold” where damage is 

defined as any laser-induced material change that can be detected in the performance 
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of the laser [72]. Ultimately, this indicates that the NIF has a higher tolerance for damage 

events.  

   

1.1.4 Laser Damage Mechanisms in the Nanosecond Pulse Regime 

Laser damage mechanisms can be divided into two categories, intrinsic 

and extrinsic. Intrinsic damage phenomenon can be elucidated by a combination 

of kinetic rate equations tracking electron density in the material's conduction 

band, ne, shown in equation 1.10 [15]. 

 

  
𝜕𝑛𝑒(𝑡)𝑑𝑡 = 𝑤𝑝𝑖(𝐼(𝑡)) + 𝑤𝐴𝑉(𝐼(𝑡))𝑛𝑒(𝑡) + 𝑤𝑑𝑒𝑓𝑒𝑐𝑡(𝐼(𝑡))𝑛𝑑𝑒𝑓𝑒𝑐𝑡(𝑡) − 𝑤𝑅(𝑛𝑒(𝑡), 𝑡)  − 𝑤𝑑𝑟(𝑛𝑒 , 𝑡) (1.10)  

 

The positive growth rate of conduction band electron density (units of 1/cm3s), 

wpi, stems from the interaction between the laser field and the medium and is 

called the Keldysh multiphoton ionization model which depends on the intensity 

of the field [75]. This rate is pulse duration dependent. wav is the avalanche 

ionization rate of free carriers, which is the dominant term in nanosecond pulse 

plasma generation (i.e ablation) [35].) While the negative rates, WR and Wdr, is 

attributed to the relaxation of free carriers into the valence band as well as 

relaxation to defect levels. In the rate equation model, the defects are oxygen 

vacancy states. These mid gap defect states, allow for the UV laser radiation to 

be directly absorbed, accelerating electrons to energies beyond the avalanche 

ionization threshold. When electron energies are large, on the order of band gap 

of the material, the avalanche ionization rate in equation 1.10 becomes large 
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resulting in plasma formation.  In UV laser damage, the role of oxygen vacancies 

as forbidden mid gap states is more pronounced due to the λ=355nm photon 

energy being larger than the deep vacancy energy in HfO2, shown in figure 1.7 

[1]. These oxygen vacancies can assist in the intrinsic damage process, as 

demonstrated by Papernov et al [1]. Once a critical density of electrons is 

produced, the second phase of the damage process begins on times scales much 

larger than the pulse length. In the final phase, melting or cracking occurs due 

to high temperature or high stress from the plasma shockwave [35].  

 

Figure 1.7 Energy band structure of HfO2 with defect state levels depicted. Taken from [1]. 

 

In the nanosecond regime, extrinsic damage is a commonly observed 

damage mechanism, which is often called absorber-initiated [73]. The defect-

initiated damage model is different from rate equation model, where the latter 

tracks the density of conduction band electrons and the former tracks the 

temperature of the material near a defect. In the rate equation model, the damage 

criteria is a critical electron density, while in the defect initiated model it is the 

melting temperature [35]. In the rate equation model, the oxygen vacancy defects 
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are assumed to be distributed evenly through the film, while the defect-initiated 

model focuses on the local thermal dynamics near an absorbing defect. The 

defect initiated thermal explosion (TE) model accurately predicts the square root 

pulse width scaling of laser damage threshold, shown in equation 1.11 and figure 

1.8 where Tcr is critical temperature of the absorber, Kh is thermal conductivity 

of host, γ is the absorber absorptivity, and D is the effective absorber diffusivity, 

and Fth is the threshold fluence for damage [35]. 

𝐹𝑡ℎ =   𝑇𝑐𝑟𝐾ℎ8√𝜏𝛾√𝐷       (1.11) 

 

Figure 1.8) Pulse width dependence of damage threshold predicted by the TE model [35]. Note 
the departure from the square root law below 10 picoseconds. 

 

 In this model, a defect absorbs photon energies below the intrinsic band gap of 

the material. This absorber could be metal from the deposition chamber, cluster 

of oxygen deficient material, or another form of contamination.  The parameters 

of the TE model are inclusion size, shape and the thermal and optical properties 

of the defect and host material. 

1.1.5 Current Status of Research on Laser Damage of UV Coatings for High 
Power Lasers 

 
Laser induced damage threshold (LIDT) is a measure of the highest fluence 

(J/cm2) that a material can experience without having damage. The LIDT is dependent 
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on the type of laser damage test used. For example, the 1-on-1 LIDT measures the 

damage threshold when a single laser pulse is incident on a material. The S-on-1 test 

measures the damage threshold when multiple laser shots are incident on the material, 

typically S=10,100,1000, or 10000 shots. large area of the optic. Other types of tests 

exist, but the 1-on-1 LIDT demonstrates the fundamental damage threshold of the 

material. The details of these tests will be described in section 1.2. 

The most common materials used in 355nm coatings are shown in figure 1.8, 

which illustrates the tradeoff between index of refraction and band gap. An optical 

coating is a combination of two layers of amorphous oxides with a contrast in refractive 

index. The low refractive index is typically SiO2. For high laser damage coatings for 3ω, 

the most popular high index material is HfO2, owing to its high band gap, (~5.4eV) and 

high index of refraction (2.2 @ 355nm). The majority of laser damage studies have 

focused on high index materials because these materials have lower laser damage 

resistance than the low index material. Figure 1.9 shows all high index materials 

submitted to the Boulder Laser Damage Symposium over 10 years of the competition 

[79]. Excluding hafnia, the only materials consistently considered for UV coatings are 

Al2O3 and a variety of fluoride materials, but primarily LaF3 due to its index of refraction 

being higher than silica. 
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Figure 1.9.) Index of refraction vs UV cutoff wavelength for common materials used in optical 

coatings [79] 

 

 

Figure 1.10.)  High index materials submitted to the Boulder Laser Damage Symposium over 
the course of 10 years. Taken from [79] 

 

Previous research has demonstrated the 1-on-1 3ω LIDT of HfO2/SiO2 high 

reflection (HR) coatings typically is in the range of 3-15 J/cm2. NIF operates daily with 

a 355nm fluence of 8 J/cm2, which is above the damage threshold of most HfO2 based 

optical coatings. Several publications report an LIDT above the NIF operating fluence.  

First, Jensen et al 2010, reported an LIDT of 8.6 J/cm2 for a 32-layer HfO2/SiO2 [11]. 

Mende et al measured a similar, ~7 J/cm2 LIDT for an HfO2/SiO2 HR [88]. At the 2017 

Boulder laser damage competition, HR coatings for 355nm were tested, and the results 

are shown in figure. 1.11. The HR coatings containing HfO2/SiO2 had a damage 

threshold in the range of 1 J/cm2 to 12 J/cm2. 
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Figure 1.11.)  1-on-1 damage threshold of 355nm HR coatings submitted to the 2017 Laser 
Damage Competition. Taken from [79] 

 

The 2010 Boulder laser damage competition tested the 355nm laser damage 

threshold of anti-reflection (AR) coatings, results shown in figure 1.12. The coatings 

were fabricated by many different companies and institutions. Therefore, these results 

illustrate the process-to-process variations that result in different LIDT for the same 

materials. The worst performing multilayer AR coating containing HfO2/SiO2 had a 

damage threshold of ~4 J/cm2 and the best performing AR had a damage threshold of 

~17 J/cm2.  

 

Figure 1.12.)  1-on-1 damage threshold of AR coatings submitted to the 2010 Laser Damage 
Competition. Taken from [79] 
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Several publications have reported different trends of 1-on-1 LIDT with HfO2 

mixture concentration when fabricated by PVD. Many of the observed trends agree, 

and many are in conflict. First, Jensen et al 2010 reports relatively weak correlation 

between band gap (i.e SiO2 concentration) and 1-on-1 LIDT for single layers, (~4.2-

6.5J/cm2), with moderate SiO2 concentrations performing better than high SiO2 

concentration mixtures, albeit within the error bars of each data point [11]. 

Simultaneously, the HR coatings of the same work observed a strong correlation with 

mixing and LIDT (8.6 -14.8 J/cm2), below the 50% HfO2 mixture level [39]. This is 

supported by Mende et al 2011 which reports a similarly large increase (>1.5x) in LIDT 

of HR coatings containing Hf0.64Si0.36Ox and a Hf0.63Al0.37Ox over pure HfO2 [88]. 

Considering the role of polishing contamination at the surface demonstrated by 

Abromavicius et al, it is possible that single layer LIDT results are heavily impacted by 

the substrate [123]. This would explain why the high reflection coatings demonstrate a 

band gap scaling because the field strength is low at the substrate of a HR, while the 

opposite is true for single layers and AR’s. Overall, the accumulated history of these 

results portrays a complicated image of the 3ω LIDT trend with dopant mixture 

concentration, illustrating the need for more comprehensive data on HfO2 based 

mixtures. 

 

1.2 Amorphous Thin Films 

 

1.2.1 Structure, Properties, and Fabrication of amorphous thin films 

 

Amorphous metal oxides are disordered materials that lack a long-range order 

[80]. Amorphous oxides are transparent at wavelengths from ~200nm to 3μm. 



   

 

 

16  

Amorphous metal oxides commonly used in optical coatings are characterized by an 

optical band gap transparency region with band gaps that vary from 3.5eV (TiO2) to 

~7.5eV (SiO2). These materials have a small population of oxygen defects and other 

imperfections that manifest in the energy of the transmission edge. This is the so called 

Urbach tail” near the band edge [109]. However, oxygen vacancies and defect states can 

exist which allow for forbidden-gap transitions to occur, see figure 1.7 page 17 [1]. 

Amorphous oxides are often produced in physical vapor deposition (PVD) 

processes. They can also be produced by chemical vapor processes, such as atomic layer 

deposition [113]. An application of amorphous oxides is the preferential use of 

amorphous hafnium oxide in transistor gate oxides. This illustrates the principal benefit 

of its analogous amorphous oxide, which is there are no grains which are susceptible to 

defect incorporation.  

Thin film metal oxides used in optical coatings are fabricated by PVD methods. 

These include electron beam vapor deposition (EBE), magnetron sputtering (MS), and 

ion beam sputtering (IBS). These techniques are used to create large area, isotropic films 

with excellent substrate adhesion which satisfies the requirements of optical coatings 

for fusion energy. Moreover, PVD techniques can deposit thin films on any type of 

substrate.  
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Figure 1.13  Structure zone model from [86], E is the adatom energy, T is the substrate 
temperature during deposition, and t is the thickness of the film 

 

In this thesis, a slight variation on IBS, known as biased target deposition (BTD) 

or biased target sputtering (BTS), was used [85]. Each deposition method has a unique 

nano-scale morphology and atomic density, owing to the energy of the sputtered or 

evaporated material, known as adatom energy, and the temperature of the substrate 

during nucleation. In the well-known structure zone model of Anders et al, shown in 

figure 1.13, BTD and IBS films would fall into zone T, where the characteristic traits are 

compressive stress, high packing density, and an amorphous structure [86]. The specific 

differences between sputtering techniques will be discussed in section 2.1. Laser 

damage results of this thesis compare EBE to BTD and IBS, thus it is important to note 

that EBE processes have a lower adatom energy and subsequently fall into zone 1 of the 

structure zone model. EBE films often have a tensile stress, low density, and a vertically 

connected porous structure, which causes a low effective index of refraction [9]. This 

morphology will prove to be relevant to the LIDT results presented in chapter 3.  

 

1.2.2 Dielectric Mixtures 

 



   

 

 

18  

  Generally speaking, mixing material A into material B causes the new mixed 

material to take on the properties of A as the concentration of A increases, as depicted 

in figure 1.14 [78,19]. The properties of mixtures mostly follow this rule, but exceptions 

exist where the mixed material exhibits unique properties not observed in the pure 

materials [91]. For example, ferroelectricity is observed in Yttrium and hafnia mixtures 

at specific mixture percentages when annealed to a cubic phase and operated at 

cryogenic temperatures [117]. 

 

 

Figure 1.14 Classifications of mixtures found in optical materials. Taken from [19]. 
 

Reactively co-sputtered “mixtures” are a composite, which, unlike crystalline materials 

lack a complete coordination. For example, instead of a Hf-O-Si bond lattice there are 

also O-Hf-O and O-Si-O bonds in the network. These materials are macroscopically a 

homogenous mixture, where different bonding types exist locally at the atomic scale 

[80]. Despite a locally varying chemical structure, the long-range bulk optical and 

mechanical properties are homogenous and isotropic.  

 The bulk optical properties of mixtures are governed by the effective medium 

approximation, used to calculate the optical constants at varying mixture 

concentrations. The index of refraction versus mixture concentration is not a weighted 
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linear sum. In mixtures, one must consider not only the field in the host material, but 

the total electric field which includes the field created by the dopant dipole, Edipole [31]. 

 

               𝐸𝑎𝑐𝑡𝑢𝑎𝑙 = 𝐸 − 𝐸𝑑𝑖𝑝𝑜𝑙𝑒          (1.1) 

𝐸𝑑𝑖𝑝𝑜𝑙𝑒 = − (𝑁⋅𝑒⋅𝑟𝑒)3⋅𝜀0      (1.2) 

𝑞𝑒 ⋅ 𝑟𝑒 = 𝛼 ⋅ 𝐸𝑎𝑐𝑡𝑢𝑎𝑙           (1.3) 

 

Where N is the atomic density of dopants, qe*re is the dipole moment, α is the molecular 

polarizability, and ε0 is the permittivity of free space. The polarization of the material is 

defined below, where χ, is the susceptibility. 

 

    𝑃 = 𝑁 ⋅ 𝑞𝑒 ⋅ 𝑟𝑒 = 𝜀0 ⋅ 𝜒 ⋅ 𝐸     (1.4) 

 

Combining equations 1.1-1.4 results in the following expression for the total index of 

refraction knowing that χ=n2-1. 

 

       
(𝑛2−1)(𝑛2+2) = 3(𝑁𝛼𝜀0 )           (1.5) 

 

Equation 1.5 is commonly referred to as the Clausius-Mossotti relation, but modern 

literature calls this the Lorentz-Lorenz effective medium approximation (LL EMA) [77]. 

The more commonly used form of the LL EMA is shown in equation 1.6, where neff is 

the effective index of the mixture, n1 is the index of material 1, n2 is the index of material 

2, f1 is the volume fraction of material 1, and f2 is the volume fraction of material 2. 
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(𝑛𝑒𝑓𝑓2 −1)(𝑛𝑒𝑓𝑓2 +2) = 𝑓1 (𝑛12−1)(𝑛12+2)+ 𝑓2 (𝑛22−1)(𝑛22−1)    (1.6) 

The LL EMA is useful in calculating the mixture concentration of a thin film under test 

given a measured refractive index, neff, and a known index for materials n1 and n2. If 

the first material is the bulk metal oxide, nbulk, and the second is air/vacuum with 

n2=1,the following equation, 1.7, for the porosity of the film is created [21]. 

𝑃(%) = [1 − (𝑛𝑒𝑓𝑓2 −1)(𝑛𝑏𝑢𝑙𝑘2 +2)] ⋅ 100     (1.7) 

The porosity, P(%), is the volume fraction of voids in the film, which is the ratio of f1  to 

f2. Utilizing equation 1.7 requires knowledge of the bulk index of refraction, nbulk. The 

bulk index of refraction is taken from the literature and represents the index of 

refraction of the most highly dense form of the material, usually in the form of a crystal 

[77].  

 The other property of dielectric mixtures relevant to this work is the band gap. 

The band gap of dielectric mixtures scales approximately linear with mixture 

percentage as depicted in figure 1.15. 

 

Figure 1.15 Band edge versus atomic ratio of Hf:Si in thin films fabricated by sputtering. Band 
edge is defined as the photon energy where transmittance falls to 80%. Hf:Si atomic ratio was 

measured by Rutherford Backscattering (RBS) 
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1.2.3 Metal Oxide Mixtures in Optical Coatings 
 

Optical coatings are stacks of alternating dielectric materials with high and low 

index of refraction. Often referred to as Bragg mirrors, interference coatings, or multi-

layer dielectrics, these devices are used to reflect, transmit, change polarization, or filter 

wavelengths from a light source. The layer thicknesses and refractive indices are chosen 

such that reflection from each interface constructively or destructively interfere in the 

reflected field. The simplest interference coating is the single layer, 0-degree angle of 

incidence (AOI), anti-reflection coating, where the film has a lower index of refraction 

than the substrate [19]. Complete destructive interference of the reflections will occur 

when the film thickness, t, and film refractive index, n1, satisfies equation 1.8 and 1.11, 

where λ is the wavelength of interest, k1 is the wavenumber in material 1, ns is the index 

of the substrate, and n1 is the index of the thin film. When the thickness of the film 

satisfies equations 1.8 the analytical expression for reflection of a single layer film in 

air, equation 1.9, reduces to equation 1.10 [115]. When equation 1.11 is satisfied R 

equals 0.  𝑡 = 𝜆4𝑛1        (1.8) 

𝑅 = 𝑛12(1−𝑛𝑠)2cos2(𝑘1𝑡)+(𝑛𝑠−𝑛12)sin2(𝑘1𝑡)𝑛12(1+𝑛𝑠)2cos2(𝑘1𝑡)+(𝑛𝑠+𝑛12)2sin2(𝑘1𝑡)         (1.9) 

𝑅 = (𝑛𝑠−𝑛12)2(𝑛𝑠+𝑛12)2          (1.10) 

𝑛1 = √𝑛𝑠         (1.11) 

Equation 1.8 is the criteria for a quarter wave optical thickness (QWOT) layer. This AR 

design is used by NIF in the AR coating final optics [67]. An index of refraction smaller 

than the SiO2 substrate is accomplished using a porous layer of SiO2 which has a 

refractive index that satisfies equation 1.9 for ns=1.45 [67].  
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The simplest high reflection (HR) coating design is the QWOT g(HL)xa design, 

where g is the glass substrate, a is air, HL indicates a QWOT high/low index layer pair, 

and x is the number of layer pairs, depicted in figure 1.16. High reflection is achieved 

by tailoring the layers to satisfy equation 1.8, which causes constructive interference 

between the reflections from all interfaces. As you increase the number of layer pairs, 

the spectral bandwidth and reflection percentage increases, shown in figure 1.17 [115]. 

 

 

Figure 1.16 Illustration of the quarter wave mirror stack design- g(HL)3a. 
 

 

Figure 1.17 Reflectance (left) and Transmittance (right) of g(HL)xa multi-layer dielectric HR 
coating with different structures. Taken from [115]. 
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Engineers have utilized alternative HR designs that incorporate metal oxide 

mixtures to increase laser damage resistance. For example, using the Refractive Index 

Step Down (RISED) concept, figure 1.18 [88]. 

 

Figure 1.18 HR coating designs with different mixed oxide materials. Refractive index is the 
vertical axis while position in the coating is the horizontal axis Lower index materials require 

more layers (HfO2+SiO2)/SiO2, while RISED design requires fewer. Taken from [88]. 
 

The RISED principle is predicated on the band gap dependence of LIDT, the 

increased field strength at the surface of HR coatings, and the decrease in reflectance 

when using low refractive index mixtures [116]. Using low refractive index HfSiOx 

material throughout the HR stack would necessitate an increase in the number of layers, 

depicted in figure 1.18. By only using low refractive index mixtures in the high field 

strength layers at the surface one improves the laser damage resistance without 

sacrificing the thickness of the stack. The initial high index layers use an extremely low 

Hf concentration HfSiOx mixture (i.e high band gap) with increasing refractive index 

deeper in the stack.  
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Figure 1.19 HR coating design of a Ta2O5 and TaxSiyOz optimized design. The white is the SiO2 
layers. The high band gap mixture is placed in positions with high electric field strength. Taken 

from [14] 
 

An alternative use of high band gap mixtures is shown in figure 1.19 [14]. In 

optical coatings with complex design requirements, mixtures are placed in the layers 

with highest standing wave field strength, which has the highest probability of laser 

damage [116]. At relatively low field strengths in the stack the lower band gap material 

is used. This design principle is similar to RISED, in that the goal is to improve LIDT 

without increasing the coating thickness. 

1.3 Scope of the Work 

 

In this thesis, I investigated material mixing of amorphous oxides by reactive co-

sputtering methods. I characterized the optical and structural properties of these 

mixtures as dopant concentration increases using x-ray diffraction (XRD), RBS, and UV-

Infrared spectroscopy. Furthermore, with x-ray photoelectron spectroscopy (XPS), I 

found significant modifications to the bonding network of hafnia doped with silica or 

alumina. It was determined that significant contributions of O-Si-O and O-Hf-O bond 

types exist in a bulk HfSiOx film. The crystallization of mixtures was evaluated, and the 

concentration required to suppress the crystallization of hafnia was empirically 
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determined. Additionally, I demonstrated that hafnia silica mixtures can be annealed to 

higher temperatures without crystallizing. In conjunction with these results, the 

increase in band gap with annealing was characterized and is caused by the oxidation 

of oxygen vacancies in the amorphous matrix. Next, a systematic study of the laser 

damage resistance of these mixtures in single-shot and multi-shot pulse testing was 

performed. For comparison, coatings fabricated by IBS and EBE were LIDT tested. This 

study elucidated the key mechanisms underpinning the LIDT of mixture coatings. For 

example, identifying Argon content in sputtered coatings revealed a mechanism by 

which sputtered coatings damage. Through precision LIDT testing I correlated the 

mixture concentration, band gap, annealing, and fabrication method to the laser 

damage resistance. Afterward, a unique laser conditioning experiment revealed the 

advantage of laser conditioning on the LIDT of hafnia-based coatings. Finally, an 

ensemble of tests was performed to determine the role of the substrate in the laser 

damage of AR coatings. 
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Chapter 2 Experimental Method 
 

 

 

The amorphous oxides in this work are synthesized by ion beam sputtering and 

biased target deposition. These techniques provide thin films with high density, excellent 

uniformity, and easy control over mixture concentration which is all necessary for fusion 

laser coatings. Ion beam sputtering utilizes a gridded ion source which accelerates ions 

into a target to produce a vapor plume, while biased target deposition uses a voltage 

applied to the target to accelerate ions. We utilized biased target co-sputtering of multiple 

targets to produce amorphous oxides mixtures. Meanwhile, the ion beam sputtering 

system was used to produce binary films of HfO2 and SiO2. Section 2.1 provides a detailed 

description of the ion beam sputtering deposition systems used to grow the oxide thin 

films. 

To extract information about the band gap and refractive index of sputtered 

mixtures ellipsometry and spectrophotometry were chosen as optical characterization 

tools. As well, spectrophotometry was necessary to measure the transmission spectrum of 

AR and HR coatings designed for this experiment. To ensure the films are amorphous and 

determine the crystallization temperature of mixtures glancing incidence x-ray diffraction 

was utilized. X-ray photoelectron spectroscopy was used to characterize the chemical 

bonding states and ensure sub-stoichiometric bonds are not present. Section 2.2 describes 

the thin film characterization techniques in more detail.  

To determine the threshold at which an optical coating has a 0% probability of 

damage the ISO-21254-1 laser induced damage threshold test was performed. 

Additionally, multi-pulse laser damage tests were used to extract information about a 

coatings longevity under repeated 3ω laser pulses. To determine if laser conditioning has 

an effect on laser damage resistance a raster scan protocol was utilized. Section 2.3 
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describes the setup for measuring laser induced damage threshold and statistics used for 

damage threshold determination. 

2.1 Ion Beam Sputtering Deposition 

 

2.1.1 Biased Target Ion Beam Sputtering  

 
Biased target deposition (BTD), sometimes referred to as biased target sputtering 

(BTS), is a sputtering process in which the sputter plume is generated by ions striking 

a negatively biased metal target [85]. In the BTD technique, low energy Ar ions are 

created by a Kauffman type end-Hall ion source [102]. The ground sheath is ~1mm away 

from the edge of the circular metal target which results in an electric field that is normal 

to the target far from the ground sheath. The Ar ions are attracted by the electric field 

from the voltage biased metal target [85]. A plasma sheath of Ar ions accumulates ~1cm 

from the surface of the metal target. Despite the plasma sheath, the ions gain kinetic 

energy equal to e*Vbias, where e is the charge of an electron [85]. The plasma sheath does 

not affect the final kinetic energy because electric fields resulting from the voltage 

applied to the metal target are a conservative field [115]. In this work the argon plasma 

pressure is 10-4 Torr during deposition. The use of argon as a process gas results in a 

minimal <5% concentration of argon in the deposited thin films. The voltage bias is 

pulsed between positive and negative at kHz frequency. The positive and negative bias 

prevent charge from accumulating on the target, which is the “target poisoning” 

phenomena. Target poisoning occurs when oxygen is backfilled into the chamber and 

reacts with the target to form an oxide layer on the metal target surface. If a DC bias is 

applied to the “poisoned” target charged argon will accumulate on the surface, until the 

electric field across the oxide exceeds the breakdown field, resulting in an arc event 

which can eject a cluster of material [96]. In this work Vbias is 800-900V, which 
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represents a high sputtering energy, and consequently causes a high energy of sputtered 

atoms (i.e adatoms) [87]. Typical adatom energy for PVD processes range from <1eV to 

as high at 10-15eV [13]. PVD processes with high adatom energy typically have high 

density and a packed structure with spherical voids at the nanoscale [9, 86]. The packed 

structure prevents ambient humidity from affecting the film, but in the context of 

nanosecond LIDT this structure may not necessarily be beneficial compared to a porous 

structure [9]. 

 

 

Figure 2.1) LANS system geometry and illustration of the principles of biased target 
reactive sputtering 

 

The design of the commercial 4Wave Laboratory Alloy Nanolayer System (LANS) 

allows for 6 targets to be mounted at the same time in a hexagonal fixture, shown in 

figure 2.1. The use of a 3-channel pulsed voltage supply allows for independent control 

of the sputtering power applied to each target, and subsequently alloy concentration. 

The substrate is centered in the middle of the target fixture with a horizontal offset. The 

film uniformity is increased by rotating the substrate stage at 20 rpm. The first 

advantage of BTD is the ability to deposit on several substrates at the same time. 

Second, the deposition rate is slow, ~0.01nm/s, which allows for precision control of 

layer thickness. Third, and most importantly, is simple fabrication of mixture films, 
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without complex target assemblies often needed in IBS systems. The drawback of low 

deposition rate is the inability to make thick coatings >1µm. 

 

2.1.2 Gridded Ion Beam Sputtering 
 

 Gridded IBS is among the most popular deposition technologies used in 

commercial optical coatings due to its high uniformity, fast deposition rate, dense film 

morphology, and stable deposition conditions. In this method a metal or dielectric target 

is sputtered using an argon ion beam with an energy exceeding 1keV. The argon plasma 

is generated in a confined space using 13MHz RF applied to a inductor coil. A series of 

metallic plates with holes, called grids, has high voltages applied which accelerates the 

argon plasma towards the target. The grids also have a spherical geometry which focuses 

the ion beam to a smaller size at the metal target. This is different than the BTD method, 

where a voltage applied to the metal target creates an electric field that accelerates ions 

to the target. In the IBS case, the argon ions are accelerated in a “ion beam”, and must 

be aimed at the target. The use of argon as a process gas results in argon incorporation 

in IBS films as high as 0.5-0.7% atomic concentration. Researchers have shown this 

argon incorporation results in decreased laser damage resistance with nanosecond 

pulses [97]. Oxide formation occurs when oxygen is backfilled into the chamber directed 

at the target, with flow rates in the range of 10-50sccm. In this work, HfO2 and SiO2 

are sputtered at 1.25keV, with 600mA argon beam current and 13sccm of O2 directed 

at the target. The deposition rate was ~0.16/0.22 nm/s respectively. The substrate stage 

was spun during deposition at a rate of 0.4 rotations per second in a planetary motion 

pattern. 

 
 

2.2 Thin Film Characterization 
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2.2.1 Ellipsometry and Spectrophotometry 

 
The measurement of optical constants was performed using optical techniques 

known as ellipsometry and spectrophotometry. Ellipsometry is a polarization 

spectroscopy technique that exploits the angle anisotropy between S and P polarized 

Fresnel coefficients to determine the dispersion of refractive index in a thin film under 

test. The ellipsometric spectrum is collected by illuminating the coating with a polarized 

white light source in a reflection geometry and collecting the reflection with a crossed 

polarizer and fiber. The intensity of the reflection is measured with S and P polarized 

light and sent to a spectrometer to select a specific wavelength. The ellipsometer in this 

work was the HORIBA UVISEL system. The ellipsometric equation 2.1 for the 

ellipsometric angles, Δ and ψ, is shown below. Δ and tan(ψ) represent the phase change 

and amplitude ratio between S and P polarizations.  

  𝜌 = 𝑟𝑝𝑟𝑠 = tan(𝜓) 𝑒𝑖Δ        (2.1) 

Where rp and rs are the complex field reflection coefficients of the coating stack and is 

the aggregate of reflection from multiple interfaces. The ellipsometric spectra were 

measured at 60-degree angle of incidence (AOI) with a wavelength range of 190nm-

1500nm. The data are modelled with commercial ellipsometry software to obtain the 

index refraction and thickness of a single thin  layer of a specific material. The 

ellipsometer software, Delta2Psi, provides the framework for setting initial conditions, 

such as the number of layers in the coating, desired refractive index dispersion model, 

and predicted film thickness. The index of refraction models are physically significant 

and, in this work, a three oscillator Tauc modified Lorentz model is used [109]. The Tauc 

Lorentz is a variation on the classical Lorentz oscillator which models light-matter 

interactions as an electron mass on a spring representing the Coulomb force [31,115]. 
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A simple Cauchy model is utilized for silica layers. The Levenberg-Marquardt data fitting 

algorithm then searches for oscillator coefficients until the index of refraction and 

thickness of the layers produces an ellipsometric spectrum that matches the 

measurements.  

The next step in determining the optical constants of a thin film is measuring the 

transmission vs wavelength by UV-Visible spectrophotometry. The commercial 

spectrophotometer was a Perkin Elmer Lambda 1050. The transmission spectrum of a 

single layer on a glass substrate produces a so called “interference pattern” (i.e. 

oscillations in wavelength) that can be calculated by tracking the phase and amplitude 

of the reflected electric field due to each interface the coating stack [19]. Under the 

assumptions of a thick infinite substrate and an isotropic thin film the transmission 

spectrum has the analytical form shown in equation 2.2 [19]. 

            𝑇 = (𝑡122 𝑡232 (𝑛3 cos(𝜑3))(𝑛1 cos(𝜑)) )1+𝑟122 𝑟232 +2𝑟12𝑟23 cos(2𝛿)             (2.2) 

       

    2𝛿 = 4𝜋𝜐𝑑 √𝑛22 − sin2(𝜑) = 𝑗𝜋       (2.3) 
          

Where txy/rxy is the Fresnel amplitude transmission coefficient for light in medium x 

entering medium y, 2δ is the double pass accumulated phase in the layer, j is an integer 

number for the order of transmission maxima, n1 is index of the entrance medium, n3 

is the index of the substrate, n2 is the index of the thin film, d is the film thickness, φ is 

the angle of incidence, and υ is the optical frequency. Maxima occur when equation 2.3 

is satisfied. That is, when 2δ equals an integer of pi, which corresponds to a QWOT, and 

at these wavelengths the transmission is identical to the substrate. Minima occur if the 

film thickness is half wave optical thickness (HWOT). An example of single layer spectra 

is shown in figure 2.2. 
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Figure 2.2) UV-Vis transmission spectra of a single layer of HfSiOx on UVFS 
 

  For this work, the optical constants and layer thickness determined by 

ellipsometry are loaded into a commercial optical coating software OptilayerTM and 

refined to match the measured transmission spectrum. In a similar fashion to 

ellipsometric data fitting, a Cauchy-Urbach model for the complex refractive index is fit 

to match the measured transmission data. The results of measurements made on the 

sample in figure 2.2 are shown in figure 2.3. 

 

Figure 2.2) Reverse engineered refractive index of HfSiOx on UVFS, k is the complex 
part of the refractive index 

 

2.2.2 X-ray Photoelectron Spectroscopy (XPS)  
 

XPS is a technique used to identify atomic bonding in a material by measuring 

the energy of electrons liberated from the inner shells of atoms by absorption of high 

energy x-ray radiation [57]. It is important to note that electrons only escape from a 

shallow ~10nm depth on the surface of a sample, hence XPS is considered a surface 
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analysis technique. Information about the oxidation state and bonding environment are 

the key information gleaned from XPS. The energy of escaping electrons is measured by 

a hemispherical electron energy analyzer. Subsequently, the binding energy is 

calculated by conservation of energy balance, equation 2.3, where Ephoton is the x-ray 

photon energy, Ekinetic/binding is the kinetic/binding energy of the electron, and Φ is the 

work function of the detector. Φ is a known constant which is varies from system to 

system. 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔  = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 +Φ)          2.3 

The electron energy is characteristic of the atom and orbital from which it 

originated (i.e oxygen atom- 1s orbital). Emission lines from all atomic species are best 

described by Voigt functions, which is a convolution of a Gaussian and a Lorentzian line 

shape. The Lorentzian contribution is due to the natural Heisenberg uncertainty in the 

binding energy of bonded electrons. While the Gaussian is due to broadening processes 

that emitted electrons encounter as they escape the sample, such as phonon broadening 

[58]. In the data fitting of this thesis a 30% Gaussian lineshape function was used 

according to the recommendation of [58]. Analysis of the atomic percentages and 

bonding environment was performed on several hafnium silicate mixtures by XPS. To 

perform atomic concentration analysis the relative sensitivity factors (RSF) of each peak, 

inherent to the XPS system, were utilized to correct the measured counts per second. 

The differing RSF between core level electrons is due to differing photoionization cross 

sections.  

The thin film samples analyzed were deposited onto Si substrates to reduce 

charging effects during measurement. High resolution spectra of the Hf 4f, Si 2p, and O 

1s orbitals were obtained. XPS spectra was collected using the Physical Electronics PE 

5800 ESCA/ASE spectrometer with monochromatic Al Kα X-rays (1486.6 eV) and a 
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take-off angle of 45°. A charge neutralizer was used during measurement with a 20uA 

electron current. The base pressure was 1 × 10-9 Torr, and 1×10-8 Torr during 

measurement. Analysis was assisted by CasaXPS software.  Binding energy calibration 

was performed by deconvolving the C 1s peak with the C-C component attuned to the 

well-known energy of 248.8eV [65]. Atomic concentration was determined by integrating 

the appropriate metal peak and the relative sensitivity factor (RSF) of the emission.  

2.2.3 Glancing Incidence X-ray Diffraction (GI-XRD) 
 

X-ray diffraction is a technique used to measure periodic atomic structures in materials. 

When periodic atomic layers, found in crystalline structures, exist the conditions of 

Bragg’s law, equation 2.4, can be satisfied to produce constructive interference. 2𝑑 sin(𝜃) = 𝑛𝜆            (2.4) 

Where d is the atomic spacing, θ is the angle of incidence, n is an integer, and λ 

is the x-ray wavelength. This implies that the intensity, width, and angle of diffraction 

peaks reveal information about crystallinity and crystal orientation. In GI-XRD, the x-

ray source is incident at a grazing angle <1° to prevent the crystallinity of the substrate 

from influencing the measurement.  

Crystallization in PVD films depends on the material, adatom energy, deposition 

rate, thickness, and deposition temperature. The material at the center of this thesis, 

HfO2, is often polycrystalline when deposited by BTD, showing signs of crystallization in 

a monoclinic form. The low crystallization temperature of HfO2 is related to its uniquely 

low free energy change associated with the crystallization of a single HfO2 compound 

[111]. Low energy deposition techniques, like EBE, often produce polycrystalline HfO2. 

BTD HfO2 is poly-crystalline as deposited, but most materials sputtered by BTD are 

amorphous. In higher adatom energy processes, like IBS, HfO2 is typically amorphous. 

Regardless of the deposition parameters the temperature of crystallization is empirically 
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related to the thickness of the film through the following relation from [22]. 

𝑇𝑐 = 𝑇𝑎𝑐 + (𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑎𝑐)𝑒−𝑑𝐶     (2.5) 

Where Tc is the crystallization temperature of the thin layer, Tac is the crystallization 

temperature of the bulk amorphous film, Tmelt is the melting temperature, d is the film 

thickness, and C is a data fitting parameter. It follows from equation 2.5 that ultrathin 

layers can suppress the formation of crystallization. 

The experimental details of the measurements in this thesis are as follows. The 

system used was a Bruker D8 Series II which is equipped with Cu K-α x-ray source 

(1.54 Å). A 0.6mm source slit was utilized. Two theta detector scan was performed from 

20° to 65°. To minimize the contribution of the substrate an amorphous UVFS substrate 

was chosen. In conjunction with the choice of substrate, the angle of incidence of x-rays 

was fixed to a glancing angle of 0.8°. The 0° angle was calibrated by finding the stage 

position at which the intensity falls to 50% of its maximum. Then, by sweeping the stage 

angle from –1 to 5, the peak intensity on the sensor indicates a 0° AOI. These steps are 

iterated several times until the calibration angle does not change with further iterations. 

2.2.4 Scanning Transmission Electron Microscopy/ Electron Energy Loss 
Spectroscopy (STEM-EELS) 

 

 Electron microscopy is necessary when the image resolution desired is smaller 

than the diffraction limited resolution of optical microscopy [128]. In this imaging 

methodology, quasi-monoenergetic electrons are focused onto a sample using 

electromagnetic “electron optics.” The focused electron probe has a size of <1nm, which 

is scanned across the sample. A bright field (BF) image is formed by the electrons 

transmitted through the sample that are not scattered or scattered to low angles. 

Therefore, bright regions of a BF image correspond to lower atomic density. A dark field, 
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also known as high Z contrast or high angle annular dark field (HAADF), image can be 

formed using a detector in an ring around the transmitted electron beam, shown in 

figure 2.4 as the ADF detector. Heavier atomic species, i.e high Z number, will scatter 

electrons to higher angles. This produces an image opposite of the BF, where bright 

regions indicate high density or higher Z number atoms. Example HAADF and BF 

images taken at the same location in a sample are shown in figure 2.3.  

 

Figure 2.3) High angle annular dark field STEM image of HfSiOx (left) and bright field 
image of the same location (right). 

 

Additionally, the STEM system arrangement shown in figure 2.3 allows for simultaneous 

electron energy loss spectroscopy (EELS). By measuring STEM images and EELS 

simultaneously spatial atomic mapping at the nanoscale is possible [128]. The physical 

principle of EELS relies on the assumption of a mono-energetic electron beam, typically 

on the order of 200keV. The probe electrons lose energy due to inelastic scattering which 

is measured by the electron spectrometer. Inelastic scattering is caused by several 

physical processes, but atomic fingerprinting is enabled by the known energy loss due 

to inner shell electron scattering. Each atomic species has characteristic inner shell 

electron transitions, for example, Hf atoms can be identified by the 1716eV ionization 

energy of M shell electrons [129].  
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Figure 2.4) Simplified depiction of STEM-EELS experimental configuration. 
ADF=annular dark field, BF=Bright field 

 
 
2.3 Laser Damage Testing 

2.3.1 ISO-21254-1 Laser Damage Testing Setup 

 There are several different types of laser damage testing protocols, each provides 

a different type of information about the coating. The 1-on-1 damage test consists of 

using a single laser pulse to impinge on a single test site. The test involves shooting 

many (>10) test sites at a single laser fluence to calculate the probability of damage. The 

fluence is ramped from low to high such that a fluence was tested with 100% and 0% 

damage probability. An example of this test is shown in the microscope image, figure 

2.5. 
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Figure 2.5) Nomarski microscope image at 5x magnification illustrating the result of a 
1-on-1 LIDT test on an HfSiOx film. The high fluence rows are at the top, low fluence rows are 

at the bottom. 
 

The probability of damage, P(F), at a fluence F, is determined by the fraction of test sites 

that incurred laser damage. In this work, 20 test sites were utilized at each fluence to 

get quality statistics. The only difference between the 1-on-1 test and the S-on-1 test is 

that S number of laser pulses are directed at each test site rather than a single pulse. 

Common S-on-1 test protocols are S=10,100,1000,or 10000 shots per test site. The 

damage probability is defined as in the 1-on-1 test. The goal of this damage test is to 

produce a single number for the laser induced damage threshold (LIDT) fluence that 

corresponds to P(F)=0. In this work, the LIDT is determined using the degenerate defect 

ensemble model [95]. The working principle of this model is that the laser beam with a 

gaussian fluence distribution is sampling the surface for defects. The defects are 

degenerate, meaning it is assumed that all defects damage at the same fluence, Tdefect. 

If the area of the laser beam with a fluence above Tdefect is coincident on a defect, a 

damage event occurs.  
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Figure 2.6) Visualization of the gaussian beam fluence distribution with a slice taken at 
the defect damage threshold, Tdefect. F0 is the peak fluence of the beam. The “x’s” on the 2d 
projection represent a hypothetical distribution of defects on the surface. Taken from [95] 

 

 A useful visualization of the sampling characteristic of LIDT testing is shown in 

figure 2.6 [95]. Assuming a Gaussian fluence distribution given by equation 2.6, the 

area of the beam above the defect damage threshold, a, is given by equation 2.7, where 

w is the 1/e2 beam radii, r is the radial distance from the center of the beam, F0 is the 

peak fluence of the beam. Assuming the defects are evenly distributed with an areal 

density, M, it follows that the expected number of defects within the significant area, a, 

is given by λd in equation 2.8 [98]. 

𝐹(𝑟) = 𝐹0𝑒−(𝑟𝜔)2             (2.6) 

𝑎(𝐹0, 𝜔, 𝑇𝑑𝑒𝑓𝑒𝑐𝑡) = 𝜋𝜔2 ln ( 𝐹0𝑇𝑑𝑒𝑓𝑒𝑐𝑡)    (2.7) 

𝜆𝑑 = 𝑎 ⋅ 𝑀         (2.8) 

Fundamentally, under the above assumptions, LIDT testing falls under the classification 

of a Poisson statistics problem because the probability of seeing x number of damage 
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events in a test site is determined by a constant mean rate, λd [124]. The Poisson 

distribution shown in equation 2.9, gives us the probability of d number of defects 

damaging in a single test site, Pr(d). However, LIDT testing is a binary system, a test site 

is either damaged, D, or not damaged, ND. Therefore, the probability of interest is P(D), 

the probability of at least one defect being damaged, shown in equation 2.10. The 

probability of not damaging is equivalent to the probability of 0 defects damaging. 

Combining equations 2.7, 2.8, and 2.10 gives us equation 2.11, the probability of 

damage at a fluence F. S is the 1/e2 beam area. Equation 2.11 is fit to the experimental 

laser damage data with a weighted least square regression, shown in figure 2.5. The 

regression fits the defect density and the defect damage threshold, which is the LIDT. A 

heavier weight is given to the fluences with a probability greater than 0%. The dotted 

lines shown are the 95% confidence interval of the regression.  

Pr(𝑑) = (𝜆𝑑)𝑑𝑑 𝑒−𝜆𝑑     (2.9) 

𝑃(𝐷) = 1 − 𝑃(𝑁𝐷) = 1 − Pr(𝑑 = 0) = 1 − 𝑒−𝜆𝑑         (2.10) 

𝑃(𝐹) = 1 − 𝑒−𝑀⋅𝑆⋅ln( 𝐹𝑇𝑑𝑒𝑓𝑒𝑐𝑡)    (2.11) 
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Figure 2.5) Example of measured LIDT data on an HfSiOx mixture, fit to the degenerate 
defect ensemble model developed by Ref [98] equation 2.11.  

 

The horizontal error bars are the standard deviation among 20 fluences measured on 

that test row. The vertical error bars are determined by integrating the 95% of the 

binomial probability density function, equation 2.12, at the measured probability p, for 

each fluence data point [95]. In equation 2.12, p is the measured damage probability at 

a fluence, k is the number of damaged test sites out of n number of test sites. The n/p 

term is the binomial coefficient. In words, integrating 95% of the area of equation 2.12 

asks the question: “given a measured damage probability, p, from a test utilizing n 

number of test sites, what is the 95% confidence interval of probabilities that might be 

observed if an identical test was repeated”. The asymmetry of the vertical error bars near 

100% and 0% probability reflects the intuition that it is impossible to have a probability 

greater than 1 or less than 0.  

𝑃𝐷𝐹𝑃(𝑘|(𝑛, 𝑝)|) = (𝑛𝑝)  𝑝𝑘(1 − 𝑝)𝑛−𝑘          (2.12) 

Next, the practical aspects of a LIDT test setup will be introduced. The ISO-21254 
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international standard for laser damage testing provides a set of guidelines that all laser 

damage tests should conform to [18]. Specifically, the ISO standard outlines the 

necessary components of an LIDT test bench, as well as setting limits on acceptable 

beam profile, beam size, beam size stability, and energy stability. Also, the standard 

provides a set of equations used to calculate temporal profile, spatial profile, and 

gaussian beam effective area corrections necessary to report an accurate damage 

threshold. The expression for effective gaussian beam area Aeff, is shown in equation 

2.6. The effective area is the ratio of the total pulse energy, E, to the maximum energy 

density, Hmax. This ratio is calculated by integrating the beam profile and dividing it by 

Hmax. In equation 2.6, d1/e2 is the beam diameter at 1/e2 of maximum intensity, Fmax is 

the maximum energy density in the profile. The fluence for that shot is the total pulse 

energy, E, divided by the effective area, Aeff. The significance of equation 2.6 is there is 

a factor of ½ between the 1/e2 area and the effective area. 

             𝐴𝑒𝑓𝑓 = 𝐸𝐻𝑚𝑎𝑥 = ( 
 𝐻𝑚𝑎𝑥    ∫ ∫ 𝑒−8(𝑥2+𝑦2)𝑑 1𝑒2∞−∞∞−∞ 𝑑𝑥𝑑𝑦) 

 
𝐻𝑚𝑎𝑥 = 18𝜋𝑑 1𝑒22      (2.6) 

     

 The key requirements of the ISO standard are summarized in the following 

section [18]. More requirements exist, but these requirements guide the most important 

parts of designing a LIDT testing setup. First, the beam profile shall not be smaller than 

200um unless the laser energy is not high enough to achieve damaging fluences. The 

beam profile shall be analyzed at several positions close to the focus to assure the 

sample is in the center of the waist. The energy and polarization should be controlled 

with an appropriate rotatable waveplate system, typically combined with thin film 

polarizing mirrors. Damage detection should be performed by inspecting the optic 



   

 

 

43  

surface with a Nomarski type differential interference contrast microscope with a 

magnification of at least 10x. Damage is defined as any observable change in the surface 

after laser irradiation. For tests involving more than one shot per site, an online (i.e in 

situ) damage detection must be used. Suitable online damage detection techniques 

include: co-incident CW laser beam coupled with a scatter detection camera or 

photodiode, online microscope techniques, photoacoustic detection, and/or 

photothermal detection.  

 The LIDT testing setup implemented for this work is shown in figure 2.6. Laser 

damage measurements were performed using a Q-switched Nd:YAG laser (Quanta Ray) 

with third harmonic generation, producing pulses of 355nm wavelength. The pulse 

width was measured by fast rise time photodiode and was 8ns FWHM. The repetition 

rate of the laser is 10Hz. The polarization state was linear, s polarized. A gaussian beam 

is focused using a 1m focal length lens to a size of ~220µm at 1/e2. Energy detection 

and beam profile are measured on each shot from beamsplitters BS1 and BS2. Energy 

is controlled by the motorized half wave plate in combination with the thin film 

polarizers. Automated damage procedure is controlled by the PC. The low fluence tests 

are performed first to prevent ejected material from affecting future test sites. To move 

the optic to a new test site, the XY motorized stage is translated laterally. 
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Figure 2.6 Sh: fast motorized shutter, HWP: half wave plate, TFP1/2: thin film polarizers, 
BS1/2: beam splitter, L1: 1m focusing lens, L2, Scatter light lens, Cam1: beam profile camera, 

Cam2: scatter detection camera, HeNe: Helium-Neon CW damage detection laser, XY: 
motorized sample stage, ED: energy detector, ND: neutral density filter 

The damage tests performed on amorphous oxide thin films using the setup above used 

the 1-on-1 protocol because the pointing stability of the Nd:YAG laser was too large to 

implement S-on-1 tests. When the beam position has shot to shot variation, an effect 

known as pseudo-statistical accumulation occurs which decreases the S-on-1 damage 

threshold but is not reflective of the true material properties [5]. Therefore, a set of 

samples fabricated by BTD, IBS, and EBE were sent to Lidaris for multi-pulse 355nm 

LIDT measurements. These samples include: 2-layer AR’s containing Hf0.63Si0.37Ox, and 

Hf0.64 Al0.36Ox, IBS HfO2/SiO2 HR, an EBE AR, and an EBE HR. Lidaris measured the 

LIDT in a 1-on-1, 10-on-1, 100-on-1, 1000-on-1, and 10000-1 scheme. In these tests 

the beam size was 220-230µm, pulse width was ~5+/- 0.5ns, and repetition rate was 

100Hz. The difference in pulse width between the testing setups was 3ns, which gives 

the expectation that the LIDT measured at Lidaris should be lower than the LIDT 

measured internally. This is informed by the TE model pulse width dependence, 

equation 1.11. 
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2.3.2 Laser Conditioning  

Laser conditioning consists of irradiating a test optic at a fluence below the 

damage threshold, but high enough to cause a material change that improves the laser 

damage resistance upon further irradiation. In pulsed laser systems this can be 

implemented by performing the R-on-1 LIDT test, where the fluence is ramped from low 

to high on a single test site [7]. In this thesis, laser conditioning is executed by 

performing a raster scan of the entire optic with 90% fluence overlap between laser 

pulses. The raster scan laser conditioning has been shown to improve the LIDT by a 

factor of 2-4 [45,51,4,55]. The conditioning fluence is chosen to be close to 50% of the 

measured LIDT of that coating. Raster scan conditioning was performed on a single layer 

of HfO2 fabricated by BTD and IBS, a UVFS substrate, and a Hf0.56Si0.44Ox/SiO2 AR 

coating fabricated by BTD.  

The literature has established that laser conditioning increases the laser damage 

threshold of a given optic, but the reported mechanism of the improvement varies from 

study to study [35,45-55]. References [35,98], report the following mechanism, depicted 

in figure 2.7 where a0 and F0 are the defect radius and threshold fluence of the “weakest” 

defect, which is at the minimum point of the curves. If laser irradiation at a fluence 

below F0, Fc, heats the absorber and surrounding area to a temperature exceeding the 

melting point of both the defect and the host, the defect will disperse into the host 

medium, and laser conditioning occurs. This effectively removes any defects with a radii 

between acmin and acmax. This mechanism of laser conditioning aligns with the empirical 

result that dense IBS films do not improve with laser conditioning, while porous EBE 

films consistently improve with laser conditioning. The reason being that the melted 

defect cannot diffuse into the dense host material [35]. Alternatively, in the case of thick 

HR coatings, Papandrew et al demonstrated that laser conditioning ejects nodular 
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defects, and the ejected area has a lower photothermal absorption signal after nodule 

ejection [55]. Technically, nodule ejection is a laser damage event as classified by ISO 

21254, but is not a functional damage event [18,72]. 

 

Figure 2.7 Damage thresholds and conditioning threshold curves vs. absorbing defect radii. 

There are papers in the literature that suggest laser conditioning causes sub-

stoichiometric metal compounds to bond with oxygen, which may change the defect 

ensemble [54]. The most commonly discussed mechanism, with little experimental 

evidence, is the evacuation of forbidden gap defect states to the conduction band, 

followed by a permanent relaxation to the valence band [7]. 
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Chapter 3 Laser damage of UV hafnia-based multilayer 
dielectric coatings at 355 nm wavelength    

 

Mega-Joule ultraviolet nanosecond pulses were used to demonstrate ignition at 

the National Ignition Facility in Dec. 2022 [106]. Scaling in energy relies, in part, on 

significant improvements in the UV multi-layer dielectric (MLD) coatings which damage 

more frequently due to UV backscatter from the target. This paper reports on the laser 

damage behavior of MLD coatings based on HfO2, SiO2, and Al2O3 designed for operation 

at =355 nm. Two-layer anti-reflection (AR) coatings were designed and fabricated by 

reactive biased target deposition (BTD) using mixtures of HfO2 and SiO2, HfO2 and Al2O3, 

as the high index layer.  The laser damage response was assessed from 1-on-1 and S-

on-1 tests from which the laser induced damage threshold (LIDT) fluence was 

determined. It is shown that in BTD ARs which contain mixtures, Hf1-ySiyOx and Hf1-

yAlyOx in the high index layer, the 1-on-1 LIDT increases with respect to HfO2/SiO2 AR.  

The BTD ARs have a density higher than electron beam evaporated (EBE) HfO2/SiO2 

ARs but lower than ion beam sputtered (IBS) HfO2/SiO2 ARs.  It is shown that the 1-

on-1 LIDT of the BTD ARs is slightly lower than that of electron beam evaporated (EBE) 

HfO2/SiO2 ARs and ion beam sputtered (IBS) HfO2/SiO2 ARs. While the 104-on-1 LIDT 

of EBE ARs was higher than that of either sputtering method. Substrate etching prior 

to deposition and UV conditioning increase the 1-on-1 LIDT of sputtered ARs. The S-on-

1 LIDT of BTD ARs decreases by 25% for S=10 and remains unchanged to S=104 laser 

shots, indicating no accumulation fatigue.   

1Significant portions of this chapter have been reproduced with permission from Maxwell Weiss, A. 
Davenport, S. C. Lucs, D. Pamedytytė, J. Galinis, A. Melninkaitis, J. Siehien, W. Siehien, M. Chicoine, F. 
Schiettakatte, C. S. Menoni, manuscript to be submitted to Applied Optics 
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3.1 Introduction 

Two megajoules of =350 nm UV laser light with a peak power of 500 TW focused on the 

fusion target were necessary to create the x-rays that indirectly drove the capsule 

implosion, and which resulted in ignition [106]. In this landmark experiment at the 

Lawrence Livermore National Ignition Facility (NIF) an energy gain of 1.5 was obtained.  

Subsequent experiments that followed have demonstrated higher gains have accelerated 

research to advance critical technologies which will pave the way for inertial fusion to 

become a practical source of carbon-free energy [134].       

One of these critical technologies are the interference coatings in the laser 

architecture which damage prematurely.  In the NIF laser there are about 800 optics 

that route 192 laser beams of =1053 nm (1) and a few nanoseconds duration into the 

final optics assemblies which condition the beams, frequency up-convert them to 3, 

and focus them into the target.    Many of these optics are coated with dichroic dielectric 

coatings which are prone to UV laser damage.  As an example, UV damage due to 

backscattered =351 nm laser light is the dominant cause of damage on the last 1 

turning mirrors that guide the beams into the final optics assemblies [6]. This illustrates 

the challenges to achieving superior laser damage resistance in the UV. The demands 

on the coatings projected for laser drivers in a fusion power plant to survive 10’s of 

gigashots adds additional challenges to the engineering and testing of the dielectric 

coatings in critical components of kJ class lasers.    

UV dielectric coatings for lasers producing nanosecond pulse duration, such as NIF 

and OMEGA, are typically designed using HfO2 and SiO2 thin films as low and high 

refractive index material respectively. There are experiments that show replacing HfO2 

by HfAlOx and HfSiOx mixtures improves laser damage performance [2,5,8,126].  
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Amorphous oxide mixtures provide flexibility for tailoring the optical bandgap and the 

refractive index while affecting atomic bonding and hence the structural properties of 

the thin films [17,105,119,135].  The reasoning behind selecting larger optical bandgap 

materials for the high index layer in multilayer dielectric coatings (MLD) containing SiO2 

as the low index layer is that within the framework of the model of laser damage, the 

multiphoton absorption and avalanche ionization rate decreases [35]. However, the 

benefits associated with this strategy are counter-balanced by the needs to increase the 

number of layers in the stack to meet the same spectral requirements [6]. Depending on 

the deposition process, thicker coatings are more prone to nodule incorporation which 

can cause electric field intensification and subsequently degrade laser damage 

performance [52]. UV damage is also affected by the presence of intrinsic defects, i.e. 

oxygen traps, which density and type of defects vary with deposition process [1].  

Several publications have reported conflicting trends in the threshold fluence, the 

laser induced damage threshold (LIDT), at which UV coatings damage when the pulse 

duration is of the order of nanoseconds. Studies on single layers have reported the 

nanosecond LIDT weakly correlates with band gap for Hf1-ySiyOx mixtures [2,5,127]. 

Meanwhile, stronger correlations were found in high reflection (HR) coatings [39,88,40]. 

As discussed in [100], the nanosecond LIDT trends with oxide mixture concentration 

appear to be more complex than in the base materials, where a rate equation model 

does not predict laser damage behavior and additional mechanisms need to be 

considered. Beyond intrinsic material processes, there are other mechanisms that 

influence the LIDT of UV coatings. In particular in MLD stacks containing only a few 

layers the influence of imperfections at the substrate reduces the LIDT. Ref [123] 

demonstrated that residual contamination from polishing with CeO2, and subsurface 

defects (SSD) can decrease the LIDT of AR coatings by a factor of 3.4, which may explain 
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the conflicting results between HRs and ARs due to the difference in field strength at 

the substrate interface.  

In this paper we describe results of laser damage studies on UV coatings designed 

for =355 nm. As discussed in section 1.1.3, the mirror coatings used in NIF have 

multiple wavelength requirements, namely anti-reflection at 3ω and high reflection at 

1ω. Investigating the 3ω laser damage behaviors of coatings designed for 3ω provides 

the similar information as investigating the 3ω laser damage to 1ω/3ω dichroic mirrors, 

the only difference would be the standing wave electric field distribution in the coating 

which could be higher or lower throughout the coating depending on the design. 

Moreover, the NIF mirrors do not experience simultaneously illumination from 1ω and 

3ω light. The experiments were motivated by the need to identify differences in the laser 

damage behavior when the composition of the high refractive index layer in AR stacks 

is varied, and to understand the impact of laser conditioning and substrate 

modifications prior to deposition on the laser damage behavior.  We also compare the 

laser damage behavior of ARs of HfO2/SiO2 of identical coating designs deposited by 

different processes. Two-layer AR coatings containing mixtures of Hf1-ySiyOx and Hf1-

yAlyOx as the high index layer and SiO2 as the low index layer were reactively sputtered 

by biased target deposition (BTD). X-ray photoelectron spectroscopy (XPS), scanning 

transmission electron microscopy with electron energy loss spectroscopy (STEM-EELS), 

Rutherford backscattering (RBS), and glancing angle x-ray diffraction (GI-XRD) were 

utilized to better understand the properties of mixture alloys.  Assessment of the ARs 1-

on-1 laser damage behavior shows there is a significant improvement in the LIDT when 

the content of Si in the HfO2 mixture is large,  80%.  For mixtures with a Si or Al 

content below 50%, the AR LIDT is upmost 20% higher than that of the HfO2/SiO2 AR.  

Substrate etching improved ARs LIDT while UV laser conditioning was less effective. The 
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BTD ARs showed a fatigue behavior in which the S-on-1 LIDT decreased by ~25% for 

S=10 and then remained constant to S=104.  The deposition process influences the 3 

ARs LIDT as has been found previously [41] with IBS coatings showing the highest 1-

on-1 LIDT.  For comparison we also describe the damage behavior of HR HfO2/SiO2 

coatings deposited by ion beam sputtering (IBS) and electron beam evaporation (EBE).  

 

 

 

3.2 Experimental methods 

3.2.1 Fabrication and characterization  

The following anti-reflection coatings were fabricated by reactive BTD deposition 

which allows co-sputtering of several targets using the 4Wave.Inc Laboratory Alloy 

Nanolayer System (LANS). The deposition parameters are shown in Table 1. Atomic ratio 

subscripts shown are taken from RBS measurements. Hf1-ySiyOx mixtures were 

fabricated with high, medium, and low concentrations of SiO2. A single Hf1-yAlyOx 

mixture was tested with a moderate Al concentration. The high SiO2 concentration 

mixture was tailored to have the same refractive index as Al2O3 for direct comparison of 

laser damage resistance with a constant index.  

Table 3.1: Deposition parameters for high index materials used in AR coatings  
 

Material Deposition 
Rate 

(nm/s) 

Target 
Voltage 

(V) 

Target 
Current 

(mA) 

Hf 
Target 
Duty 
Cycle 

Second 
Target 
Duty 
Cycle 

Pulse 
Frequency 

(kHz) 

O2 
flow 

(sccm) 

Hf0.64Al0.36Ox   0.0137 -800 192 98% 75% 10 7 
Hf0.2Si0.8Ox       0.0250 -900 157 50% 85% 50 10 
Hf0.56Si0.44Ox   0.0187 -900  193 75% 60% 50 10  
Hf0.63Si0.37Ox   0.0197 -800 145 98% 60% 10 7 
Hf0.73Si0.27Ox   0.0195 -900  191 90% 60% 50 10  
HfO2                    0.0111 -900 119 90% N/A 50 10  
SiO2  0.0174 -800 47 N/A 90% 10 5 
Al2O3  0.0075 -900 108 N/A 80% 50 10 
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The base pressure of the deposition system was 10-8 Torr while the operating chamber 

pressure was 10-4 Torr (Argon and Oxygen). All materials were sputtered from metallic 

targets of hafnium, silicon, and aluminum. The target geometry as described in [99] 

consists of a 6-sided target fixture, with the substrate stage at the center. The target 

voltage +10V/-900V was pulsed at a high frequency to prevent target arc events.  The 

mixture concentration was controlled by selecting the duty cycle of each metal target 

individually on a 3-channel pulsed voltage source. The ARs, deposited onto UV fused 

silica substrates, were designed for an angle of incidence (AOI) of 0 degrees. SiO2 was 

used as the low index layer in all AR coatings. The standing wave electric field 

distribution was simulated using OptiReTM. The peak optical intensity inside the high 

index layer occurs at the substrate interface and in all coatings this value is ~66% of 

the incident intensity (Supplementary Material Fig S1).  

Reference AR coatings were also produced by IBS and EBE.  The parameters of the 

IBS deposition were:  accelerator grid voltage of 1250V, beam current of 600mA, and 

oxygen flow of 13 sccm directed at the target. HfO2 was sputtered from a metallic 

hafnium target, while the SiO2 was sputtered from an oxide target. The pressure in the 

system prior to starting the ion sources was ~10-7 Torr, and ~10-4 Torr during deposition. 

The deposition rate of hafnia/silica was ~0.16/~0.22 nm/s respectively. The EBE 

process used an end-Hall plasma assist source at 100V and 2A ion current during 

deposition. The base pressure was 9×10-6 Torr, and an oxygen backfill pressure of 10-4 

Torr was applied during deposition to improve stoichiometry.  Using the same conditions 

in the IBS system a quarter wave 40-layer HfO2/SiO2 HR with 99.99%. reflectivity at  

=355 nm   was fabricated.   An EBE HR with a quarter-wave 34-layer design was also 

fabricated.   Both the IBS and EBE HRs contain a 2λ SiO2 capping layer.   
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To investigate the influence of substrate defects on the Hf0.56Si0.44Ox/SiO2 AR and 

IBS HfO2/SiO2 AR damage behavior, the substrates were etched ~200 nm in vacuum 

using an Ar/O mixed plasma at 200V prior to coating deposition, in accordance with 

the optimal result of [123].  

The optical properties of the samples were determined from spectroscopic 

ellipsometry and spectrophotometry. Details of these measurements are provided in the 

supplementary material. Using the Lorenz-Lorenz effective medium approximation, the 

degree of porosity of the AR layers was determined.  

The composition of the high and low index layers of the ARs deposited by BTD, IBS 

and EBE, the layer density, and the Ar content in the thin films were determined by 

Rutherford Backscattering (RBS) using conditions described in the supplementary 

material. X-ray Photoelectron Spectroscopy (XPS) was used to identify the degree of 

mixing in the alloys.  Scanning transmission electron microscopy with electron energy 

loss spectroscopy (STEM-EELS) measurements were performed on selected AR coatings 

by Eurofins Materials Science to gain insight on the nanomorphology of the mixture in 

the high index layer and at its interfaces with the low index layer. The degree of 

crystallization was investigated by Glancing Incidence X-Ray Diffraction (GI-XRD). 

Details of these measurements are provided in the Supplementary Material.  

 

3.2.2 Laser Induced Damage Threshold Testing 

1-on-1 laser damage tests were performed using an Q-switched Nd:YAG laser with 

third harmonic, =355 nm, generated by upconversion in two KDP crystals. The pulse 

width was measured by a fast rise time photodiode to be 8 ns FWHM. The repetition 

rate of the laser is 10Hz. The 1-on-1 damage protocol described by ISO 21254-1 was 

utilized with offline damage detection by Nomarski microscope with 40x magnification 
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[18]. The polarization state was linear, s polarized, but the angle of incidence was 0 

degreees. The laser beam was focused using a 1m focal length lens to a 1/e2 beam 

diameter of ~220µm.  Energy detection and beam profile are measured on each shot. 

Energy is controlled by a motorized half wave plate in combination with thin film 

polarizers. Automated damage procedure is controlled by the PC using MATLAB. 

Damage threshold determination is performed using the degenerate defect ensemble 

model [95].  

A set of samples fabricated by BTD, IBS, and EBE were sent to Lidaris for multi-pulse 

S-on-1 LIDT tests.  These samples include, 2-layer AR’s containing Hf0.63Si0.37Ox, and 

Hf0.64Al0.36Ox, IBS HfO2/SiO2 HR, an EBE AR, and an EBE HR.  Lidaris measured the 

LIDT in a 1-on-1, 10-on-1, 100-on-1, 1000-on-1, and 10000-1 scheme. In these tests 

the 1/e2 beam diameter was 200-230µm, pulse width was ~5+/- 0.5ns, and repetition 

rate was 100Hz.  

Raster scan laser conditioning was performed using a 90% fluence overlap across 

the entire coating after deposition. The raster scan fluence was chosen to be below the 

measured LIDT of that specific coating and close to half this value. Before and after 

conditioning the optic was inspected with a Nomarski microscope at 20× magnification 

and no significant damage sites were found. The transmission spectrum was measured 

after treatment, but no change was observed. After raster conditioning, the coating was 

LIDT tested using the 1-on-1 damage measurement described above.  

 

3.3 Results and discussion  

The optical constants of the materials in Table 1 are shown in Fig. 1a. As the 

SiO2/Al2O3 content into HfO2 increased, the index of refraction decreased following the 

Lorentz-Lorenz mixing rules [19].  The transmission vs photon energy of the single layer 
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materials is shown in Fig. 1(b).  Using the 80% transmission cut-off as a measure of the 

optical bandgap, Fig. 1(b) shows all materials are transparent at a photon energy of 3.5 

eV (=355 nm). 

The porosity, obtained from the data of Fig. 1a, as described in the 

Supplementary Material, is highest in EBE SiO2 and lowest in IBS SiO2 as illustrated in 

Fig. 1c. The atomic density of Si atoms determined by RBS in the single layer SiO2 films 

is inversely related to the porosity. The RBS results indicate an argon concentration of 

2-5% in the BTD films and of 3% in IBS single layers, similar to values reported for 

other IBS films [97]. See Fig. S2.  

  

 

Fig. 3.1. (a) Dispersion of the refractive index of the high index materials from Table 1; (b) 
Transmission at the band edge versus high index material; (c) Porosity and atomic density of 

SiO2 fabricated by EBE, BTD, and IBS. 
 

 

Fig. 3.2. HAADF TEM-EELS image and line scan of the Hf0.56Si0.44Ox/SiO2 AR fabricated by 
BTD. Middle plot shows atomic concentrations of O, Si, Hf, and Ar throughout the AR stack. 
The Upper plot is the atomic concentration of (Hf+Si), Ar,O and (Ar+O) normalized to their 

maximum value in the line scan. Grey zones indicate nanoscale voids where (Ar+O) 
concentration is at a peak and (Hf+Si) is at a local minimum.  
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The results of STEM-EELS measurements performed on Hf0.56Si0.44Ox are shown in 

Fig. 2. The bright field images illustrate the nanoscale morphology commonly observed 

in sputtered films [97,132,9]. The dark regions indicate nano-voids.  The line scan profile 

shows that the normalized atomic percentage of Hf+Si decreases in the positions where 

Ar+O% is at a local peak, indicated by the grey bars. The presence of an oxygen gas in 

the voids is concluded from RBS measurements where this particular material had an 

oxygen to metal ratio (O: Hf+Si) of 2.2.  This behavior is common among amorphous 

oxides deposited by BTD as shown in TiO2:Ta2O5 mixtures [105].  

All BTD mixture materials were amorphous as deposited, as shown in Fig. S4. The 

only exception was BTD HfO2 which showed signs of crystallization. The Hf1-ySiyOx and 

Hf1-yAlyOx alloys remained amorphous to 600°C. Literature has demonstrated Hf1-ySiyOx 

mixtures with SiO2 content greater than 20% do not show signs of crystallization at 

temperatures ≥900°C [40]. 

The 1-on-1 LIDT of AR coatings fabricated by BTD vs the transmission cutoff is shown 

in Fig. 3. The lowest 1-on-1 LIDT is that of the HfO2/SiO2 AR, with a value of 2.8 J/cm2, 

in good agreement with Gallais et al [41].  The highest LIDT is that of the Al2O3/SiO2 AR. 

Using these two data points, a linear scaling of the 1-on-1 LIDT with the transmission 

cutoff is shown by the solid line in Fig. 3.  Using this as reference, the LIDT of the 

mixture ARs with Si or Al content of  50% shows a lower increase in LIDT than 

predicted.  Instead, in mixtures with a Si content is 0.27 and 0.8, the 1-on-1 LIDT follows 

the predicted increase with band edge. In all cases, annealing at 350°C improves the 

LIDT, albeit a small improvement.  
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Fig. 3.3 (a) 1-on-1 LIDT vs transmission cut-off of AR coatings. The 80% transmission cut off 
defined as the UV photon energy where transmission drops to 80% using data from Fig 2b is 

taken as a measure of the optical bandgap.  The solid line is the expected scaling of the 1-on-1 
LIDT with band edge obtained using the values of the LIDT of the HfO2/SiO2 and Al2O3/SiO2 

ARs.   

The results of Fig. 3 suggest that, in spite of the fact that the alloys seem to be 

homogeneously mixed and contain a significant proportion of Hf-Si(Al)-O bonds as 

shown by XPS and EELS, there are other factors that reduce the 1-on-1 LIDT  when the 

proportion of the two cations in the oxide is about the same. One possibility is that there 

is a higher density of defects, i.e. metallic and suboxide particles, that reduce the LIDT. 

The XPS analysis of the Hf1-ySiyOx mixture however could not resolve suboxide features. 

See Fig. S3 in Supplementary Material. Previously studies reported a similar behavior 

in mixture single layers [100,41].  The damage mechanism of the ARs in the 1-on-1 tests 

is defect initiated [73], as can be inferred from the presence of numerous, unconnected 

microscale pits [2]. See Fig. S7 in Supplementary Material.  All BTD AR coatings 

exhibited this damage morphology.    

Figure 3.4 (a) shows the S-on-1 LIDT of the BTD Hf0.63Si0.37Ox and Hf0.64Al0.38Ox AR 

coatings and it compares their behavior to that of EBE and IBS HfO2/SiO2 ARs.  As the 

figure shows the 1-on-1 LIDT is  21% lower than both the HfO2/SiO2 EBE AR, 4 J/cm2, 

and the IBS HfO2/SiO2 AR, 3.9 J/cm2.   
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Fig. 3.4.) S-on-1 LIDT versus S number of pulses from 1 to 104 shots. (a) AR coatings (b) HR 
coatings.   

 

The S-on-1 LIDT of the BTD Hf0.63Si0.37Ox and Hf0.64Al0.36Ox ARs is peculiar, as it 

drops from ~3 J/cm2 to ~2.3 J/cm2 for S=10 and then it remains constant to S=104.  

Annealing to 300 C does not significantly alter the LIDT, except in Hf0.64Al0.36Ox. For 

comparison, Fig. 3.4b shows the S-on-1 LIDT behavior of the IBS and EBE HfO2/SiO2 

HR coatings.  In the IBS HR the LIDT decreases 2-3x from S=1 to S-104. Instead, the 

change in the EBE HR is 17%.   Interesti.ngly, annealing the IBS coating increased in 

LIDT for all S-on-1 tests, but did not change the multi-pulse LIDT trend. The mechanism 

of fatigue effects in multi-pulse laser damage could be of different origin, i.e. changes in 

the electronic/chemical structure of defects [26], pulse to pulse thermal accumulation 

[27], laser induced defect generation [35], long-lasting (~100ms) defect state lifetimes 

[1,44], and pseudo-statistical fatigue [28,29]. Discerning the relative contribution of the 
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fatigue mechanisms in our samples is not possible, but the change in fatigue behavior 

of the IBS coating with annealing indicates a fatigue resulting from sub-stoichiometric 

bonds.  

Comparing the 104-on-1 LIDT of coatings by different fabrication methods we find 

that the denser sputtered IBS coatings demonstrate lower multi-shot laser damage 

resistance compared to the more porous EBE coatings.  This could be due to process 

variation, but literature suggests a fundamental property of the fabrication process may 

causing the lower damage threshold of the IBS sputtered films [79,89]. Previous work 

has suggested the incorporation of Ar in the IBS coatings could lead to reduced LIDT 

[97,132]. EBE films have columnar pores which do not encapsulate process gasses [9].  

The 3 LIDT of AR’s deposited on etched and non-etched substrates are depicted in 

Fig. 4a. The 3.7× increase in LIDT of the bare substrate proves the substrate polishing 

residuals are the fluence limiting defect of the substrate. In the Hf0.56Si0.48Ox AR coating 

deposited by BTD a small increase of 1.1 times was observed, while the IBS AR increased 

by nearly 2 times. This indicates the substrate polishing residuals are not the fluence 

limiting defect of the BTD mixture AR. The etched substrate testing on the IBS AR agrees 

with Abromavičius et al where the 3 LIDT of AR coatings deposited on plasma etched 

substrates was larger, but our reported factor of ~2x is less than the 3.4 times 

improvement reported [123]. Regardless, this experiment demonstrates that the fluence 

limiting defect of AR’s may be polishing residuals, as has also been shown in ARs 

deposited in Yb:YAG crystals [136]. Considering that at the substrate/coating interface 

the electric field strength is the highest, it is unsurprising that removing the substrate 

defects has a large impact on LIDT.  Substrate defects in the form of remnants of CeO2 

from the polishing slurry with a ~3eV band gap of CeO2, can efficiently absorb the 

3=3.49eV photons in a single photon process and reduce LIDT.  
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Table 3.2. Samples used for laser conditioning tests, the associated 1-on-1 LIDT of that 
sample, the conditioning fluence, and the change in 1-on-1 LIDT post conditioning.  

 

Sample 1-on-1 
LIDT 
(J/cm

2) 

Raster 
Scan 

Fluence 
(J/cm2) 

1-on-1 LIDT 
change post 
conditioning 

BTD HfO2 2.78 1.5 +54%    +/-   
4.9/6.7  

BTD 
Hf0.56Si0.44Ox 

3.43 1.7 +31%    +/-   
9.5/12.2 

IBS HfO2 5.38 3.0 +11%    +/-   
2.9/4.9 

UVFS 22.2 14 -2%       +/-   
3.5/5.3 

 

In Table 3.2 the ratio of conditioned to unconditioned LIDT for the BTD HfO2 and 

Hf0.56Si0.44Ox samples was calculated to illustrate a change in damage threshold due to 

conditioning. The error bars of the pre-post LIDT on IBS HfO2 overlap indicating almost 

no change in damage threshold. The laser conditioning tests demonstrate this technique 

is ineffective in the IBS films, in agreement with [45]. The UVFS substrate damage 

threshold did not change significantly following laser conditioning which is evidence 

that laser conditioning is affecting the film rather than the substrate interface. The 54% 

increase in BTD HfO2 is a significant improvement, but results from the literature 

indicate e-beam coatings can improve by a factor of ~2-3x [45,51,54,55]. Combining this 

observation with the lack of change in IBS films, the impact of laser conditioning may 

be inversely related to the density of the material. This aligns with the defect melting 

mechanism discussed in [35], where the defect cannot spread into the host effectively if 

the host material is dense. 

3.4 Conclusion 

The results of this work identified the role of composition of the high index layer 

in AR coating for -355nm and of deposition conditions in their laser damage response. 
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When the high index layer in the AR is a mixture, the LIDT improves over that of HfO2. 

When the content of the two metal cations is similar, the LIDT is lower than the linear 

scaling of the LIDT with band-edge between HfO2 and Al2O3. This is not surprising 

because in amorphous oxide mixtures with similar cation content, competition for 

oxygen can result in an alloy which contains metallic nanoclusters of either cation, and 

and/or many oxygen defects which in both cases would reduce the LIDT. Within the 

spatial resolution of STEM-EELS metallic nanoclusters were not observed. The 

contribution of non-lattice oxygen, which is observed in HfO2, can not be separated in 

the XPS spectra of the mixtures. However, EELS data suggests oxygen/argon 

interstitials are present in the voids of the Hf0.56Si0.44Ox mixture, which in the context of 

[97,132], could explain the lower LIDT of this coating.  

The BTD ARs have a similar value of the 1-on-1 LIDT as the EBE HfO2 AR. Both 

materials are more porous than the IBS HfO2 AR which showed the highest 1-on-1 LIDT. 

As well, the 104-on-1 LIDT of the EBE HfO2 AR, was the highest. The S-on-1 laser 

damage behavior for the BTD and EBE ARs is also very similar.  It decreases by about 

~25% after S=10 shots and remains constant to S=104 shots.  This behavior contrasts 

with that IBS HRs in which there a systematic decrease in the LIDT with pulse number. 

We speculated substrate defects dominated the S-on-1 LIDT of the sputtered ARs, and 

thus implemented substrate etching and UV conditioning, which favorably impacted the 

1-on-1 LIDT.  
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Chapter 4 
 

Summary and Outlook  

 
 

 

We present the first report on the laser damage behaviors of amorphous oxide 

thin film AR coatings fabricated by biased target deposition. We demonstrated an 

improved LIDT in BTD ARs fabricated using mixture coatings in the high index layer 

over BTD HfO2 ARs.  Increasing silica or alumina concentration in hafnia decreased the 

refractive index but increased the band gap, although not at the rate of increase 

predicted from the bandgap values of HfO2 and Al2O5. Dopant addition above 10% also 

suppressed crystallization of BTD HfO2. Mixtures also enabled higher temperature 

annealing without crystallization. Annealing blue shifted the UV transmission edge, and 

increased LIDT. Among 2-layer AR coatings, HfO2 fabricated by BTD had the lowest 1-

on-1 LIDT (2.78 J/cm2). Meanwhile, the Al2O3 AR coating had the highest 1-on-1 LIDT. 

A comparative analysis of fabrication methods was performed between BTD, IBS, and 

EBE. Using the refractive index, it was determined that the porosity of EBE films is the 

greatest, while IBS was the least porous. The BTD films had a porosity in between IBS 

and EBE. Comparison of LIDT data among fabrication methods indicates that EBE 

coatings have the best multi-shot laser damage, while IBS coatings have higher 1-on-1 

LIDT. In fusion energy applications higher multi-pulse LIDT is beneficial, hence the use 

of porous deposition technologies (EBE or sol-gel) in large aperture MLD coatings [6]. 

BTD AR coatings performed slightly lower than IBS or EBE in all categories. A 

mechanism for the reduced performance of BTD coatings compared to IBS requires 

further research. Considering the current NIF operating fluence of 8 J/cm2 [68] 

improvements in the AR coatings demonstrated in this work is needed.  A raster scan 
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conditioning protocol demonstrated improved LIDT in both BTD and IBS films. The 

improvement by laser conditioning was greater in BTD films. However, the laser 

conditioning improvements were small compared to the improvements typically 

demonstrated on EBE films or optical crystals [45,51,55]. From this result, we conclude 

that the effectiveness of laser conditioning may be inversely related to the density of the 

film.  

The role of the substrate in the laser damage of AR coatings was illustrated, where 

AR coatings deposited on dry etched UVFS substrates demonstrated an improvement in 

LIDT. From this result, we conclude that the polishing residuals on the critical substrate 

interface contributes to the damage behaviors anti-reflection coatings and single layers. 

This has implications for the interpretation of any LIDT data where the high index 

material is in contact with a polished substrate. Furthermore, investigating higher band 

gap polishing slurries (such as Al2O3) may be a path to higher LIDT substrates in the 

UV wavelengths.
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Appendix - Supplementary Materials 
 

 

 

5.1 Optical properties of biased target deposition antireflection coatings for 
=355 nm 

 

The biased target deposited (BTD anti-reflection (AR) coatings for  =355 nm consists of two 

layers, the high index layer deposited on the substrate and a next layer of SiO2, the low index 

layer in the coating.   The normalized electric field intensity, | 𝐸2𝐸𝑖𝑛𝑐2 |, in the two-layer ARs is shown 

in Fig. S1(a).   The normalized electric field intensity peaks at a value of 66% at the 

substrate/high index layer interface.  The field intensity at the SiO2-Air interface is larger than 

at the substrate/high index layer interface but the laser induced damage threshold of SiO2 is 

higher than the high index layer, so laser damage is not expected to occur in this layer. The 

transmission at =355nm is ~96%, which is an improvement from the 92.9% of the substrate. If 

the AR coating were deposited on the backside of the substrate, which is typically the case in AR 

coatings used in applications, the transmission would increase to ~99% as shown in Fig S1b.  

 

 

Fig. S1. (a) Electric field distribution in two-layer anti-reflection coatings from Table 1. (b) 
Transmission of AR coatings at 355nm. 

 

5.2 Calculation of the degree of porosity from the dispersion of the 
refractive index 
 

It has previously been shown that the porosity of mixture amorphous oxide alloys 

can be obtained from the analysis of the dispersion of the refractive index [1,2].  This 

approach uses the Lorentz-Lorenz effective medium approximation (LL EMA) to 

establish the relationship between index of refraction and mixture percentage. The form 
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of the LL EMA is shown in Eq. (S1). Using this EMA porosity, the volume fraction of 

voids can be calculated using Eq. (S2) [3]:  

     
(𝑛𝑒𝑓𝑓2 −1)(𝑛𝑒𝑓𝑓2 +2) = 𝑓1 (𝑛12−1)(𝑛12+2) + 𝑓2 (𝑛22−1)(𝑛22+2)   (S1) 𝑃(%) = [1 − (𝑛𝑒𝑓𝑓2 −1)(𝑛𝑏𝑢𝑙𝑘2 +2)] ∗ 100  (S2) 

 

Where neff is the measured index of refraction, nbulk is the index of refraction of the 

bulk materials at 1μm (HfO2 =2.11 [4], SiO2 =1.54 [5]), n1 is the refractive index of hafnia, 

n2 is the refractive index of the dopant, and f1/f2 is the volume fraction of hafnia and 

the dopant respectively. The complex index of refraction is first extracted from 

ellipsometry (HORIBA UVISEL) data fitting with a 3-oscillator Tauc Lorentz model [4]. 

The transmission spectrum from 190-1300nm is measured at 0-degree angle of 

incidence using a PerkinElmer LAMBDA 1050 spectrophotometer. The index is further 

refined by reverse engineering the transmission spectrum using OptiRETM.  
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5.3 Structural properties of BTD amorphous oxide thin films  
 

 

 

Fig. S2. (a) Atomic ratio of Hf to (Hf+Si/Al) as determined by RBS in red and prediction of the 
LL EMA from the measured refractive index in blue,(b) Measured argon concentration in high 

index materials  
 

Rutherford backscattering spectrometry (RBS) was performed using He+ ions at 

2.035 MeV with a 1.7 MV Tandetron accelerator. Spectra were acquired with samples 

tilted at 7◦. The scattered ions were collected at an angle of 10◦ from the beam. The 

experimental spectra were simulated using the SIMNRA software to extract the 

composition and atomic density of the deposited layers [7].    

RBS results also provide the surface density of the thin films which in combination 

with the layer thickness allows one to calculate the volumetric density tabulated in Table 

S1 for all samples used in this study. X-ray photoelectron spectroscopy was used to 

assess the bonding in the HfO2 mixtures. For these measurements the thin film 

materials were sputtered onto highly doped silicon wafers to prevent charging effects 

during measurement. High resolution spectra of the Hf 4f, Si 2p, and O 1s orbitals were 

measured. XPS spectra was collected using the Physical Electronics PE 5800 ESCA/ASE 

spectrometer with monochromatic Al Kα X-rays (1486.6 eV) and a take-off angle of 45°. 

A charge neutralizer was used during measurement. The base pressure was 1 × 10-9 

Torr, and 1×10-8 Torr during measurement. Analysis was assisted by CasaXPS software.  

Table S1: RBS results of atomic density in the materials used in the optical coatings  
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Fabrication 
Method/Material 

Volumetric Atomic 
Density 

(atoms/cm3) 

BTD Hf0.64Al0.36Ox   7.95E+22 

BTD Hf0.2Si0.8Ox       6.99E+22 

BTD Hf0.56Si0.44Ox   7.62E+22 

BTD Hf0.63Si0.37Ox   7.83E+22 

BTD Hf0.73Si0.27Ox   8.21E+22 
BTD HfO2                6.67E+22 

BTD SiO2  4.12E+22 

BTD Al2O3  9.52E+22 

IBS HfO2                8.74E+22 

IBS SiO2  4.64E+22 

EBE HfO2                4.78E+22 

EBE SiO2  3.89E+22 

 

Binding energy calibration was performed by deconvolving the C 1s peak with the C-

C component attuned to the well-known energy of 248.8eV [5]. XPS spectra from SiO2, 

HfO2 and mixtures of Hf0.56Si0.44Ox and Hf0.2Si0.8Ox are shown in Fig. S3. The XPS 

measurements in Fig. 3(a-d) show the deconvolved high resolution spectra for the Si 2p, 

O 1s, and Hf 4f orbitals.  The FWHM of the O 1s emission increases significantly in the 

mixture materials indicating the presence of a new bonding type, Hf-O-Si, which has a 

binding energy less than O-Si-O, but greater than O-Hf-O [6].  In agreement with XPS 

studies on hafnium silicate, the O 1s binding energy position shifts linearly with mixture 

concentration [7-9]. This implies increasing contribution of Si bonds and decreasing 

contribution of Hf bonds with increasing Si concentration. These results confirm that 

these materials are not a true chemical composite, but a collection of pure and mixed 

chemical states throughout the film. 
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Fig S3 - High resolution XPS spectra of the Si 2p, O 1s, and Hf 4f emission for (a) SiO2, (b) 
Hf0.56Si0.44Ox, (c) Hf0.2Si0.8Ox and (d) HfO2.  Purple, green, and orange represent Hf-O-Si, O-Hf-O, 

and O-Si-O bonds respectively.  
 

 

Fig S.4 (a) GI-XRD measurements depict the suppressed crystallization of HfO2 when SiO2 or 
Al2O3 concentration exceeds ~10%. (b) Crystallographic structure of HfO2 fabricated by BTD 

and IBS sputtering methods. (c) Increased crystallization temperature of HfO2 based mixtures 
(>=600°C) over HfO2 (<=350°C) 

 

The degree of crystallization of the amorphous single layers of the high index material 

in the BTD ARs was investigated by Glancing Incidence X-Ray Diffraction (GI-XRD). The 

system used was a Bruker D8 Series II which is equipped with Cu K-α x-ray source 

(1.54 Å). A 0.6mm source slit was utilized. Two theta detector scan was performed from 

20° to 65°. To minimize the contribution of the substrate an amorphous UVFS substrate 

was chosen. In conjunction with the choice of substrate, the angle of incidence of x-rays 

was fixed a glancing angle of 0.8°.  

GI-XRD results reveal that HfO2 fabricated by BTD is polycrystalline while IBS HfO2 

is amorphous unless annealed at 350°C or higher. This explains the difference in 
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refractive index between BTD and IBS HfO2, where polycrystalline material is denser 

(2.1 vs 2.04 at λ=1µm). As predicted by the theory of crystallization of HfO2 at low 

temperature and pressure, the crystalline phase is monoclinic [10]. The crystallization 

behavior of various mixture concentrations is shown in Fig S4a. HfSiOx and HfAlOx data 

shown confirm that incorporating SiO2 or Al2O3 above ~10% suppresses the 

crystallization of HfO2. Mixtures with higher silica content are not shown but are also 

amorphous as deposited. Al2O3 is amorphous as deposited. Another beneficial 

characteristic of mixtures is the increase in crystallization temperature shown in Fig. 

S3c. In the case of optical coatings for high LIDT, higher temperature annealing is 

associated with more complete oxidation of sub-stoichiometric metal atoms [6]. 

Literature has demonstrated the crystallization temperature of Hf0.2Si0.8Ox and 

Hf0.46Si0.54Ox were 900°C and 1000°C respectively; and when annealed to these 

temperatures was the UV, ns laser damage increased >2x from the as deposited [11].  

 

 

Fig. S5 STEM HAADF image of Hf0.56Si0.44Ox (left), EELS Ar scan (right), Overlap of the HAADF 
image and Ar concentration (middle) 

Scanning Transmission Electron Microscopy with Electron Energy Loss 

Spectroscopy (STEM-EELS) measurements were performed by Eurofins Materials 

Science. The Hf0.56Si0.44Ox /SiO2 AR was prepared with focus ion beam using an FEI 

Helios Dual Beam system and was thinned to electron transparency. Data were acquired 

with FEI Titan S/TEM system with accelerator at 200kV in a bright field (BF) and high-

angle annular dark-field (HAADF) mode. Figure S5 shows the STEM-HAADF image of 

the Hf0.56Si0.44Ox overlapped with the EELS scan for Argon. Careful observation shows 
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the dark regions can be associated with voids or bubbles containing Ar and Oxygen (not 

shown) in the STEM image overlap with the regions of high Argon concentrations. 

5.4  Results of laser damage of BTD and IBS ARs with UV conditioning 

 

Fig S6.) LIDT of HfO2 coatings deposited by BTD and IBS vs raster scan laser conditioning. 
Substrate conditioning with no coating is included.  

 

In Fig. S6 the ratio of UV conditioned to unconditioned 1-on-1 LIDT was calculated 

to illustrate a change in damage threshold due to conditioning. The as-deposited ratio, 

always equal to 1, is included to show the error bars of the unconditioned and 

conditioned LIDT. The 1.5x increase in BTD HfO2 is a significant improvement.  This 

increase in the porous BTD ARs is less than that reported in e-beam coatings which can 

improve by a factor of ~2-3x [12-15] with UV conditioning. Meanwhile, in dense IBS 

films the impact of laser conditioning is only 11%. 

5.5 Morphology of damage in 1-on-1 laser damage tests  
 

The damage morphology in 1-on-1 laser damage tests versus fluence is shown in 

Fig S7. These images were obtained ex-situ with a 40x magnification Nomarski 

microscope. The top row corresponds to images from the Hf0.2Si0.8Ox, AR, the middle row 

corresponds to images from HfO2 AR, and the bottom row show catastrophic damage 

sites from the IBS HR (i) and (ii) and EBE HR. The BTD coatings show microscale (<10 

µm) pinhole damage morphology, indicating precursor-initiated damage. Both the IBS 

and EBE HR have large unconnected craters under the same test site which indicate 

defect induced damage. Both HR’s have also color centers outside of the craters caused 

by layer delamination or bulging. Unlike the EBE HR, the IBS HR has several microscale 
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pinholes which are similar to the BTD damage sites, but the size of these pinholes is 

larger in the IBS case.  

 

 

 

Fig. S7.) Nomarksi microscope images at 40x magnification illustrating the defect-initiated 
damage morphology of (top) Hf0.2Si0.8Ox 20% Hf mixture AR. (middle) HfO2/SiO2 AR at different 

fluences, (bottom) HfO2/SiO2 HRs fabricated by IBS (i) and EBE (ii). 
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