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Abstract 

 

Evaporated optical coatings fabricated from hafnium dioxide and silicon 

dioxide are the standard approach for high-peak-power laser components due to the 

high laser damage resistance of such coatings and the ability to deposit on large-

aperture substrates.  The tensile film stresses of such coatings may lead to failure, 

however, particularly in low-relative-humidity purged or vacuum use environments.  

Careful control of thin-film stresses is essential to maintain high-quality surface 

flatness of the coated components and preserve the optical performance of the laser 

system. 

This work explores changes in the deposition process for hafnia/silica 

multilayer coatings in order to preserve or ideally improve the laser damage 

thresholds while limiting the mechanical stress in the film.  Changes in the 

evaporation process, including deposition rate, chamber pressure, temperature, and 

optical coating design, were studied to evaluate their influence on the performance of 

the coating.  Process changes were expanded to include the use of energetic plasma-

assisted deposition as well as the incorporation of aluminum oxide to further alter the 

thin-film stress.  The state of the thin-film stress, laser damage thresholds, and 

photometric performance of the optical coating were evaluated throughout this effort. 

Modifications to the evaporated electron-beam deposition process parameters 

of hafnium dioxide and silicon dioxide were insufficient to provide a near-neutral 

film stress.  However, the use of plasma-assisted deposition and the inclusion of 
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aluminum oxide layers both provided the means to deposit optical coatings with near-

neutral or slightly-compressive film stresses and high-laser-damage thresholds.  

Plasma-assisted coatings were demonstrated with laser damage thresholds of greater 

than 20 J/cm2 at 1053 nm, using a 1 ns pulse, while maintaining compressive film 

stresses of 10-50 MPa.  Coatings incorporating alumina layers altered the film stress 

by limiting the diffusion of water through the structure in agreement with a 

quantitative stress model, maintaining compressive multilayer stresses of 

approximately 50-70 MPa with damage thresholds greater than 40 J/cm2.  The ability 

to fabricate evaporated coatings of hafnium dioxide and silicon dioxide for use in 

high-peak-power laser applications has been demonstrated, including the ability to 

quantitatively tune the film stresses for different use environments. 
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CHAPTER 1 

INTRODUCTION AND MOTIVATION 

 

Multilayer thin-film coatings fabricated from hafnium dioxide and silicon 

dioxide are critical for use in high-peak-power laser applications.  Such laser systems 

require numerous reflective and/or transmissive optical components, the optical 

performance and fluence limitations of which are directly dependent on the thin-film 

coating applied to the optic surface(s).  To achieve the desired energy densities, 

optical components must maintain a sufficiently high-quality wavefront of the 

propagating beam, in order to maximize the energy in the focal spot of the laser.  This 

typically requires thin-film stresses of less than 50 MPa, in order to maintain 

sufficient flatness of each coated component.  Tensile stresses approaching 100 MPa 

may also lead to failure of the coating, resulting in cracking of the coated surface.  All 

stresses must be evaluated on the appropriate substrate and in the final use 

environment, as conventionally evaporated coatings are sensitive to temperature and 

relative humidity. 

The energy density of the beam must also be as high as possible to maximize 

the on-target energy for a given size laser.  This necessitates a specification for laser 

damage threshold of the coating, the minimum laser fluence that the optical coating 

must repeatedly survive.  This will be highly dependent on pulse duration and 

wavelength, but, for fusion-class lasers in general, laser damage thresholds at 
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1053nm, 3-ns pulse duration should be greater than 25 J/cm2, at 10-ps pulse duration 

damage thresholds should exceed 3 J/cm2, and for ultraviolet applications at 351nm, 

1.5-ns pulse duration, damage thresholds should exceed 7 J/cm2.  Shortcomings in 

optical coatings necessitate the construction of larger laser systems as a means of 

overcoming the efficiency losses resulting from poor optical wavefront performance 

and laser damage threshold limitations. 

Optical coating limitations severely impact not only the cost of the laser 

system, but also the efficiency at which the system operates; this is particularly 

important when evaluating such systems as a potential source for fusion energy.  This 

effort is devoted to improving the understanding of hafnia/silica multilayer coatings 

for large-aperture, high-fluence applications, in order to deposit low-stress, high-

laser-damage threshold coatings while maintaining the desired optical performance. 

The understanding and analysis of hafnium dioxide thin film properties, 

particularly the film stress and laser damage resistance, are necessary to better discern 

its impact on the overall performance of multilayer optical coatings produced with 

silicon dioxide.  While some researchers have utilized graded-index structures 

composed of mixed materials, established deposition technology typically uses 

discrete layers of electron-beam evaporated hafnium dioxide and silicon dioxide in 

multilayer interference coatings as the primary means of creating reflective, anti-

reflective, and polarizing optical coatings for high-peak-power laser applications.  

The properties of individual layers must be understood, to identify the relative 

influence in multilayer coatings.  If possible, the coating must be modified to balance 
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the competing needs of mechanical and optical specifications.  This study provides an 

understanding of the properties of evaporated hafnia, the relationship of the physical 

properties of hafnia to laser damage resistance and film stress, and how the 

performance of multilayer coatings may be improved through insight into the 

influence of hafnia properties. 

 

As part of this work, a study of single-layer films was undertaken to establish 

the relevant material properties of hafnia, particularly the stress in hafnia films and 

the influence of relative humidity.  This was performed to better understand the 

influence of individual materials on the composite stress of a multilayer coating.  

Chapter 3 details the results of this study, including the stresses in silica and alumina 

monolayers in order to identify the potential impact of each material on multilayer 

stresses. 

 

Thin-film deposition by evaporation produces coatings with a somewhat 

reduced film density relative to bulk, though such films are readily applicable to 

large-area deposition with precise optical performance.  Typically, coating deposition 

rates are maximized in order to minimize system process times and the corresponding 

cost of manufacture for the component.  However, limitations on the control of film 

thickness, defect generation by the ejection of solids from the source, and non-

stoichiometric films due to incomplete oxidation require slower deposition rates.  As 

explored in Chapter 4, the properties of hafnia monolayers were modified by 
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changing deposition conditions, including oxygen backfill pressures and deposition 

rates, in order to influence the structure of the evaporated hafnia film.  Modified 

hafnia films were then evaluated for laser damage thresholds and optical performance 

as a means of enhancing the fluence-handling capability of a multilayer optical 

coating.  Finally, these modifications were incorporated into multilayer coatings, to 

evaluate the overall impact on laser component performance. 

 

The composite stress in a multilayer optical coatings leads to deformation of 

the component surface, with the potential of cracking the film for sufficiently high 

tensile stresses or delamination of the film under high compressive stresses.  There 

are three primary variables requiring control during the evaporative deposition of 

optical coatings: deposition rate, substrate temperature, and oxygen backfill pressure, 

each of which impacts the optical and mechanical properties of the coating.  

However, even with these variables fixed, evaporated multilayer coating structures 

may still be modified through manipulation of the coating design.  Through such a 

design modification, the relative content of each of the constituent materials is 

altered, any influence of inhomogeneous growth stresses may be realized, and the 

impact of interfaces on overall stress may be established.  The impact of different 

deposition conditions and coating designs on the multilayer coating stresses for 

hafnia-silica coatings were studied in Chapter 5, as a means of potentially altering the 

film stresses observed in multilayer structures.  
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A review of the available literature indicates that much of the effort directed 

to modifying film microstructure has specifically targeted the densification of the film 

to reduce the influence of environmental conditions.  Standard methods of densifying 

evaporated films include the use of directed ion beams or plasmas during the growth 

of the film.  Such modifications, while somewhat difficult to scale to large aperture 

applications, also tend to induce excessive compressive film stress while reducing 

laser damage resistance.  As described in Chapter 6, this work develops the 

relationships between plasma-assistance and film stress, such that ideal film stress 

may be realized to match specific substrate types and environmental conditions.  The 

film structure is evaluated and the influence on laser damage threshold is determined. 

  

Hafnia/silica multilayer coatings deposited by evaporation tend to produce 

tensile films unless energetic assistance is provided to the deposition process, 

particularly in low-relative-humidity environments on low-thermal-expansion 

substrates, such as fused silica.  Other thin-film materials were studied as a means of 

providing alternatives to hafnia/silica in order to achieve low-stress films.  As 

demonstrated in Chapter 7, aluminum oxide has been found to be an effective barrier 

to the diffusion of water through hafnia/silica film structures, shifting the stress to a 

more compressive state.  This has enabled the development of a quantitative model 

for thin-film stress based on alumina content for coatings in a dry use environment.  

The capabilities of this method have been demonstrated on meter-scale optical 
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components to provide a low stress in a dry environment without any reduction in 

laser damage resistance. 

 

 The influence of different deposition conditions, energetic assistance, and 

process modifications has been studied in order to achieve low-stress, high-laser-

damage threshold optical coatings for use in a vacuum environment, such as those 

required for construction of pulse-compressed, high-peak-power laser systems.  

Large-aperture, multilayer coatings meeting these requirements have been 

demonstrated both through the use of energetic assistance and through modification 

of the water content in the hafnia/silica film by the use of alumina barrier layers in the 

multilayer structure.  The coating designs used throughout this work are detailed in 

the appendices, using the dispersion data in Appendix A.  In addition, the samples 

which were laser damage tested are summarized in Appendix F.  It is expected that 

this work will allow higher operating fluences and improved optical performance of 

large-scale, low-relative-humidity optical systems such as fusion-class laser systems. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1  Review of Hafnia Film Properties 

Hafnium dioxide, or hafnia, has become the preferred choice as the high-index 

material in optical coatings for high-peak-power laser systems such as NIF, LMJ, 

Phelix, Omega, Omega EP, FireX, and other inertial-confinement-fusion (ICF) class 

laser systems [1-11].  These coatings are typically applied by electron-beam 

evaporation, with or without some form of energetic densification, or ion-beam 

sputtering (IBS).  The deposition method of coatings on large-aperture optical 

components, given that the diameter of ICF laser optics is on the order of 1 m, is 

almost exclusively electron-beam deposition due to the difficulties and expense in 

scaling IBS to large apertures while maintaining precisely-controlled layer 

thicknesses [12].  While consideration will be given to energetic techniques, the 

primary focus of this work is on electron-beam deposition of hafnia films. 

The key properties of hafnium dioxide include a relatively high refractive 

index, low absorption, and stable deposition characteristics [1,2,5,7,9,11].  Hafnia has 

a bandgap on the order of 5.4 eV, depending upon its crystalline structure and means 

of formation, resulting in acceptably low absorption at the wavelengths of 351, 527, 

and 1053nm, the standard wavelengths of ICF laser systems [13].  This, in 

conjunction with its low defect generation, leads to a high laser damage threshold for 
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ICF laser coatings.  While the refractive index of hafnia is somewhat lower than that 

of other high-refractive-index oxides, such as titanium dioxide or tantalum pentoxide, 

the improved deposition control and superior laser damage resistance of hafnia tend 

to outweigh the added time, and therefore cost of deposition, resulting from the 

greater number of layers required to achieve equivalent optical performance. 

The surface mobility of the constituent materials in multilayer coatings has a 

significant impact on the resulting film structure and the influence of environmental 

conditions, particularly relative humidity.  During deposition, the substrate 

temperature determines how quickly the incident vapor will freeze.  For a substrate 

being held at the melting-point temperature of the evaporant, the incident vapor will 

not freeze and, instead, will remain mobile on the surface, flowing as a liquid.  In 

practice, this is generally unachievable, since most coating materials have melting 

points similar to or greater than that of the substrate, resulting in a simultaneous 

melting of the substrate at the temperature where the condensate flows. Hafnia is 

generally used in conjunction with silicon dioxide in order to form multilayer 

coatings, though silica has been studied extensively elsewhere [14].  The material 

properties of hafnia and silica differ rather significantly, with a corresponding 

difference in the resulting film structure achieved.  The use of hafnia, with a melting 

point of 2812°C, and silica, with a melting point of approximately 1660°C, illustrates 

the impact of having two significantly different materials [15]. Under standard 

deposition conditions with a substrate temperature of Ts = 200°C, the silica has a 

surface mobility that is quite low, but is still 70% greater than that of the hafnia, since 
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the difference between the substrate temperature and melting point is much less for 

silica.  This, combined with the much larger molecular size of hafnia, leads to a more 

porous, columnar film structure for hafnia while silica remains relatively amorphous 

[11, 14, 16].  Water can penetrate the hafnia structure much more readily, leading to 

significant differences in hafnia optical layer thicknesses as a function of relative 

humidity [3, 7, 11, 14, 16, 17].  Likewise, this open structure leads to increased 

susceptibility to penetration by other liquids or gases, reducing the environmental 

durability of such films [11]. 

Finally, the performance of any coating for large-aperture laser applications 

must be evaluated for thin-film stress.  Stresses that develop in optical coatings due to 

material property mismatches or deposition techniques lead to a nominally-spherical 

deflection of the optical surface, resulting in an aberration in the optical system 

(power).  ICF laser components continue to increase in aperture, and the distortion of 

the incident wavefront on individual reflective components must be minimized in 

order to approach a diffraction-limited focus at the target [3, 5, 6, 7, 8, 10, 14, 16].  

Since these large-aperture coatings are primarily fabricated with hafnia, the properties 

of hafnia will ultimately dictate much of the performance of the optical components.  

The stresses in hafnia/silica multilayer coatings formed by electron-beam evaporation 

have been found to be 60-120 MPa tensile in a dry environment, depending upon the 

deposition conditions and substrate material [7, 10].  It is imperative to develop a 

thorough understanding of the sources of thin-film stress, develop and optimize 

deposition processes for optimal film stresses, and minimize or compensate for the 
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residual degradation in the optical system performance resulting from coating 

stresses.   

 

2.2 Deposition of Evaporated Hafnia Films 

There are two primary choices in electron-beam deposition of hafnia: reactive 

evaporation of elemental hafnium metal or evaporation of tablets of hafnium dioxide.  

The ability to deposit the film using the metallic source material is a key benefit in the 

use of hafnia.  Evaporation of metallic hafnium has been shown to result in fewer 

defects in the hafnia film, leading to reduced nodule formation and increased laser 

damage resistance in the near-infrared spectral region [1, 2, 18]. The primary concern 

when depositing hafnia films from metallic hafnium is the formation of a non-

stoichiometric film due to incomplete oxidation, resulting in the presence of trace 

absorption in the layer.  Deposition of hafnia starting from an oxide source material is 

difficult due to a change from a monoclinic to tetragonal crystalline phase as the 

material is heated.  As a result of this phase change, the volume of the material 

decreases rapidly (as localized regions reach the phase transition temperature) by 

3.8%, allowing the ejection of solid particulates that each serve as a seed for nodule 

growth [1].  In addition, the surface of the oxide source material tends to be quite 

irregular, leading to reduced control and instability of the evaporant plume [1, 18]. 
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The deposition of an evaporated coating takes place in a vacuum chamber as 

depicted in Fig. 2-1, in order to maximize the mean-free path of the evaporant 

molecules as well as to reduce the source temperature required to overcome the vapor 

pressure of the evaporant [19].  A partial pressure of oxygen gas is maintained in the 

chamber, allowing a continuous reaction on the substrate between the hafnium vapor 

and the available oxygen, forming stoichiometric hafnium dioxide.  An electron-beam 

gun is used to heat the evaporant in a water-cooled crucible, providing the ability to 

reach evaporation temperatures locally in the source while the copper electron-beam 

gun is cooled to prevent its melting and/or evaporation.  Substrate heating is achieved 

by multiple-kilowatt-quartz or infrared heat lamps positioned within the chamber.  

Additionally, the coating chamber is configured with a rotation system capable of 

Cryopump 
 ports 

Planetary 
rotation 

Mask with 
(2) QCMs 

Quartz 
heaters 

Electron-
beam guns 

Fig. 2-1 – 56-inch vacuum chamber for coating depositions.  The system utilizes quartz 
heater lamps, cryopumps, and provides uniform evaporation from the electron-beam guns 
through the use of planetary rotation and fixed-position uniformity masks.  Film thickness 
control is achieved with multi-point quartz crystal monitoring (QCM). 
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moving the substrate(s) through the vapor plume of the evaporant, in order to 

facilitate more even distribution of the film on the coated surface [20].  Coating 

properties are a function of deposition angle, substrate temperature, the arrival energy 

of the evaporant molecules, the movement of the substrate, and the arrival ratio of 

oxygen-to-evaporant for materials such as hafnium.  The configuration of the coating 

system plays a critical role in the achieved properties of the film, as well as the 

consistency in the properties of the film over large substrate surfaces, and the 

influence of each aspect of the chamber configuration must be evaluated relative to 

the final performance of the coating. 

 

2.3 Review of Microstructural Influence on Film Properties 

Evaporated thin films are commonly used for many optical-interference 

coating applications.  Much of the attraction of evaporated coatings is due to the 

relative simplicity, ease, and low cost of this deposition technology.  However, the 

microstructure of evaporated coatings tends to be quite different from that of more 

energetic methods, leading to different mechanical and optical properties [21, 22].  In 

many instances, these differences lead to claims that other deposition methods are 

“better,” but it is important to evaluate the material properties relative to the desired 

performance in order to determine a preferred microstructure, as well as the optimal 

deposition method to achieve this result.  While film densification may provide 

improved environmental stability and mechanical durability, such an “improvement” 
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often negatively impacts laser damage resistance and leads to highly-compressive 

film stresses. 

 

Structure-Zone Models (SZM) 

Thin films deposited by physical vapor deposition (PVD) tend to nucleate on the 

surface of the substrate, come together to form islands, then increase in thickness 

forming a columnar structure with increasing film density (larger diameter columns) 

as the film continues to grow [23, 24]. Substrate temperature provides the ability to 

transition the film structure from amorphous at relatively low substrate temperatures 

to a dense, crystalline structure as the temperature nears the melting point of the 

evaporant. 

The microstructure of a thin film may be broadly categorized into three 

separate types, although Sanders expanded the general model to five zones [25].  

These types are distinguished by the dominant physical processes occurring at various 

deposition conditions.  A “Zone 1” structure occurs at a low deposition temperature 

relative to the melting point of the evaporant.  At these temperatures, arriving atoms 

lack the necessary energy to rearrange themselves into lower-potential-energy 

configurations; these atoms make contact and remain where they first strike the 

surface.  This leads to a loose-packed structure dominated by atomic shadowing, 

resulting in the formation of tapered columns containing an extremely weak 

crystalline character.  As the deposition temperature is increased, sufficient energy is 

present to allow for surface diffusion leading to the formation of a “Zone 2” film.  
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The temperature remains low enough that the rate of bulk diffusion is essentially 

negligible, but high enough that the material will undergo surface diffusion.  The 

difference between surface and bulk-diffusion rates is multiple orders of magnitude, 

with the activation energy required for surface diffusion typically on the order of one-

fourth that required for bulk diffusion [26].  This level of surface mobility of the 

arriving evaporant flux allows the diffusion flux on the surface to exceed that of the 

arriving vapor, eliminating the preferred columnar orientation.  Finally, as the 

temperature approaches the melting point of the film material, a “Zone 3” film is 

formed with a characteristic dense, crystalline structure with no evidence of the 

columnar nature present at low deposition temperature.  The film microstructure is 

now dominated by bulk diffusion processes. 

The relationship between the microstructure and deposition temperature is 

illustrated in the thin film zone model as shown in Figure 2-2 developed by Movchan 

and Demchishin [27]. Surface mobility of the arriving molecules is expressed as a 

function of Ts/Tm, where Ts is the temperature of the surface, and Tm is the melting 

temperature of the evaporant.  As shown in Fig. 2-2, as the temperature of the surface 

approaches the melting point of the material, the material will have greater surface 

mobility (will tend to flow more), allowing a denser, more crystalline structure.  In 

the case of lower surface temperature, the corresponding surface mobility is 

decreased; this leads to reduced packing of the structure, and hence a more porous 

film. 
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Influence of Deposition Geometry 

The angle of incidence of the arriving vapor flux on the surface of the growing 

film greatly influences the void content of the film.  The relationship between 

deposition angle and void content was first evaluated experimentally by 

Nieuwenhuizen and Haanstra, leading to the relationship [28]: 

φβ tan
2
1tan =     (2.1) 

where β is the angle of the columns with respect to the surface normal and φ is the 

incident angle of the evaporant flux with respect to the surface normal.  Brett also 

observed that thin film density decreases almost linearly with tanφ, indicating that the 

Fig 2-2 – Dependence of the film structure on the deposition temperature as 
described by Movchan and Demchisin [26].  At low substrate temperatures, the 
film is highly porous, while at high temperatures, the film organizes in a 
polycrystalline form. 
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void content, or porosity, is increasing [29].  This dependence of film porosity has 

been used as a means of creating complex film structures with advanced optical 

properties, by careful control of the incidence angle in glancing-angle deposition 

(GLAD) as illustrated in Fig. 2-3 [30, 31]. 

 

 

 

 

Fig. 2-3 – Structured films created by limiting the mobility of the arriving 
atoms on the surface.  By limiting the energy present, the incident vapor 
flux “sticks” on contact.  By orienting the substrate appropriately, 
different orientations of the film microstructure may be created [30, 31]. 
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The dependence on the incidence angle of the vapor is due to the relatively 

low surface mobility of the arriving evaporant.  When the evaporant molecules strike 

the surface at a high angle of incidence, a single molecule on the surface that is above 

its neighbors casts a large shadow, as shown in Fig. 2-4 [24].  Due to the low 

mobility, the arriving molecule will stick to this molecule on the surface, or pass by 

the molecule as well as its shadowed region on the surface.  It will not be deposited 

within the shadowed region.  At higher angles from the surface normal, a larger and 

larger fraction of the surface lies in the shadows of protruding molecules, leading to a 

higher void content.   

 

Fig. 2-4 – Angular growth of 
thin film columns based on 
the orientation of the 
substrate relative to the 
source.  The electron 
micrograph demonstrates 
the columnar structure of 
the deposited film [24]. 
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The influence of increased surface mobility on film density has been 

characterized by computer growth models of film deposition [31].  By examining the 

influence of deposition geometry, it is apparent that an increase in incidence angle of 

the vapor flux leads to an increase in the void content of the film; this is equivalent to 

the effect due to a decrease in surface mobility.  Therefore, modifications to film 

density due to surface mobility may be enhanced or offset (fully or partially) by 

changes in deposition system geometry. 

 

Benefits of Controlled Void Content in Evaporated Films 

Controlling the void content of evaporated thin films is of interest for several 

reasons:  film stress, influence of relative humidity on film performance, thermal 

conductivity of the film, electrical conductivity of the film, and refractive index of the 

film.  Thermal and electrical conductivity are of no further interest to this thesis and 

will be neglected henceforth.  Other deposition technologies produce films with 

inherently lower void content than evaporated films, such as magnetron sputtering, 

ion plating, and filtered cathodic arc deposition, due to the higher energies (and hence 

higher surface mobilities) imparted to the condensing film.  Enhancements to the 

evaporation process also produce higher-density films, such as the use of ion-assisted 

deposition to provide a stream of energetic ions impinging on the surface of the 

growing film, which increase the packing density of the film.  However, the use of 

ion-assisted deposition has been shown to result in a shift of the absorption edge of 
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the deposited material to longer wavelengths, leading to a higher intrinsic absorption 

and a decreased resistance to laser damage [6]. 

The stress in a thin film has many causes, including the thermal mismatch 

between the film and the substrate, and the density of the film structure relative to its 

ideal crystalline spacing.  A typical vapor-deposited film with a Zone 1 structure 

leads to an intrinsic tensile stress due to the attractive forces in the under-dense film 

structure [22].  Energetic means enhancing the deposition allow the film to be 

densified, eliminating the voids, and packing the atoms sufficiently tightly that a 

highly-compressive film results [21].  Proper control of the surface and bulk 

diffusivity of the growing film must allow the void content, and hence the stress, to 

be properly balanced to yield a film applying minimal force per unit of edge length 

and resulting deflection on the surface of an optic. 

The presence of voids in a thin film, provided the voids are sufficiently large and 

contiguous, also allows adsorption of water vapor into the film structure.  A mixture 

of voids, film material, and adsorbed water may be characterized by use of an 

effective-medium approximation [32].  In terms of the effective refractive index, each 

material is weighted based upon its relative volume fraction in the composite 

material.  By an appropriate weighting factor, the model then uses this to determine 

the composite properties of the material.  However, the fact that the optical 

performance depends upon the amount of adsorbed water leads to the difficulty that 

the film’s performance is now dependent upon the relative humidity of the use 

environment, as well as the temperature of use. 
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2.4 Stresses in Thin Film Coatings 

Stresses in thin-film coatings are in-plane stresses, which may lead to failure of 

the coating or undesirable distortion of the substrate surface.  The relationship of the 

film stress and the resulting deflection of the substrate surface is described by 

Stoney’s equation [33]: 

 

Rt)1(6
tE

fs

2
ss

ν−
=σ    (2.2) 

where σ is the film stress, R is the radius of curvature of the surface, Es is Young’s 

modulus of the substrate, νs is Poisson’s ratio for the substrate, and tf and ts are the 

thickness of the film and substrate, respectively.  It should be noted that Stoney’s 

equation is an approximation, suitable when tf << ts. 

The stress in an evaporated coating comprises two primary components: 

intrinsic stress, due to the structure of the film, and thermal stress, arising due to the 

difference in coefficients of thermal expansion (α) between the film and the substrate.  

The sign of the thermal stress will be dependent on whether α of the film or the 

substrate is greater, while the magnitude will be directly proportional to the difference 

in the deposition versus ambient temperature (∆T).  As a result, a material 

combination which yields a tensile thermal stress will tend to yield a greater tensile 

thermal stress the higher the deposition temperature.  The thermal stress is given by 

[34]: 
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where σThermal is the thermal stress in the film, αS and αF are the coefficients of 

thermal expansion of the substrate and film respectively, ∆T is the change in 

temperature from the deposition conditions, EF is Young’s modulus of the film, and 

νF is Poisson’s ratio for the film.  Correlation of film stresses to different substrate 

types is difficult, since the intrinsic and thermal stresses are dependent on the 

substrate surface finish, structure, and coefficient of thermal expansion. 

 

 

 

Fig. 2-5 – The difference in contraction of the substrate and deposited film from the 
elevated deposition temperature to ambient conditions leads to a residual thermal stress.  
Both the film and substrate contract as indicated by the small arrows, but the stress may 
be tensile or compressive depending on which thermal expansion coefficient is greater. 
 

αS > αF 
Compressive Film Stress 

αS < αF 
Tensile Film Stress 

Coated Substrate at 
Deposition Temperature 
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Since evaporated coatings are typically deposited at temperatures on the order of 

200ºC, as the coated substrate cools to ambient temperatures (∆T = 200 ºC - 20 ºC = 

180 ºC ) the film and substrate contract differently, with the differential strain 

resulting in a stress.  This leads to a compressive or tensile stress, depending on the 

relationship between the thermal expansion of the film and substrate, as shown in Fig. 

2-5.  

Intrinsic stress is related to the structure of the film itself, being dependent on 

the microstructure resulting from the deposition conditions.  Typical evaporated 

coatings have a porous microstructure and a corresponding tensile intrinsic stress, due 

to processes such as island coalescence, vacancy annihilation, and self-shadowing 

effects [23, 24, 35, 36].  When deposition of a film begins on a substrate, individual 

molecules bond together on the surface of the substrate; when these isolated groups, 

or islands, of molecules grow into close proximity to one another, smaller islands 

coalesce into a larger island and ultimately a continuous film.  Since the distribution 

of smaller islands is essentially random, there will always be gaps in the film where 

the islands coalesce, unless there is sufficient deposition energy to displace molecules 

and pack the film tightly.  Once the islands are sufficiently close, they will coalesce in 

order to minimize the free energy based on the surface of the individual islands [23].  

As the individual islands come together, the structure of each is strained toward the 

other island, joining the islands together and leading to a tensile stress, as shown in 

Fig. 2-6.   
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Likewise, in crystalline materials, a vacancy in the crystal lattice may be annihilated 

by the transport of a molecule from the surface, a grain boundary or other region of 

void in the film to fill the empty lattice position.  This leads to larger voids along the 

crystal grains, again straining the film structure and leading to a tensile stress.  As 

shown in Fig. 2-7, the porous region of coating deposition is under-dense, with 

attractive forces leading to a tensile film stress [23, 36].  As the coating process is 

modified to lead to a more dense film, the pores in the film microstructure are 

eliminated and the intrinsic coating stress becomes more neutral.   

Fig. 2-6 – Island coalescence as the 
evaporant nucleates on the 
substrate and becomes a continuous 
film.  The deposition transitions 
from isolated groups of condensing 
molecules on the substrate (a), to  
joining together as the deposition 
continues and the island size grows 
(b), to island coalescence, when 2 
islands become a single island with 
lower surface energy.  Tensile stress 
results from the strain in the 
individual islands as they join 
together to form a single structure. 
 

(a) 

(b) 

(c) 

Island of deposited 
molecules 

Substrate 

Strain leading to 
tensile stress as 
islands deform. 
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Figure 2-7 - Dependence of film microstructure on intrinsic thin-film stress, 
resulting in a progression in film properties from porous (tensile) to densified 
(compressive). 

 
 
If coating molecules are packed in tightly, such as through the use of energetic 

deposition processes, the film density may exceed that of the bulk material leading to 

a compressive stress.  The molecules become more closely packed than their neutral 

condition, leading to repulsive forces from the positively-charged nuclei being in too-

close proximity to one another; this leads to a compressive intrinsic stress, as the film 

is constrained by the substrate to which it is adhered [36].  This assumes the voids in 

the film are empty; in humid environments, moisture may partially fill the voids in 

the film microstructure, shifting the intrinsic film stress in a more compressive 

direction. 

Through design and control of the deposition process, including incidence 

angles of vapor, substrate temperature, coating chamber pressure, deposition rate(s), 

Porous 
(Tensile) 

Dense 
(Compressive) 
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and the presence of energetic ions to modify the depositing film, the intrinsic film 

stress may be modified as needed.  However, the impact of any process modifications 

must be considered on all other film properties of interest. 

 

2.5 Methods of Measuring Stress in Thin Films 

It is quite difficult to directly measure the stress of an evaporated optical 

coating, since the optical coating is deposited on a substrate that influences the 

observable strain in the film.  Additionally, techniques such as X-ray Diffraction 

(XRD) relying on measurements of the crystalline structure of the film are 

ineffective, since such a structure is rarely preserved in an evaporated coating.  

Instead, the stress is calculated based on its deflection of the substrate measured with 

respect to the substrate’s initial surface flatness, i.e. the curvature induced on the 

sample, as a result of the film and substrate being contacted over the entire surface.  If 

the film is in a state of tensile stress, the surface of the substrate on which the film is 

located will have a concave surface curvature, while a state of compressive stress will 

yield a convex curvature. 

Equation 2.2 by Stoney correlates the measured radius of curvature of a 

substrate to the stress in a thin film.  The very low magnitude of the sag of the coated 

surface tends to require that optical methods be used to determine the change in 

curvature of the substrate.  Since porous, electron-beam-deposited films are being 

evaluated, it is important to control the measurement environment for relative 

humidity and even temperature.  
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The first method of measuring the curvature of a surface due to film stress is 

the bending-beam method [37, 38].  This measurement technique requires a 

specialized substrate that has a high aspect ratio in both length:width and 

length:thickness, such that film stress leads to essentially a 1-D bending of the 

substrate.  By fixing one end of the beam as shown in Fig. 2-8, stress in the film on 

the surface will lead to a bending along the length of the beam, deflecting the free end 

of the beam significantly.  

 

 

 

 

 

If an array of light beams is reflected off the surface of the substrate, such as a 

laser source that has undergone multiple reflections, then each reflection will obey the 

law of reflection and be displaced accordingly on a CCD detector.  By monitoring the 

Fig 2-8 – Bending-beam method of measuring in-situ film stress.  Reflected 
rays of light from the deflected beam may be used to determine the radius of 
curvature of the beam.  The film stress may then be calculated using equation 
2.2. 



28 
 

displacement of each reflection, the curvature of the substrate can be calculated and 

the film stress can be determined. 

The second method of measuring the curvature of the surface is by 

interferometric measurement of the coated surface.  Interferometry is a well-

established means of determining the deviation of an optical surface from flat or an 

ideal curve, such as for a lens [39].  By evaluating the interference fringes created 

between the reflections from the substrate and a reference flat, the deviation from flat 

can be calculated for a two-dimensional surface; by fitting a spherical surface to this 

deviation, an optical power component can be extracted that will be due to the stress 

of the film.  It is important to realize that interferometry is based on the phase of a 

wavefront reflected from a surface, and that coatings may alter the reflected phase, 

leading to errors in surface flatness determination [40].  Interferometry allows for 

very precise measurements to be performed, but the demands on the thermal stability 

of the optic and environment, the vibration damping of the supporting structures, and 

even the means of mounting optics all contribute to added complexity and difficulty 

in acquiring accurate measurements.  This is especially difficult within a coating-

chamber environment, where pumping vibrations, heating of the substrate, and 

distortions due to the chamber windows can lead to highly unstable fringes and an 

inability to perform a measurement.  Interferometry is suitable for highly accurate 

measurement of the coated substrate in a controlled environment, but during 

processing it is quite difficult to perform. 
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The use of a Shack-Hartmann sensor is simply an extension of the bending-

beam method of determining the curvature of a coated substrate.  A Shack-Hartmann 

sensor typically uses a large-aperture beam striking an optic, but then uses a means of 

sampling the wavefront from many different sub-apertures.  This is very similar to the 

bending-beam method, but it is then extended to a two-dimensional geometry.  Since 

there is not a path-length over which multiple beams must interfere, but instead the 

relative direction of the wavefront for each sub-aperture is compared, the use of a 

Shack-Hartmann sensor is suitable for both in-situ and post-processing 

measurements.  Since a 2-D array of data is acquired, this additional information 

improves the accuracy with which the curvature can be measured as well as the 

signal-to-noise ratio in this measurement. 

Stress, or more specifically strain allowing the calculation of stress, may also 

be measured in a thin film on a substrate by means of XRD measurements [37, 38].  

If the film is crystalline, the lattice constants of the film may be determined by XRD 

and compared to nominal values for the given crystal structure.  Compressive stress 

would be evidenced by a reduction in the lattice constant(s) in the plane of the 

substrate surface, while tensile stress would be indicated by an increase in the lattice 

constants in the plane of the substrate surface.  If the film does not exhibit crystalline 

properties that may be measured by XRD, a similar determination of film stress may 

be performed by evaluating the change in lattice constants of a crystalline substrate 

deformed by the film.  However, it is important to realize that the stress changes 

depend upon the substrate/film combination, so the use of a crystalline substrate for 
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this method will alter the stress in the film relative to that on a glass substrate.  

Electron-beam deposited films may have insufficient crystalline nature to be 

evaluated for the film itself, and other film characteristics, such as columnar size and 

spacing, may influence stress measurements.   

 

2.6 Time-dependence of Thin Film Stress (Aging) 

An important consideration for the deposition and usage of evaporated films is 

that the stresses in evaporated multilayers tend to change as a function of time, often 

exhibiting continued changes in film stress over durations of multiple months [7, 14, 

16].  This is a significant detriment for coatings that are not fully densified, since the 

final performance of the coating cannot be determined until the film stabilizes.  As a 

result, the coating process must be calibrated and the deposition carried out while 

trying to predict how the performance of the coating will drift in time, in order to 

realize the final properties desired for use after the aging has taken place. 

There are many potential reasons for the changes observed in thin-film stress.  

First, hydrolysis of the silica layers in a hafnia/silica multilayer will lead to a tensile 

shift in film stress [14, 16].  As water comes into contact with the film, dangling Si 

bonds in the silica structure lead to the formation of Si-OH bonds, creating 

electrostatic dipoles and resulting interactive forces [16].  These forces have been 

identified as a potential source of the relaxation from a compressive stress to a 

slightly tensile state of evaporated silica films [16].  It is important to note that this 

requires the penetration of the film structure by water, so porosity is required in both 
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the hafnia and silica layers to allow water to reach all silica throughout the coating 

thickness; this also means that densification of either hafnia or silica may be 

sufficient to avoid aging effects of the multilayer stress.  If only one material is 

densified, however, there cannot be exposed edges or defects in the film allowing 

penetration of water to the porous layers.  Otherwise, the aging profile will be altered, 

but not eliminated.  This is nearly impossible to achieve under practical deposition 

conditions, since this requires no defects in the film and the sealing of all edges, but 

such an approach could be adapted for specialized circumstances. 

Modifications to the crystal structure will also lead to increases in tensile 

stress, though this is less likely in relatively amorphous evaporated coatings.  This 

may be through annihilation of vacancies at grain boundaries, or growth in the size of 

crystallites as a result of higher surface energies [36].  In both instances, the film is 

constrained by the substrate, while the more ordered, densified crystalline structure 

becomes surrounded by less dense film material, leading to a more tensile film stress. 

The profile of stress aging as a function of time may vary, but its primary 

importance is typically in predicting the final performance of the coated component.  

Since the stress in evaporated coatings has been demonstrated to become more tensile 

over periods of up to 9 months, the ability to measure the surface of a coated 

component and predict its final performance is important for the practical production 

of evaporated coatings [7, 17].  Provided the shape of the aging curve is known, with 

an anticipated magnitude in stress shift, the final coating performance may be 
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predicted.  The sooner the expected surface flatness can be determined, with the best 

accuracy, the greater the throughput and confidence in the coatings being produced.   

 

2.7 Conclusion 

The microstructure of evaporated optical coatings is generally porous due to 

the low energy of the deposition process.  The structure of a film depends on the 

deposition geometry, substrate type and finish, and deposition process parameters.  

Development of a deposition process requires establishment of the substrate 

temperature, chamber pressure, deposition rates, and other process parameters, all of 

which influence the resulting structure of the film.  Control of the porosity and 

structure of the film is important in order to establish the mechanical, environmental, 

and optical performance of the film.  This may lead to the use of some means of 

adding energy to the deposition, such as by ion- or plasma-assisted deposition, or 

another means of altering the film properties in order to achieve the desired film 

properties. 
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CHAPTER 3 

EVOLUTION OF STRESSES IN EVAPORATED 
MONOLAYERS 

 
3.1 Introduction 
 

Evaporated thin films undergo stages of growth, including island formation 

and coalescence, leading to inhomogeneities in the achieved film density.  

Consequently, not only is the refractive index of the film influenced by the changing 

film structure, but the average film stress is also a function of the thickness of the 

film.  The nature of the surface used for film formation, including the substrate or any 

previous layers deposited, is expected to significantly influence the film being formed 

and its resulting stress.  Initially, the growth of the film may be evaluated on a 

substrate surface for comparison among different film materials and subsequent 

mechanical characterization of the stress in each.  Eventual application in a multilayer 

coating will require refinement of the film stresses to take into account the influence 

of the surface structure upon which the coating is condensing, and any influence on 

surface mobility and densification to which this may lead. 

Evaporated hafnia tends to possess a highly columnar microstructure, with an 

inhomogeneous refractive index dependent on the processing conditions; this would 

lead to an expectation of a corresponding inhomogeneity in film stress, due to the 

changes in film density [1-2].  Silica tends to be far more amorphous, with a 

relatively homogeneous film structure and refractive index [3-4].  Aluminum oxide 
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will also be evaluated for potential use in modifying hafnia/silica stresses, as it is a 

high-bandgap material that forms relatively dense evaporated layers [5].  This 

absence of a columnar microstructure will also tend to lead to alumina possessing a 

relatively homogeneous mechanical structure and corresponding film stress. 

The mechanical properties of the thin-film materials, particularly the 

coefficient of thermal expansion and the biaxial modulus, can be used to calculate the 

thermal stresses which arise in the coated layer.  Accurate measurements for the film 

properties are difficult to acquire, but values from Thielsch et al shown in Table 3-1 

appear to be most relevant to the 200º C evaporation process being used in this work, 

since the films were deposited by evaporation [6].   

Material   

Coefficient of 
Thermal 

Expansion (x 10-

6 K-1)   

Biaxial 
Modulus 

(GPa) 

     HfO2 
 

3.6 
 

260 
SiO2 

 
3.1 

 
86 

Al2O3 
 

8.18 
 

94 
 

 
Table 3-1 - Mechanical properties of thin-film materials for use in 
calculating thermal stresses [6].  These values were measured using 
films deposited with reactive evaporation at 300º C (HfO2) and 
plasma-ion-assisted evaporation (SiO2 and Al2O3). 

 

Using the values shown in Table 3-1, the thermal stress can be calculated for 

deposition on a fused silica substrate (α
S
 = 0.57 x 10-6 K-1) using Eqn. 2.3, assuming 

∆T = 180º C for a 200º C deposition process [7].  This results in tensile thermal 
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stresses of 142 MPa, 39 MPa, and 129 MPa for hafnia, silica, and alumina, 

respectively. 

 

3.2 Deposition Procedure 

Thin-film depositions were performed in a 54-inch coating system configured 

similar to that shown in Section 2.2.  Hafnium metal was evaporated from a water-

cooled, 6-pocket electron-beam gun and oxidized as it condensed at the substrate 

surface by backfilling the vacuum chamber with oxygen gas to a designated pressure.  

Alumina was also deposited from a 6-pocket source, while silica was deposited from 

a continuously-rotating pan-type electron-beam gun, to avoid tunneling from the 

development of conductive paths through the evaporant.  Substrate heating was 

maintained with a closed-loop controller, 12kW quartz heater lamps, and a 

thermocouple in the chamber calibrated to the actual substrate temperature in order to 

maintain a substrate temperature of 200º C.  Deposition was performed on (5) 25.4-

mm-diam x 0.25-mm-thick fused silica substrates placed in the planetary rotation 

system for each material deposition, to ensure consistent film thickness between the 

different samples, as well as an averaging of different deposition rates and evaporant-

flux-arrival angles. 

A shuttered fixture was installed to allow only (1) 1-inch diameter, fused-

silica substrate to be exposed at any given time, such that multiple film thicknesses 

might be evaluated in each vacuum cycle of the chamber.  Individual layers were 
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deposited by electron-beam evaporation, under identical processes and within the 

same vacuum cycle according to the deposition parameters outlined in Table 3-2.  

Additional depositions were performed in other vacuum cycles, to provide 

intermediate conditions as a means of confirming the previously-calculated values.  

 

Material Rate (nm/s) 
Oxygen Backfill 

Pressure (Torr) 

Electron-beam 

Voltage (keV) 

Hafnia 0.15 8.0 x 10-5 7.5 

Silica 0.46 - 6.0 

Alumina 0.20 8.0 x 10-5 7.5 

 
Table 3-2 – Process parameters for electron-beam deposition of single-layer coatings. 

 
 
 

Individual layers were deposited using calibrated quartz crystal monitors 

connected with a feedback loop to the electron-beam guns to maintain stable film 

growth rates and to provide layer endpoint determination.  Thin layers provide 

minimal deflection of substrates under expected film stresses, leading to greater 

inaccuracies in the determined film stress.  In order to minimize these errors, the 

thinnest substrates deemed practical (0.010” thickness) were utilized for these 

depositions. 
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3.3 Measurement Procedure 
 

Surface flatness of the coated fused silica samples was evaluated using a Zygo 

New View white light interferometer.  The interferometer was equipped with a 1X 

objective in order to provide a nominal 12mm field of view, improving sensitivity to 

low-order surface deviations (optical power) by sampling the maximum area on the 

substrate.  The rear (uncoated) surface of the substrate was measured to avoid optical 

phase effects of the coating.  Sample humidity was controlled using a nitrogen-purged 

enclosure surrounding the interferometer, and measurements were tracked relative to 

the aging time since deposition, in order to account for changes in material stresses as 

a function of time.  Substrates were measured prior to deposition, to subtract any 

initial deviation from a flat surface.  Substrates were oriented rotationally for all 

measurements, to best maintain alignment of the surface topography for 

measurements before and after coating.   

 

3.4 Evaluation 

The measurements of surface flatness were used to calculate the stress in the 

thin-film coating using Stoney’s equation (2.2).  Stresses in the various samples were 

evaluated over months of aging to determine the relative shift in stress as a function 

of time.  All samples were stored in ambient laboratory conditions, to evaluate actual 

aging conditions for coated components, while all measurements were performed 

after a 15-h purge in a nominal 0% relative humidity nitrogen atmosphere.  

Sensitivity of the measurement is quite difficult for thin layers, due to the minimal 
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deflection of the substrate surfaces, but accuracy is estimated at ±10 MPa.  Evaluation 

of the different constituent materials under different deposition conditions may then 

be used to provide guidance on the development of low-stress multilayer coatings. 

 

3.5 Results 
 

The hafnia films studied exhibited film stresses as shown in Figure 3.1.  

Evaporated hafnia films condense in a porous, columnar microstructure leading to 

significant voids in the film, forming tensile stresses.  In addition, it is apparent from 

Figure 3.1 that the stresses in hafnia change as a function of the layer thickness, with 

the initial island formation and coalescence corresponding to the 45-90 nm layers.  

The tensile stress decreases for thicker hafnia layers, with material deposited beyond 

100 nm layer thickness exhibiting a consistent film stress.  The influence of the stress 

in the 45-nm thick monolayer leads to a radius of curvature of 0.010” (about 250µm) 

thick substrates of greater than 100m, making the accurate determination of the film 

stress quite difficult. Given this difficulty in measuring the stress in such thin layers, 

the relative accuracy of the stress measurements is likely reduced to approximately 

±15 MPa, based on consistency in the measured film stress.   
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Figure 3-1 – Stresses in hafnia monolayers of different thicknesses.  Note that hafnia begins 
highly tensile, with thicker layers becoming less tensile.  The stresses in hafnia exhibit minimal 
aging effects when following a given layer thickness with respect to time.  The thickest films 
approach the thermal stress calculated for hafnia in Section 3.1 (142 MPa) 

 

In each individual layer thickness, the stress measured is the composite stress 

of the overall layer thickness, consisting of an initial thin layer from film nucleation 

and film growth from subsequent evaporant coalescence.  In this way, it can be 

inferred that the final material deposited is slightly less tensile than the composite 

measured stress, while the initial material on the substrate is more tensile than the 

overall stress. 

Silica films exhibit a slightly-compressive film stress as shown in Figure 3.2.  

Film growth appears to have less of an influence on the magnitude of the silica stress, 

likely because the structure of silica remains amorphous while hafnia has a columnar 
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microstructure.  Even with the generally amorphous film morphology, there remains a 

shift from a more compressive state for thin silica layers to a near-neutral state for 

thicker silica layers.  This implies that self-shadowing of the growing silica film, and 

a corresponding reduction in film density, is a likely influence on the functional 

relationship between silica film stress and thickness.  However, it is still important to 

recognize that the relative accuracy of thin-layer stresses is such that the uncertainty 

in such measurements is quite high (± 15 MPa) and will increase as the layer 

thickness is further reduced.  Based on the results shown in Figure 3.2, the stresses of 

silica in a multilayer are expected to be relatively negligible, unless the layers are 

quite thin; if the layers are sufficiently thin that there are larger stresses, it is likely the 

overall contribution to the multilayer stress will be low, since the impact on the 

multilayer stress is a function of the product of the stress and layer thickness.  

Relative to hafnia, the influence of silica to the overall stress of the multilayer is 

approximately an order of magnitude less.  Furthermore, provided the multilayer is 

deposited on a fused silica substrate, the thermal stress component due to silica is 

essentially neutral, and therefore negligible in the overall composite stress. 
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Figure 3-2 – Stresses in silica monolayers of different thicknesses.  Note that silica begins 
compressive, with thicker layers gradually becoming more neutral.  The calculated thermal 
stress of 39 MPa differs slightly from the measured stresses shown.  

 

Single layers of different thicknesses of alumina were found to exhibit a 

tensile stress as shown in Figure 3-3.  There is a significant aging effect apparent in 

the stress of alumina, though the shift is in the compressive direction, unlike silica.  

The difference in the final stress of alumina relative to silica may be due in large part 

to the fact that the thermal expansion properties of silica match much more closely 

those of the fused silica substrate, while the thermal expansion of alumina is much 

larger than that of silica, leading to a tensile stress within the alumina.   
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Figure 3-3 – Stresses in alumina monolayers of different thicknesses.  Note that alumina is 
highly tensile after deposition, and continues to age in a more-neutral direction.  There is 
much less dependence of the film stress on the coating-layer thickness.  The calculated 
thermal stress of 129 MPa for alumina differs somewhat from the measured values, 
suggesting additional sources of film stress are present.  

 

While it appears that the 40nm film shown in Figure 3-3 is more neutral than the 

other thicknesses, it is expected that this is due to the greater error in stress 

determination for the significantly longer radius of curvature of the coated substrate. 

 
 
3.6 Conclusions 
 

Thinner hafnia layers exhibit greater tensile stresses than thick hafnia layers.  

Therefore, in order to shift multilayer stresses in a compressive direction, the coating 

designs should minimize the presence of thin hafnia layers.  Hafnia is the most tensile 
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of the 3 materials evaluated, and it also exhibits the least change in stress as a 

function of time since deposition.  Relative to the other materials evaluated, hafnia is 

the primary contributor leading to tensile multilayer stresses. 

Both silica and alumina become more neutral as the time since deposition 

increases.  Silica remains neutral to slightly compressive, while alumina stabilizes to 

a neutral or slightly tensile state.  The aging effects of both coating materials are 

significant and must therefore be taken into account when evaluating critical optical 

components, with measurements of evaporated silica or alumina films shortly after 

deposition being impractical. 
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CHAPTER 4 
INFLUENCE OF ELECTRON-BEAM 

DEPOSITION PROCESS ON HAFNIA FILM 
PERFORMANCE 

 
 

4.1  Introduction 
 

The work described in Chapter 3 focused on understanding the influence of 

the individual materials on the composite film stress.  As shown in Fig. 3-1, 

evaporated hafnia possesses a significant tensile film stress, allowing one to conclude 

that any multilayer incorporating evaporated hafnia as deposited may result in a 

composite tensile film stress, unless the other materials used in the coating are highly 

compressive.  Through changes to the deposition process, however, the individual 

material stresses may change and the overall stress may be modified in magnitude 

and/or direction.  Any changes in the deposition process, though, must be done in a 

manner that preserves the laser damage resistance of the hafnia material when using 

the coatings in high-peak-power applications. 

The bandgap of hafnia as discussed in Section 2.1 is in the ultraviolet (5.4 

eV), and as this bandgap is approached with increasingly higher-energy photons, the 

laser damage threshold becomes more sensitive to material absorption and less 

dominated by deposition defects and film inclusions.  Laser damage testing nearer the 

bandgap of the material enables increased sensitivity to process changes that may 
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alter the film absorption, leading to a better understanding of how to improve the 

laser resistance of the material based on the relative effectiveness of different process 

conditions.  By studying the influence of process changes on the laser damage 

resistance of hafnia, a greater understanding is gained of the acceptable ways in 

which the process can be changed for use in a high-peak-power laser system.  Such 

changes may also need to be evaluated for film stresses, if the coating is sufficiently 

thick and/or the substrate and use environment warrants. 

In this work, the influence of deposition rate and oxygen backfill pressure on 

the UV laser damage resistance of hafnia monolayers and multilayer films containing 

hafnia is studied.  Experimental results for the effects of deposition parameters for 

hafnia are presented, incorporating both laser-damage-resistance data and information 

on crystallinity within the film structure.  Substantial improvements in the 

performance of hafnia/silica coatings may be realized through modification of 

deposition parameters, but the ability to achieve optimal photometric, stress, and laser 

damage performance simultaneously remains the goal of this work.  

 
4.2 Experimental Procedure 

Thin-film depositions were performed in the 56-inch coating system described 

in Section 2.2.  Hafnium metal was evaporated from a water-cooled 6-pocket 

electron-beam gun and oxidized as it condensed at the substrate surface by backfilling 

the vacuum chamber with oxygen gas to a designated pressure.  Silica was deposited 

from a continuously-rotating pan-type electron-beam gun, to avoid tunneling from the 
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development of conductive paths through the evaporant.  Substrate heating was 

maintained with a closed-loop controller, 12kW quartz heater lamps, and a 

thermocouple in the chamber calibrated to the actual substrate temperature.  

Substrates were placed in the planetary rotation system, to ensure consistent film 

thickness between the different samples, as well as an averaging of different 

deposition rates and evaporant-flux-arrival angles.  Deposition rate control was 

maintained by 4 water-cooled quartz-crystal monitors rate-averaged with an Inficon 

IC5 deposition controller. 

Monolayers of hafnium dioxide were deposited on cleaved 50mm x 25mm x 

6-mm-thick float glass samples and polished 50.8-mm-diam x 2-mm-thick fused 

silica substrates in a shuttered planetary fixture, enabling the deposition of 4 unique 

sets of process conditions in a given pumping cycle.  The cleaved float glass 

minimizes substrate influence for laser damage testing [1].  The fused silica sample is 

suitable for spectral testing, X-ray diffraction measurements, and cross-section 

scanning-electron microscopy evaluation. 

Process conditions were varied for deposition rate and oxygen backfill 

pressure as described in Table 4-1, while substrate temperature was maintained at 

200º C for all depositions.  Deposition rates were reduced from the standard rate of 

1.2 Å/s to as low as 0.1 Å/s.  A chamber pressure of 4 x 10-4 Torr is the maximum 

pressure for operation of the electron-beam guns, while pressures below 1 x 10-4 Torr 

lead to significant absorption in the hafnia. 
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Sample 

O2 Backfill Pressure 

(Torr) 

Deposition Rate 

(Å/s) 

A 1 x 10-4 1.2 

B 1 x 10-4 0.9 

C 1 x 10-4 0.6 

D 1 x 10-4 0.3 

E 2 x 10-4 1.2 

F 2 x 10-4 0.9 

G 2 x 10-4 0.6 

H 2 x 10-4 0.3 

I 4 x 10-4 1.2 

J 4 x 10-4 0.9 

K 4 x 10-4 0.6 

L 4 x 10-4 0.3 

M 2 x 10-4 0.1 

N 2 x 10-4 0.2 

 

 

 

4.3 Results 

The samples described in Table 4-1 were characterized for their laser damage 

resistance at 351nm, using a 0.5-ns pulsed laser in a standard testing procedure [1-2].  

Samples were tested in both 1:1 and N:1 modes, with multiple threshold 

measurements used to establish a mean and standard deviation for each sample.  

Results are shown in Fig. 4-1.   

Table 4-1 – Sample identifiers A–N are assigned to fused silica substrates coated 
with 1 full-wave optical thickness of hafnia at one of six different deposition 
rates while using one of three oxygen backfill pressures. 
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The results of the laser damage testing indicate two primary features of 

interest.  First, there is a distinct increase in the laser damage threshold as the 

deposition rate is decreased.  Deposition rates of 0.2 and 0.1Å/s exhibited damage 

thresholds within the measurement uncertainty of each other, indicating that rates 

below 0.2Å/s are not likely to be beneficial.  Second, the laser damage resistance at 

higher deposition rates is independent of the oxygen backfill pressure in the two 

“typical” conditions (1x10-4 and 2x10-4 Torr), but moving to 4x10-4 Torr provided a 
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Fig. 4-1 – Measured laser damage resistance of hafnia monolayers at 351nm, 0.5-ns 
pulselength, tested in 1:1 mode.  Note the strong dependence on O2 backfill at low deposition 
rates, with the slowest depositions and the greatest O2 backfill leading to the highest laser 
damage thresholds. 
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substantial benefit.  This likely indicates that the improvement in damage resistance is 

not strictly due to oxygen/hafnium adatom arrival ratios, and a resulting improvement 

in film stoichiometry, but some other effect of the relative deposition rates, such as 

film density.  If this were due to arrival ratios, one would expect that each increase in 

available oxygen would lead to improved laser damage resistance.  Hacker et al argue 

that oxygen in excess of that needed for stoichiometric oxides provides a further 

benefit to laser damage resistance; additional film porosity resulting from evaporant 

flux collisions with a high oxygen backfill pressure may provide a mechanism for 

additional oxygen incorporation in the film [3].  This excess oxygen influences the 

behavior of absorptive regions in the film undergoing heating during laser 

interactions, as well as during recrystallization and oxidation/reduction reactions.  It 

may saturate regions susceptible to damage, providing excess oxygen during melting 

and cooling which increases the probability for the formation of stoichiometric 

material. It is also possible there is simply a benefit to the lower density film, which 

would be achieved in a poor vacuum resulting from a gas other than oxygen, since 

localized defects can be easily ejected with minimal disruption to the surrounding 

film structure.  Conversely, at very low deposition rates there is a significant 

dependence on oxygen backfill pressure, denoting the absence of this other effect.  

The reason for this sudden improvement is not known, but may relate to the 

interaction of hafnium nanoclusters during formation or in the surrounding film 

structure with the available oxygen.   Further investigation is necessary to better 

understand this phenomenon.  As the deposition rate is decreased, and the presence of 
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these localized defects is reduced or eliminated, the absorption in the film becomes 

the limiting damage criterion and the presence of additional oxygen further improves 

the film stoichiometry. 

 

4.4 Influence of Deposition Rates on Hafnia Film Properties 

Changes in hafnia properties were evaluated in terms of refractive index, 

porosity, and crystallinity, as well as film microstructure.  The presence of different 

material phases and inclusions is of particular interest, since such differences may 

significantly impact the laser damage resistance of the material.   

Spectral measurements were performed on all fused silica samples from Table 

4-1 at 40% relative humidity using a Perkin Elmer Lambda 900 spectrophotometer 

operating in a normal-incidence transmittance configuration.  The transmittance 

measurements for the coated samples are shown in Fig. 4-2. 

In order to better understand the material changes in the hafnia, samples were 

prepared for cross-section TEM, to provide high resolution imaging of the film 

growth structure.  Samples were prepared from multilayers consisting of hafnia layers 

deposited at 0.3 – 1.2 Å/s alternated with identical silica layers, in order to determine 

the influence of changing process conditions within a single sample.  Images of 

hafnia layers deposited at rates of 0.3 and 1.2 Å/s are shown in Fig. 4-3. 
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Figure 4-3 – (a) TEM image of hafnia deposited at 1.2Å/s in an O2 backfill of 2.0 x 10-4 Torr.  
Columns are relatively distinct and perpendicular to the substrate surface.   
(b) TEM image of a layer consisting of hafnia deposited at 0.3Å/s in an O2 backfill of 4.0 x 10-4 
Torr.  Columns are not as distinct (more branching), and the film exhibits a greater porosity 
than that deposited at a higher rate.  Image is in darkfield, 126nm x 126nm. 
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Further analysis of the hafnia layers was undertaken in the TEM to better 

understand the film structure.  Both selected area electron diffraction and micro-

diffraction, with a spot size on the order of 2nm, were utilized in an attempt to 

ascertain the presence of any crystalline nature to the hafnia material.  Neither method 

was able to distinguish the presence of crystallites, though this may indicate that this 

method is not sufficiently sensitive on the thin TEM samples to properly evaluate 

crystalline content of such films. 

Finally, X-ray diffraction (XRD) measurements of the hafnia films on samples 

“E” and “H” were collected using a Phillips MRD diffractometer with a CuKα 

source, in order to evaluate the crystallinity of the hafnia structure.  The coated 

sample was oriented in a near-grazing incidence configuration, with the incident 

angle θ = 2.2º and the diffracted angle 2θ incremented in steps of 0.02º, with a 13-s 

integration time at each position.  The resulting scans are shown in Fig. 4-4. 

It is expected that nano-clusters or crystallites would exhibit the crystalline 

nature of either the hafnium source material or would be oxidized like the hafnium 

dioxide film, so these signatures were sought in the diffraction patterns.  In addition, 

the size of the crystalline inclusions may be determined based on the peak broadening 

given by Scherrer’s equation [4]: 
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where t is the crystallite size, λ is the wavelength of the x-ray illumination, B is the 

breadth of the diffraction peak in radians, and θB is one-half the diffracted angle (2θB) 

of the x-ray radiation. 

 

 
 

 
 

  4.5 Laser Damage Performance of Hafnia/Silica Multilayers 

A mirror was deposited using the results of the monolayer testing with the 

goal to provide a greater ability to withstand high laser fluence at 351nm.  Such a 

mirror typically consists of alternating quarter-wave optical thicknesses of hafnia and 

silica, such that constructive interference leads to greater than 99% reflectivity of the 
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Fig. 4-4 – X-ray diffraction analysis of hafnia films deposited on silica substrates.  Samples were 
measured in a grazing-incidence configuration, with θ = 2.2º and 2θ incremented in steps of 0.02º, 
with a 13-s integration time at each position.  The signal is smoothed with a boxcar average, to 
clarify the diffraction peaks.  As the deposition rate is increased, there is a clear increase in the 
crystalline signature for the film. 
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incident intensity.  Silica monolayers have been tested previously, and the laser 

damage resistance is significantly higher than that of hafnia [1].  The highest laser 

damage resistance for a hafnia monolayer in this study was achieved with the lowest 

deposition rates and highest achievable oxygen backfill pressure.  However, in order 

to reduce scatter in a thicker multilayer film, the oxygen backfill pressure was 

initially limited to 2.0 x 10-4 Torr. 

A 23-layer mirror design as detailed in Appendix B achieved the desired 

reflectance at 351nm at near-normal incidence.  The spectral performance of the 

deposited mirror is shown in Fig. 4-5, which is slightly thinner than the targeted 

351nm central wavelength.  Hafnia was deposited with a rate of 0.3 Å/s and an 

oxygen backfill pressure of 2.0 x 10-4 Torr. 

Laser-based reflectometry measurements at 351nm indicate that the specular 

reflectivity of the mirror is 99.2%, with an approximate 0.5% loss due to scatter from 

the porous film structure.  Laser damage testing of this multilayer at 351nm, 0.5ns 

pulselength, yields an N:1 threshold of 9.73 ± 1.09 J/cm2, while the 1:1 procedure 

results in a threshold of 9.31 ± 0.32 J/cm2.  By comparison, 16 hafnia/silica 

multilayers prepared with the standard process between 2002 and 2005 (hafnia 

deposition rate of 1.2 – 1.5 Å/s) at the Laboratory for Laser Energetics yielded 1:1 

damage thresholds of 1.16 – 5.64 J/cm2, with an average threshold of 3.36 J/cm2.  

Even when targeting defects in the improved mirror, the laser damage resistance is 

substantially higher than that of any comparable mirror previously produced. 
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A 31-layer suppressed-electric-field design as detailed in Appendix B was 

selected to further improve laser damage resistance in the hafnia layers [5].  The 

slow-rate deposition technique provides great flexibility in depositing the coating 

design, since deposition rates and/or oxygen backfill pressures are readily varied for 

each layer deposited.  More rapid deposition may be utilized for layers interacting 

with lower amplitude electric fields, providing not only faster processing, but also 

minimizing the number of necessary layers and decreasing the surface roughness and 

associated scatter.   The electric field profile of the outermost 14 layers of this design 

is illustrated in Fig. 4-6, indicating the deposition rates of any reduced-rate hafnia 
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Fig. 4-5 – Spectral performance of a 23-layer mirror designed for near-normal 
incidence at 351nm and produced using the slow-rate, high-pressure 
deposition process. 
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layers, all of which were deposited with an oxygen backfill pressure of 4 x 10-4 Torr.  

Laser damage thresholds of this coating undergoing N:1 testing reached 13.13 ± 1.15 

J/cm2, while the 1:1 procedure resulted in a threshold of 12.11 ± 0.51 J/cm2.   

 

 
 

 
 

This testing led to the deposition of production transport mirrors (UVHR1 and 

UVHR2) for the Omega EP laser system at the University of Rochester Laboratory 

for Laser Energetics (LLE).  Coatings were produced on BK7 substrates with a 

Electric Field Profile in Reduced E-Field High Reflector
28º incidence, p-polarized at 351nm
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Figure 4-6 – Time-averaged electric field squared in the outer 14 layers of a hafnia/silica 
reflector.  The hafnia layer thicknesses are reduced from typical quarter-wave optical 
thicknesses in the outer layers in order to shift the peak electric fields into the more 
damage-resistant silica layers.  The deposition process is also adjusted to provide 
maximum laser damage resistance in regions of the highest standing-wave electric field 
amplitude. 
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measured N:1 laser damage resistance at 351nm, 0.5ns pulse duration, ranging from 

9-16.63 J/cm2.  Additionally, a strong dependence of laser damage threshold with 

respect to relative humidity was noted.  The measured laser damage threshold of a 

single sample changed from 13.08 to 16.63 J/cm2 as the relative humidity of the 

testing environment increased from 24 to 44%, respectively, indicative of the strong 

influence of film porosity on coating performance. 

 

4.6 Analysis of Results 

The spectral transmission measurements of all of the samples in Fig. 4-2 were 

analyzed by fitting the measured data to a Sellmeier dispersion relationship, given by 

[6]: 
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where n is the wavelength-dependent real part of the index of refraction, λ is the 

wavelength, and Ai are the calculated constants allowing the experimental data to be 

fit.  The refractive index data and film thickness can be used to directly determine the 

theoretical transmittance of the coating by any of the standard film performance 

calculations or software [6]. The real part of the refractive indices determined for 

each of the samples is depicted in Fig. 4-7.   

It should be noted that a reduction in deposition rate decreases the real 

refractive index, while an increase in the oxygen backfill pressure further decreases 
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the real refractive index.  This decrease in refractive index indicates a change in the 

density of the film, which correlates with an increase in film porosity.  This may be 

observed by the change in the mechanical stability of the material (samples at low 

deposition rates and high backfill pressures are fragile and cannot be cleaned with 

contact methods), modeling of the refractive index as a mixture of hafnia and air with 

an effective medium approximation, and the influence of relative humidity on the 

film’s optical thickness, which increases for highly porous films. 
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Fig. 4-7 – Modeled refractive indices for each of the hafnia-coated samples indicate a 
dependence on O2 backfill and deposition rate.  An increase in the O2 backfill significantly 
reduces the hafnia refractive index (samples A-D, increased to E-H, then finally I-L), while a 
decrease in the deposition rate provides a lesser reduction in refractive index (decreasing 
rate through each group of 4 samples at constant backfill pressure).  Samples prepared with 
a backfill pressure of 4.0 x 10-4 Torr (samples I-L) appear to have an abnormal dispersion 
curve, with a relatively poor fit to the Sellmeier function.  This is likely due to the presence of 
scatter at shorter wavelengths, which also reduces transmittance. 
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X-Ray Diffraction Analysis 

The first goal in evaluating the films with X-ray diffraction (XRD) is to detect 

the presence of crystalline nano-clusters, but of equal importance is the identification 

of the phase of any film inclusions.  The presence of a metal inclusion, versus an 

oxide inclusion, should significantly affect the absorption, thermal conductivity, and 

resulting influence on laser damage resistance for the component.  While samples “E” 

and “H” exhibit a clear difference in crystallinity, as illustrated in Fig. 4-4, the overall 

magnitude of the diffraction peaks remains quite low as evidenced by the relative 

degree of noise surrounding the peaks.  The presence of clear diffraction peaks in 

sample “H” permits a much more conclusive determination of the phase content in 

the crystalline inclusions.  This diffraction scan had the background removed and 

phase identification performed in Philips X’Pert HighScore XRD software [7].  Peak 

locations clearly indicate that the crystalline phase present is hafnium dioxide, not 

hafnium metal. 

The breadths of the peaks present in the scan of sample “H” were determined, 

in order to calculate the size of the crystalline inclusions.  The peak at 34.59º provides 

a breadth of 0.47º, though this is actually a double-peak as indicated in hafnia 

reference file 78-0049 of the ICDD database.  The peak at 31.44º is a clear single 

peak, with a width of 0.96º.  This leads to a calculated crystallite size of 9.7nm, in 

good agreement with the maximum 10-nm inclusion size determined by thermal 

modeling of laser damage morphology [2]. 
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It is clear that the changes in deposition parameters of evaporated hafnia films 

significantly alter the refractive index, crystallinity, and laser damage resistance.  

XRD allows quantitative analysis of the film structure, leading to the conclusion that 

higher deposition rates lead to crystalline inclusions of hafnium dioxide within the 

amorphous structure.  The presence of smaller nano-cluster inclusions of hafnium 

metal has been hypothesized based on laser damage morphology, but the signature of 

such inclusions was not observed in the XRD measurements nor was it apparent in 

the electron-diffraction work.  If these nano-clusters are the precursor of damage, then 

the decrease in deposition rate must be correlated with a reduction in the absorption 

cross-section of the nano-clusters.  It is likely that such a change would result from a 

decrease in the mean size of the nano-clusters contained within the film, or potentially 

a modification in the thermal coupling of the cluster to the surrounding hafnia matrix. 

A sufficiently gentle evaporation, with a source temperature held very close to the 

evaporation temperature of the material, may provide insufficient energy for the 

ejection of nano-clusters as previously hypothesized and improves the overall laser 

damage resistance of the material. 

The high oxygen backfill pressure can be expected to cause coating molecules 

to scatter during travel from the source to the substrate, since the purpose of the 

vacuum is to increase the mean free path of the coating molecules to avoid this effect.  

By increasing the oxygen pressure, a greater percentage of the coating molecules 

(vapor) will be scattered and the film will condense with less energy at the substrate 
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surface [8].  This energy reduction leads to a more porous film with reduced 

mechanical integrity, but with significantly improved laser damage resistance.   

The porosity and resulting influence on the optical properties of the film may 

explain the relationship between relative humidity and film performance, as past 

experience with traditional hafnia/silica multilayer coatings has shown a decrease of 

approximately 2.7% in optical thickness for films in nominal 40% relative humidity 

versus purged or vacuum environments with approximately 0% relative humidity.  

This would lead to changes in the standing-wave electric field profile, altering 

intensities within the layers and the corresponding damage thresholds.  However, it is 

also possible that the presence of additional moisture increases the available oxygen 

within the film, decreasing both the hafnium-to-oxygen ratio and the absorption [3]. 

It is expected that chamber geometry and electron-beam sweep pattern play a 

significant role in the rate dependence of hafnia deposition.  If the nano-cluster 

explanation is accurate, then chamber geometries that provide a greater deposited film 

rate for an equivalent source heating would lead to a shifting of the inflection point in 

the damage graph to higher deposition rates.  If the absorption and subsequent 

damage are primarily due to film non-stoichiometry, then higher deposition rates due 

to changing geometry should lead to further reductions in laser damage resistance as 

oxidation becomes more incomplete.  Further investigation of the film structure due 

to the process modifications, as well as the fundamental cause of the change in laser 

damage resistance, are necessary to better understand and utilize these results. The 

laser damage testing of the samples processed under different deposition conditions 
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clearly suggests that multiple factors are influencing the damage resistance of the 

layers.  It is hypothesized that at higher deposition rates, nano-clusters of hafnium 

metal are ejected from the source and embedded within the growing film, reducing 

the laser damage threshold of the material.  These clusters could be sufficiently small 

that oxidation is still complete, but the presence of the crystalline inclusion in the 

overall amorphous structure would lead to a degradation of laser damage resistance.  

By reducing deposition rates, the range of cluster sizes and the corresponding 

absorption cross-section would also be reduced, enhancing the laser damage 

resistance.  The manipulation of the film porosity and damage resistance through the 

use of deposition rate and oxygen backfill pressure provides the freedom to modify 

only those layers interacting with the highest-intensity electric fields, where laser 

damage initiation is most likely to occur.  The use of this process adjustment results 

in significantly higher laser damage resistance for multilayer hafnia/silica mirrors at 

351nm. 

 

4.7 Summary 

Hafnia films have been modified by manipulation of deposition rates and 

oxygen backfill pressures.  Evaluation of the film structure, laser damage threshold, 

porosity, refractive index, and crystallinity indicate changes in the growing film 

leading to alterations in the film performance.  Significant improvements in laser 

damage resistance are possible by altering the deposition process in selected layers, 

based on the standing-wave electric-field profile in the layers.  The increased porosity 
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of the layers is expected to shift the film stress more tensile, but this is relatively 

negligible when modifying a few layers in a multilayer coating.  
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CHAPTER 5 

INFLUENCE OF DEPOSITION CONDITIONS 
AND COATING DESIGNS ON HAFNIA/SILICA 

MULTILAYERS 
 

5.1 Introduction 

As noted previously, deposition conditions, including incident vapor angle, 

chamber pressure, deposition rate, and substrate temperature have a significant impact 

on the resulting film structure.  This dependence offers an opportunity to manipulate 

the film structure through process modification, with an expectation of altered states 

of stress in the deposited film.   

In this chapter, multilayers of hafnia and silica were deposited in order to 

evaluate the potential for modification of film microstructure and stresses using only 

traditional electron-beam evaporation.  Multilayers consisting of discrete layers of 

hafnia and silica have been previously deposited on fused silica substrates, and the 

achieved stress levels have been evaluated [1].  A past study by Leplan et al, as well 

as the monolayer results of Section 3.5, indicate that silica contributes a slight 

compressive stress to the overall state of the multilayer coating [2 - 3].  Since the 

multilayer stress remains significantly tensile, the resulting film stress of a 

hafnia/silica multilayer will be highly dependent on the high-index hafnia layer. 

In this chapter, multiple coating designs were analyzed with different 

hafnia:silica ratios, total thicknesses, and numbers of layer interfaces for each 
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deposition of a multilayer high-reflector coating.  Through evaluation of the 

wavefront distortion of a fused silica substrate and calculation of the film stress as 

described in Chapter 2, the influence of the design structure can be determined and 

the ability to influence the composite stress by manipulation of design parameters can 

be understood.  This must be done while maintaining, or preferably increasing, the 

laser damage threshold of the overall coating.  Based on the results of previous efforts 

in hafnia/silica stress modification, it is expected that the use of alternative designs 

and relative material content will not significantly affect the laser damage 

performance of the coating, provided peak electric fields are not significantly 

increased. 

The logic for adjusting specific process parameters in the manipulation of 

hafnia film structure rests on the basics of film formation.  Higher incident vapor 

angles lead to greater self-shadowing of the growing film, resulting in larger voids 

and more widely-separated columns in the film.  Higher chamber pressures result in a 

reduced mean-free path and a corresponding greater scattering of the hafnium vapor 

flux, with reduced kinetic-energy arrival at the substrate surface from a broader range 

of angles.  This effectively leads to a higher-incident-angle vapor with lower surface 

mobility, subsequently forming a less-dense film.  Higher deposition rates deplete the 

oxygen present in the deposition system, with a risk of increased film absorption due 

to sub-stoichiometric growth; this may also lead to a more dense structure resulting 

from the increased mean-free path for the evaporant.  Substrate temperature drives the 
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surface mobility of the condensing vapor, leading to increased film density for higher 

substrate temperatures.  

The difficulty posed by increasing angles and pressures is that both lead to 

more porous, tensile films, while denser, more compressive structures are difficult to 

achieve through these means.  Deposition systems are typically configured with 

modest vapor flux angles and effective vacuum pumping systems, making attempts 

toward more-normal vapor-flux arrival and significantly-improved levels of vacuum 

hard to achieve.  Changes in deposition temperature, as discussed in Section 2.4, will 

also modify the thermal stresses in the film, such that the net impact on stress is 

unknown.  The degrees of freedom associated with thin-film design and its impact are 

largely unknown as related to thin-film stress. 

Evaporated coatings such as hafnia form columnar structures that are typically 

characterized as being inhomogeneous relative to the deposited layer thickness [4].  

This gradient in film density results from the alteration of self-shadowing of the 

growing film as the formation of columns leads to a rougher surface.  Given that the 

film density and refractive index are thickness dependent, it may also be expected that 

the intrinsic film stress will vary with deposited thickness.  The Volmer-Weber model 

of film development, from island formation to coalescence and column growth, 

suggests that the changes in film structure as a function of thickness allow 

modification of film stress through manipulation of layer thicknesses [5-7]. 

Manipulation of film stress has been demonstrated by modification of the 

oxygen backfill present during the deposition of silica [2-3].  This is useful for 
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application on higher-thermal-expansion substrates in somewhat low relative 

humidity environments, but is limited for electron-beam evaporated hafnia/silica 

coatings for use in a vacuum environment.  The range of control of hafnia film stress 

will be explored by manipulation of deposition conditions, to determine the potential 

for multilayer evaporated coatings for use on low-thermal-expansion substrates in 

vacuum.  Given that hafnia film structure and stress is not expected to be independent 

of surrounding layers, multilayer depositions must be carried out to understand the 

influence of silica layers. 

 

5.2  Deposition Equipment and Configuration 

Films are electron-beam deposited in a 54” vacuum chamber pumped with a 

Stokes 212 roughing pump with blower and (2) CT10 cryopumps.  The chamber is 

equipped with a planetary substrate fixture containing five 13-inch planets optimized 

for rotational film uniformity through the use of appropriate gear ratios, as well as 

fixed uniformity masking to provide film thickness nonuniformity of less than 0.5% 

[8].  Substrate heating is provided by two 6kW quartz-lamp heater banks controlled 

by an Omega programmable temperature controller.  Deposition thickness is 

controlled by means of multi-point crystal monitoring, using three quartz-crystal 

monitors in close proximity to the substrate-coating plane, which are then averaged 

using an inverse-weighting algorithm in an Inficon IC5 deposition controller [1]. 

Substrates are positioned in custom fixtures contained within one 13-inch 

planet with a shutter mechanism allowing one complete set of substrates to be 
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exposed at any given time.  In this manner, the substrates for a number of different 

deposition conditions may be loaded into the coater simultaneously, pumped and 

heated to an appropriate pressure and temperature, and then each set of substrates 

may be coated in order.  It is only necessary to actuate the shutter between 

depositions, thereby covering the coated substrates and exposing a new set of bare 

substrates prior to the next deposition. 

Deposition is provided by two Telemark large-capacity electron-beam guns, 

which may be operated individually or simultaneously by a Temescal CV-8 power 

supply and controller.  The hearth of the first e-gun is configured with six 40cc 

pockets containing hafnium metal.  The second e-gun is equipped with a large, 400cc 

continuously-rotating pan suitable for use with silica or alumina granules.  Oxygen 

may be introduced into the chamber by means of an MKS 247c multi-setpoint 

pressure controller and valve. 

 

5.3  Experimental Procedure 

A “control” quarter-wave mirror was deposited consisting of 28 alternating 

layers of hafnia and silica centered at λ0 = 1053nm with a half-wave silica overcoat 

on fused silica substrates, using standard deposition temperature and evaporation 

rates.  Modifications to this coating process are then undertaken according to Table 5-

1, adding layers as needed to maintain a consistent reflectivity of the mirror.  Samples 

“E” and “F” have 18nm silica layers inserted between the thin layers of hafnia as 

shown in Fig. 5-1, to interrupt  the columnar film structure of the hafnia, replacing 
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each quarter-wave thickness of hafnia with 3 and 5 layers, respectively.  The layer 

thicknesses of all coating designs in Table 5-1 are given in Appendix C. 

 

 

Parameter Control A B C D E F

Substrate Temperature (ºC) 200 143 228 171 200 200 200

Hf evaporation rate (Å/s) 1.5 1.5 1.5 1.5 1.0 1.5 1.5

O2 during Hf evaporation ( x 
10-5 Torr) 8.0 8.0 8.0 8.0 5.0 8.0 8.0

SiO2 evaporation rate (Å/s) 4.5 4.5 4.5 4.5 4.5 4.5 4.5

O2 backfill during silica 
evaporation (Torr) None None None None None None None

Hafnia layer thicknesses 
(QWOTs) 1 1 1 1 1 0.45 0.26

Hafnia/Silica Process Modifications

 

 
 
 

Silica deposition parameters will remain consistent throughout this study, with the 

exception of substrate temperature which will affect both materials.  For each set of 

deposition parameters, a 25-mm-dia x 1-mm-thick fused silica substrate was coated 

for evaluation of film stress, as well as a 50.8-mm-dia x 2-mm-thick fused silica 

substrate for spectral and electron microscopy evaluation. 

Table 5-1 – Deposition process conditions for the various samples to be investigated in this study.  
Manipulation of deposition temperature, hafnia deposition rate (while maintaining the 
hafnia/oxygen ratio at lower pressure), and maximum hafnia layer thickness are explored. 
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Spectral measurements are performed on a Perkin-Elmer Lambda 900 

spectrophotometer operating in transmission at normal incidence.  The 

spectrophotometer environment is maintained at 40% relative humidity in order to 

eliminate optical thickness variations as a result of film water content.  Photometric 

measurements are executed on a laser-based reflectometer system, again at a 

controlled relative humidity.  Laser damage testing is carried out at 1053nm at both 

1ns and 10ps in standard 1:1 mode as described previously [9]. 

Surface flatness measurements of the 1-inch-diameter substrates are 

performed on a Zygo New View white-light interferometer in a nitrogen-purged 

enclosure to achieve approximately 0% relative humidity as described in Chapter 3.  
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Fig 5-1 – Refractive-index profile of sample “F,” where each hafnia layer is divided with 
thin silica layers.  In this manner, the growing columnar structure is quickly interrupted 
in each hafnia layer. 
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Measurements are corrected for cavity irregularity by referencing a λ/50 calibration 

flat, and all measurements subtract the pre-coating flatness measurement of the 

individual substrate.  Samples are supported on a 3-point ball bearing mount, with 

each point positioned 120º apart at 65% of the radius of the substrate, to minimize 

distortion due to gravity in mounting.  The uncoated surface of the samples is 

measured to avoid phase errors due to the coating.  Film stresses based on these 

surface measurements are compared to those carried out on coated 310mm diameter x 

14mm thick fused silica substrates measured on an 18-inch Zygo interferometer, with 

calculated stresses agreeing to within ±8MPa. 

 

5.4 Results of Deposition and Coating Design Modifications 

The deposited coatings were evaluated for film stress as described in Chapter 

3.  Over a period of approximately three months, the stresses in the hafnia/silica 

multilayers were monitored interferometrically in the controlled-humidity 

environment.  As apparent in Fig. 5-2, the change in the relative stresses of the 

different depositions is negligible relative to the goal of depositing a near-neutral or 

slightly compressive stress.  The stress has shifted tensile for all samples, and there is 

not a stabilized stress that remains acceptable to avoid the risks of tensile stress 

failure.  As noted in Chapter 3, the expected error in stress measurements is 

approximately ±10 MPa.  Sample “A” appears to be somewhat more tensile, while 

“F” appears to be aging more slowly, but the net effect on the multilayer stress does 

not result in a more compressive film overall.   
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The depositions performed for samples “E” and “F” were very difficult and 

time-consuming, given the many layer changes required to interrupt the hafnia 

structure evolution as desired.  Since each period of the coating for sample “F” 

consists of 5 layers of hafnia and 4 layers of silica, rather than the typical single layer 

of hafnia, this leads to many additional hours of deposition time; the individual 

material sources must be slowly heated for each layer to avoid the ejection of solids, 

leading to the formation of defects in the film.  Furthermore, the stresses shown in 

Fig. 5-2 indicate that the ultimate performance is not improved.  The aging of the film 
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Fig 5-2 – Stresses in hafnia/silica multilayer coatings as modified in Table 5-1 
indicate delays in stress aging through process modifications, but no net 
improvement in the long-term stress state of the film. 
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stress may be somewhat delayed relative to the “control” mirror, but the final stress 

remains significantly tensile.  

Further investigation of sample “F” was undertaken using scanning-electron 

microscopy (SEM) to evaluate the relative change in film structure.  The micrographs 

shown in Fig. 5-3 identify the presence of the thin silica layers, and the lack of a clear 

growth structure in the hafnia is not apparent, but the resolution is insufficient to 

accurately evaluate the overall influence on the film. 

Samples were also damage tested utilizing the protocol previously identified.  

Laser damage thresholds are shown in Table 5-2, indicating no significant changes in 

thresholds relative to the “control” sample.  Samples “E” and “F” may be slightly 

lower, but further testing would be required to confirm this result. 
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Fig 5-3 – SEM image of sample “F” in cross-section.  At low magnification, the coating 
appears to be a typical alternating series of high- and low-index layers.  Under greater 
magnification, the ultra-thin layers of silica inserted into the hafnia layers become 
apparent, intended to disrupt the formation and continuity of the columnar film 
structure in the hafnia. 

SiO2 

HfO2 
Thin SiO2 
layers within 
HfO2 layer 
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Sample
 1ns 1:1  defect-targeted 

(J/cm2)
10ps 1:1 no defect 
targeting (J/cm2) 

Control 18 6.1
A - -
B 20 5.4
C 24 -
D 25 4.9
E 15 5.3
F 14.6* 5.6*

*Surface fluence reported, since sample was tested at 40º incidence.  

 

 

 

5.5 Summary 

The modifications to the deposition process for hafnia/silica multilayers 

undertaken in this study resulted in a negligible change in the overall stress of the 

hafnia/silica film.  Measurements of the stresses when the optical coating design was 

changed to disrupt the columnar structure of the hafnia film may extend the aging 

profile of the coatings somewhat, but the final stress of the multilayer is essentially 

unaffected.   There is no significant benefit apparent that would justify the additional 

complexity in coating design, indicating that other modifications to the deposition 

process must be undertaken, in order to alter the film stress for a hafnia/silica 

multilayer.  An example of such a modification is the use of plasma-assisted 

deposition, which will be examined in the next chapter. 

Table 5-2 – Laser-damage thresholds of samples A-F indicate relatively 
consistent performance.  Further testing would be necessary to determine if any 
process changes are of significant interest, if other film properties warrant the 
further investigation. 
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CHAPTER 6 

LARGE-APERTURE PLASMA-ASSISTED 
DEPOSITION OF ICF LASER COATINGS 

 

6.1 Introduction 

As inertial confinement fusion (ICF) laser systems continue to evolve, the 

need for large-aperture optical coatings suitable for use in vacuum continues to 

increase [1,2]. Laser pulses that are temporally compressed to the picosecond scale or 

shorter must propagate in vacuum because of B-integral and self-focusing effects [3]. 

While reducing the oxygen backfill during silica evaporation may make multilayer 

coatings less tensile, traditional electron-beam–deposited coatings tend to experience 

tensile stress failures in vacuum environments [4]. More energetic techniques such as 

magnetron sputtering, ion-beam sputtering, and ion-assisted deposition result in films 

with compressive stresses, but these techniques tend to have difficulties with low 

laser-damage resistance, high film stresses, and/or scale-up to large apertures [2,5,6].  

Successful ICF laser-system components require a deposition process that is stable 

and produces a low-compressive-stress coating in vacuum and a high laser-damage 

resistance, particularly for picosecond-scale pulses. 

This thesis focuses on the development and implementation of a hafnia/silica 

coating process for meter-scale optical coatings with a controlled compressive stress 

and high laser-damage resistance. Establishing a low-magnitude compressive stress in 

the coating is critical for large optics to avoid tensile stress failures while maintaining 
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the optical surface figure, without the need for unacceptably thick, heavy, and 

expensive substrates. A plasma source utilizing a lanthanum hexaboride cathode 

(LaB6) was selected for modification of the film due to its low defect density, smooth 

resulting film structure, and a high plasma current necessary for densification of 

hafnia [7,8].  In this chapter, results from using a single plasma source for 

modification of electron-beam deposited coatings are presented. Deposition 

conditions were modified to provide controlled film stresses and high laser-damage 

thresholds at various wavelengths and pulse durations. This work was then adapted to 

develop and implement a dual-plasma-source system in a 72-in. coating chamber, 

suitable for processing meter-scale optics. This process has been used to coat a 0.8-m 

mirror for use on the OMEGA EP Laser System in vacuum at 1053 nm with a pulse 

duration of 10 ps. 

 

6.2 Background 

Ion-assisted deposition (IAD) and plasma-assisted deposition, or plasma-ion-

assisted deposition (PIAD), have been used to create environmentally stable optical 

coatings, coating processes suitable for use on temperature-sensitive substrates, and 

more mechanically durable coatings [9–12]. These processes utilize an ionized gas 

that is accelerated through a potential toward the substrate surface during the coating 

process. Some ion sources permit the use of pure O2 gas for operation while others 

require the addition of an inert gas, such as argon [7,8,10,13,14]. 



87 
 

Using ion and plasma sources to modify a standard electron-beam evaporation 

process provides a significant benefit by introducing many additional control 

variables that may be used to influence film properties such as humidity stability, film 

stress, mechanical durability, and material refractive indices. Evaporation is a low-

energy deposition process, leading to porous coatings that absorb moisture, making 

the optical thickness of the film, as well as the coating stress, functions of the relative 

humidity in the use environment [12]. Variables such as beam voltage, current, gas 

selection, and gas flow, in addition to source location and pointing, can be utilized to 

alter these film properties, by transferring momentum from incident ions to the 

condensing film, altering the structure and collapsing the pores present in the coating 

[15]. The introduction of these variables requires care in determining the appropriate 

operating conditions for each to achieve the desired film performance without 

negatively influencing other film characteristics. 

The plasma source is based on electron-emission from an RF-heated 

lanthanum-hexaboride cathode.  The emitted electrons are used to excite the 

surrounding neutral gas (typically argon), forming a plasma.  The ions are accelerated 

through the potential established between the cathode and anode and then into the 

vacuum chamber.  The ions pass through an extractor coil that uses a current to create 

a magnetic field, tuning the shape of the plasma as it extends beyond the source to the 

substrate surface.  Oxygen for reactive deposition is introduced above the plasma 

chamber, becoming partially ionized by the Ar plasma, increasing its reactivity and 

providing more complete oxidation of the film.  These additional controls enable 
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process modifications to yield different film densities and ultimately different film 

stresses. 

 

Fig. 6-1 - Cross-section of a lanthanum-hexaboride-based plasma source for thin-film 
modification.  The gas is ionized at the cathode and accelerated through the potential to 
the anode.  The extractor coil shapes the plasma in the deposition chamber above. 

 
 

The choice of gas used in a plasma or ion process significantly impacts the 

resulting film densification. Higher-mass ions impinge with greater momentum on the 

condensing film structure [10,16]. By passing the oxygen through an ion or plasma 

source, the gas is ionized and accelerated, imparting momentum to the oxygen 

molecules leading to densification of the growing film as the oxygen impacts the 

surface. As greater densification is required, more argon may be used in the plasma to 

benefit from its greater atomic mass. If a further increase in momentum is required, 

higher-atomic-mass gases such as krypton or xenon may be used to provide additional 

ion momentum. As the relative content of oxygen is decreased, however, the film’s 

stoichiometry will be put at risk, leading to a reduced laser-damage threshold. 
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Plasma or ion-beam current is simply related to the flow of ions, each of 

which carries a charge equivalent to the charge of an electron. Increasing the current 

in a plasma- or ion-assisted process corresponds to the flow of additional charge 

carriers (ions), leading to greater densification of the coating being deposited without 

the risk associated with increased absorption, as is the case with increased ion 

voltage. Since current will influence the film density, it will also play a role in the 

ultimate stress achieved in the film. In particular, the impact of ions modifies the film 

porosity and reduces or eliminates the exchange of water vapor leading to changes in 

film stress [4,15]. 

The operating voltage of a plasma source determines the energy of an arriving 

ion at the substrate surface. By increasing the source voltage, higher ion energies and 

a correspondingly greater densification of the film structure are achieved; however, 

ions with too great an energy may break atomic bonds in the film, leading to damage 

of the coating material and the formation of localized absorption sites. Plasma 

potential may also influence crystalline content in the film since the film structure 

exhibits characteristics of deposition at a higher temperature with an increased 

crystallite size; surface roughness and film stress are also modified [17]. Ion beams 

and plasmas impart energy to the condensing film, enabling the displacement of 

surface atoms and the compaction of the film structure. Using ions to assist the 

deposition process may lead to energies at the surface equivalent to deposition 

temperatures in excess of 106 K [18]. This enables the continuous modification of the 

film structure from a porous, columnar structure realized with electron-beam 



90 
 

evaporation to a highly crystalline film in an extremely compressive state resulting 

from significant ion impingement. This change in film structure is described by 

structure-zone models with equivalent deposition temperatures [19–21]. By adjusting 

the characteristics of the plasma flux and the evaporant conditions, the desired film 

stress and density may be achieved. 

As noted in Chapter 2, coating stress is comprised of intrinsic and thermal 

stresses. The influence of energetic deposition is such that the intrinsic stress becomes 

significantly more important, able to balance or dominate the thermal stresses present 

in the film resulting from the differing coefficients of thermal expansion for coating 

and substrate materials when depositing at elevated temperatures. The control of film 

properties provided by plasma-assisted deposition offers an opportunity to tune a 

deposition process for each substrate material with its corresponding thermal stresses 

by altering the intrinsic stress of the film. The degree of control achievable with a 

plasma-assisted process will determine the magnitude of the film stress that can be 

realized and, consequently, the substrate thickness necessary to meet the required 

surface flatness for an optical component. 

The distribution of the ion flux from an ion or plasma source may be modeled 

much like a deposition source, using a cosine distribution [22,23]. A primary 

advantage of plasma sources is that the extraction coil enables the alteration of the 

source flux distribution by changing the strength of the magnetic field in the extractor 

coil [24]. Also, unlike deposition, the influence of the impinging ions is not simply a 

linear process, but to a large extent is a thresholding process, where a minimum ion 
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flux is required to achieve complete film densification [6]. The primary goal in this 

work, however, is the establishment of a low-magnitude compressive-film stress, not 

complete densification. The source placement and flux-distribution tuning must be 

performed in such a manner that the film densification and corresponding structure is 

controlled over the aperture of the substrates. 

 

6.3 Experimental Procedure 

An initial series of coatings was prepared in a cryo-pumped 56-in. coating 

chamber equipped with quartz heater lamps, dual electron-beam guns, multipoint 

quartz crystal monitoring, and planetary substrate rotation as shown in Fig. 6-2. 

Granular silicon dioxide was evaporated from a continuously rotating pan while 

hafnium metal was deposited in the presence of oxygen from a stationary six-pocket 

electron-beam gun to form hafnium dioxide. A single Satis PDS plasma source was 

installed in the chamber at a radius of 15 in. from chamber center, to provide a 

uniform ion flux over the aperture of the substrate. 
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Fig. 6-2 - The 56-in. coating chamber with planetary rotation, dual electron-beam guns, and a 
single Satis PDS plasma source. The plasma source is positioned off-center in the chamber to 
provide a more-uniform plasma flux over the substrate aperture.  It is also elevated from the 
chamber floor, to maximize the plasma flux at the substrate while maintaining sufficient 
uniformity.  
 

The primary concern with energetically assisting the deposition process for high-

peak-power laser applications is that the laser-damage threshold will be 

compromised, leading to reduced fluence capabilities for the laser [2]. Hafnia 

monolayers were deposited on cleaved float glass with an optical thickness of four 

quarter-waves at 351 nm to form an absentee layer that minimizes the influence of the 

standing-wave electric field in the film. The cleaved glass substrate eliminates the 

effects of substrate fabrication and cleaning processes on laser-damage thresholds 

[25]. The plasma settings for the initial samples were 140 to 180 V/35 A (acceleration 

voltage/beam current), a nominal 10 standard cubic centimeters (sccm) of argon gas 

Planetary 
Rotation 

Electron-beam 
guns 

Plasma Source 
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surrounding the LaB6 cathode in the PDS controlled to maintain constant beam 

current/voltage, and 50 sccm of O2 gas injected into the plasma using a gas-

distribution ring on the top of the source. Chamber pressure was controlled through 

oxygen backfill to maintain a total constant pressure of 4.0 × 10–4 Torr, which 

includes the specified flow of argon and oxygen, with additional oxygen being added 

as needed to maintain a constant pressure.  

Laser-damage testing was performed on both cleaved float glass substrates 

(monolayers) and 50.8-mm-diam x 6-mm-thick BK7 substrates in standard 1:1 mode 

at 351 nm at a pulse duration of 0.5 ns [26]. Laser-damage characterization at 351 nm 

provides greater sensitivity to changes in film absorption than evaluation at 1053 nm, 

which tends to be dominated by film defects. Finally, x-ray diffraction (XRD) 

measurements of the hafnia films deposited on 50.8-mm-diam x 2-mm-thick BK7 

substrates were collected using a Phillips MRD diffractometer with a CuKα source to 

evaluate the crystallinity of the hafnia structure. The coated samples were oriented in 

a near-grazing incidence configuration, with the incident angle θ = 2.2º and the 

diffracted angle 2θ incremented in steps of 0.02º, with a 13-s integration time at each 

position. 

The film stress in hafnia monolayers was evaluated as a function of plasma-

assist potential, since this is the primary benefit for high-peak-power laser coatings. 

Hafnia layers with a 140-nm thickness were deposited on 25-mm-diam × 1-mm-thick 

BK7 substrates. Surface flatness was measured using a Zygo New View 

interferometer at controlled relative humidities of 0% and 40%, measuring the 



94 
 

uncoated surface of the substrate to avoid the influence of phase effects from the 

coating. The optics were supported horizontally on a three-point mounting fixture, 

using equally spaced ball bearings placed at 65% of the radius of the substrate to 

minimize deflection caused by mounting. The resulting stress in the hafnia films was 

evaluated as a function of plasma potential to determine appropriate operating 

conditions for low-stress coatings. 

Development of the plasma-assist process continued with the deposition of 

multilayer high-reflector coatings using a broad range of deposition conditions, 

including variations of plasma potential, current, gas flows, deposition rates, substrate 

temperature, and chamber pressure. The influence of the deposition conditions on 

film stress and laser-damage resistance was evaluated to determine optimal deposition 

conditions. Selected deposition processes were used to deposit high-reflector coatings 

centered at λ0 = 1053 nm on 310-mm-diam × 14-mm-thick fused-silica substrates for 

evaluation on an 18-in. Zygo interferometer and a large-aperture laser conditioning 

station according to the National Ignition Facility (NIF) protocol [27].  

Finally, the plasma-assist process was installed in a 72-in. coating chamber as 

shown in Fig. 6-3 utilizing two Thin Films Solutions Ltd. plasma sources, based on 

the original Satis PDS source design [8,24]. Two sources were implemented to ensure 

adequate plasma flux over the surface of a large optic given the significantly greater 

source-to-substrate distance than that in the 56-in. coating chamber, as well as to 

provide redundancy in the event of a source failure. 
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Fig. 6-3 - A Thin Film 
Solutions Ltd. dual 
plasma-source system 
installed in LLE’s 72-in. 
electron-beam evaporation 
system. The plasma 
sources provide a high ion 
flux over the entire surface 
of the meter-scale 
substrates. 

 

Custom control software was developed to ramp the source in a series of steps 

to prevent the poisoning of one source cathode by the operation of the second source. 

The plasma sources were installed at a radial position of 8.3 in. from chamber center, 

compromising between maximum ion flux and uniformity. Additional mounting 

locations were machined in the chamber base plate to provide the ability to tune the 

flux distribution over the substrate aperture as needed. Uniformity masks were 

reconfigured to avoid significant impingement of the plasma on the film-correction 

masks [22]. The sources were operated at 145 V with a beam current of 20 A each, 

introducing 50 sccm of O2 during hafnia deposition and 15 sccm of O2 during silica 

deposition. Cathode temperatures were kept as low as possible by minimizing the rf 
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power to reduce film defects due to cathode ejections. Interaction between the sources 

was determined to be negligible during operation. 

 

6.4 Results 

Throughout this effort to develop plasma-assisted–deposition processes, the 

plasma conditions (current, voltage, and gas flows) were modified, as well as 

chamber conditions (oxygen backfill, deposition rates, and substrate temperature). A 

qualitative understanding of the influence of each parameter is of primary importance 

since the process space becomes much larger as the number of process variables is 

increased. Different chamber configurations will require different operational 

parameters since the influence of a given plasma potential, current, and gas flow will 

be strongly dependent on the source location, distance to the substrate, substrate size, 

and the substrate motion. 

As the use of different gas flows and corresponding chamber pressures was 

evaluated, one consideration was where the gas should be introduced. Oxygen is 

typically introduced during reactive electron-beam deposition, but the inclusion of a 

plasma-assist source allows for some or all of the oxygen to be introduced through the 

plasma source. Deposition tests were undertaken with oxygen introduced in the 

chamber or through the plasma source at different, controlled total operating 

pressures, consisting of the argon and oxygen flow to the plasma source as well as 

any additional oxygen to maintain the desired chamber pressure. As shown in Fig. 6-

4, as the chamber pressure is increased, there is a greater change in optical thickness 
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of the hafnia coating between 0% and 40% relative humidity environments caused by 

water movement into the pores of the film. By introducing the oxygen through the 

plasma source with all other plasma operating conditions constant, film porosity is 

reduced 30% to 50%. 

 

 

 
 
 
Fig. 6-4 - Influence of 
oxygen backfill 
pressure on the 
resulting sensitivity 
of hafnia films to 
relative humidity. A 
larger spectral shift 
between 0% and 
40% relative 
humidity indicates 
greater film porosity. 

 

It has been found previously that laser-damage thresholds of hafnia improve as the 

porosity of the film increases [28,29]. The influence of plasma-assisted deposition on 

the laser-damage threshold of hafnia coatings was explored for 351-nm light, using 

identical substrates and testing as that for standard evaporated hafnia shown in Fig. 4-

1. These tests demonstrate minimal rate or plasma-voltage influence over the range of 

parameters tested, as shown in Fig. 6-5. The relatively insignificant change in laser-

damage threshold for a plasma voltage in the range of 140 to 180 V indicates the 

corresponding change in optical absorption of the film must also be negligible. Since 
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the film is deposited with plasma assist, it has a reduced porosity and a corresponding 

greater density than a film deposited at the equivalent pressure by electron-beam 

evaporation. Additionally, the use of plasma assist makes low-porosity deposition no 

longer necessary to maintain high-laser-damage resistance as previously shown in 

Chapter 4 [28,29]. 

 

 

 

 
 
Fig. 6-5 -  Laser-damage thresholds of hafnia deposited with PIAD exhibit minimal 
deposition-rate dependence, unlike typical electron-beam deposition of hafnia. 

 

The crystallinity of the hafnia monolayers deposited at 180 V with a 35-A plasma 

current measured using XRD is shown in Fig. 6-6. The electron-beam-evaporated 

hafnia exhibits a relatively weak monoclinic crystalline signature, while the 

crystalline peaks become much more defined as the ion/evaporant ratio is increased. 

As the deposition rate of the hafnia is decreased, the relative ion flux is effectively 

increased and the crystallites grow to approximately 12 nm as calculated using 

Scherrer’s equation [29,30]. This increase in film crystallinity is indicative of an 
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increased substrate temperature as described in a structure-zone model [19–21]. It 

was determined in Chapter 4 that a reduction in film crystallinity could be correlated 

with improved laser-damage thresholds for 351-nm light [29]. This does not appear to 

be true for PIAD films based on the results shown in Figs. 6-5 and 6-6.  

 

 

 
 
 
 
 
 

 
Fig. 6-6 - XRD measurements of hafnia monolayers indicate increasing 
crystallinity as the plasma/evaporant flux is increased. This may be achieved 
by increasing the plasma current or decreasing the deposition rate. 

 

The film stresses in hafnia monolayers was also evaluated as a function of 

plasma-assist voltage. Using Eq. 2.2, these measurements were used to calculate the 

film stress. The resulting stress in 140-nm-thick hafnia films is plotted in Fig. 6-7 (a) 

as a function of plasma voltage when operated at 35 A to determine appropriate 

operating conditions for low-stress coatings. The stress transitions from a tensile state 
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below 145 V to an increasingly compressive state above this plasma potential. All 

film stresses for 200-nm-thick plasma-assisted silica films plotted in Fig. 6-7 (b) were 

found to be compressive, with an increasing compressive stress as the plasma voltage 

is increased. 

 

 
 

Fig. 6-7 (a) Influence of plasma-assist voltage on the stresses in 140-nm-thick hafnia 
monolayers. An assist of approximately 145 V at 35 A is sufficient to transition from tensile 
to compressive stress. (b) Influence of plasma-assist voltage on the stresses in 200-nm-thick 
silica monolayers. Note that all silica stresses are compressive, except the evaporated silica 
(no PIAD) in a dry environment. 

 

Development of the plasma-assist process continued with the deposition of 

multilayer high-reflector coatings using a broad range of deposition conditions, 

including variations of plasma voltage, current, gas flows, deposition rates, substrate 

temperature, and chamber pressure. Multilayer stress evaluation was performed using 

quarter-wave high-reflector coatings, since the proportion of hafnia/silica is consistent 

with that of most coating designs (mirrors and polarizing coatings), leading to a 

composite film stress applicable to most coating applications of interest.  The 

influence of the deposition conditions on film stress and laser-damage resistance was 

evaluated to determine optimal deposition conditions. In general, the addition of 

HfO2 SiO2 
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energetic ions through PIAD results in a more compressive coating, with a reduced 

sensitivity to relative humidity, than a comparable coating produced with only 

electron-beam evaporation, as shown in Fig. 6-8. The PIAD results shown are from a 

high-reflector coating as described in Appendix D deposited with a 170-V/40-A 

plasma, leading to greater densification of the film and a reduced sensitivity to 

humidity. The chamber temperature was adjusted to 140ºC, which is as low as 

possible while maintaining a controlled, constant temperature during PIAD operation, 

since both the deposition and plasma sources generate significant heat. 

 

 

 

 

 
Fig. 6-8 - Change in film stress for PIAD and electron-beam–deposited coatings as 
the ambient relative humidity changes from 40% RH to 0% RH. Note that PIAD 
coatings are more compressive, with a smaller change in film stress as the coating is 
dried (water removed from the film pores). 
 

 
The densification of only single materials within multilayer coatings was explored by 

operation of the plasma source during either hafnia or silica layers. Hafnia was 

considered since it is the primary source of tensile stress, as shown in Fig. 6-7 (a). 
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Silica was pursued since it undergoes the most significant change in stress as a 

function of time [4]. However, the presence of porous layers between dense diffusion 

barriers led to irregular water penetration around film defects, leading to subsequent 

spotting of the coating. Furthermore, the argon backfill required to idle the plasma 

sources results in a poorer vacuum during non-densified layers. The densification of 

alternating layers was determined to be problematic and not pursued further. 

The high-reflector coating designs shown in Appendix D were deposited on 

310-mm-diam × 14-mm-thick fused-silica substrates for evaluation on an 18-in. Zygo 

interferometer and large-aperture laser conditioning station according to the NIF 

protocol [27].  As shown in Fig. 6-9, the stress in the electron-beam–deposited 

coating continues to become more tensile as the coating ages, with changes in film 

stress apparent more than six months after deposition. PIAD sample 1 was deposited 

with a deposition rate of 0.8 Å/s and an overall chamber pressure of 2.0 x 10-4 Torr 

for the first 11 hafnia layers; the final 3 hafnia layers were deposited at 0.6 Å/s and a 

pressure of 2.5 x 10-4 Torr, based on the laser damage threshold improvements found 

in Chapter 4.  PIAD sample 2 was deposited with a hafnia deposition rate of 0.6 Å/s 

and an overall chamber pressure of 1.5 x 10-4 Torr, except for the final 3 hafnia layers 

which were deposited at a pressure of 2.0 x 10-4.  PIAD samples 1 and 2 show a film 

stress that remains constant, within ±10 MPa, over an extended duration. A controlled 

compressive stress with a magnitude of 20 to 30 MPa is ideal to avoid difficulties 

arising from tensile-stress failures (crazing), while imparting minimal reflected 

wavefront deformation caused by stress.  
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Fig. 6-9 - Change in film stress for PIAD and electron-beam–deposited coatings 
at 0% RH as a function of aging on 310-mm-dia. substrates. While 
electron-beam–deposited coatings continue to change significantly over periods 
of months, partially dense PIAD coatings with near-neutral stress maintain a 
consistent film stress. 
 
 
The dual-source system was operated at 145 V with a beam current of 20 A 

from each source, introducing 50 sccm of O2 during hafnia deposition and 15 sccm of 

O2 during silica deposition. The design described in Appendix D was deposited with 

this process resulting in a compressive stress of the order of 50 to 80 MPa in a use 

environment of 0% relative humidity, and a 1:1 laser-damage threshold of 6.7 J/cm2 

at 1053 nm with a pulse length of 10 ps. Laser-damage testing was performed in an 

ambient humidity environment at 29° incidence. This coating design and process 

were used to fabricate a 0.8-m mirror, designated as SPHR10, on a BK7 substrate for 

use in vacuum on the OMEGA EP Laser System, as shown in Fig. 6-10.  
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Measurement of the coated surface indicated 0.38 waves peak-to-valley of surface 

power on a 1064-nm wavelength interferometer. Measurement of the film stress for 

BK7 substrates in a dry environment indicates a stable stress of approximately 50 

MPa. The stress aging of this coating, as shown in Fig. 6-11, indicates that the aging 

effects typical of evaporated hafnia/silica coatings have been effectively eliminated, 

even for a PIAD coating with significant porosity and humidity susceptibility [4,27]. 

The spectral shift in the optical thickness of the coating from a 0% to 40% relative 

humidity environment was measured as 1.54±0.14% over a 0.9-m aperture, indicating 

significant but uniform film porosity, although the film is more dense than the 

reference electron-beam-deposited film with a typical 2.7% spectral shift. 

 
 
Fig. 6-10 - Use of the dual-source PIAD system in the 72-in. coating chamber for the deposition 
of the SPHR10 coating. The plasma effectively fills the entire deposition region, providing a 
uniform densification of the film over the full aperture of the substrate. 
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Fig. 6-11 - Stress-aging measurements of PIAD coatings indicate negligible changes in stress 
as a function of time after deposition.  Measurements performed on 25-mm-diam × 1-mm-
thick substrates coated in the same deposition as the SPHR10 optic. 

 

  
  

The consistency of the film porosity, as determined by the spectral shift in 

different humidity environments, demonstrates that the film densification is quite 

uniform over the substrate aperture, particularly since the film is only partially 

densified. Laser-damage thresholds for 1053-nm, 1-ns pulses were measured at 22.09 

J/cm2 in a 1:1 defect-targeting mode, testing the weakest points in the coating which 

typically contain higher absorption (due to the presence of contaminants) and 

enhanced electric-field intensities (through nodule growth). The laser-damage 

threshold for defect-free sites was determined to be 26.67 J/cm2, indicating a decrease 
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in laser-damage threshold relative to standard evaporated coatings, which tend to be 

>85 J/cm2 for defect-free sites [1,27].  

 

6.5 Conclusions 

Plasma-assisted deposition provides a means of tuning the film stress of 

optical coatings while maintaining high-peak-power laser-damage thresholds. 

Installation of a plasma-assist process is unique for a given deposition system, since 

each chamber configuration will have a different set of optimal operating parameters 

for neutral film stress based on the substrate size, rotation geometry, radial position of 

the source, and other considerations. This development effort provides guidance to 

tune the process for different systems. Increased plasma voltage leads to greater 

densification of the film and a more-compressive film stress. The use of more-

energetic oxygen, by ionizing it with a plasma source, leads to a more-dense coating 

and improved laser-damage thresholds, particularly for lasers in the ultraviolet region 

of the spectrum, which are more susceptible to film absorption. Likewise, reduced 

chamber pressures lead to decreased evaporant scattering and a less porous film 

structure. 

Controlled compressive film stresses of <50 MPa can be established and 

maintained in a dry-use environment on fused-silica substrates through plasma-

assisted deposition, providing a means of avoiding tensile-stress failures in vacuum 

while maintaining high-quality surface flatness of the laser components. A plasma-

assist process for multilayer coatings has been demonstrated with a low-magnitude 



107 
 

compressive stress utilizing a nominal voltage of 145 V during hafnia and silica 

deposition, with plasma current being adjusted to achieve the desired film stress and 

densification. This process was integrated in a 72-in. coating chamber to deposit high-

precision coatings over 0.9-m aperture optics. Measured laser-damage thresholds in 

air for a 31º high-reflector coating are 6.7 J/cm2 (1053 nm, 10-ps pulse) with a 

compressive film stress of 50 MPa. 

  



108 
 

6.6 References 

[1] J. B. Oliver, A. L. Rigatti, J. D. Howe, J. Keck, J. Szczepanski, A. W. Schmid, 

S. Papernov, A. Kozlov, and T. Z. Kosc, “Thin-film polarizers for the 

OMEGA EP Laser System,” in Laser-Induced Damage in Optical Materials: 

2005, G. J. Exarhos, A. H. Guenther, K. L. Lewis, D. Ristau, M. J. Soileau, 

and C. J. Stolz eds. (SPIE, Bellingham, WA, 2005), Vol. 5991, pp. 394−401. 

[2] E. Lavastre, J. Néauport, J. Duchesne, H. Leplan, and F. Houbre, “Polarizers 

coatings for the Laser MegaJoule prototype,” in Optical Interference 

Coatings, OSA Technical Digest (Optical Society of America, Washington, 

DC, 2004), p. TuF3. 

[3] Y.-H. Chuang, L. Zheng, and D. D. Meyerhofer, “Propagation of light pulses 

in a chirped-pulse-amplification laser,” IEEE J. Quantum Electron. 29, 

270−280 (1993). 

[4] H. Leplan, B. Geenen, J. Y. Robic, and Y. Pauleau, “Residual stresses in 

evaporated silicon dioxide thin films: Correlation with deposition parameters 

and aging behavior,” J. Appl. Phys. 78, 962−968 (1995). 

[5] D. J. Smith, M. McCullough, C. Smith, T. Mikami, and T. Jitsuno, “Low 

stress ion-assisted coatings on fused silica substrates for large aperture laser 

pulse compression gratings,” in Laser-Induced Damage in Optical Materials: 

2008, G. J. Exarhos, D. Ristau, M. J. Soileau, and C. J. Stolz eds. (SPIE, 

Bellingham, WA, 2008), Vol. 7132, p. 71320E. 



109 
 

[6] M. Alvisi, M. Di Giulio, S. G. Marrone, M. R. Perrone, M. L. Protopapa, A. 

Valentini, and L. Vasanelli, “HfO2 films with high laser damage threshold,” 

Thin Solid Films 358, 250−258 (2000). 

[7] R. Thielsch, A. Gatto, J. Herber, and N. Kaiser, “A comparative study of the 

UV optical and structural properties of SiO2, Al2O3, and HfO2 single layers 

deposited by reactive evaporation, ion-assisted deposition and plasma ion-

assisted deposition,” Thin Solid Films 410, 86−93 (2002). 

[8] F. Placido, D. Gibson, E. Waddell, and E. Crossan, “Characterisation of 

optical thin films obtained by plasma ion assisted deposition,” in Advances in 

Thin-Film Coatings for Optical Applications III, M. J. Ellison ed. (SPIE, 

Bellingham, WA, 2006), Vol. 6286, p. 628602. 

[9] H. R. Kaufman and J. M. Harper, “Ion-assist applications of broad-beam ion 

sources,” in Advances in Thin Film Coatings for Optical Applications, J. D. T. 

Kruschwitz and J. B. Oliver eds. (SPIE, Bellingham, WA, 2004), Vol. 5527, 

pp. 50−68. 

[10] M. Kennedy, D. Ristau, and H. S. Niederwald, “Ion beam-assisted deposition 

of MgF2 and YbF3 films,” Thin Solid Films 333, 191−195 (1998). 

[11] E. H. Hirsch and I. K. Varga, “Thin film annealing by ion bombardment,” 

Thin Solid Films 69, 99−105 (1980). 

[12] B. G. Bovard, “Ion-assisted deposition,” in Thin Films for Optical Systems, F. 

R. Flory ed. (Marcel Dekker, New York, 1995), pp. 117−132. 



110 
 

[13] J. R. Kahn, H. R. Kaufman, and V. V. Zhurin, “Substrate heating using 

several configurations of an end-hall ion source,” in 46th Annual Technical 

Conference Proceedings (Society of Vacuum Coaters, Albuquerque, NM, 

2003), pp. 621−625 (Paper 110). 

[14] D. E. Morton and V. Fridman, “Measurement and correlation of ion beam 

current density to moisture stability of oxide film stacks fabricated by cold 

cathode ion assisted deposition,” in Proceedings of the 41st Annual Technical 

Conference of the Society of Vacuum Coaters (Society of Vacuum Coaters, 

Albuquerque, NM, 2003), pp. 297−302 (Paper 53). 

[15] K.-H. Müller, “Monte Carlo calculation for structural modifications in ion-

assisted thin film deposition due to thermal spikes,” J. Vac. Sci. Technol. A 4, 

184−188 (1986). 

[16] J. D. Targove and H. A. Macleod, “Verification of momentum transfer as the 

dominant densifying mechanism in ion-assisted deposition,” Appl. Opt. 27, 

3779−3781 (1988). 

[17] G. Atanassov, J. Turlo, J. K. Fu, and Y. S. Dai, “Mechanical, optical and 

structural properties of TiO2 and MgF2 thin films deposited by plasma ion 

assisted deposition,” Thin Solid Films 342, 83−92 (1999). 

[18] H. Kersten, H. Steffen, D. Vender, and H. E. Wagner, “On the ion energy 

transfer to the substrate during titanium deposition in a hallow cathode arc 

discharge,” Vacuum 46, 305−308 (1995). 



111 
 

[19] J. V. Sanders, “Structure of evaporated metal films,” in Chemisorption and 

Reactions on Metallic Films, J. R. Anderson ed., Physical Chemistry, a Series 

of Monographs (Academic Press, London, 1971), pp. 1−38. 

[20] J. A. Thorton, “Structure-zone models of thin films,” in Modeling of Optical 

Thin Films, M. R. Jacobson ed. (SPIE, Bellingham, WA, 1988), Vol. 821, pp. 

95−103. 

[21] B. A. Movchan and A. V. Demchishin, “Structure and properties of thick 

vacuum-condensates of nickel, titanium, tungsten, aluminum oxide, and 

zirconium dioxide,” Fiz. Met. Metalloved 28, 653−660 (1969). 

[22] J. B. Oliver and D. Talbot, “Optimization of deposition uniformity for large-

aperture National Ignition Facility substrates in a planetary rotation system,” 

Appl. Opt. 45, 3097−3105 (2006). 

[23] H. R. Kaufman, R. S. Robinson, and R. I. Seddon, “End-Hall ion source,” J. 

Vac. Sci. Technol. A 5, 2081–2084 (1987). 

[24] D. Gibson, European Patent No. EP 1 154 459 A2 (14 November 2001). 

[25] S. Papernov, D. Zaksas, J. F. Anzellotti, D. J. Smith, A. W. Schmid, D. R. 

Collier, and F. A. Carbone, “One step closer to the intrinsic laser-damage 

threshold of HfO2 and SiO2 monolayer thin films,” in Laser-Induced Damage 

in Optical Materials: 1997, G. J. Exarhos, A. H. Guenther, M. R. Kozlowski, 

and M. J. Soileau eds. (SPIE, Bellingham, WA, 1998), Vol. 3244, pp. 

434−445. 



112 
 

[26] S. Papernov and A. W. Schmid, “Localized absorption effects during 351 nm, 

pulsed laser irradiation of dielectric multilayer thin films,” J. Appl. Phys. 82, 

5422−5432 (1997). 

[27] J. B. Oliver, J. Howe, A. Rigatti, D. J. Smith, and C. Stolz, “High precision 

coating technology for large aperture NIF optics,” in Optical Interference 

Coatings, OSA Technical Digest (Optical Society of America, Washington, 

DC, 2001), p. ThD2. 

[28] B. Andre, J. Dijon, and B. Rafin, “Thin hafnium oxide and method for 

depositing same,” U.S. Patent No. 7,037,595 (2 May 2006). 

[29] J. B. Oliver, S. Papernov, A. W. Schmid, and J. C. Lambropoulos, 

“Optimization of laser-damage resistance of evaporated hafnia films at 351 

nm,” in Laser-Induced Damage in Optical Materials: 2008, G. J. Exarhos, D. 

Ristau, M. J. Soileau, and C. J. Stolz eds. (SPIE, Bellingham, WA, 2008), 

Vol. 7132, p. 71320J. 

[30] B. D. Cullity, Elements of X-Ray Diffraction, 2nd ed. (Addison-Wesley, 

Reading, MA, 1978). 

 

  



113 
 

CHAPTER 7 
 

STRESS COMPENSATION IN HAFNIA/SILICA 
OPTICAL COATINGS BY INCLUSION OF 

ALUMINA LAYERS 
 

 
7.1 Introduction 

Optical coatings are a critical technology for successful construction and 

operation of high-peak-power laser systems.  Optical coatings must provide 

appropriate spectral and photometric performance while maintaining high laser 

damage resistance at the wavelength(s) and pulse duration(s) of interest.  

Additionally, the surface figure of the optics to be coated must be maintained quite 

accurately, in order to preserve the optical performance of the system.  Thin-film 

stresses due to the optical coating process, both compressive and tensile, pose a risk 

to the performance and longevity of the coated components. 

Electron-beam deposition of optical coatings has been the standard process for 

fabrication of multilayer coatings for high-peak-power laser applications [1-3].  The 

ability to scale the process to large substrates, flexibility in source materials and 

coating designs, and relatively low cost encourage the selection of this deposition 

process.  Ultimately, however, the determination to date that such coatings produce 

the highest laser damage thresholds has led to the use of electron-beam evaporation as 

the deposition process for large, high-peak-power laser components for systems such 
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as Omega, Omega EP, the National Ignition Facility, Laser Megajoule, and others [1-

8]. 

Multilayer coatings consisting of hafnium dioxide and silicon dioxide have 

been the standard choice for applications at both 1053nm and 351nm for these laser 

systems [1-6].  These materials provide good spectral and uniformity control while 

maintaining high laser damage thresholds.  However, hafnia/silica multilayers exhibit 

high tensile stresses, particularly on low-thermal-expansion substrates in low-relative-

humidity environments, sufficient to cause significant substrate deformation and 

cracking of the coated surface [2, 9].  These stresses result from many sources, 

including differences in coefficients of thermal expansion of the substrate and film 

materials, intrinsic stresses related to the deposited film structure, and other 

contributions related to growth and interactions of thin-film materials [27]. Stresses 

may be irreversible, based on the film structure, materials, and method of deposition, 

or reversible, such as stress resulting from moisture content in the porous structure of 

an evaporated thin film [27].  By matching the temperature and humidity of the 

measurement and use environment of a coating, the resulting film stress from all 

sources may be evaluated and efforts may be undertaken to adjust it as needed.  The 

use of evaporated coatings in pulse-compressed laser systems, which operate in a 

vacuum environment, necessitates coating stresses that are neutral or slightly 

compressive, in order to avoid tensile failure in the form of cracking, or crazing, of 

the film. Modification of the electron-beam deposition process for hafnia/silica 

coatings has been explored elsewhere, both through evaporation parameters and 
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energetic assistance, in order to modify the overall film stress [9-11].  In this work, 

the use of aluminum oxide is investigated as a means of adjusting the stress in 

multilayer reflective coatings to achieve a more neutral or slightly compressive film. 

Aluminum oxide has a high bandgap with a corresponding high laser damage 

resistance [12-13].  However, its moderate refractive index makes it unattractive as a 

selection for either the high- or low-index material in interference coating designs, 

since such a refractive index leads to significantly thicker coatings with far greater 

numbers of layers.  Alumina films deposited by electron-beam evaporation have been 

shown to exhibit tensile film stresses while allowing a very slow diffusion of water, 

suggesting a relatively dense film structure without large, columnar pores in the 

coating [14].  The limited number of available coating materials with sufficiently high 

laser damage resistance requires the exploration of all available choices.  The 

diffusion behavior of alumina, coupled with its high bandgap and laser damage 

resistance, suggests further investigation of alumina performance could be beneficial 

to modify the performance of hafnia/silica coatings. 

 
7.2 Background 

Any film stress leads to a deformation of the optic surface in accordance with 

the mechanical properties of the film and substrate, as described by Stoney’s equation 

(2.2).  While mechanically-stiff substrate materials of sufficient thickness will exhibit 

minimal bending due to film stress, tensile stresses remain a problem if they lead to 

cracking, or crazing of the coating [15].   
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Fracture of the surface of a coating results from sufficiently high tensile 

stresses such that the fracture toughness of the film is exceeded.  Fracture will initiate 

at a defect in the coating, whether initiated by a scratch at the edge from coating 

tooling or optic mounting, or at a defect within the film.  The fracture of an electron-

beam evaporated hafnia/silica coating is shown in Fig. 7-1, with initiation occurring 

at a nodule in the coating.  Fracture also requires a sufficiently thick film, such that 

the stress in the film can be relieved through fracture at the surface, given the strain at 

that point.  This relationship is given by Hutchinson and Suo [16]: 

 

2
f

c Z
Eh
σ

Γ
=     (7.1) 

 
where hc is the critical coating thickness, Γ is the fracture resistance of the film, Ēf is 

Young’s Modulus of the film, Z is a geometrical constant dependent on the fracture 

type (1.976 for film crazing), and σ is the tensile stress in the film.  Compressive 

stresses will not lead to fracture of the coating surface; instead, excessive 

compressive stresses may lead to a buckling of the coating, potentially with 

delamination from the surface and is not a concern in this work.  The dependence on 

the thickness of the film relative to the film stress in Eqn. 7.1 provides a means for 

understanding failure mechanisms in the coating.    
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Fig. 7-1 – SEM imaging of the initiation site and crack that forms as a result of the high tensile 
stress in an evaporated hafnia/silica film.  A defect site in the coating provides an initiation site 
for tensile stress failure, while tearing of the film is evident within the crack that forms.   
 
 

Given the relationships in Eqns. 2.2 and 7.1, it is important to reduce the film 

stress such that optical performance of the component is preserved while fracture of 

the coating is avoided.  Thicker substrates may aid in maintaining flatter optical 

surfaces, and thinner coatings help to prevent cracking, but both of these approaches 

result in a cost in substrate size and/or achievable coating performance [17].  In order 

to provide optimal performance of the optical coating, the magnitude of the tensile 

film stress must be kept low or ideally moved to a compressive state.  Compressive 

stress also must be kept low in order to maintain surface flatness of the optical 

component in accordance with Eqn. 2.2. 

Stresses in a multilayer coating are a function of the film thickness of each 

constituent material in the coating, as well as the stress from all sources in each 

material.  Equation 2.2 may be modified to account for the individual stress in each 

layer by [18]: 
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where σi and ti are now the stress and thickness of each layer of the coating, 

respectively.  Likewise, the total stress in the multilayer will be given by: 

 

∑
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since the individual stress contributions are simply weighted by the relative layer 

thicknesses of each.  Modification of selected layers provides a means of adjusting 

the overall stress, with the use of three materials providing the ability to calculate the 

stress according to: 
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where Ti is now the total thickness of a given material in the entire multilayer, since 

the stress is assumed to be constant for all layers of the same material deposited in the 

same manner.  Subscripts H, L, and A denote hafnia (high-refractive-index), silica 

(low-refractive-index), and alumina, respectively.  Given individual material stresses, 

coating designs may then be modified to yield the desired overall stress. 

 Equation 7.4 assumes that the stresses in individual layers are identical for a 

given material, and that the stress is homogeneous throughout the thickness of each 

layer.  Given that electron-beam deposited films exhibit inhomogeneity, roughness, 

and columnar-growth structure, the influence of anisotropic properties in the 
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composite film stress is expected to be present but of unknown magnitude.  The 

influence of other layers, through roughness or capping effects, is also unknown as 

are interfacial strains.  The complexity in film structure for porous, evaporated 

coatings is anticipated to influence the film stress, suggesting additional complexity 

in quantitative understanding beyond that in Eqn. 7.4. 

The goal of this work is to alter the tensile stress state in the hafnia/silica 

multilayer coatings, ideally shifting it to a low-magnitude compressive stress to 

eliminate the risk of cracking of the coating while minimizing substrate deformation.  

Observations of current hafnia/silica coatings deposited by traditional electron-beam 

evaporation for use in a vacuum environment on the Omega EP laser system have 

indicated that multilayers of greater than 5 µm total film thickness consistently 

exhibit tensile stress failures in accordance with Eqn. 7.1, providing the motivation 

for this effort.   In addition, such coatings have tensile stresses of 80 MPa or greater, 

significantly deforming the substrate surface [4, 11].  Since polarizer coatings in 

particular cannot be realized with coatings of less than 5 µm thickness, the stress in 

the film must be shifted to a more compressive state [4].  This is pursued through 

process changes that will influence one or more sources of stress in any of the film 

materials, leading to an overall multilayer stress of the desired sign and magnitude. 

 
  

7.3 Experimental Procedure 
 

Coating depositions were performed in a 54-inch coating chamber equipped 

with quartz heater lamps, dual electron-beam guns, and planetary substrate rotation.  
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Granular silicon dioxide was evaporated from a continuously-rotating pan while 

hafnium metal or aluminum oxide was deposited from a stationary 6-pocket electron-

beam gun.  The baseline coating is a 32-layer hafnia/silica quarter-wave-optical 

thickness mirror centered at λ0 = 1053nm with a half-wave silica overcoat on fused 

silica substrates.  Alumina layers were substituted for selected hafnia layers, 

uniformly distributing the alumina layers throughout the coating.  In addition, the first 

high-index layer on the incident side of the coating was always replaced by alumina, 

in order to take advantage of the higher bandgap of alumina in the region of highest 

electric-field intensity.  In this manner, the coating has alumina/silica interfaces, but 

no hafnia/alumina interfaces.  The refractive index profile of such a coating is shown 

in Fig. 7-2, with the outermost layers on the air side being a half-wave optical 

thickness of silica and a quarter-wave optical thickness of alumina immediately 

beneath it. 

The primary means of altering the coating in this study are the amount of 

alumina introduced in the coating design, the location of the alumina in the coating 

structure, and the number of interfaces of each coating material.  Depositions were 

performed with different overall coating thicknesses, relative numbers of layers and 

associated interfaces, and individual layer thicknesses on 25.4mm diameter x 1mm 

thick fused silica substrates as described in Table 7-1.  The layer thicknesses for all 

coating designs in Table 7-1 are given in Appendix E.  The convention for describing 

the multilayer coating design is that A, L, and H represent quarter-wave optical  
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Figure 7-2 - Refractive index profile of a hafnia/silica/alumina high-reflector 
coating.  Selected hafnia layers are replaced with equivalent optical thickness 
alumina layers, with the alumina layers being equally distributed throughout 
the overall thickness of the coating. 

 
 

thicknesses at 1053nm of alumina, silica, and hafnia, respectively, coefficients 

indicate a multiple of quarter-wave thickness, and superscripts signify the repetition 

of that portion of the coating design.  Deposition parameters such as oxygen backfill 

pressures, deposition rate, and substrate temperature remained constant throughout, in 

order to maintain consistent film properties and corresponding film stress for each 

material deposition.  The alumina was inserted in quarter-wave optical thickness 

layers, in order to contribute to the optical performance of the coating while 

potentially modifying the mechanical properties. 
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Sample # Design 
Stress 
(MPa) Run # 

1 Sub/ (HLAL)7 L /Air -60 24T0954 

2 Sub/ (HLAL)8 L /Air -70 25T0954 

3 Sub/ [AL (HL)2]5 A2L /Air -63 47T0954 

4 Sub/ [(HL)7AL]2 L /Air -55 50T0954 

5 Fully optimized 26-layer coating with 2 
alumina layers -45 56T0954 

6 Sub/[(HL)3AL]4 L /Air -65 57T0954 

7 Fully optimized 34-layer coating with 3 
alumina layers -52 58T0954 

8 Fully optimized 18-layer coating with 2 
alumina layers -26 60T0954 

9 Fully optimized 50-layer coating with 4 
alumina layers -70 10T1072 

10 Sub/ (HLAL)10 L /Air -65 25T0456 

11 Sub/ (HL)17 H4A /Air -67 8P1140 

 
Table 7-1 - Quarter-wave high-reflector coatings for 1053nm with different 
numbers of alumina layers replacing hafnia layers.  Film stress is determined 
from surface flatness measurements on a Zygo New View white light 
interferometer, with a negative stress being compressive and a positive stress 
being tensile.  See Appendix E for physical thicknesses of all coating designs. 

 
 
Spectral measurements were performed on a Perkin-Elmer Lambda 900 

spectrophotometer operating in transmission mode at normal incidence.  The 

spectrophotometer environment was maintained at approximately 0% relative 

humidity by purging the instrument with nitrogen gas in order to eliminate optical 

thickness variations as a result of film water content.  Photometric measurements 
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were executed on a laser-based reflectometer system, again in a nitrogen-purged 

environment to achieve 0% relative humidity; measurements were performed at a 

constant wavelength while scanning the incident angle on the substrate.  The 

measurement procedure incorporates a dual-beam configuration, using lock-in 

amplifiers and a chopped signal to minimize signal noise.  Extended integration times 

at each point in the measurement scan further improve the quality of the measured 

result. 

Surface flatness measurements of the 1-inch diameter substrates were 

performed on a Zygo New View white light interferometer in a nitrogen-purged 

enclosure to achieve approximately 0% relative humidity [19].  Samples were purged 

for 15 hours prior to measurement, in order to stabilize the coating stress; 

measurement routines were automated to ensure consistent purge times.  Samples 

measured after only 6 hours of purging exhibited irregular measurement results, with 

a significant decrease in correlation with deposition parameters.  Measurements were 

corrected for cavity irregularity by referencing a λ/50 calibration flat, and all 

measurements subtracted the pre-coating flatness measurement of the individual 

substrate.  Samples were supported on a 3-point ball bearing mount, with each point 

positioned 120º apart at 65% of the radius of the substrate to minimize distortion due 

to gravity in mounting.  The uncoated surface of the samples was measured to avoid 

interferometric phase errors due to the coating.  Film stresses based on these surface 

measurements were compared to measurements carried out on coated 310mm 

diameter x 14mm thick fused silica substrates measured on an 18-inch Zygo 
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interferometer, with calculated stresses agreeing to within ±8MPa.  Film stresses were 

also compared to measurements taken in a custom vacuum cell on the Zygo New 

View; vacuum film stresses were measured approximately 8MPa more tensile than 

those determined in a nitrogen environment.  Given the relative difficulty of making 

in-vacuum measurements, this shift in determined film stress was considered 

negligible at this time. 

Laser damage testing was performed using 1ns pulses at a wavelength of 

1053nm.  The irradiation spot size, illuminated by a 2m focal length lens, was 600 

µm, allowing the use of fluences up to 100 J/cm2.  The sample was inspected under 

110X magnification using dark-field microscopy, with an observable change in the 

surface being defined as damage.  Testing may be targeted on defects present in the 

coating, as a means of identifying the weakest points in the film structure, or on sites 

which appear pristine, as a means of evaluating the maximum possible damage 

threshold for a clean substrate and zero-particulate process.  Modes of testing 

included 1-on-1, where each site on the substrate is illuminated only once, and N-on-

1, where the fluence is gradually ramped through a series of shots until damage is 

observed [20]. 

 

7.4 RESULTS AND DISCUSSION 
 

Evaporated alumina films have been reported in the literature as both tensile 

and compressive [13, 21].  The films being studied were found to have a tensile stress 

when deposited as a monolayer, with a stress on the order of 70 ± 15 MPa based on 
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quarter-wave thickness layers on fused silica substrates, as shown in Fig. 3-3.  This 

would suggest alumina is not a viable material for compensation of tensile stresses in 

high-damage-threshold coatings, since it would not offset the high tensile stress 

generated in hafnia layers.  However, composite film stresses in hafnia/silica 

multilayers were tensile, but alumina/silica multilayers remain quite compressive as 

shown in Table 7-1.  This could in part be a result of the magnitude of the tensile 

stress in alumina being less than that in hafnia, allowing it to be compensated by the 

compressive silica stress.  It is also possible that the use of alumina is altering the 

properties of the hafnia and/or silica in the multilayer structure.  This could be a 

physical change, such as the alteration of the film structure, or a chemical change 

related to the water content in the film.  Regardless, the stress state is altered from 

tensile to compressive, making the use of evaporated alumina films of significant 

interest. 

The film stresses as measured in the hafnia/alumina/silica multilayers indicate 

an unexpected result for the different layer material combinations.  The 3-material 

coating design is much more compressive than can be explained based on the 

constituent materials; given the relative proportion of materials in each design, this 

should not be possible in order for Eqn. 7.4 to be valid for all coatings using 

comparable stress values for the materials in each [11].  This failure of Eqn. 7.4 to 

appropriately describe the multilayer stress suggests two potential modifications: 

inhomogeneous layer stresses resulting from interfacial effects and growth 

irregularities, or else reduced penetration of water into the film [22].  The influence of 
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water on the overall film stress may be due to an impact on the irreversible portion of 

the film stress, resulting from a chemical change in one or more of the coating 

materials or an expansion of the film structure.  Water content may also alter the 

reversible stress, by water occupying pores within the film and straining the film 

structure.  The influence of interfacial or water-dependent stresses will be evaluated 

separately to determine how well each fits the experimental data, in order to 

determine which terms must be included in the model. 

The influence of an inhomogeneous layer stress will be a function of the 

number of interfaces of the given material and the overall thickness of each. The 

potential changes resulting from inhomogeneous stresses can be modeled by 

interfacial effects.  The influence of the alumina thickness and the number of layer 

interfaces can be included by altering Eqn. 7.4 to a form: 

 

L/AL/AL/HL/H
ALH

AALLHH
TOTAL II

TTT
TTT

σ+σ+
++

σ+σ+σ
=σ   (7.5) 

 
where σH/L and σA/L are the stresses resulting from interfacial and film-growth effects 

at each of the hafnia/silica (IH/L) and alumina/silica (IA/L) interfaces, respectively.  The 

integer number of interfaces (IH/L and IA/L) in the coating design for each combination 

of materials is counted, and since both hafnia and alumina have silica layers above 

and below each layer, the directional dependence is not required. 

It is possible to determine values for each of the 5 stresses included in Eqn. 

7.5 by establishing a linear series of 5 equations for simultaneous solution.  The first 

6 depositions were selected to provide a means of calculating the stresses 6 times, by 
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eliminating one of the depositions from consideration for each calculation.  The 

calculation is most readily constructed in matrix form, for 5 given depositions: 
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where σTOTALi are the measured stress values of the multilayer coatings as shown in 

Table 7.1.  Rearranging this for solution yields: 
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The 6 possible solutions, based on elimination of each of depositions 1-6, are 

summarized in Table 7-2. 

 

  A B C D E F 

σH -242.3 -111087.9 -95125.2 -900.4 -643.9 -287.5 
σL 83.0 75889.2 91851.8 569.8 2392.3 192.2 
σA 42.8 -95884.3 -79921.7 -102.6 -5639.3 -200.3 

σH/L -0.2 91.7 -423.2 0.1 -37.2 -1.3 
σA/L -4.6 79.0 -435.9 -12.5 37.9 -3.3 

 
Table 7-2 - Solutions to the system of equations incorporating interfacial 
stresses describing the individual stress contributions. All stresses are 
expressed in MPa. 
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Analysis of the results shows none of the mathematical solutions fit the physical 

parameters of the problem.  Based on single-layer stress measurements, σH is 

expected to be on the order of 200MPa and σL is on the order of -80 MPa.  In 

evaluating the potential solutions, σH is consistently compressive while σL is 

consistently tensile.  The solutions are also unstable, which together with the incorrect 

signs on the stresses indicates that interfacial effects alone do not adequately describe 

the influence on the film stress.  While additional solutions could be found by 

selecting different combinations of depositions, the failure of the model is apparent. 

 
The changes in coating stress due to the inclusion of alumina layers may also 

be a result of the reduced diffusion of water through the coating structure.  As the 

density of the film is increased, the amount of water that may penetrate the film 

structure is reduced, altering the water-dependent irreversible and reversible film 

stresses.  If alumina is sufficiently dense to impede the diffusion of water into the 

multilayer film structure, the presence of alumina would alter the overall coating 

stress by modifying the amount of water present in the film at any given time.  Such 

an effect would be dependent on where the alumina is located in the multilayer, since 

reduced water-penetration of the coating would only result beneath a given alumina 

layer.   As shown in Fig. 7-3, the stress in an alumina/hafnia/silica coating exhibits a 

very slow drift as the coating is dried in a nitrogen-purged environment.  This leads 
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Figure 7-3 - Change in stress in an alumina/silica coating as a function of 
time in dry nitrogen.  Note that the stress changes quite slowly, 
corresponding to a change in the reversible film stress as water is 
removed from the pores of the coating, leading to instability in the 
optical performance over an extended period of time as the surface 
flatness continues to change.   

 
 

to a strong time-dependence for all measured values of stress, in order to stabilize the 

coating performance as much as possible.  This uncertainty makes precise stress 

determination of coatings containing alumina very difficult, since even after a week 

of drying time the stress may not be fully stabilized.  Since the coating stress is the 

sum of the intrinsic and thermal film stresses, the stress difference between the 

coating on BK7 and fused silica will be consistent, corresponding to the difference in 

thermal stress. 
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Given the limitations of the interfacial model as expressed in Eqn. 7.5, a 

diffusion-based stress model was developed to describe the influence of alumina 

layers on the stresses of hafnia and silica.  The relatively dense structure of alumina 

inhibits the movement of water through the coating structure, so it is likely that the 

presence of alumina layers influences the hydrolysis of porous silica layers contained 

beneath the alumina, with the aging of the film to a more tensile state over time being 

largely avoided [4, 6].  This model assumes that the presence of a given alumina layer 

alters the stresses of any hafnia and silica present between that layer and the substrate 

by inhibiting the diffusion of water from moist air through the coating structure, as 

shown in Fig. 7-4, reducing the available water in the film.  This may alter both the 

reversible and irreversible stresses in the film; the reversible stress relies on water 

content in the film pores, and is reduced by the presence of dense, diffusion-barrier 

layers of alumina.  The irreversible stress results not only from thermal and intrinsic 

film-structure stresses, but also the stress resulting from the chemical change of silica 

Figure 7-4– Diffusion-based 
model assumes a given 
alumina layer acts as a 
water-diffusion barrier, 
influencing the water 
content and the 
corresponding stress of all 
layers below it.  As depicted, 
alumina layer #1 would 
influence the stress of layers 
2-8.  Buried within the 
multilayer coating structure, 
layer #5 would affect the 
stresses in only layers 6-8. 
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from hydrolysis, a process which is a function of the water vapor content in the film.  

A reduction of water penetration into the coating by inserting diffusion barrier layers 

would influence the hydrolysis of silica in particular, leading to a change in the silica 

stress state by altering the stress aging of the coating [6].  It is also assumed that the 

coated area is sufficiently large that moisture penetration from the edges of the coated 

region has minimal effect. 

 Mathematically, the diffusion-based model can be expressed by the thickness-

weighted sum of the stresses of the constituent materials adjusted by a change in the 

stress as a function of the alumina thickness acting as a diffusion barrier.  This is 

established with a diffusion-based constant, ki, to account for the relative impact of 

different thicknesses of alumina on the diffusion of water, as well as an additional 

constant, Di, to adjust the magnitude of the stress based on a given change in the 

water content of the film.  
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The difficulty with this model lies in its added complexity; by including 7 

variables, it is now necessary to have a minimum of 7 high-quality data sets for 

unique depositions to solve the system of equations.  Given the slow-drifts in stress 

measurements resulting in measurement inaccuracies, the refinement of such a model 

will be essential to making it useful.  Furthermore, numerous data sets may be 

necessary to overcome the impact of measurement error. 

The additional degrees of freedom present in Equations 7.8 and 7.9 have a 

physical basis related to the movement of water through the structure.  Di represents 

the shift in the irreversible stress for a given material resulting from water-induced 

changes; these changes can be expected to be different depending upon the relative 

porosity and any chemical changes that may take place in one material versus the 

other. Since all of the measurements of coating stress are performed in a nitrogen-

purged atmosphere, with the coating dried for 15 hours, the reversible stress resulting 

from the presence of water in the pores of the film is negligible.  The alumina layers 

are acting as diffusion barriers, but the exponential reduction in diffusion because of 

such a barrier must be appropriately scaled to account for the alumina film structure 

and the ability of water to penetrate it.  Ideally, this should result in a value of kH 

equal to that of kL, and this should be explored within the model. 

The added complexity of the model and the relatively low accuracy of the stress 

measurements suggest the use of an optimization routine to best-fit all available data 

to the model, based on varying the individual material stresses σH, σL, and σA, as well 

as the diffusion-related constants DH, DL, kH, and kL.  Further improvements in this 
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model could be possible as additional data sets become available, ideally with unique 

coating designs containing alumina layers of different thicknesses and placement.  

Potential simplifications can be sought by requiring kH = kL, or even an assumed 

constant value for kH and kL such as 1µm-1.  Assuming kH = kL =1µm-1, the diffusion-

based model yields the material properties shown in Table 7-3 for 

hafnia/silica/alumina multilayers. 

σH 272 MPa 

σL -561 MPa 

σA 371 MPa 

DH -60 MPa 

DL 333 MPa 

kH 1 µm-1 

kL 1 µm-1 
 
 

Evaluating the individual material stresses in a 0% relative-humidity 

environment, this model appears to represent the physical performance of the coating 

much more closely.  When considering single layers of hafnia or silica (alumina 

thickness equal to 0), it is important to note that Eqn. 7.10 will yield σH + DH or σL + 

DL, respectively.  The stress for a hafnia monolayer is now 212 MPa (tensile) while 

that for a monolayer of silica would be -228 MPa (compressive), both consistent with 

experimental results.  The stress in a silica monolayer is somewhat more compressive 

than that measured, but this may be a result of the aging influence of silica hydrolysis, 

shifting from a more compressive film to a less compressive film.  The time between 

Table 7-3 - Calculated values for 
individual material stresses 
incorporating the influence of 
alumina layers as water-diffusion 
barriers.  Solution assumes 
kH=kL=1µm-1. 
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film deposition and measurement can have a significant impact on silica stress, with 

delays in measurement shifting the stress in the tensile direction.  Evaluating samples 

1-8, noting that this data was also used to determine the constants within the model, 

the multilayer stresses modeled are shown in Table 7-4: 

 

 

 
Table 7-4 - Measured versus modeled multilayer stresses using the water-diffusion stress model.  
All samples coated in the primary deposition system (samples 1-8) model the stress within 6 MPa 
of the measured value, within the margin of error of the stress measurement.  Samples 9-11 were 
all coated in different deposition systems, having slightly larger differences relative to the 
modeled stresses. 
 
 
  

Sample 
# Design 

Measured 
Stress 
(MPa) 

Diffusion-
Modeled Stress 

(MPa) Run # 

1 (HLAL)7 L -60 -62 24T0954 

2 (HLAL)7 L -70 -67 25T0954 

3 [AL (HL)2]5 A2L -63 -63 47T0954 

4 [(HL)7AL]2 L -55 -61 50T0954 

5 Fully optimized 26-layer 
coating with 2 alumina layers -45 -45 56T0954 

6 [(HL)3AL]4 L -65 -65 57T0954 

7 Fully optimized 34-layer 
coating with 3 alumina layers -52 -50 58T0954 

8 Fully optimized 18-layer 
coating with 2 alumina layers -26 -26 60T0954 

9 Fully optimized 50-layer 
coating with 4 alumina layers -70 -74 10T1072 

10 (HLAL)10 L -65 -79 25T0456 

11 (HL)17 H4A -67 -73 8P1140 
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7.5 IMPLEMENTATION 
 

A key advantage of this type of coating process change is that it can be readily 

performed in a standard evaporation system with minimal equipment modifications 

required.  This process was implemented in a 72-inch coating chamber to stress-

compensate the coating for a 0.9-m-aperture polarizer coating for use in vacuum on 

the Omega EP laser system, as previously produced with evaporated hafnia/silica [4].  

In order to integrate this process, the standard 6-pocket electron-beam gun used for 

hafnium metal evaporation was replaced with an EB Sources large-capacity 12-

pocket electron-beam gun, providing additional source capacity for alumina 

evaporation.  All deposition monitoring was performed with weighted-averaging 

using an Inficon IC5 and 3 SensorsTech cartridge-type quartz crystal monitors 

mounted beneath stationary uniformity-correction masks, with the substrate mounted 

in a counter-rotating planetary rotation system [23, 24].  Silica deposition was 

performed using granular silica in a continuously-rotating EB Sources large-capacity 

pan-type electron-beam gun. 

The original 48-layer polarizer coating design developed for this application 

was replaced with a 50-layer design containing 4 alumina layers, with all alumina 

layers adjoining only silica layers [4].  The alumina layers are nominally one quarter-

wave optical thickness, except the layer on the substrate which is approximately three 

quarter-waves in optical thickness.  The nominal design for this coating can be 

expressed as 3A(LH)7[LA(LH)7]2LA2L, maintaining the design convention described 

in Section 7.3.  The coating design was fully optimized with Optilayer refinement, 
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altering the layer thicknesses slightly from the nominal design to maximize the 

photometric coating performance [25].  The alumina layers were inserted every 16th 

layer, such that the layer on the substrate is alumina and the final high-index layer is 

alumina.  The outermost layer of the coating remains a thick silica layer of greater 

than 1 half-wave optical thickness.  The overall coating thickness is 9.1µm, requiring 

approximately 10h of deposition time.  Cross-sectional scanning-electron 

micrographs of the completed polarizer coating are shown in Fig. 7.5, with the 

alumina layers appearing very similar to the surrounding silica layers; only the film 

microstructure differentiates it from the adjoining layers. 

 

 
 

Fig. 7-5 – Cross-sectional scanning electron micrographs of the polarizer coating modified with 4 
alumina layers.  The alumina layer appears to have a more columnar structure than the 
surrounding silica layers, which appear amorphous.  The hafnia layers appear columnar and 
much brighter in the image. 
 

 

Coating performance was measured using a laser-based photometer, providing 

a highly-collimated source, precise angle of incidence, and high polarization contrast.  

The performance of this polarizer is shown in Fig. 7-6, indicating p-polarized 

transmission of greater than 98% through the component over an angular range of 
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nearly 9º incidence; polarizer contrast, defined as Tp:Ts, exceeds 200:1 over 8º of this 

range.  In wavelength space, this component has a useful bandwidth of 30nm after 

accounting for slight uniformity errors over the 0.9-m aperture and installation 

alignment tolerances. 

 
 

Figure 7-6 – Photometric measurement of a Brewster-angle polarizer installed on Omega 
EP, utilizing alumina for stress control in a dry environment.  This polarizer coating 
provides high transmission and contrast over a wavelength range of 30nm with incident 
1053nm light. 

 
 
Laser damage testing of this coating using a 1053nm laser with s-polarized 

light in a 1:1 mode indicated damage thresholds of greater than 74 J/cm2 when tested 

at 1ns (clean sites, with no testing performed above this fluence) and 44 J/cm2 when 

targeting defects visible using darkfield inspection in a microscope as described 
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previously [21].  Transmitted laser damage tests in p-polarization remained above 20 

J/cm2.  The reported fluences are “beam” fluences, as measured perpendicular to the 

beam propagation; these samples were tested at oblique incidence, reducing the 

fluence on the coated surface by the cosine of the incident angle.  Stress 

measurements indicate the coating on a 25.4-mm-dia. x 1mm-thick fused silica 

substrate maintains a compressive stress of approximately -70 MPa, when measured 

in an N2-purged environment at 0% relative humidity.  This compares very favorably 

with the diffusion-based stress model, which predicts a compressive stress of -74 

MPa, listed as sample #9 in Table 7-1.  This controlled compressive stress provides a 

coating which does not fail in tension, even when used in a vacuum environment.  As 

noted previously, the slow drift in film stress as a function of drying time makes 

accurate determination of the stress very difficult, with a measurement uncertainty on 

the order of ±10MPa. 

While this coating effort was highly effective, far exceeding the performance 

requirements for this component, the use of alumina does pose significant challenges 

to successful implementation in the laser system.  The diffusion-barrier properties of 

the coating significantly restrict the movement of water into and out of the film 

structure, leading to very slow changes in the coating stress and photometric 

performance as the relative humidity changes.  This change in photometric 

performance was measured for the polarizer coating, initially stored in an ambient-

humidity environment, over a period of multiple days in an N2-purged 0% relative 

humidity environment as shown in Fig. 7-7.  The coating performance undergoes a 
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substantial change in photometric performance, requiring days or even weeks of 

recovery time if the optic is exposed to an ambient-humidity environment.   

 

  
 

 
 
 

The slow drift in performance may require the storage and transport of such coatings 

in a dry atmosphere, while minimizing exposure to humid air during installation.  

Initial evaluation suggests the movement of water into the coating also takes place 

over a long time scale, as evidenced by the “mottled” appearance that develops as the 

coating is exposed to moist, ambient air.  Provided the water penetration is slow, 
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Figure 7-7 - Change in photometric performance of a hafnia/silica polarizer 
coating containing alumina layers.  Note that similar to the stress changes in 
Fig. 4, the optical performance of the coating changes significantly over an 
extended period of time in a dry nitrogen environment.  In this case, 
measurements were performed over a period of approximately 8 days. 
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short exposure times during installation and alignment can be overcome relatively 

quickly.  It is understood that moisture penetration through defect sites in the coating 

leads to the localized exchange of water for void in the coating, resulting in an 

increase in the optical thickness and a change in the color of the coating as shown in 

Fig. 7-8.  Over time, diffusion of the water within the coating structure will bring the 

water content in the coating to equilibrium, with the coating once again appearing to 

be a consistent color as the individual moisture-penetration sites through the diffusion 

barrier coalesce, eliminating the mottled appearance.  Alumina is a highly-effective 

diffusion barrier to water penetration, and as such, may require many days of 

exposure to moist air before the coating once again appears uniform.  As shown in 

Fig. 7-8, a hafnia/silica coating containing alumina barrier layers continues to exhibit 

a mottled appearance 2 days after deposition.  The alumina is quite dense, with 

isolated defects providing a path for the moisture through the layer, with the 

surrounding hafnia/silica layers in the multilayer remaining relatively porous. 
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7.6 CONCLUSIONS 

 
The inclusion of alumina layers in standard hafnia/silica high-reflectance 

coatings leads to a significantly more compressive overall film stress, enabling the 

use of such coatings in vacuum environments on low-thermal-expansion substrates 

without the risk of cracking, or crazing, of the film due to tensile stress failure.  The 

use of multiple designs incorporating different numbers of layers, numbers of 

interfaces, and thicknesses of the constituent materials provides the opportunity to 

determine the individual contributions of hafnia, silica, and alumina to the overall 

stress in the multilayer optical coating, a contribution which was found to be very 

different than that anticipated based on monolayer stresses.  A model incorporating 

interfacial effects was developed to account for the inhomogeneous film stresses as 

Figure 7-8 - Multilayer dielectric coating containing alumina layers 2 days 
after deposition.  Note the “mottled” appearance of the coating color in 
reflection, indicating an irregular absorption of water into the coating 
structure. 
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each layer is formed; such a model does not adequately allocate the influence of 

individual materials to the overall film stress. 

The water-diffusion model has been shown to accurately predict multilayer 

coating stresses for hafnia/alumina/silica films, with good agreement with measured 

monolayer and multilayer stresses.  By limiting the penetration of water into the film 

structure, the hydrolysis of silica is restricted and the overall film stress remains more 

compressive.  The stress in hafnia/silica coating designs including alumina stress-

compensation layers has been demonstrated in agreement with the developed model, 

without degradation of spectral performance or laser damage resistance.  This process 

was used to deposit large-aperture polarizer coatings for use in an N2-purged 

environment on Omega EP.  Such coatings may be readily implemented using 

standard electron-beam evaporation systems, are easily scaled to large-aperture 

substrates, and provide an ideal means of addressing the need for coatings in vacuum 

for pulse-compressed laser systems.  The slow diffusion of water in such coatings 

poses some difficulties in implementation, but this may be overcome by storage in a 

low-relative-humidity environment. 
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CHAPTER 8 
 

CONCLUSIONS 
 
 

Hafnium dioxide films deposited using electron- beam evaporation are critical 

for application in high-peak-power laser systems.  Multilayer thin-film coatings 

incorporating hafnium dioxide must provide the desired optical performance while 

maintaining high laser-damage resistance and a sufficiently low film stress to 

minimize distortion of the optical surface.  Furthermore, film stresses must remain 

compressive or near-neutral in order to avoid tensile stress failures as indicated by a 

cracking, or “crazing,” of the coating when the yield strength of the coating is 

exceeded. 

This work has demonstrated that improvements in laser damage resistance of 

hafnia can be achieved by deposition of hafnia at low evaporation rates in the 

presence of a high oxygen backfill pressure.  Such an approach to the improvement of 

hafnia laser damage thresholds can be implemented on an individual layer basis, 

minimizing the impact on the overall deposition time, film scatter, and composite 

multilayer stress.  This is particularly beneficial when depositing coatings subject to 

high electric-field intensities within one or more hafnia layers; through modification 

of these layer(s), the overall laser damage resistance of the coating can be 

significantly improved. 
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Modifications to coating designs aimed at minimizing hafnia-layer thicknesses 

exhibited an influence on the aging of film stress, but no long-term benefits in the 

overall performance of the coated component.  Such an approach significantly 

increases the complexity and duration of the deposition process, without a perceived 

benefit in coating performance.  Since no benefit was realized from such a 

modification to hafnia/silica coating design, further investigation of such a coating 

method was not pursued. 

Plasma-assisted deposition of hafnia/silica multilayer coatings is an effective 

means of densifying the coating in a controlled manner with the benefit of high laser 

damage thresholds.  Partially-densified coatings have been demonstrated, in order to 

target desired composite film stresses, with the associated laser damage resistance 

remaining acceptable.  Plasma-assisted deposition was not found to provide a 

discernible benefit in laser damage thresholds under the conditions studied, but the 

ability to alter the stresses in order to enable operation in different use environments, 

on different substrate materials, provides a degree of control for deposition that is 

invaluable.  The complexity and associated costs to modify the deposition process in 

this manner are significant, but the results achieved demonstrate the effectiveness of 

this deposition technique. 

Finally, the use of aluminum-oxide diffusion barriers in hafnia/silica 

multilayer coatings was found to modify film stresses in a quantifiable manner, based 

on the restriction of water vapor diffusing through the coating.  Such a reduction in 

adsorbed water within the hafnia/silica structure severely limits the hydrolysis of 
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silica, allowing the overall stress of the multilayer to remain more compressive.  Such 

modifications were successfully implemented to achieve targeted film stress levels.  

Furthermore, since alumina has a significantly larger bandgap than that of hafnia, 

while allowing similar deposition, there is no negative influence on the laser damage 

resistance of the coating.  While the use of alumina does pose challenges given the 

slow changes in optical and mechanical properties of the coating, the overall 

performance of the coating is exceptional, with minimal changes to the deposition 

system or process. 

The methods explored in this work enable the modification of hafnia/silica 

films for successful implementation on large-aperture, high-peak-power laser 

systems.  There is nothing that precludes these methods from being utilized in 

conjunction with one another, since the process modifications may be instituted to 

affect individual or groups of layers.  For example, alumina may be used to control 

the stresses in the majority of a high-reflector coating nearer the substrate, while the 

outermost 1-2 layers of hafnia may be deposited to achieve a porous, higher-damage-

threshold coating in the region of highest electric-field intensity.  Likewise, such an 

approach could be pursued with a plasma-assisted coating by protecting the outermost 

surface with a more laser-damage-resistant hafnia film.  This work provides the tools 

to simultaneously modify a hafnia/silica coating for a desired stress state while 

maintaining or improving the laser damage resistance in a manner consistent with 

application for a large aperture substrate.   
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Appendix A 
                      
                      

Refractive Index Dispersion Data for All Coating Designs 
                      
                      

λ 56_HfO2   λ 56_SiO2   λ 56_Al2O3   λ 54_HfO2 

300 2.070   340 1.504   340 1.691   300 2.026 
327 2.050   355 1.501   355 1.687   317 2.012 
354 2.035   370 1.498   370 1.683   335 2.000 
381 2.022   386 1.495   386 1.680   352 1.989 
408 2.013   401 1.493   401 1.677   370 1.980 
435 2.004   416 1.491   416 1.675   387 1.973 
462 1.998   431 1.489   431 1.673   405 1.966 
489 1.992   447 1.488   447 1.671   422 1.960 
516 1.987   462 1.486   462 1.669   440 1.955 
543 1.983   477 1.485   477 1.667   457 1.950 
570 1.979   492 1.484   492 1.666   475 1.946 
597 1.976   508 1.482   508 1.664   492 1.942 
624 1.974   523 1.481   523 1.663   510 1.939 
651 1.971   538 1.481   538 1.662   527 1.936 
678 1.969   553 1.480   553 1.661   544 1.933 
705 1.967   569 1.479   569 1.660   562 1.930 
732 1.966   584 1.478   584 1.659   579 1.928 
759 1.964   599 1.478   599 1.658   597 1.926 
786 1.963   614 1.477   614 1.657   614 1.924 
813 1.962   630 1.476   630 1.657   632 1.922 
840 1.961   645 1.476   645 1.656   649 1.921 
867 1.960   660 1.475   660 1.655   667 1.919 
894 1.959   675 1.475   675 1.655   684 1.918 
921 1.958   690 1.474   690 1.654   702 1.917 
948 1.957   706 1.474   706 1.654   719 1.916 
975 1.957   721 1.474   721 1.653   737 1.914 
1002 1.956   736 1.473   736 1.653   754 1.913 
1029 1.955   751 1.473   751 1.653   771 1.912 
1056 1.955   767 1.473   767 1.652   789 1.912 
1083 1.954   782 1.472   782 1.652   806 1.911 
1110 1.954   797 1.472   797 1.651   824 1.910 



152 
 

λ 56_HfO2   λ 56_SiO2   λ 56_Al2O3   λ 54_HfO2 

1137 1.953   812 1.472   812 1.651   841 1.909 
1163 1.953   828 1.472   828 1.651   859 1.909 
1190 1.953   843 1.471   843 1.651   876 1.908 
1217 1.952   858 1.471   858 1.650   894 1.907 
1244 1.952   873 1.471   873 1.650   911 1.907 
1271 1.952   889 1.471   889 1.650   929 1.906 
1298 1.951   904 1.470   904 1.650   946 1.906 
1325 1.951   919 1.470   919 1.649   963 1.905 
1352 1.951   934 1.470   934 1.649   981 1.905 
1379 1.951   950 1.470   950 1.649   998 1.904 
1406 1.950   965 1.470   965 1.649   1016 1.904 
1433 1.950   980 1.470   980 1.648   1033 1.904 
1460 1.950   995 1.470   995 1.648   1051 1.903 
1487 1.950   1010 1.469   1010 1.648   1068 1.903 
1514 1.950   1026 1.469   1026 1.648   1086 1.902 
1541 1.949   1041 1.469   1041 1.648   1103 1.902 
1568 1.949   1056 1.469   1056 1.648   1121 1.902 
1595 1.949   1071 1.469   1071 1.648   1138 1.902 
1622 1.949   1087 1.469   1087 1.647   1156 1.901 
1649 1.949   1102 1.469   1102 1.647   1173 1.901 
1676 1.949   1117 1.469   1117 1.647   1190 1.901 
1703 1.949   1132 1.468   1132 1.647   1208 1.900 
1730 1.948   1148 1.468   1148 1.647   1225 1.900 
1757 1.948   1163 1.468   1163 1.647   1243 1.900 
1784 1.948   1178 1.468   1178 1.647   1260 1.900 
1811 1.948   1193 1.468   1193 1.647   1278 1.900 
1838 1.948   1209 1.468   1209 1.647   1295 1.899 
1865 1.948   1224 1.468   1224 1.646   1313 1.899 
1892 1.948   1239 1.468   1239 1.646   1330 1.899 
1919 1.948   1254 1.468   1254 1.646   1348 1.899 
1946 1.948   1270 1.468   1270 1.646   1365 1.899 
1973 1.948   1285 1.468   1285 1.646   1383 1.899 
2000 1.948   1300 1.468   1300 1.646   1400 1.898 
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λ 54_SiO2   λ 54_Al2O3   λ 72_HfO2   λ 72_SiO2 

350 1.518   340 1.691   350 2.077   370 1.479 
366 1.510   355 1.687   365 2.067   385 1.477 
382 1.504   370 1.683   380 2.058   399 1.475 
398 1.499   386 1.680   395 2.050   414 1.474 
413 1.495   401 1.677   410 2.043   429 1.472 
429 1.492   416 1.675   425 2.038   444 1.471 
445 1.489   431 1.673   440 2.033   458 1.470 
461 1.487   447 1.671   455 2.029   473 1.469 
477 1.485   462 1.669   470 2.025   488 1.468 
493 1.483   477 1.667   485 2.022   503 1.467 
509 1.482   492 1.666   500 2.020   517 1.466 
525 1.481   508 1.664   516 2.017   532 1.465 
540 1.480   523 1.663   531 2.015   547 1.465 
556 1.479   538 1.662   546 2.013   561 1.464 
572 1.478   553 1.661   561 2.011   576 1.463 
588 1.477   569 1.660   576 2.010   591 1.463 
604 1.477   584 1.659   591 2.008   606 1.462 
620 1.476   599 1.658   606 2.007   620 1.462 
636 1.476   614 1.657   621 2.006   635 1.461 
652 1.475   630 1.657   636 2.005   650 1.461 
667 1.475   645 1.656   651 2.004   665 1.461 
683 1.475   660 1.655   666 2.003   679 1.460 
699 1.475   675 1.655   681 2.002   694 1.460 
715 1.474   690 1.654   696 2.001   709 1.460 
731 1.474   706 1.654   711 2.001   724 1.459 
747 1.474   721 1.653   726 2.000   738 1.459 
763 1.474   736 1.653   741 1.999   753 1.459 
779 1.473   751 1.653   756 1.999   768 1.458 
794 1.473   767 1.652   771 1.998   782 1.458 
810 1.473   782 1.652   786 1.998   797 1.458 
826 1.473   797 1.651   801 1.997   812 1.458 
842 1.473   812 1.651   816 1.997   827 1.458 
858 1.473   828 1.651   832 1.996   841 1.457 
874 1.473   843 1.651   847 1.996   856 1.457 
890 1.473   858 1.650   862 1.996   871 1.457 
906 1.473   873 1.650   877 1.995   886 1.457 
921 1.473   889 1.650   892 1.995   900 1.457 
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λ 54_SiO2   λ 54_Al2O3   λ 72_HfO2   λ 72_SiO2 

937 1.473   904 1.650   907 1.995   915 1.457 
953 1.472   919 1.649   922 1.995   930 1.456 
969 1.472   934 1.649   937 1.994   944 1.456 
985 1.472   950 1.649   952 1.994   959 1.456 

1001 1.472   965 1.649   967 1.994   974 1.456 
1017 1.472   980 1.648   982 1.994   989 1.456 
1033 1.472   995 1.648   997 1.993   1003 1.456 
1048 1.472   1010 1.648   1012 1.993   1018 1.456 
1064 1.472   1026 1.648   1027 1.993   1033 1.456 
1080 1.472   1041 1.648   1042 1.993   1048 1.456 
1096 1.472   1056 1.648   1057 1.993   1062 1.455 
1112 1.472   1071 1.648   1072 1.993   1077 1.455 
1128 1.472   1087 1.647   1087 1.992   1092 1.455 
1144 1.472   1102 1.647   1102 1.992   1107 1.455 
1160 1.472   1117 1.647   1117 1.992   1121 1.455 
1175 1.472   1132 1.647   1132 1.992   1136 1.455 
1191 1.472   1148 1.647   1148 1.992   1151 1.455 
1207 1.472   1163 1.647   1163 1.992   1165 1.455 
1223 1.472   1178 1.647   1178 1.992   1180 1.455 
1239 1.472   1193 1.647   1193 1.991   1195 1.455 
1255 1.472   1209 1.647   1208 1.991   1210 1.455 
1271 1.472   1224 1.646   1223 1.991   1224 1.455 
1287 1.472   1239 1.646   1238 1.991   1239 1.455 
1302 1.472   1254 1.646   1253 1.991   1254 1.455 
1318 1.472   1270 1.646   1268 1.991   1269 1.455 
1334 1.472   1285 1.646   1283 1.991   1283 1.454 
1350 1.472   1300 1.646   1298 1.991   1298 1.454 
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λ 72_Al2O3   λ 40_HfO2   λ 40_SiO2   λ 40_Al2O3 

300 1.667   300 2.099   300 1.506   406 1.663 
317 1.660   317 2.083   317 1.501   422 1.659 
335 1.653   335 2.069   335 1.497   438 1.655 
352 1.648   352 2.057   352 1.493   453 1.653 
370 1.643   370 2.047   370 1.490   469 1.650 
387 1.639   387 2.038   387 1.487   485 1.648 
405 1.636   405 2.031   405 1.485   501 1.647 
422 1.633   422 2.024   422 1.483   516 1.645 
440 1.630   440 2.018   440 1.481   532 1.644 
457 1.628   457 2.013   457 1.479   548 1.643 
475 1.626   475 2.008   475 1.478   564 1.642 
492 1.624   492 2.004   492 1.476   580 1.642 
510 1.622   510 2.000   510 1.475   595 1.641 
527 1.620   527 1.997   527 1.474   611 1.640 
544 1.619   544 1.994   544 1.473   627 1.640 
562 1.618   562 1.991   562 1.472   643 1.639 
579 1.617   579 1.988   579 1.471   658 1.639 
597 1.615   597 1.986   597 1.470   674 1.638 
614 1.614   614 1.984   614 1.470   690 1.638 
632 1.614   632 1.982   632 1.469   706 1.638 
649 1.613   649 1.980   649 1.469   722 1.638 
667 1.612   667 1.978   667 1.468   737 1.637 
684 1.611   684 1.977   684 1.468   753 1.637 
702 1.611   702 1.975   702 1.467   769 1.637 
719 1.610   719 1.974   719 1.467   785 1.637 
737 1.609   737 1.973   737 1.466   800 1.637 
754 1.609   754 1.972   754 1.466   816 1.637 
771 1.608   771 1.971   771 1.466   832 1.636 
789 1.608   789 1.970   789 1.465   848 1.636 
806 1.608   806 1.969   806 1.465   864 1.636 
824 1.607   824 1.968   824 1.465   879 1.636 
841 1.607   841 1.967   841 1.464   895 1.636 
859 1.606   859 1.966   859 1.464   911 1.636 
876 1.606   876 1.965   876 1.464   927 1.636 
894 1.606   894 1.965   894 1.464   942 1.636 
911 1.606   911 1.964   911 1.464   958 1.636 
929 1.605   929 1.964   929 1.463   974 1.636 
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λ 72_Al2O3   λ 40_HfO2   λ 40_SiO2   λ 40_Al2O3 

946 1.605   946 1.963   946 1.463   990 1.636 
963 1.605   963 1.962   963 1.463   1006 1.636 
981 1.604   981 1.962   981 1.463   1021 1.635 
998 1.604   998 1.961   998 1.463   1037 1.635 

1016 1.604   1016 1.961   1016 1.463   1053 1.635 
1033 1.604   1033 1.961   1033 1.462   1069 1.635 
1051 1.604   1051 1.960   1051 1.462   1084 1.635 
1068 1.603   1068 1.960   1068 1.462   1100 1.635 
1086 1.603   1086 1.959   1086 1.462   1116 1.635 
1103 1.603   1103 1.959   1103 1.462   1132 1.635 
1121 1.603   1121 1.959   1121 1.462   1148 1.635 
1138 1.603   1138 1.958   1138 1.462   1163 1.635 
1156 1.603   1156 1.958   1156 1.462   1179 1.635 
1173 1.603   1173 1.958   1173 1.462   1195 1.635 
1190 1.602   1190 1.957   1190 1.461   1211 1.635 
1208 1.602   1208 1.957   1208 1.461   1226 1.635 
1225 1.602   1225 1.957   1225 1.461   1242 1.635 
1243 1.602   1243 1.957   1243 1.461   1258 1.635 
1260 1.602   1260 1.956   1260 1.461   1274 1.635 
1278 1.602   1278 1.956   1278 1.461   1290 1.635 
1295 1.602   1295 1.956   1295 1.461   1305 1.635 
1313 1.602   1313 1.956   1313 1.461   1321 1.635 
1330 1.602   1330 1.955   1330 1.461   1337 1.635 
1348 1.601   1348 1.955   1348 1.461   1353 1.635 
1365 1.601   1365 1.955   1365 1.461   1368 1.635 
1383 1.601   1383 1.955   1383 1.461   1384 1.635 
1400 1.601   1400 1.955   1400 1.461   1400 1.635 
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λ 
56_HfO2 
(SLOW1)   λ 

56_HfO2 
(SLOW2)   λ 

HfO2 
PIAD   λ 

SiO2 
PIAD 

230 2.159   300 1.797   340 2.148   340 1.463 
248 2.121   309 1.794   356 2.133   356 1.463 
266 2.090   318 1.791   372 2.121   372 1.463 
283 2.063   328 1.788   388 2.109   388 1.463 
301 2.041   337 1.785   404 2.099   404 1.463 
319 2.022   346 1.783   420 2.091   420 1.463 
337 2.005   355 1.781   436 2.083   436 1.463 
354 1.990   364 1.779   452 2.076   452 1.463 
372 1.978   374 1.777   468 2.069   468 1.463 
390 1.967   383 1.775   484 2.064   484 1.463 
408 1.957   392 1.773   500 2.059   500 1.463 
426 1.948   401 1.772   516 2.054   516 1.463 
443 1.941   410 1.770   532 2.050   532 1.463 
461 1.934   420 1.769   548 2.046   548 1.463 
479 1.928   429 1.768   564 2.042   564 1.463 
497 1.922   438 1.767   580 2.039   580 1.463 
514 1.917   447 1.766   597 2.036   597 1.463 
532 1.912   457 1.765   613 2.033   613 1.463 
550 1.908   466 1.764   629 2.030   629 1.463 
568 1.904   475 1.763   645 2.028   645 1.463 
586 1.901   484 1.762   661 2.026   661 1.463 
603 1.898   493 1.761   677 2.024   677 1.463 
621 1.895   503 1.760   693 2.022   693 1.463 
639 1.892   512 1.759   709 2.020   709 1.463 
657 1.890   521 1.759   725 2.018   725 1.463 
674 1.888   530 1.758   741 2.017   741 1.463 
692 1.885   539 1.757   757 2.015   757 1.463 
710 1.884   549 1.757   773 2.014   773 1.463 
728 1.882   558 1.756   789 2.013   789 1.463 
746 1.880   567 1.756   805 2.011   805 1.463 
763 1.878   576 1.755   821 2.010   821 1.463 
781 1.877   585 1.755   837 2.009   837 1.463 
799 1.876   595 1.754   853 2.008   853 1.463 
817 1.874   604 1.754   869 2.007   869 1.463 
834 1.873   613 1.753   885 2.006   885 1.463 
852 1.872   622 1.753   901 2.005   901 1.463 
870 1.871   631 1.753   917 2.005   917 1.463 
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λ 
56_HfO2 
(SLOW1)   λ 

56_HfO2 
(SLOW2)   λ 

HfO2 
PIAD   λ 

SiO2 
PIAD 

888 1.870   641 1.752   933 2.004   933 1.463 
906 1.869   650 1.752   949 2.003   949 1.463 
923 1.868   659 1.752   965 2.002   965 1.463 
941 1.867   668 1.751   981 2.002   981 1.463 
959 1.866   677 1.751   997 2.001   997 1.463 
977 1.866   687 1.751   1013 2.000   1013 1.463 
994 1.865   696 1.750   1029 2.000   1029 1.463 

1012 1.864   705 1.750   1045 1.999   1045 1.463 
1030 1.864   714 1.750   1061 1.999   1061 1.463 
1048 1.863   723 1.750   1077 1.998   1077 1.463 
1066 1.862   733 1.749   1093 1.998   1093 1.463 
1083 1.862   742 1.749   1110 1.997   1110 1.463 
1101 1.861   751 1.749   1126 1.997   1126 1.463 
1119 1.861   760 1.749   1142 1.996   1142 1.463 
1137 1.860   770 1.748   1158 1.996   1158 1.463 
1154 1.860   779 1.748   1174 1.996   1174 1.463 
1172 1.859   788 1.748   1190 1.995   1190 1.463 
1190 1.859   797 1.748   1206 1.995   1206 1.463 
1208 1.859   806 1.748   1222 1.995   1222 1.463 
1226 1.858   816 1.747   1238 1.994   1238 1.463 
1243 1.858   825 1.747   1254 1.994   1254 1.463 
1261 1.857   834 1.747   1270 1.994   1270 1.463 
1279 1.857   843 1.747   1286 1.993   1286 1.463 
1297 1.857   852 1.747   1302 1.993   1302 1.463 
1314 1.856   862 1.747   1318 1.993   1318 1.463 
1332 1.856   871 1.746   1334 1.993   1334 1.463 
1350 1.856   880 1.746   1350 1.992   1350 1.463 
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Appendix B 

      Coating Designs - Fig. 4-5 & 4-6 
(All Layer Thicknesses Expressed in nm) 

      Layer 
Number Layer Material   23-Layer Mirror (4-5)   31-Layer Mirror (4-6) 

1 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
2 56_SiO2 

 
60.8 

 
60.8 

3 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
4 56_SiO2 

 
60.8 

 
60.8 

5 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
6 56_SiO2 

 
60.8 

 
60.8 

7 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
8 56_SiO2 

 
60.8 

 
60.8 

9 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
10 56_SiO2 

 
60.8 

 
60.8 

11 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
12 56_SiO2 

 
60.8 

 
60.8 

13 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
14 56_SiO2 

 
60.8 

 
60.8 

15 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
16 56_SiO2 

 
60.8 

 
60.8 

17 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
18 56_SiO2 

 
60.8 

 
60.8 

19 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
20 56_SiO2 

 
60.8 

 
60.8 

21 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
22 56_SiO2 

 
60.8 

 
60.8 

23 56_HfO2 (SLOW1) 
 

45.3 
 

45.3 
24 56_SiO2 

 
- 

 
60.8 

25 56_HfO2 (SLOW2) 
 

- 
 

45.3 
26 56_SiO2 

 
- 

 
88.1 

27 56_HfO2 (SLOW2) 
 

- 
 

28.7 
28 56_SiO2 

 
- 

 
94.8 

29 56_HfO2 (SLOW2) 
 

- 
 

23.9 
30 56_SiO2 

 
- 

 
98.6 

31 56_HfO2 (SLOW2) 
 

- 
 

21.0 
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Appendix C 

         Coating Designs - Table 5-1 
(All Layer Thicknesses Expressed in nm) 

         
Layer 

Number 
Layer 

Material Control A B C D E F 

1 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
2 54_SiO2 179.0 179.0 179.0 179.0 179.0 17.9 17.9 
3 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
4 54_SiO2 179.0 179.0 179.0 179.0 179.0 179.0 17.9 
5 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
6 54_SiO2 179.0 179.0 179.0 179.0 179.0 17.9 178.8 
7 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
8 54_SiO2 179.0 179.0 179.0 179.0 179.0 179.0 17.9 
9 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
10 54_SiO2 179.0 179.0 179.0 179.0 179.0 17.9 17.9 
11 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
12 54_SiO2 179.0 179.0 179.0 179.0 179.0 179.0 178.8 
13 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
14 54_SiO2 179.0 179.0 179.0 179.0 179.0 17.9 17.9 
15 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
16 54_SiO2 179.0 179.0 179.0 179.0 179.0 179.0 17.9 
17 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
18 54_SiO2 179.0 179.0 179.0 179.0 179.0 17.9 178.8 
19 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
20 54_SiO2 179.0 179.0 179.0 179.0 179.0 179.0 17.9 
21 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
22 54_SiO2 179.0 179.0 179.0 179.0 179.0 17.9 17.9 
23 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
24 54_SiO2 179.0 179.0 179.0 179.0 179.0 179.0 178.8 
25 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
26 54_SiO2 179.0 179.0 179.0 179.0 179.0 17.9 17.9 
27 54_HfO2 138.5 138.5 138.5 138.5 138.5 62.3 36.8 
28 54_SiO2 358.0 358.0 358.0 358.0 358.0 179.0 17.9 
29 54_HfO2 - - - - - 62.3 36.8 
30 54_SiO2 - - - - - 17.9 178.8 
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Layer 
Number 

Layer 
Material Control A B C D E F 

31 54_HfO2 - - - - - 62.3 36.8 
32 54_SiO2 - - - - - 179.0 17.9 
33 54_HfO2 - - - - - 62.3 36.8 
34 54_SiO2 - - - - - 17.9 17.9 
35 54_HfO2 - - - - - 62.3 36.8 
36 54_SiO2 - - - - - 179.0 178.8 
37 54_HfO2 - - - - - 62.3 36.8 
38 54_SiO2 - - - - - 17.9 17.9 
39 54_HfO2 - - - - - 62.3 36.8 
40 54_SiO2 - - - - - 179.0 17.9 
41 54_HfO2 - - - - - 62.3 36.8 
42 54_SiO2 - - - - - 17.9 178.8 
43 54_HfO2 - - - - - 62.3 36.8 
44 54_SiO2 - - - - - 179.0 17.9 
45 54_HfO2 - - - - - 62.3 36.8 
46 54_SiO2 - - - - - 17.9 17.9 
47 54_HfO2 - - - - - 62.3 36.8 
48 54_SiO2 - - - - - 179.0 178.8 
49 54_HfO2 - - - - - 62.3 36.8 
50 54_SiO2 - - - - - 17.9 17.9 
51 54_HfO2 - - - - - 62.3 36.8 
52 54_SiO2 - - - - - 179.0 17.9 
53 54_HfO2 - - - - - 62.3 36.8 
54 54_SiO2 - - - - - 17.9 178.8 
55 54_HfO2 - - - - - 62.3 36.8 
56 54_SiO2 - - - - - 358.0 17.9 
57 54_HfO2 - - - - - - 36.8 
58 54_SiO2 - - - - - - 17.9 
59 54_HfO2 - - - - - - 36.8 
60 54_SiO2 - - - - - - 178.8 
61 54_HfO2 - - - - - - 36.8 
62 54_SiO2 - - - - - - 17.9 
63 54_HfO2 - - - - - - 36.8 
64 54_SiO2 - - - - - - 17.9 
65 54_HfO2 - - - - - - 36.8 
66 54_SiO2 - - - - - - 178.8 
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Layer 
Number 

Layer 
Material Control A B C D E F 

67 54_HfO2 - - - - - - 36.8 
68 54_SiO2 - - - - - - 17.9 
69 54_HfO2 - - - - - - 36.8 
70 54_SiO2 - - - - - - 17.9 
71 54_HfO2 - - - - - - 36.8 
72 54_SiO2 - - - - - - 178.8 
73 54_HfO2 - - - - - - 36.8 
74 54_SiO2 - - - - - - 17.9 
75 54_HfO2 - - - - - - 36.8 
76 54_SiO2 - - - - - - 17.9 
77 54_HfO2 - - - - - - 36.8 
78 54_SiO2 - - - - - - 178.8 
79 54_HfO2 - - - - - - 36.8 
80 54_SiO2 - - - - - - 17.9 
81 54_HfO2 - - - - - - 36.8 
82 54_SiO2 - - - - - - 17.9 
83 54_HfO2 - - - - - - 36.8 
84 54_SiO2 - - - - - - 178.8 
85 54_HfO2 - - - - - - 36.8 
86 54_SiO2 - - - - - - 17.9 
87 54_HfO2 - - - - - - 36.8 
88 54_SiO2 - - - - - - 17.9 
89 54_HfO2 - - - - - - 36.8 
90 54_SiO2 - - - - - - 178.8 
91 54_HfO2 - - - - - - 36.8 
92 54_SiO2 - - - - - - 17.9 
93 54_HfO2 - - - - - - 36.8 
94 54_SiO2 - - - - - - 17.9 
95 54_HfO2 - - - - - - 36.8 
96 54_SiO2 - - - - - - 178.8 
97 54_HfO2 - - - - - - 36.8 
98 54_SiO2 - - - - - - 17.9 
99 54_HfO2 - - - - - - 36.8 
100 54_SiO2 - - - - - - 17.9 
101 54_HfO2 - - - - - - 36.8 
102 54_SiO2 - - - - - - 178.8 
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Layer 
Number 

Layer 
Material Control A B C D E F 

103 54_HfO2 - - - - - - 36.8 
104 54_SiO2 - - - - - - 17.9 
105 54_HfO2 - - - - - - 36.8 
106 54_SiO2 - - - - - - 17.9 
107 54_HfO2 - - - - - - 36.8 
108 54_SiO2 - - - - - - 357.6 
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Appendix D 

     Coating Designs –Chapter 6 
 

Coating Designs Fig. 6-8 & 6-9 
(All Layer Thicknesses Expressed in nm) 

     
Layer 

Number Layer Material 
28-Layer Mirror 

(PIAD) Layer Material 
28-Layer Mirror 

(E-Beam) 

1 HfO2 PIAD 131.7 56_HfO2 134.2 
2 SiO2 PIAD 180.0 56_SiO2 178.8 
3 HfO2 PIAD 131.7 56_HfO2 134.2 
4 SiO2 PIAD 180.0 56_SiO2 178.8 
5 HfO2 PIAD 131.7 56_HfO2 134.2 
6 SiO2 PIAD 180.0 56_SiO2 178.8 
7 HfO2 PIAD 131.7 56_HfO2 134.2 
8 SiO2 PIAD 180.0 56_SiO2 178.8 
9 HfO2 PIAD 131.7 56_HfO2 134.2 
10 SiO2 PIAD 180.0 56_SiO2 178.8 
11 HfO2 PIAD 131.7 56_HfO2 134.2 
12 SiO2 PIAD 180.0 56_SiO2 178.8 
13 HfO2 PIAD 131.7 56_HfO2 134.2 
14 SiO2 PIAD 180.0 56_SiO2 178.8 
15 HfO2 PIAD 131.7 56_HfO2 134.2 
16 SiO2 PIAD 180.0 56_SiO2 178.8 
17 HfO2 PIAD 131.7 56_HfO2 134.2 
18 SiO2 PIAD 180.0 56_SiO2 178.8 
19 HfO2 PIAD 131.7 56_HfO2 134.2 
20 SiO2 PIAD 180.0 56_SiO2 178.8 
21 HfO2 PIAD 131.7 56_HfO2 134.2 
22 SiO2 PIAD 180.0 56_SiO2 178.8 
23 HfO2 PIAD 131.7 56_HfO2 134.2 
24 SiO2 PIAD 180.0 56_SiO2 178.8 
25 HfO2 PIAD 131.7 56_HfO2 134.2 
26 SiO2 PIAD 180.0 56_SiO2 178.8 
27 HfO2 PIAD 131.7 56_HfO2 134.2 
28 SiO2 PIAD 359.9 56_SiO2 357.6 
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Coating Design - Fig. 6-10 & 6-11 
(All Layer Thicknesses Expressed in nm) 

   
Layer 

Number Layer Material 
SPHR10 Mirror 

(PIAD) 

1 HfO2 PIAD 135.1 
2 SiO2 PIAD 193.7 
3 HfO2 PIAD 135.1 
4 SiO2 PIAD 193.7 
5 HfO2 PIAD 135.1 
6 SiO2 PIAD 193.7 
7 HfO2 PIAD 135.1 
8 SiO2 PIAD 193.7 
9 HfO2 PIAD 135.1 
10 SiO2 PIAD 193.7 
11 HfO2 PIAD 135.1 
12 SiO2 PIAD 193.7 
13 HfO2 PIAD 135.1 
14 SiO2 PIAD 193.7 
15 HfO2 PIAD 135.1 
16 SiO2 PIAD 193.7 
17 HfO2 PIAD 135.1 
18 SiO2 PIAD 193.7 
19 HfO2 PIAD 135.1 
20 SiO2 PIAD 193.7 
21 HfO2 PIAD 135.1 
22 SiO2 PIAD 193.7 
23 HfO2 PIAD 135.1 
24 SiO2 PIAD 387.4 
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Appendix E 

         Coating Designs - Table 7-1 & 7-4 
(All Layer Thicknesses Expressed in nm) 

         Layer 
Number 

Layer 
Material #1 

Layer 
Material #2 

Layer 
Material #3 

Layer 
Material #4 

1 54_HfO2 138.3 54_HfO2 138.3 54_Al2O3 159.8 54_HfO2 138.3 
2 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
3 54_Al2O3 159.8 54_Al2O3 159.8 54_HfO2 138.3 54_HfO2 138.3 
4 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
5 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 
6 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
7 54_Al2O3 159.8 54_Al2O3 159.8 54_Al2O3 159.8 54_HfO2 138.3 
8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
9 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 
10 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
11 54_Al2O3 159.8 54_Al2O3 159.8 54_HfO2 138.3 54_HfO2 138.3 
12 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
13 54_HfO2 138.3 54_HfO2 138.3 54_Al2O3 159.8 54_HfO2 138.3 
14 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
15 54_Al2O3 159.8 54_Al2O3 159.8 54_HfO2 138.3 54_Al2O3 159.8 
16 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
17 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 
18 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
19 54_Al2O3 159.8 54_Al2O3 159.8 54_Al2O3 159.8 54_HfO2 138.3 
20 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
21 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 
22 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
23 54_Al2O3 159.8 54_Al2O3 159.8 54_HfO2 138.3 54_HfO2 138.3 
24 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
25 54_HfO2 138.3 54_HfO2 138.3 54_Al2O3 159.8 54_HfO2 138.3 
26 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
27 54_Al2O3 159.8 54_Al2O3 159.8 54_HfO2 138.3 54_HfO2 138.3 
28 54_SiO2 357.6 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
29 54_HfO2 - 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 138.3 
30 54_SiO2 - 54_SiO2 178.8 54_SiO2 178.8 54_SiO2 178.8 
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Layer 
Number 

Layer 
Material #1 

Layer 
Material #2 

Layer 
Material #3 

Layer 
Material #4 

31 54_Al2O3 - 54_Al2O3 159.8 54_Al2O3 159.8 54_Al2O3 159.8 
32 54_SiO2 - 54_SiO2 357.6 54_SiO2 357.6 54_SiO2 357.6 

 
 

Layer 
Number 

Layer 
Material #5 

Layer 
Material #6 

Layer 
Material #7 

Layer 
Material #8 

1 54_HfO2 143.6 54_HfO2 138.3 54_Al2O3 525.8 54_Al2O3 530.8 

2 54_SiO2 193.3 54_SiO2 178.8 54_SiO2 212.8 54_SiO2 207.8 
3 54_HfO2 133.8 54_HfO2 138.3 54_HfO2 136.0 54_HfO2 143.2 
4 54_SiO2 186.0 54_SiO2 178.8 54_SiO2 184.3 54_SiO2 201.2 

5 54_HfO2 132.0 54_HfO2 138.3 54_HfO2 128.2 54_HfO2 142.1 
6 54_SiO2 187.3 54_SiO2 178.8 54_SiO2 179.9 54_SiO2 198.6 
7 54_HfO2 134.5 54_Al2O3 159.8 54_HfO2 129.4 54_HfO2 139.5 
8 54_SiO2 191.7 54_SiO2 178.8 54_SiO2 185.6 54_SiO2 193.7 
9 54_HfO2 137.5 54_HfO2 138.3 54_HfO2 134.2 54_HfO2 135.3 
10 54_SiO2 195.5 54_SiO2 178.8 54_SiO2 192.2 54_SiO2 186.9 
11 54_HfO2 146.3 54_HfO2 138.3 54_HfO2 138.3 54_HfO2 130.4 
12 54_Al2O3 367.6 54_SiO2 178.8 54_SiO2 196.9 54_SiO2 181.3 
13 54_SiO2 209.7 54_HfO2 138.3 54_HfO2 140.8 54_HfO2 129.2 
14 54_HfO2 139.5 54_SiO2 178.8 54_SiO2 199.4 54_SiO2 186.0 
15 54_SiO2 195.4 54_Al2O3 159.8 54_HfO2 141.8 54_HfO2 137.3 
16 54_HfO2 137.5 54_SiO2 178.8 54_SiO2 205.6 54_SiO2 214.5 
17 54_SiO2 191.8 54_HfO2 138.3 54_Al2O3 180.0 54_Al2O3 175.3 
18 54_HfO2 134.7 54_SiO2 178.8 54_SiO2 205.8 54_SiO2 576.6 
19 54_SiO2 187.7 54_HfO2 138.3 54_HfO2 141.9 - - 
20 54_HfO2 132.4 54_SiO2 178.8 54_SiO2 199.4 - - 
21 54_SiO2 186.7 54_HfO2 138.3 54_HfO2 140.8 - - 
22 54_HfO2 134.4 54_SiO2 178.8 54_SiO2 196.7 - - 
23 54_SiO2 193.9 54_Al2O3 159.8 54_HfO2 138.1 - - 
24 54_HfO2 135.7 54_SiO2 178.8 54_SiO2 191.9 - - 
25 54_Al2O3 379.5 54_HfO2 138.3 54_HfO2 134.0 - - 
26 54_SiO2 533.1 54_SiO2 178.8 54_SiO2 185.2 - - 
27 - - 54_HfO2 138.3 54_HfO2 129.1 - - 
28 - - 54_SiO2 178.8 54_SiO2 179.6 - - 
29 - - 54_HfO2 138.3 54_HfO2 128.0 - - 
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Layer 
Number 

Layer 
Material #5 

Layer 
Material #6 

Layer 
Material #7 

Layer 
Material #8 

30 - - 54_SiO2 178.8 54_SiO2 184.2 - - 
31 - - 54_Al2O3 159.8 54_HfO2 136.0 - - 
32 - - 54_SiO2 357.6 54_SiO2 212.5 - - 
33 - - - - 54_Al2O3 173.6 - - 
34 - - - - 54_SiO2 571.2 - - 

 
 

Layer 
Number 

Layer 
Material #9 

Layer 
Material #10 

Layer 
Material #11 

1 72_Al2O3 523.8 56_HfO2 134.7 40_HfO2 143.9 

2 72_SiO2 221.0 56_SiO2 179.2 40_SiO2 205.5 
3 72_HfO2 124.5 56_Al2O3 159.8 40_HfO2 143.9 
4 72_SiO2 181.0 56_SiO2 179.2 40_SiO2 205.5 

5 72_HfO2 118.7 56_HfO2 134.7 40_HfO2 143.9 
6 72_SiO2 181.7 56_SiO2 179.2 40_SiO2 205.5 
7 72_HfO2 122.6 56_Al2O3 159.8 40_HfO2 143.9 
8 72_SiO2 188.8 56_SiO2 179.2 40_SiO2 205.5 
9 72_HfO2 126.8 56_HfO2 134.7 40_HfO2 143.9 
10 72_SiO2 194.1 56_SiO2 179.2 40_SiO2 205.5 
11 72_HfO2 129.5 56_Al2O3 159.8 40_HfO2 143.9 
12 72_SiO2 197.1 56_SiO2 179.2 40_SiO2 205.5 
13 72_HfO2 131.0 56_HfO2 134.7 40_HfO2 143.9 
14 72_SiO2 198.5 56_SiO2 179.2 40_SiO2 205.5 
15 72_HfO2 131.5 56_Al2O3 159.8 40_HfO2 143.9 
16 72_SiO2 210.0 56_SiO2 179.2 40_SiO2 205.5 
17 72_Al2O3 190.6 56_HfO2 134.7 40_HfO2 143.9 
18 72_SiO2 210.5 56_SiO2 179.2 40_SiO2 205.5 
19 72_HfO2 130.7 56_Al2O3 159.8 40_HfO2 143.9 
20 72_SiO2 196.9 56_SiO2 179.2 40_SiO2 205.5 
21 72_HfO2 129.8 56_HfO2 134.7 40_HfO2 143.9 
22 72_SiO2 195.7 56_SiO2 179.2 40_SiO2 205.5 
23 72_HfO2 129.2 56_Al2O3 159.8 40_HfO2 143.9 
24 72_SiO2 195.0 56_SiO2 179.2 40_SiO2 205.5 
25 72_HfO2 128.9 56_HfO2 134.7 40_HfO2 143.9 
26 72_SiO2 194.9 56_SiO2 179.2 40_SiO2 205.5 
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Layer 
Number 

Layer 
Material #9 

Layer 
Material #10 

Layer 
Material #11 

27 72_HfO2 129.0 56_Al2O3 159.8 40_HfO2 143.9 
28 72_SiO2 195.4 56_SiO2 179.2 40_SiO2 205.5 
29 72_HfO2 129.6 56_HfO2 134.7 40_HfO2 143.9 
30 72_SiO2 196.6 56_SiO2 179.2 40_SiO2 205.5 
31 72_HfO2 130.6 56_Al2O3 159.8 40_HfO2 143.9 
32 72_SiO2 210.5 56_SiO2 179.2 40_SiO2 205.5 
33 72_Al2O3 190.6 56_HfO2 134.7 40_HfO2 143.9 
34 72_SiO2 209.8 56_SiO2 179.2 40_SiO2 205.5 
35 72_HfO2 131.5 56_Al2O3 159.8 40_HfO2 143.9 
36 72_SiO2 198.7 56_SiO2 179.2 40_Al2O3 713.4 
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