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ABSTRACT

A STUDY OF THE INFLUENCE OF PROCESS PARAMETER VARIATIONS ON THE
MATERIAL PROPERTIES AND LASER DAMAGE PERFORMANCE OF ION BEAM

SPUTTERED Sg0; and HfQ THIN FILMS

This work is a study of the influence of process parameter variations on the material
properties and laser damage performance of ion beam sputte@h8d HfQ thin films using
a Vecco Spector ion deposition system. These parameters were explored for the purpose of
identifying optically sensitive defects in these high index materials after the deposition process.
Using a host of optical metrology and materials analysis techniques we report on the relationship
between oxygen partial pressure in the deposition chamber during film growth and optical
absorption in the grown material afiin. These materials were found to be prone to excess
oxygen incorporation. Positive identification of this excess oxygen is made and exactly how this
oxygen is bound in the different materials is discussed. The influence of this defect type on the
optical and mechanical properties of the material is also given and discussed. Laser damage
results for these single layers are presented. The influence of higher and lower deposition energy
was also studied to determine the potential for defect creation both at the surface and in the bulk
of the material grown. Optimized thin films of®,, SOz and TaOs were grown and tested for
laser damage with a 1030 nm laser having a pulse width of ~375 ps and a nominal spot size of
~100um FWHM. The laser damage threshold ranking of these materials followed fairly well
with the band gap of the material when tested in air. When these same materials were tested in

vacuum SgO3 was found to be very susceptible to vacuum mediated laser induced surface defect



creation resulting in a greatly reduced LIDT performanceOd ahowed much the same trend in
that its in vacuum performance was significantly reduced from its in air performance but there
was not as great of a difference between the in air and in vacuum performance as there was for
Sg0s. HfO, also showed a large reduction in its in vacuum LIDT results compared with its in air
LIDT values however, this material showed the smallest decrease of the three high index
materials tested. A second contribution of this work is in the investigation of the impact of
capping layers on the in air and in vacuum LIDT performance of single layer films. Ultra thin
capping layers composed of different metal oxides were applied to 100 nm thick single layers of
the same high index materials already tested ,HB@O; and TaOs. These capped samples

were then LIDT tested in air and in vacuum. These ultra thin capping layers were shown to
greatly influence the in air and in vacuum damage performance of the uncapped single layers.
Damage probability curves were analyzed to retrieve surface and bulk defect densities as a
function of local fluence. Methods for maximizing the LIDT performance of metal oxides based

on our studied materials for use in air and in vacuum are discussed.
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CHAPTERI. INTRODUCTION

Optical systems that contain multiple elements, or by their design require light to interact
with fewer elements many times, would suffer unacceptable losses if not for the advent and use
of interference films. These films make use of the wave nature of light and what is known as the
Bragg condition, where the optical path length of at least two different transparent materials,
each having a unique optical index, is tailored to make use of interference effects to either
enhance or diminish the light intensity on one side of the coating stack. Many variables play into
the design of these stacks including the wavelength of the light being used, the required
bandwidth, environmental conditions the film will see, how much stress can be allowed in the
film, and the optical intensity these films will be exposed to.

The most common materials for use in optical interference coatin§s.&¢ HfO, and
Ta0s as the high index material and i@ Al,03 as the corresponding low index material. For
use in high energy applications this list is often reduc&ti0; or HfO, paired with SiQ. In
general, for high purity target materials grown using optimal deposition conditions, the laser
induced damage threshold (LIDT) value of these materials scales with the effective band gap of
the oxide in question [1].

The published values for the band gaps of these materials vary, sometimes by significant
amounts. Reported values of the bandgaps for the oxides we are discussing are listed in table 1.
These values lead to a natural ranking of the LIDT performance of the respective films
composed of these oxides. Unfortunately, the story is not as simple as this in practice. A
physically realizable film is never truly defect free. Moreover, in an amorphous film one would

naturally expect a gamut of point defects as vacancies and intesstitialwork presented in



this thesis is a culmination of the research we have done at Colorado State University attempting
to understand the origin of and influence that point defects, both native and laser induced, have
on the chemical and physical properties of these materials, and ultimately on the laser induced

damage threshold LIDT performance of thin films designed using them.

Table 1: Band gap energies of metal oxides

Metal Oxide Band Gap, E4(eV)
TaOs 3.¢%
HfO, 5.1
S60; 5.7%, 6.3
SiO, 8.3%

Currently both anti reflectiorAR) and high reflectingHR) thin film structures are the
limiting optical elements of all high energy laser systems. Any improvements that can be made
in the laser damage performance of these films are highly desirable and in many cases required
for the advancement of compact high energy laser source development.

While the development of high damage threshold optical thin films continues today, this
problem is not a new one. Soon after the advent of the laser in 1960, development on optical
coatings exhilling high damage thresholds became a priority. So much work was directed to this
issue, in fact, that a symposium dedicated to understanding laser damage phenomenon, the
Boulder Damage Symposium, was chartered in 1968 [5]. Over forty years of work in the area of
laser damage of optical materials has greatly enhanced our understanding of these light/matter
interactions. Unfortunately, while there have been a multitude of models developed and used to

predict the expected performance of a given material in a specific application, these models



camot be applied in a general case with much accuracy. In short, it is not difficult to find
contradictions between any two existing models and even more so between measured results and
modeled behavior. Some of this inconsistency is due to the difficulty in reproducing the
experimental conditions of any given test. This is true even for tests performed at the same lab
over long periods of time. After decades of work we are still left wondering if the best models of
the damage process incorporate enough of the defining variables to be an accurate description of
the damage phenomena. For now, the most useful information a researcher can have is

theoretical and empirical data specific to the coating process and application he or she is using.

Goal of This Study

The work we did at Colorado State University was aimed at gaining fundamental
understanding of how different process parameters, specific to our process of ion beam
sputtering, inflence the mechanical and optical properties of the thin film oxides &@

S0;3, together with Si@and TaOs. This work focuses on laser damage studies in an effort to
optimize these materidlperformance in different environments, in controlled air and vacuum.

The results of our studies have highlighted the extreme care that must be taken to ensure the
correct amount of oxygen is incorporated into these oxides to ensure a fully stochiometric but not
over oxygenated material [6]. Additionally, the relative influence of the deposition energy was
studied to assess the resulting thin films performance from a laser damage perspective.

Results of the work presented herein show that in a standard atmospheric environment
the relative ranking of the LIDT for our high index materials follows the expected trend for the
relative band gaps of these materials. When these same materials are tested in a reducing

environment the LIDT ranking changes, displaying a material dependent sensitivity to vacuum



conditions. The influence of a modified first surface is then investigated by introducing very thin
capping structures and retesting these samples in both air and vacuum. The results of these tests
show a strong damage dependence on the first surface material in both environments, air and
vacuum, as well as giving a relative sensitivity of these different materials to a reducing
environment. Specifically, 203 andTa,0s are more sensitive to vacuum than kif®@hile SiG

shows almost no differenceiits performance when tested in air or vacuum.

While many different deposition techniques are used to grow optical films, ion beam
sputtered (IBS) coatings possess several characteristics that are highly desirable for use in laser
damage resistant environmentally stable films. lon beam sputtering is a relatively high energy
process that is capable of producing near crystalline packing densities in an amorphous structure
[7]. Compared with lower energy coating processes suchbasntdeposition, IBS coating’s
increased density results in a less porous, higher optical density material. This fact results in a
less sensitive material to environmental conditions as well as requiring fewer coating pairs to
achieve a desired reflectivity. Unfortunately, as mentioned before, higher energy deposition
techniques also suffer from difficulties that are less severe or are not seen at all in lower energy
processes. One of the most useful aspects of the IBS coating technique is the many degrees of
freedom this process offers. This versatility lends itself nicely to researching the influence of
coating processes on the damage performance of the films produced.

The materials we have grown for our studies were deposited using a Vecco Spector dual
ion beam sputtering machine [8This chamber is equipped with a cryo-pump rather than a
turbo molecular pump to evacuate the deposition chamber. A cryo*pumigue ability to
effectively reduce the vapor pressure of any water near the cold finger to essentially zero allows

for a clean and dry deposition environment. Generally cryo-pumps are capable of reducing the



water content in a vacuum below what a standard turbo molecular pump is capable of for an
equivalent pumping time. The Spector coating tool allows for the independent adjustment of
nearly every aspect of the coating process. Some of the adjustable parameters include the fact
that the sputtering rate can be adjusted while maintaining the same accelerating voltage by
altering the amount of argon present in the ion gun. The system can be used with or without the
additional ion assist which is traditionally used to help randomize and level the layers as they are
laid down. The coating layers can be grown identically over a very large number of samples by
making use of a planetary sample holder that spins on two separate axes to help fully randomize
the location where each substrate is during film deposifidms fact is invaluable when large
numbers of tests need to be performed on a single sample set. Coupled with the traditional
adjustment’knobs” common to other deposition processes, including deposition rate, chamber
pressure, deposition energy, target purity, substrate used, substrate temperature and beam current
the parameter space available is extremely large. This fact alone makes IBS coating techniques
favorable to researching process parameter influence on the LIDT performance of thin films. The
fact that IBS films are environmentally insensitive, high density, and already display high laser
damage thresholds suggests this technique is the most promising to realize maximum index, long

term stability and the highest damage threshold optical films possible.

Narrowing Parameter Space

As already mentioned, the dual ion beam sputtering process is attractive from a research
standpoint owing to the size and scope of the process parameter space that can be explored for
optimizing specific material characteristics. This versatility is attractive but also presents

research staff with more options than can reasonably be explored due to expense and machine



availability constraints. For these reasons it was necessary to limit our areas of study to those
process parameter studies we believed would most directly contribute to our understanding of
how to produce low optically sensitive defect density materials that can act as the high index
layers in thin film structures.

Given that we only had metallic targets available from which to grow our high index
metal oxides, the influence of the relative concentration of oxygen in the deposition chamber
during film growth was an obvious starting point. The parameter space available for these
oxygen partial pressure experiments extended from the point where we confirmed the growth of
metallic films to well beyond the point where we always found fully stoichiometric bonding
environments with oxygen for the base metal in our films.

The second of the major parameter variations that this work reports on is the influence of
primary ion energy on the material and optical properties of the films produced. The
methodology behind the decision to study this parameter space was the insistence of a large and
well recognized contingent within the laser damage community that was confident in their belief
that lower energy deposition processes, like e-beam deposition, were always going to be a
superior growth method for producing high damage threshold materials. This belief was based on
the measured performance of e-beam deposited films relative to other higher energy processes. It
has been suggested that porous films are better able to handle, without fracturing, the rapid
temperature variations seen during laser exposure if appreciable absorption is present in the
films. One of the principle benefits of a higher energy deposition process like IBS is the lack of a
porous structure in the films produced. This fact directly results in a more environmentally
insensitive material. In paying what we believe to be reasonable deference to the opinions of

others who had been working in this field longer than our research group we chose to probe this



parameter space to quantify the influence of the primary ion energy on the inclusion of optically
sensitive defects in our films.

When measuring the laser damage performance of these materials we are again presented
with a large parameter space from which to choose in terms of what laser source to use, what
spot size to choose, what pulse width is most useful, etc. Many of these testing parameters were
chosen for us simply by the fact that we had a system with an already defined set of operating
parameters available to us. If we were to insist on using something different it was going to cost
a great deal in terms of convenience and expense. Still, some testing parameter considerations
might require these prices to be paid if the integrity of the data would be compromised
otherwise. Longitudinal mode beating is one of those parameters that cannot be tolerated when
measuring laser damage performance. In our case a mode locked Yb:KYW oscillator insured a
constant phase relation between all the potential modes in the cavity. The gratings in the pulse
stretcher impose a linear chirp which preserves the fixed phase relationship between the shorter
and longer wavelengths under the gain envelope. The choice of the testing laser spot size was a
practical limitation imposed by the fact that our samples were only one inch in diameter. Had we
used a larger spot size, which would have better characterized the samples performance as a
whole, the number of test sites would have been reduced giving us less statistical information on
the performance of the material to a given probing fluence. This is obviously a trade off that one
can argue from either perspective. The choice of the testing pulse width is seemingly less critical
given the well known'fpulse width dependence, which can be used to scale the damage
performance measured at one pulse width to the expected performance at a second pulsewidth.

This scaling has been shown to work well if other influences don’t alter the results.



Unfortunately, stimulated Brillouin scattering (SBS) is a consideration that must be
accounted for when operating at very small spot sizes or at longer pulsewidths. The use of ~375
ps pulsewidths and ~1Q0n FWHM spot sizes allowed us to ignore the influence of SBS in our
analysis. Of course, the choice of the probing wavelengthm;ivas imposed on us generally
by the prevalence of lasers operating at this wavelength in the industry but also specifically by
the principle sponsor of this research. These considerations were the major influences on the
direction of the research at the time the decisions were made. Other considerations were

necessarily addressed during the course of the work but these were generally of less significance.

Previous Research on Laser Damaage in the Infrared

As noted before, there have been decades of work probing the origin and evolution of
laser induced damage in optical materials. This work has given us a much improved
understanding of the influence of many of the significant contributors to the LIDT performance
of a given film or coating stack. It is informative to separate the variables that influence the laser
damage behavior of optical coatings into those effects that are light source dependent (frequency,
pulsewidth and spot size) and those that are not strictly light source dependent. As the laser
wavelength is decreased the fluence needed to initiate damage is reduced [10]. This effect is
material dependent. For an ideal, and hypothetical, material that has a band gafp 08"
testing using photons of 1 eV would require sufficient intensity to drive three photon processes
to bridge the band gap, approximately®00'* W/cn?, while a single 3 eV photon could
provide the energy needed. This behavior can be seen in the LIDT performance of a material

tested at different wavelengths as shamfigure 1 below.
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Figure 1: Taken from Jupe et al.[11]. Demonstration of multi photon absorption in laser damage
processes

In the case of a less ideal material, one that included optically sensitive defects but having
the same band gap (3 eV), cascaded single eV processes may be capable of imparting enough
energy to excite electrons across this potential barrier [10, 11].

The pulse duration of the laser used for testing plays an equally influential role in the
damage initiation process. Generally laser damage testing is broken into two distinct groupings
based on the laser pulsewidth. This break in behavior is seen at short time scales below ~10 ps
pulsewidthsLaser damage from continuous wa@/\) down to around 10-20 ps pulses is
associated with thermal processes, meaning there is time for the energy deposited by the laser to
diffuse into the material surrounding the laser focal volume [12]. This process is governed by
the photon-phonon energy transfer tifRer pulses shorter than ~10-20 ps there is no time for
the lattice to absorb energy, only for the electronic transitions driven by the photons themselves

and subsequent free electron heating. These electronic transitions have time constants on the



order of a few femtoseconds where the time scale needed for the dissipative Joule heating of the

electrons to translate to the crystals momentum (phonon creation) occurs on time scales of a few
to hundreds of picoseconds [13, 14]. In the case of short pulse damage on dielectric materials the
description of the heat transfer is complicated by the intermediate state of the material during the

absorption process.

For a crystalline metal, heat absorption and conduction is accomplished by the electrons
only. Heat transfer to the lattice happens primarily at lattice discontinuities by inelastic scattering
of the electrons. If the crystalline material is instead a dielectric, heat conduction is exclusively a
phonon process. Short pulse damage is initiated by high order absorption populating the
conduction band of the material. This results in a hybrid condition where both electrons and
phonons transport energy through the lattice. The speed of these energy transporting quanta and
the mean free path in the material determines the rate at which the heat can transfer from the high
temperature electron cloud to the lattice of the material. Amorphous materials typically have
shorter mean free paths compared with crystalline structures of the same composition. Even so
lattice heating of amorphous materials is still much too slow to efficiently react to femtosecond
heating. Stuart et al. showed d? dependence of the LIDT with the laser pulsewidth for pulses
longer than ~10ps, shown in figure 2. This is generally considered to be the start of the long
pulse or thermal damage response. In the case of optical coatings this short pulse response is
guite unwanted and practically impossible to escape, however, the field of laser micromachining
relies on this type of short pulse interaction to minimize the collateral damage outside the laser

spot [3, 15].
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Figure 2: Taken from Stuart et al. [15]

Stuart modeled the heating and collisional ionization of conduction band electrons using

the Fokker-Planck expression shown in equation 1.

dN(gt)
ot

+ %[R](E, t)N(e, t) —y(e)E,N(e,t) — D(g,t) %} = S(&, 1) 1)

whereS(e,t) = R,(t) — R;(e)N (e, t) + 4R, (2e + U;)N(2e + U, t)

N(e, t) is the electron distribution functioR; (e, t)N (¢, t) describes the Joule heating of the
electrons and (¢, t) % describes the diffusion of the electron distributtoenergy. The rate

of energy transfer from the electrons to the lattice is described)¥,, N (¢, t) wherey (¢) is

the rate constant. TH¥ze, t) term represent all sources and sinks for electrons in the system,
whereR,,(t) andR,(¢) are multiphoton ionization and impact ionization terms respectively. In
the case of femtosecond LIDT testing the multiphoton ionization term strongly dominates the

sourcing function while for lower intensity testing multiphoton ionization only seeds the
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avalanche ionization process which then quickly dominates the electron source term. Generally
these expressions are used to model idealized materials, meaning a defect free band gap. There
is, however, no reason this expression, with slight modification, could not be used to model the
behavior of a material with mid-gap defect states.

The spot size used for LIDT testing can also strongly influence the shape and slope of a
damage curve. For the sake of understanding, a damage probability curve is a statistical measure
of the likelihood of a surface or bulk material to display a permanent laser induced modification
as a function of laser fluence. Figure 3 shows an example of two hypothetical damage onset

curves. Generally, each data point plotted represents the ratio of damage events to the number of

N b hots that d d
test shots at a constant fluenee—2mber of shots that damage . If we assume the two

Number oftest shots at a constant fluence

plots in this figure were damage tests performed on the same material we might expect the red

curve to have been measured using a larger spot size.
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Figure 3: Hypothetical damage onset curves using two different laser spot sizes. Red points
represent testing with a larger hypothetical spot size than the black squares.
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These differences in a measured onset curve can result in very different values, or at least
different uncertainty in this value, for the measured onset fluence in any given test [16-18].
Ultimately, these differences are not real representations of the laser damage resistance of the
film as a whole. With larger spot sizes it is more probable that if there were extrinsic defects in
the film, such as dust or other macroscopic inclusion, those defects would be exposed to
sufficient energy to initiate damage. Where the same saswgsted with a small spot size (~10
micron) it is possible to interrogate areas having no extrinsic defects. In this case it is possible to
have individual test sites damaging at fluences that are different by orders of magnitude on the
same optic. Damage onset curves plotted with data collected using small spot sizes typically
show huge errors in the measured onset values. Intrinsic material, by contrast, does not
necessarily imply defect free material but rather a homogeneous material yliaassass
nanoscale defects as long as they are uniformly distributed throughout the layer or bulk.
Sometimes it is useful to test with very small spot sizes if there is an interest in comparing
process parameter influence on bulk, or intrinsic, masdyigtl these data are of limited use in
real world applications [16]. In general, it is a good idea to keep the testing spot size as large as
reasonably possible. The peak fluences achievable are strongly dependent on spot size for a fixed
laser energy and it is important to keep individual test sites on an optic far enough away from
each other that one site does not contaminate another site during the damage testing.

From a light source independent perspective, there are many contributors to the damage
threshold performance of an arbitrary thin film, including the substrate used, the deposition
process, target purity, deposition energy, substrate roughness, and the atmosphere the film is

tested in.
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The material on which the film is deposited plays an important role in providing a
uniform and stable platform on which to grow the amorphous dielectric film. Work studying the
influence of the thermal conductivity of the substrate on the LIDT performance of a thin film has
shown the ability of the substrate to act as a heat sink for the structures grown on it. A high
conductivity substrate, such as sapphire or comperimprove the laser damage performance of
a thin film in the case of long pulse damage testing [A@¢litionally, the substrate can influence
the uniformity and interface roughness in the coating stack if the substrate has grinding or
polishing marks before the film is deposited. These inhomogeneities and interface defects can
lead to a decreased damage resistance in the film due to subsurface impurities trapped in
polishing marks or local field enhancements at roughened interfaces [20-22].

The deposition process used has major implications for the physical and chemical
properties of the thin films that are produced. Consequently, the deposition process may be one
of the best indicators of the potential LIDT performance of the film. Theralarge number of
different processes that have been developed for thin film deposition. The two major categories
that encompass thin film growth processes are Chemical Vapor Deposition (CVD) and Physical
Vapor Deposition (PVD). While CVD processes are very useful for applications requiring
conformal and lovstress deposition, they can leave organic contaminants in the film that in
many cases compromise the film for high fluence applications.

Most high damage threshold optics rely on PVD deposition to produce the films they use.
A great deal of work has been devoted to advancing many of the PVD processes hoping to
securely claim theirs as the best method for producing high damage threshold optical coatings.
Unfortunately, no single process stands out for use in all high energy laser applications. Until

recently, electron beam (EB) evaporation has been the preferred deposition process for high
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fluence applications. One of the major detractors to the use of EB evaporated films is the porous
nature of these films. There has been a great deal of discussion surrounding the utility of a
porous film for use in high energy laser (HEL) optics [3]. The general point of the argument has
been that if a film is not very dense then the film is more capable of surviving large temperature
gradients and by extension large local expansion and contraction cycles without cracking or
spalling. While this is very likely true for low density films, the fact that the film is not dense and
has a porous structure presents any material composed of these films with other undessable trait
including low optical density (index) and surface voids that can be filled by contaminants, the
most common of which are carbon and water.

In PVD processes generally there is a localized target from which material is evaporated
or ablated before it is deposited on the substrate. This target can take any one of a number of
different configurations in the coating chamber but the purity of the thin film that is produced is
directly related to the purity of the target used. For our purposes, targets are generally either a
pure metallic target or an oxide of that metal. If a metallic target is used the atmosphere in the
coating chamber is tailored to ensure the metal is fully oxidized on or before reaching the
substrate. This process is referred to as reactively grown films [23, 24].

As the name of this type of deposition suggests, there is a physical interaction used to
create the vapor that is deposited as a thin film. This process of creating the vapor phase oxide
requires some amount of energy to drive the solid target into a vapor phase. In PVD processes
this energy level is one of the key variables that is used to tailor the optical and mechanical
properties of the films produced. In EB evaporation the energy the evaporated material has when
it reaches the substrate is generally quite low in comparison with other common PVD pgrocesse

Previous work has acknowledged that higher energy deposition processes are more likely to
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produce nonstehiometric oxides given the higher probability of preferentially sputtering the

lighter oxygen when these oxides are hit with high energy particles or clusters [25-30]. Many
advantages are available to higher energy coating processes, however, that are not possible for
lower energy deposition methods. The ability to tailor the energy used to deposit a single layer or
coating stack may be invaluable in the effort to produce high optical index, high damage
threshold environmentally stable films. The influence of deposition energy on the mechanical
and optical performance of high index films will be discussed in some detail later.

As mentioned earlier, the interface roughness of a film is important from a damage
threshold perspective, but it is also important from an optical loss perspective. For most modern
thin films, optical absorption is measured in parts per million (ppm). Losses on these orders are
not generally major impediments to the optical throughput of a system. While absorption is
generally the metric of greatest concern when discussing the resistance of a film to laser induced
damage, the quality of the optic as a whole must include all loss terms such as transmission,
reflection losses and scattering losses in addition to absorption. Surface roughness on the order
of a few nanometers does not directly correlate with the LIDT performance of a film but it can
significantly influence the scattering losses of the film and in more extreme cases may contribute
to a lower conductivity and mechanical stability of thenfdtructure [31, 32]. The deposition
process, and even more so the deposition parameters used, can massively influence the interface
roughness of a given film.

The environment in which a film is tested also influences the damage performance of
film. If the environment is dusty, the debris resting on the surface of a film can cause the film to
fail at a much reduced fluence. A more subtle influence on the performance of the film is in the

composition and partial pressure of the atmosphere the film is tested in. Earlier work has shown
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reduced damage resistance of a film tested in an atmosphere with high moisture content [18].
Hydrocarbon influences have also been studied [33]. Other combinations of gasses have been
investigated in an attempt to better isolate the primary contributors to surface damage onset [34].
At the other end of the spectrum, there is significant interest in the performance of metal oxides
when used in a vacuum environment. Metal optics show very little difference in their LIDT

values when measured in either air or in vacuum. Instead, interference films composed of metal
oxides display a reduction in their damage onset values when measured in vacuum as compared
to their in air values [34]. Specific examples of optical thin films used in vacuum include
compressor optics used in chirp pulse amplifiers (CPAs), space based optics, gravitational wave
interferometer mirrors (LIGO), as well as others [35]. Earlier work on the influence of vacuum

on the LIDT performance of these films has given some insight into potential causes of damage,
but no study has been able to conclusively determine what is the mechanism that leads to such
dramatic reductions in the damage onset values. The more likely reasons for this reduction in
LIDT performance in vacuum are the reduced thermal conductivity of a surface devoid of water
and air to help carry energy away, carbon contamination and laser induced surface defect
creation. Reducing the amount of water on the surface could have two effects. The first being a
reduced thermal conductivity [36] and the second being a fracturing effect when the water is
vaporized. Either or both of these are very likely to be contributors to the damage performance of
some materials. Regardless of the partial pressure of water in the vacuum chamber, a reduced air
pressure will also reduce the heat removing capacity of the environment above the damage site.
While this is not expected to be a major contributor it is still present. The last possible source
mentioned was increased surface absorption due to the creation of defects, possbigrm

of nonstochiometric oxides [34]. Other work has shown the single shot LIDT behavior of these
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films is nearly the same in vacuum as when measured in air [34]. Only after multiple laser pulses
are applied to the test site does the LIDT behavior begin to significantly change from the in air
performance. This of course implieane kind of laser induced surface modification. We

discuss this phenomenon in some detail later in the thesis.

While many aspects of measured laser damage performances do not always show
consistent trends when studied by different groups, it is generally accepted that damage initiation
is most often seen in the high index material of a coating stack [37]. Naturally, most of the effort
to increase the LIDT performance of HR and AR films then requires improvements in the high

index material.
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CHAPTERII. PREVIOUS WORKON HfO, AND Sc0Os

HfO, and SeO3; grown by ion beam sputtering are the focus of our work. These materials
are used in combination with Si@® engineer interference coatings for high energy infrared
laser applications. HfEhas been well studied by both the high energy laser community as well
as by the semiconductor industry, where it is useful as a high dielectric constant alternative to
SiO, [2, 3, 7, 16, 28-30, 33, 36-97]. In the following chapter specific examples of previous
research are discussed as they relate to the mechanical or optical properties of the materials we

are investigating.

Previous Work Specific to Hafnia

Previous work has shown Hfs more sensitive to deposition conditions than,SiO
terms of its structural and optical properties [29]. Wang et al. suggests intermediate deposition
energies might be preferred to either lower or higher energies, if the thin film is grown using a
sputtering process, as HfGhanges from weakly monoclinic to amorphous to strongly
monoclinic with increasing momentum of the sputtering ions.

M. Alvisi et al. studied the influence of ion momentum on the LIDT performance of
HfO, tested ak.=248nm using 30ns laser pulsettisl They found a ~2.1 J/érdamage
threshold for their best materials. They also found an abrupt phase change from random
monoclinic to an oriented monoclinic when increasing the momentum of the deposition process
[38]. The results of these efforts suggestdoanergy sputtering may reduce the number of
optically sensitive defects in the deposited material. Additionally, this work found that HfO

sputtered from an Hfexarget in argon only, with no oxygen, was found to be amorphous. When
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oxygen is present during the deposition the film is found to be polycrystalline [39]. In addition to
being prone to other defect types polycrystalline Hié@n trap moisture on dangling bonds
located at grain boundaries [40].

Thielsch, R., et al. discussed that ion beam sputtered i3 showed oxygen
deficiency when bombarded with ions. There is evidence correlating oxygen deficiency with
higher biasing voltages in the case of IBS Silns. This condition for the Sigfilms was
persistent after deposition and was likely caused by ion bombardment [28].

In an effort to corroborate this apparent link between high energy sputtering and oxygen
deficient films, Toldedano-Luque, M. et al. made usam@atively high chamber pressures to
nearly thermalize evaporated material through collisions before deposition [39]. The results of
this work are compelling but films produced in this way lacked the physical and optical qualities
desired in IBS deposited materials, namely high index and high density.

Additional work on the influence of deposition energy on the properties of the films
produced was done by Papandrew, A.B., et al. They also insist that careful selection of the
deposition energy is required to ensure fully stoichiometric material while not imparting too
much energy to the newly formed surface. This work also asserts that deep nodular defects play a
larger role in laser damage than shallow nodular defects [30]. Depending on the type of films
being considered this may or may not be an obvious conclusion. In any case, this assertion has
particular significance to our damage results which will be discussed later.

Roberson et al. published a discussion on common optically sensitive defect states in
HfO, films. Two of these include both oxygen vacancies and interstii#lls Both of these are
defects we know to exist in some of our films grown using a range of oxygen partial pressures

with the intention of studying these defect types. Examples of these defect energy levels are
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shown and discussed in this paper. Gavartin et al. concluded that thin films did¥@®much
higher defect densities than Si@#own using similar techniques [42]. These same trends have
also been seen in our IBS grown films. Gavartin, et al. further discussfitih® grown from
metallic targets may have metallic clusters embedded in them. The conclusions of this work also
show the propensity of H#Jo grow in columnar structures. Columnar growth can lead to point
to point variation in the mechanical contact between interface layers and can strongly influence
the heat flow through the film and across the boundary. This work further discusses the fact that
HfO, surface and bulk defect levels can be as high as two orders of magnitude that a§&i©
grown using similar techniques, which is further substantiation of the findings already discussed
in other work [43]. Post deposition annealing of these films was able to reduce this defect density
by roughly an order of magnitude [44]. An important observation in these gresgsch was
the fact that wherfO, films are grown thinner than 2nm the defect densities are kept much
lower. In light of our results, discussed later in the thesis, this critical dimension of 2 nm should
be studied further.

LIDT testing of E-beam and laser evaporated Hilins at 248nm using a 20ns pulse on
A4 thickness films damaged at 2 Jfeand 4 J/crhrespectively. Dual lon Beam Sputtered
(DIBS) HfO, damage tested at 308nm using 15ns pulses damaged at3EHmeam HfQ
tested at the same wavelength damaged at 7 J&8h These kinds of comparisons are the
reason many groups in the past have considered E-beam coating better for use in high damage
threshold applications.

Work with ion beam sputtered coatings iar1064nm and damage tests using 12ns
pulsewidths was done by Xinghai Fu et al. [16]. Their work found slightly &Ped films of

Sc0; and HfQ demonstrated damage onset value of 10%J4&md 7 J/crhrespectively. These
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values were found using spot sizes of ~70 microns with slightly higher values recorded for 50
micron spot sizes. Some of our more recent work with these same materials has demonstrated the
highest LIDT values for both HOandSc,03 films we have seen for any coating process
reported in literature. These results are presented and discussed in chapter six.

Foster, A. S. et al. found that annealing KHi®oxygen above 50C results in
crystalline, fully stoichiometric films. Working with ZeQa very similar material to HfQdue to
homological outer shell electronic configuration, suggests that oxygen diffuses from the surface
into the bulk of the material in atomic form [46]. Again, as with klféxygen interstitials and
vacancies are common defects in Zrldterstitals and positiely charged oxygen vacancies can
trap electrons near the bottom of the conduction band in both atf®SiQ [46]. This defect
signature is detectable using electron paramagnetic resonance (EPR) scans and examples of these

types of defects will be presented and discussed later in this paper.

Previous Work Specific to Scandia

Sc0;3 thin films, by contrast, have received much less attention, likely due to their
increased cost and difficulty to purify. Nevertheless, the allure of a higher band gap material for
use in high damage threshold coatings has resulted in several exploratory efforts over the years.

Early work onSc,03 showed resistive heater evaporated scandia was oxygen deficient
unless grown in a reactive atmosphere [47]. This group also found post deposition annealing of
reactively growrSc03 increased the absorption coefficient when compared with the as grown
values.

Dip coated films 065603 were grown for use at 351nm by D. Grosso [3]. The resulting

films had an optical index of n = 2 at 351nm and a bang gap of 5.7eV. These films had a porosity
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of 16% and a measured damage threshold of 8.4 Jising a multiple pulse per test site, N-on-
1 testing technique. These measurements were made at 351nm using a 0.7ns S polarized beam at
45deq to the test optg surface. Hf@films tested using the same conditions measured 14-15
Jlcnt onset values.

Metal Organic Chemical Vapor Deposition (MOCVD)3%0; films was investigated
by Xu, Z et al. [48]. Their work studied the relation between the optical index and the substrate
temperature during film growth. The films grown at 45Q@vere amorphous and had low surface
roughness. Those films grown at higher temperatures were progigssore crystalline
resulting in a denser film with a more lossy interface due to surface scattering. The densification
of the films grown at higher substrate temperatures resulted in higher optical index materials.

Liu, Guanghui et al. studied E-beam depositioB8@0O; as the substrate temperature was
varied to monitor this influence on the material properties and LIDT performance [49]. Films
grown at 50C were amorphous but signs of crystalline growth were beginning to be seen when
the substrate temperature was AG0At this point it is worth noting a low temperature
crystallization ofSc,03 was also seen in portions of the work we conducted at Colorado State,
but owing to other factors that data is not discussed beyond this confirmation. The band gap of
these materials, studied by Liu Guanghui et al., decreased as the substrate temperature increased.
Damage testing in their case was done using pulses of 8as8&bnm with a spot size of 440
microns. The damage threshold was 2.6 3fomfilms grown at 150C and 1.1 J/cfnfor films
grown at 250C.

Additional work on E-beam deposit&d,O; was carried ouby Al-Kuhaili, M.F. et al..

They were interested in the influence of substrate temperature and oxygen partial pressure on the
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material properties of the films produced. They saw crystallization @al@@; at 300C with
amorphous films being grown at lower substrate temperatures [50].

L. Chang et al. worked on pulsed laser depositiddg®Ds; [51]. They suggest that this
method of deposition might allow the target to remain stoichiometric as opposed to preferentially
sputtering away the lighter elements. This work studied the influence of oxygen pressure on the
properties of the films produced. They saw slightly too much oxygen in their films when grown
at higher Q pressures.

De Rouffignac et al. gre®c0s films using atomic layer deposition [52]. Their films
showed increased crystallinity when heated to°458nd another phase change when heated to
1000°C. Their material also showed slightly too much oxygen after deposition. In their work
this was attributed to trapped hydroxyl groups.

Work on other metal oxides that specifically address excessive oxygen content after
deposition include Vink, T.J., et al. and Pérez-Pacheco, Argeliaveheile physically trapped
oxygen was found in reactively sputtered Md&8] and reactive DC sputtering of Ti{b4].

Earlier work on how the process conditions of ion beam sputtered material influence the
material and optical properties 8603 was reported by our research group in Menoni et al.
Damage testing results at 50fs, 1ps and 400ps were reported [7]. Further work by our group was
published in Langston et al. where the conclusions of the study are summarized in the quoted
abstract below.

We show that the concentration of oxygen interstitials trapped-s 8tms by

ion beam sputtering from metal targets can be controlled by modifying deposition
conditions. We have identified point defects in the form of oxygen interstitials

that are present in 80; films, in significantly high concentrations, i.e.1018

cm 3. These results show a correlation between the increase of oxygen interstitials
and the increase in stress and optical absorption in the filx@; flons with the

lowest stress and optical alpgtion loss at 1 um wavelength were obtained when
using a low oxygen partial pressure and low beam voltage [6].
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Representative Damage Testing on H&ENAS60O3; Done at Atmosphere

Of course our principle interest in these materials and their thin film properties is for their
use in optical coating for NIR lasers with high damage threshold applications. As mentioned
before, many groups have been working on increasing the laser damage performance of metal
oxide coatings for some time. For the sake of orienting the reader to some of the historical work
as well as the recent research we will highlight some of the more applicable results next.

M. Mende et al. published work on lon Beam Sputtered (IBS) mixed oxid&s@f and
SiO, [55]. This work was an effort to correlate optical, material, and substrate qualities to the
laser damage performance of the films produced. Two different sources were used for the
damage testing. One light source was a 510=$030nm laser using a spot size of 40 microns at
1/€. The second laser was a 5 ks355nm source testing with a 200 micron spot. 360
single layers tested had an onset valuesad/cnf atA=355nm and 3.1 J/chatA=1030nm. It is
also worth noting that the researchers recoeddahtly higher oxygen content in their films
than would be expected for fully stoichiometric material.

L. Gallais et al. studied the relative LIDT performance of high index metal oxides [56].
Using a 500fs)=1030nm laser testing with a 49 micron 1/e spot size they tested ion beam
sputtered\/2 (at 1064nm) films of Sig) HfO,, TaxOs andS0; all grown on fused silica. The
highest threshold material was $i€ ~ 5 J/crhfollowed byScOs at 4.6 J/crhthen HfGQ at 2.6
Jlent and finallyTa,Os at 1.7 J/crh This ranking of damage thresholds follows well the
predicted behavigiEquation 2) of these materials to a femtosecond laser source based on their

relative band gap energies [2].
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Fin (Eg, Tp) = (a + bEg)Tg (2)

E4is the band gap of the materigljs the pulsewidth of the laser, a and b are material dependent

values and ~ 0.30 + 0.03.

X. Fu et al. recently tested composite$aiO; and HfQ with SiO, using both a 500fs,
A=1030nm and a 12n%71064nm source [16]. These materials were ion beam sputtered and
deliberately tested with small spot sizes to determine the maanainsic damage threshold as
opposed to extrinsic defect driven damagéh only slightly dopedBc03 (< 2% SiQ) the
LIDT value measured was ~10 Jfcat 12 ns and ~1.8 J/émat 500 fs. The values measured for
HfO, were ~7 J/crhat 12 ns and ~3.1 J/érat 500 fs. The concentration of Si®as increased
in each of these base materials to study the LIDT performance of tailored index materials. In all
the cases studied they found the higher the concentration of the low index material, in this case
SiO,, the higher the LIDT performance of the material, with a corresponding decrease in the
index of the film.These results were used to develop a numerical model of defect size and
densities from damage onset data.

C. R. Wolfe et al. studied laser conditioning of Hfdd SiQ thin films [57]. This work
compared E-beam deposited films with ion beam sputtered films. They recorded an increasing
LIDT performance for films where moisture is driven off the surface. This would seem to
contradict earlier work dealing with the same issue [B8}heir sample analysis, they identified
a paramagnetic point defect in amorphous,$J. This defect originates from the fact that
electrons fill oxygen vacamgcstates as a result of UV illumination. It was found that after
conditioning of the test optics, E-beam films performed better than ion beam films in terms of

their LIDT.
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As energy is depa®dinto these materials by the laser there is a rapid buildup of heat in
a very localized area. This rapid buildup of heat will necessarily greatly increase the local
stresses in the films and the substrate. It is generally believed that if a thin film structure is under
stress the film is more susceptible to laser induced failure [59]. While this is generally taken as
fact, work donéoy Rainer, F., et adoes not show a strong correlation between film stress and
damage thresholfB7]. It is worth noting, however, that this work was done on E-beam

deposited films which are known to be less stressy than higher energy deposition processes.

The Influence of Surface Water on the LIDT Performance of TihinsF

Atmospheric conditions can affect the LIDT of thin films owing to the fact that water and
hydrocarbons inevitably adsorb to the film’s surface. Previous work studying the influence of
surface water on the damage performance of oxide thin films includes workylbimg, X. et
al. [58]. They found that water desorption from the surface of E-beam sputtered coatings reduced
the LIDT performance of these films. Other independent work found that water on the surface of
thin films tends to increase the damage threshold by increasing the thermal conductivity of heat
away from the test site [36].

Additional research comparing the performance of E-beam deposited films with IBS and
lon Assisted Deposition (IAD) grown material, tested in air and vacuum, found a common
spectral shift towards shorter wavelengths in the transmission spectra of the E-beam coatings.
This shift is commonly associated with water vapor desorption. No spectral shift was seen in the
IBS and IAD grown films. When LIDT testing these samples in vactheyfound a 5x
reduction in the E-beam deposited fislxdamage threshold when compared with their in air

values. Their conclusions wetteat the dehydration of the more porous E-beam films was
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causing increased tensile stress in these films. The IAD and IBS coatings, which are much less
porous, showed no change in their performance when tested in air and vacuum [60].

In chapter 6 of this dissertation we discuss the influence of vacuum on the LIDT
performance of thin film metal oxides. Our research suggests other factors can play a dominant

role in the reduction of the LIDT values of certain film types.

The Influence of Surface Hydrocarbons on the LIDT Performance of Tihis F

As was already mentioned, the presence of a very thin layer of carbon containing species
are nearly always covering surfaces exposed to the atmosphere. This adventitious carbon may or
may not be a major contributor to the damage performance of a test optic under normal
circumstances but more substantial deposits of carbon certainly can be. Local enhanced
concentration of carbon has been found inside the illuminated area of the laser spot by a number
of different groups [33, 61].

The process by which carbon builds up inside the laser spot is known to be cracking of
carbonaceous molecules by incident photons and/or by secondary electrons ejected from the
optical surface. Becker describes a phenomenological model of this carbon deposition on silica
from gaseous toluene usiitg532nm photons [33]. The absence of carbon contamination
uniformly on the optits surface suggests any chemical reactions must take place on the surface
in the irradiated areas only. For this to be the case adsorption of toluene molecules on the surface
is a necessary first step. The carbon deposits seen are more than a monolayer in thickness so to
estimate the surface coverage rate without laser irradiation a Brunauer-Emmett-Teller (BET)

isotherm description is used.
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In this expressiof is the surface coverage rate, iflthe interaction energy between the
toluene molecules and the surface,idjthe interaction energy between the toluene molecules
themselves, P is toluene partial pressuggjdthe saturation pressure of toluene, R is the gas
constant and T is the temperature. The dissociation energy needed to drive carbon from toluene
is ~3.8 eV requiring a two photon event.a532nm. At this wavelength a photolytic reaction
begins the decomposition of toluene. After an extended period of exposure time to the laser
irradiation the local temperature in the irradiated spot is seen to rise apadpth250C. This
temperature increase begins a pyrolitic reaction that greatly increases the thermal dissociation of

toluene. The rate of thermal dissociation is described by the following expression.

371, 9x103

kep(T) = 101> *%e™ rr (s7h) (4)

Similar work done at=1064nm with a pulse width of 3.5ns [62] also saw carbon
deposition even though the peak fluences tested wergW/ber?, far below the intensities
needed to drive four photon processes needed for unassisted photolytic reactions. Their work
suggests some type of photo catalytic process may facilitate the chemical dissociation of toluene.
This type of carbon contamination has been shown to reduce the LIDT performance of optical
surfacedy as much as an order of magnitude [62]. LIDT testing on metal oxide thin films have

also demonstrated this decrease in the damage onset values with carbonation [63]. A discussion
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of the mechanism by which this growth occurs from gaseous toisiaie® given by R. R. Kunz
et al.[64].

The work done by Becker S. et al. is of particular interest to our work given that their
research was specific to ion beam sputtered films [BBiheir study IBS grown films were
shown to be less susceptible to hydrocarbon contamination due to the fact that IBS films are

more dense, fully closed surfaces that present fewer features for contaminant adsorption

Surface Defects and Their Creation

When studying the interaction of light with the thin film materials it is necessary to
understand how a surface is distinct from bulk material. In the case of a crystalline material the
bulk is often characterized in terms of its macroscopic properties, i.e. density, optical index, band
gap, hardness etc. These easily measureable macroscopic properties are a consequence of the
microscopic arrangement and bonding of the elements that make up the material. On a
microscopic scalabulk crystal is characterized by the bond strength, the gemaant of the

atomic nuclei in a matrix and the periodic spacing of these nuclei along crystal axes.

Figure 4: Generic crystal lattice
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The principle assumptions that are made when discussing a bulk material are that the
material is continuous and uniform. Figure 4 [98] is a representation of bulk crystalline structures
such as carbon, silicon, silica or other covalent materials. The bulk is in fact composed of huge
numbers of molecules arranged in a self-repeating matrix. Figure 5 [65] shows two silicon atoms
from a larger matrix like the one depicted above of,SiDese two silicon atoms sit inside four
oxygen atoms arranged in a tetrahedron. The oxygen atoms are shared between two tetrahedra in
what is called a networked covalent bond, or shared electron pair bonds. Each silicon atom is
said to have a half share in all the surrounding oxygen atoms resulting in phetdgi@ometic

ratio, 4 x % =2 [65].

unshared oxygens
are left with a
negative charge.

Silicate letrahedra are
linked by sharing comer
oxygen atoms. Any

¢

Figure 5: Silicon-oxygen bond arrangement [65]

Figure 6 [66] shows the molecular arrangement along the diffexesndf a quartz
crystal. As can be seen the microscopic arrangement and bonding of the constituent elements and
the molecules they form can result in a different lattice parameter which will then influence
many of the macroscopic properties we generally associate with quartz and other crystalline

materials, like optical index and hardness.
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Figure 6: Quartz crystal lattice structure [66]
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Like many other materials, Si@an also exist in an amorphous state as opposed to the
crystalline quartz we just discussed. What is meant by amorphous is a lack of large scale order in
the bulk material. While the Si@nolecule still preserves a certain range of bond angles the
tetrahedral with four oxygen atoms does not repeat over long unit cell distances. In almost all
amorphous materials some areas of local order still exist, but if these features are <10 nm in
extent the material is generally considered to be fully amorphouseHig6v] shows single
crystal silicon with an amorphous layer of $ifdown on top. Amorphous materials can be
gquite homogenous without being periodic and are not observation angle dependent in terms of

either their microscopic or macroscopic properties.
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Fig. 7 5:i02/50 {001} interface model with 3904 atoms

Figure 7: Amorphous Si&grown on single crystal silicon [67]

Bulk materials, either crystalline or amorphous, behave very differently from monolayers
or thin films. Due to the electromagnetic interactions inside the bulk, the homogenous materials
enhance the electronic and vibrational coupling throughout the bulk. This close coupling allows
the material to behave as an extended three dimensional single body. The periodicity and
electronic arrangement, or the average intermolecular spacing and bond lengths if working with
an amorphous material, are not interrupted in any given axis even though the iaaterial
properties may differ along different axes, in the case of a crystal. At an interface, or surface, the
periodicity or average intermolecular spacing is interrupted. These discontinuities rasult in
greatly increased number of scattering sites for either electrons in the case of conductors or
phonons in the case of insulators. This fact greatly influences the thermal and electrical
properties of these materials. Another important consequence of a surface or interface is the fact
that the bonding environment for the molecules at the surface is incomplete. Any unshared
oxygen atoms in the Sgdnolecule is thus negatively charged. These dangling bonds can be
optically sensitive in one of two ways. First, these charged oxygen atoms can quickly bond to

impurity. Second, if the bond is left dangling these electrons that are ordinarily coupled to the
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silicon ion are able to inelastically interact with the electric field from an intense laser source
possibly leading to a reduced LIDT performance. Give the extremely large number of broken or
dangling bonds at a surface this electronic environment predomatatessurface.

Other work has found that strained bonds can cause disorder related defect states that can
absorb single photons in high band gap materials [59]. These states may also enhance the
absorption cross section for two photon events. Surface specific defects have been shown to be
created in the form of E’ centers which can serve as electron traps [68]. These defectsecan b
created by mechanically abrading the surface 05.SiO

Earlier work using high average power Ar+ lasers on metal oxide films showed a
decrease in the transmission of these films when used in vacuum [69]. This behavior was
ascribed to either photoinduced oxygen depletion or color center creation. It was found that if
these films were not too degraded, in terms of their absorption, they could recover the original
transmission by exposing the surface to both oxygen and the laser light.

Semiconductor work on oxygen diffusion barriers has demonstratdiff@ion from an
SiO, layer through 30 nm of tungsten at 46(J70]. This work demonstrates the difficulty in
stopping oxygen diffusion through very dense materials.

Material defects such as grain boundaries and microcracks allow increased thermally
activated oxygen diffusion through the barrier material. The increased density of sputtered metal
oxides provides greater resistance to oxygen diffusion when compared with evaporated films
[71].

He, J.Q., et aktudied the diffusion of oxygen through Si@hd found that amorphous

thin films had a diffusion rate five times higher than fused silica [72]. A faster oxygen diffusion
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rate is expected through amorphous Fihen compared with crystalline Hf@ue to the
reduced mass density of the amorphous films.

It stands to reason that it is more difficult for an oxygen diatom to diffuse through a solid
material than for a single oxygen atom. An energy of 3.79eV is needed to dissociate one oxygen
atom from ar5¢03; molecule [73]. This value of ~3.8eV is significant as it equals the energy
needed to chemically dissociate Toluene as was discussed earlier [33]. The fact that one micron
light was capable of cracking the carbonaceous molecules demonstrates the possibility of similar
reactions taking place 803, or on other oxides, using only ~1eV photons.

Vacuum annealing has been shown to slightly reduce the surface of nifi@®m
creating single oxygen vacancies [74].

Several groups have noted the electrical and chemical properties cdrt®ifQ are so
similar that their oxygen diffusion coefficients are nearly identical and more importantly very
high [75, 99]. Values for the ionic conductivity of ZGn which oxygen was the only
significant contributor to the current flow, were measured by Arun Kumar et al. [75]. Their
experiments were performed as a function of temperature and oxygen pressure. For temperatures
below 600C a more subtle dependence of the ionic conductivity was seen on the oxygen
pressure when compared with the higher temperature tests. At atmospheric pressure the

conductivity was measured to be ~5¥1fiho/cm. Using the Nernst-Einstein relation [76]

4F2%p*

Kion = 77— (®)

VinRT

where F is the Faraday number, D* is the oxygen diffusion coefficignis Yhe molar volume

of oxide, R is the gas constant and T the temperature, we can determine the oxygen diffusion
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coefficient from the ionic conductivity. Below 680 the oxygen diffusion coefficient for H{O

is ~ 2.11492*103° cn¥/s, while at 906C the diffusion coefficient is closer to 3.12586*£0

cn’/s. These values decrease slightly with decreasing oxygen pressure only to increase again
under high vacuum conditions.

This rapid diffusion of oxygen through Hf©an be greatly reduced, however, with the
addition of Al,Os in the film [77]. Al,O3 by itself has been observed to have a significantly
higher resistance to oxygen diffusion when compared with, HEorts specifically aimed at
studying the ability 065605 buffer layers at impeding the diffusion of oxygen have found that

S0Osis a poor barrier material for oxygen diffusion [78].

Thin Film Metal Oxide LIDT Behavior in Vacuum

Previous work on vacuum damage testing of metal oxides found that E-beam deposited
films perform better with neutral or even slightly compressive stress in the coating to help reduce
the cracking or crazing of the film [80].

J. A. Kardach et al. studied the laser damage performance of over twenty different E-
beam deposited metal oxides and fluorides in vacuuffi @) including HfQ, SeO; and
SiO,, specifically the emission of photoelectrons below and above the LIDT value of the films.
They were using a 5n&71.06 micron laser with a ~300 micron spot size. Their work found that
the damage threshold depends strongly on the thermal properties of the substrates used. Higher
conductivity substrates damage at higher fluences. These tests were performed over many hours
on a single test optic and confirmed earlier work suggesting the ability to condition optical

surfaces by illuminating a test site below the damage threshold driving off near surface defects
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[81]. Additional work by Lange et al. discusses the subsgratality to influence the LIDT
value tested in air, but this was expected for longer pulse testing not 5ns or 0.5ns pulses [82].

Other vacuum damage research found that a reduced gas heat conduction has very little
effect on the peak temperatures seen in the coatings before and during damage [83]. These
findings are consistent with the thermal modeling we present for our data showing little
difference in the in air and vacuum thermal dissipation.

A comparison of E-beam deposited films with IBS and IAD grown films, tested in air and
vacuum, showed that the denser IBS and IAD films perform much better than the E-beam films
in vacuum. This improved performance was attributed to negligible water desorption from the
surface of the denser films while the E-beam coatings were strongly affected by the off gassing
of water [60].

S. Tamura et al. damage tested E-beam depd@€d grown on fused silica (FS) in
vacuum. The laser used was a 400p855nm source. The spot size was 350 microh[84].

The results showed SiMalf wave thick films damaged at 4.6 Jfowhile Sc05 quarter wave

films damaged at 2.3 J/émAnti-reflection stacks composed $604/Si0O, andSc0s/MgF»

were also tested and showed very similar performance for films grown on an undercoat of SiO
deposited on the FS. When testing these films on the native FS surf&geQii®igF, films
performed better than tf&;,04/SiO,. Similar work was done by the same group on high
reflection coatings grown using the same mater&dg)s;/MgF», also grown using E-beam
deposition [85]. In this study it was found that oxides grown using higher deposition rates and
higher oxygen pressures resulted in higher damage threshold values for the films produced.
These results may help support the assertion that intermediate deposition energies are favored

over both lower and higher deposition energies for damage threshold purposes.
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Studies of the effects of a vacuum environment on IBS grown Bf@ SiQ thin films
deposited at CSU was done by D. Nguyen et al. at the University of New Mexico [34]. The
tested in air and in vacuum LIDT performance of these films as a function of pulse count and
partial pressure. They also collected data on the influence of water vapor, nitrogen, oxygen and
toluene on the LIDT performance of multishot testing. The base pressures tested wefe ~3*10
torr and there were no in vacuum cleaning efforts made on the test optics. They saw no nitrogen
or toluene influence on the LIDT performance of the films tested, however, theyedsgport
partial improvement in the LIDT value with the introduction of molecular oxygen into the
atmosphere surrounding the test optics. With the introduction of water vapor there was a
complete restoration of the multishot LIDT performance of these films. They attributed the
improvement in the performance both to the presence of oxygen and water. Bulk FS did not
show a pressure dependence on its LIDT performance but no suggestions were given to explain
this behavior. The authors suggest oxygen vacancy formation and possibly surface charging are

responsible for the observed behavior of the thin films.

Metal Surfaces in Vacuum

Ultra high vacuum laser damage studies-'16rr, on pristine copper surfaces found that
copper damages at a higher fluence in vacuum than in air. The reason for this increased
performance is believed to be little or no plasma formation directly on top of the surface
immediately preceding the damage event. This plasma, just as with metal oxide damage events,
is formed when near surface defects are super-heated and ejected from the surface. This ejected
volume continues to heat in the laser field imparting energy to the tessaptitace while in

close proximity. With no air above the surface to impede rapid expansion away from the target,
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any plasma that is created would have less opportunity to damage the surface [86]. While there is
a fundamental difference in the damage performance of metals compared with oxides, especially

in vacuum, these results do apply to our work and will be discussed again in chapter 6.

Capping Layers for the Protection of Optical Coatings

A number of previous efforts have been directed at studying the impact of capping layers
on the LIDT performance of thin films [87-95].

F. Rainer et al. studied the influence of both overcoat and undercoat layers on the laser
damage performance of E-beam deposited HR and AR fili8s,0% paired with either SiQor
MgF,[87]. The influence of substrate material and temperature were also studied. They studied
Sc0s/MgF; high reflectorsKIR) with either SiQ or MgF; half wave thickness overcoats at
A=248nm. They also studied AR films 86,0s/MgF, andSc,03/SiO, with half wave undercoats
of SIO, and Mghk. Their results showed that the overcoating improved the LIDT performance of
all samples tested but that the Mgmproved more than the SiOrhin film crazing was
observed in the films grown on FS, likely due to differences in the coefficients of thermal
expansion. All measurements in this work were made-248nm and a pulse duration of 20ns.
The median LIDT values of the diffent films tested without an overcoat was 3.1 Jerhile
the addition of an overcoat increased this value to 6.3 JAuiditional work by another group at
A=248 nm with similar materials showed similar results [88].

S. Tamura et al. also studied the influence of,&i@ Mgk, capping layers on
S604/SIO, HR films for use ak=355nm [89]. These films were E-beam deposited and tested
usinga A=355nm source with a 0.4ns pulsewidth and a 350 micrdrsfite size. HR films with

a half wave thickness overcoat of SEhowed a 25% improvement in their LIDT values. The
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samples capped with a half wave of MgRowed no improvement over the uncapped films even
though Mgk, has a higher band gap than $iDhe authors attribute this to a likely increase in
the mechanical stability of the surface with the Si@ercoat. Other LIDT work, at=1um,
agrees that the mechanical stability of the overcoat is a likely reason for a portion of the
improvement in the damage threshold with the addition of a capping layer [90]. Stolz et al.
suggest a combination of factors including a reduced electric field strength inside the high index
material as well as the additional mechanical stability this half wave layer pb8itD
contribute to the improved LIDT values [91]. Damage testing E-beam deposited HR films with
half wave overcoats of Sg@and Mgk, using aA=355nm, 8ns pulse duration laser source showed
the SiQ overcoat increased the LIDT but the Mgivercoat did not. The authors did not have an
explanation for this behavior [92].

Wu Z. et al. workdwith E-beam deposited films of H¥@nd SiQ grown fromHf and
SiO, targets suggests that if the overcoat has a higher thermal conductivity than air, it may play a
major role in increasing the LIDT performance of the film. This would be accomplished by
locally averaging and lowering the peak temperatures seen in the film [93]. This work also found
that thicker overcoat layers were less likely to delaminate off polarizers. Delamination typically
grows with additional pulses on the same test site and so it represents a particularly debilitating
damage type. The results of their work imply very thin overcoat layers will be less mechanically
stable than thicker laygef91].

Yao et al. studied TigSiO, HR mirrors for use a&t=532nm and.=800nm. A half wave
capping layer of Sigwas grown on these films. Damage testing the coating statk®32nm
showed a 20% improvement in the LIDT values with the capping layer, while adding a full wave

capping layer of Sigon thex=800nm films improved the LIDT values by 50%. The authors
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attribute this effect to a many orders of magnitude difference in the thermal conductivity of SiO
over air. This should reduce the peak temperatures in the film for equivalent pulse energy and
absorption [94].

Topcoat work on two of the materials discussed in this dissertation/$i@ and
S6045/SIO, coating, was done by S. Papernov et al. [95]. They studied different configurations of
basecoat and topcoat films to judge the relative performance of these relatively thin structures,
25nm- 50nm. LIDT testing was done using a 0.7ns Nd:Glass slab laser. Their work was based
on the assumption of nanoscale absorbing clusters as the only absorbers in these materials. The
results of this work suggested that the Hfiins had 10nm sized absorbing defects. Thermal
modeling was performed using Ansys to describe the local effects of nanoscale absorbers on the
surrounding thin film material. Their work suggests that buckling of the topcoat happens before
reaching the melting temperature of the thin film materials. The modeling required extremely
high temperatures to describe the damage process as well as very high absorption at these local
absorbers. LIDT testing found Hi®ased films damaged at 5.6 Jfanhile theSc0; based

films damaged at 5.4 J/ém
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CHAPTER lll. INTERFERENCE COATINGS

Interference coatings are stacks of non-absorbing materials whose spectral response is
controlled by selecting the optical path length of each layer. This spectral response directly
derives from Maxwell’s equations. From the solution to Maxwsllequations in a continuous
medium we have a description of a forward propagating electromagnetic wave with an electric

field amplitude of i, angular frequence, traveling in the y-direction with speegn,..

E = E,cos o(t — ﬁy/c) (6)

where #i = n, —ik

In this expression k and. are the imaginary and real components of the complex index
of refraction. Specifically, the real part of the refractive index describes the wavelength
dependent relative phase velocity of an electromagnetic wave in a material. The imaginary
component accounts for absorption loss. In a lossy material, a non-zero free current density, J,
proportional to the electric field and free charge density may not be zero. The modified wave

equation then takes the following form:

OE

V2E = pe 28 4 uo 8 7)
HESr THO G,

The last term in this expression describes the time dependent rate of change of the
electric field which gives rise to electric potentials which give rise to currents. If the material is

not a perfect conductor these currents generate losses which are optical absorption.
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Of course there is the corresponding equation for the magnetic field which is not shown
here. The solutions for these modified equations are similar to the earlier expressions but with

the additional requirement that the wave number be complex.
k? = pew? + ipow (8)
This expression is commonly written in the following form:

k=k+ix (9)

1/2
where k=w\/£[ f1+(1)2+1]
2 EwW
1/2
and k = w\g[ /1+(£)2—1]

In the case of a wave traveling through a lossy material the solutions then takes the following

form:
E = Eje ™ cos(ky —wt) or E = Eje ®Vei(wt=ky) (10)

The complex component of the optical index describes the absorption of light in a
material.Using a simple Beer’s law description and substituting terms from the decaying

exponential in the above solutions gives us a familiar expression for the absorption coefficient of

a material.

43



[(y) = [he™™ = a= 2wk/c (12)

Interference films, by design, attempt to eliminate all absorption at the wavelengths of
interest. If we then assume a lossless material in our present discussion, Fresnel reflections and
subsequent transmission dictate the response of interference coatings to different wavelengths of

light.

Reflected
ray

Light paths paraliel
and perpendicularto
the plane of incidence
have differant
reflection coefficients.
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Caseforn_<n Tranamitted
Internal FELY
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Figure 8: Light at an interface [100]

Where the reflection coefficients are given by:

tan(0;— 6¢)

T = 12

parallel tan(8;+ 6¢) ( )
. sin(0;— 6¢)

Tperpendicular = — sin(8;+ ;) (13)
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And the transmission coefficients are:

2sin 6 cosB;

t = 14
parallel sin(0;+ 6¢) cos(6;— 6¢) (14)
and

__ 2sinf;cos6;
tperpendicular - sin(8;+ 6,) (15)

Figure 8 depicts the incident, reflected and transmitted wave as a function of polarization
and angle of incidence. If additional layers, or interfaces, are grown then we have successive
interfaces each of which contributes not only to the reflected wave but also to the transmitted.

The optical thickness of the individual layers can be controlled with enough precision to
tailor the contribution of these individual interface responses such that the total optical response

can be engineered. Figure 9 shows a front and back surface response from a single layer in air.

air

n = high index

Figure 9: Single layer in air

Equations 12 through 15 are satisfied for a single interface. In a multilayer film the

contributions from multiple interfaces add when the following condition is met:
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d; cos(8;) = (2m + 1) 2 (16)

wherel, is the wavelength of light in the material of interestis¢he physical thickness of the
layer in question and m is an integer, m = 0, 1,.2For destructive interference instead the

following condition is met.

d, cos(6;) = 2m'1—1 (17)

These expressions account for the half wave phase shift that occurs at an interface when
the wave travels from a low index material to a high index material, which does not occur when

the wave travels from a high index material to a low index material, as shown in figure 10.

Figure 10: Phase shift at an interface [101]

These simple expressions can be generatzsttuctures with multiple interfaces
(Figure 11) to further enhance or reduce the reflection of an electromagnetic wave from a

multilayer structure.
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air

n = high index

n = low index

n = high index

n = low index

Figure 11: Multiple surface reflections

If we consider a linearly polarized plane wave normally incident on a sequence of thin
films composed of homogeneous and isotropic materials separated by parallel featureless
surfaces we can describe the reflected and transmitted waves using the so called Matrix Model
[102]. The reflected and transmitted waves will preserve the plane of polarization of the incident
wave and the phase factor of the wave is givealty§*~*2)]. The characteristic admittance of
the surface is defined as the ratio of the magnetic and electric field ampliygid@fe matrix
model begins by describing the tangential electric and magnetic fields at the final surface of
coating stack. The transformation of the two fields from one interface to the next is given by a
simple matrix multiplication where the filfff ” is terminated by the interfaeein front and

interfaceb behind.

E cosd Lsndy E
el = 0 ] (18)
a [yrsinds cosép| "D
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Here the phase thickness is givendhy= 2m(n — ik) d//1 where d is the physical

thickness of the film and is the free space wavelength. For an arbitrary number of thin film

layers the expression is written:

cosé i 1
Ty ] (19)
iyrsinds cosés Yemergent

where B and C are the electric and magnetic field amplitudes at the incident surface.
Given that there is no counter propagating wiauwle “emergent” material, or the

material the wave exits intthe surface admittance of the “emergent” surface is the

characteristic admittance of the emergent matefial,,4.n:. The reflectance and transmittance

are then given by:

(¥0B—C)(yoB—C)"
= 20
(YoB+C)(yoB+C)* (20)
and
— 4yoReYemergent 21
(YoB+C)(¥oB+C)" (21)

wherey, must be a real number.

If the surface off which the reflection is happening is not smooth on the scale of the

wavelength of light, then that surface will scatter li(fagure 12). Scattering can take the form

of either forward scattering light, in the case of transmissive optics, or backscattered light. The

amount of light scattered is dependent on the roughness of the surface or interface.
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Figure 12: Specular vs diffuse reflections [103]

In multilayer structures interface roughness leads to losses. While roughness is generally
not directly related to the laser damage performance of an optic except in extreme cases, it can
result in a significant loss for an optical system. The loss term of greatest significance for laser
damage studies is absorption. For the energy to be permanently transéenréuef
electromagnetic wave to the optical material some energy must be absorbed. In almost all cases,
an increase in the low optical intensity absorption of a&naivill translate into a lower laser
damage performance of that material. This increase is more pronounced when tested at long
pulsewidths but is also seen in short pulse damage testing. The reason for this difference between
short and long pulse damage threshold dependence on shallow defect concentrations is apparent
when you consider the multiphoton absorption cross section. This cross section is expressed in
units of Goeppert-Mayer (GM); 1 GM = Pem**s*photon®. In the case of long pulse
excitation, with much lower peak intensities, there is little statistical probability that two or more

photons will interact with a single electron at the same time.

‘:i—‘: = —Nog® — Nag,d? (22)

In equation 22 above is the photon flux (in photons/(éf1s)), o is the linear or single

photon absorption cross section having units ofantlo, is the two-photon absorption cross
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section in units of cfffs. N in this expression is the number of molecules or atoms the photon

will interact with per unit length (cH).

Models for Laser Damage

The mechanisms by which the radiation is tramstl to the optical material during
absorption have been the focus of a great deal of research over the years. Here it is necessary to
make a distinction between low and high intensity absorption. In the low intensity regime
absorption generally only happens due to impurities and intraband defect states. At high
intenstiesdirect multiphoton absorption and plasma absorption take place. A conceptual model

of an ideal high band gap material is useful when discussing potential absorption mechanisms.

Conduction
band

Conduction
? band ?
1 | 1

Band gap

Valance band Valance band

Figure 13: Idealized vs practical band gap [104]

The idealized band gap, depicted on the top in figure 13, is a theoretical model that is
only useful as a reference for discussion. In practice, the band structure is complicated by the
existence of defect states within the bandgap.

In an ideal crystal only intraband absorption is possible. In principle this mechanism is
not present in metal oxides when the probe photon energy is below the band gap energy. If,
however, there exists an intermediate defect site below the conduction band or above the valence

band it is now possible for a lower energy photon to be absorbed by the material, as shown in
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figures 13b and 14. In the case of an amorphous material these defects form broad bands within
the band gap. Models describing the influence of optical absorption on materials have been
developed based on this defect laden band gap structure. One such model, a rate equation model,
keeps track of the electronic transitions that take place in a non-ideal high band gap material

[105].
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Figure 14: Transitions in a defect laden high band gap material [105]

From the depiction of a defect laden high band gap material shown in figure 14 a series
of populating and depopulating terms for the different energy states can be written. These rate

eguations describing these processes are given in equations 23-25.

AN aN(I(E) + Bl ()™ — KO M(l _ Ns_(t)) +oN(E) (I(t)) _ M(l _ Na(®) ) N

dt Tev Tes Nsmax hv Tca Namax

sala(® (12)" (23)
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ans _ M(l _ M@ ) + o N, (b) (l(t)) _Ns(® (24)

dt Tes Nsmax hv Tsy

ml
ANg _ M(l _ Nd(t)> T 0Ny () (z(t)) _ Ng(® (25)

dt Tca Ngmax hv Tav

aN (t)I(t) is the populating term due to avalanche ionizationfpdt)™ is the
increase in the conduction band electrons due to direct multiphoton excitation ahofider

following terms in the first expression are the depopulating terms due to conduction band to

shallow defect relaxation NT(t)

cs

, conduction band relaxation to valance banﬁT@ and
cv

conduction band relaxation to deep defect stat%gl. The other excitation manifolds are to
cd
describe electron excitation from either the shallow or deep defects by means of linear or

multiphoton absorption. The terréﬂ; — NS—(O) and(l — :d&) are there to limit the maximum

Nsmax dmax
population density of these shallow and deep defect states. {Enms are absorption cross
sections for these processes. A full description of all these terms and their effect on the electron
densities in these different states is given in Emmert et al. [105].
These expressions are meant to model the behavior of materials with preexisting defect
densities, or those defects that exist as a result of material impurities, deposition related defects,
surface abnormalities or handling errors. For laser induced defects to be included in these

calculations additional excitation manifolds need to be considered.

52



T
-
-

ca

h-.]

.................

2
m
-
.‘.__________
)
]
_4__
=]
R

VB ¥ v -

Figure 15: Induced defect states [105]

de,max _ N(t) _ Nd,max(t)
Tramer =y 70 (1 - meme) (26)

In this case, shown in figure 15, the possibility of a long lived laser induced defect state is
added to the original deep defect state already considered in the previous expressions as shown
in equation 26. Laser induced defects states are incorporated into this model by allowing a small
number of self trapped exitons (STE), defined by the branchingpaiadbe converted into
color centers [66]. Once converted to color centers these defects are treated like native deep
defect states. Damage in these rate equation models is defined as the fluence that creates a
conduction band electron density equal to the critical electron density for a plasma, which

scales as 1f whereh is the wavelength of the illumination.

w, = | 2L 27)

gom*

Equation number 27 is the plasma frequency expression as a function of wavelength.
A good description of the evolution of this absorption process in metal oxides is given by

Stuart et al.
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Figure 16: Conduction band electron density due to multiphoton ionization only and with the
addition of avalanche ionization [15].

Figure 16 shows a rapid increase of electron density in the conduction band early in the
laser pulse. These first electrons are promoted to the conduction band either by higher order
absorption processes or from shallow defect sites that are one or two eV below the conduction
band. At this point in the damage process the density of electrons in the conduction band is not
sufficient to significantly affect linear absorption but in the presence of a strong electric field
these electrons can be accelerated. If these electrons are given enough energy to drive additional
electrons into the conduction band when they impact an atom, avalanche ionization can then take
place.

At a wavelength of one micron a critiagéctron densitys in the range of 18 cm?* -
10°* cm®. As might be obvious, laser damagé.alum, in a high band gap material is not a
purely linear absorption process as multiphoton absorption can take place. Of all the processes
that can and do take place before and during a damage event two photon absorption and self-
focusing are some of the higher order effects to be seen. When peak intensities approach a few

GW/cnt two photon absorption starts to play a significant role [83]. As the peak intensities
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continue to increase even higher order processes can occur but these are not a significant
contribution at the pulsewidths of interest in this work, ~375 ps.

In the case of testing with one micron radiation the principle concern is with the shallow
defect states, either preexisting or laser induced, that are within one or two eV of either the top or
the bottom of the band gap. These states can be directly populated via one or two photon
absorption and potential subsequent avalanche ionization. Additionally, cascaded single photon
absorption events can occur. These types of cascaded events potentially yield much higher
effective absorption cross sections than a single higher order procegsjl@asonable
attempt to model these absorption processes must take all these manifolds into account including
depopulating mechanisms. Modeling these processes requires one to estimate absorption cross
sections, time constants and number of defect states, which can be difficult to evaluate. With the
level of uncertainty that exists for these estimates and the many degrees of freedom that these
systems have it is a significant achievement to have a numerical simulation produce numbers on
the order of measured values. These facts help to explain the difficulty these models have in
accurately predicting the outcome of any given set of tests.

In the process of photon absorption, a large population of phonons is created. The
dynamics of the phonon populatiofiect heat transport and therefore the thermal properties of
the material. Assuming we have a sufficiently good understanding of these properties it may be
possible to surmise information about the dynamic absorption of a material from the results of
damage testindhumerical modeling done on optical films grown in our IBS chamber has
resulted in reasonable numbers for the required fluences to damage the different film types [106]
but assumptions have to be made of the dynamic absorption mechanisms, some of which are

difficult to measure. Improvements to our estimates of these absorption numbers can be made by
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approaching the problem from a different perspective. By using the measured fluence necessary
to cause damage onset together with the previously measured low intensity absorption it may be
possibleto get an estimate of the laser induced defect density and total dynamic absorption from
thermal modeling. Uncoupling these estimates of laser induced defect densities from other likely
absorption processes would be necessary as these models and measurements are refined, but
preliminary results can certainly be used to bound the maximum absorption needed to initiate
damage in theematerials. Efforts we made in this regard are shown and discussed in the next

chapter.
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CHAPTERIV. ION BEAM SPUTTERING OF METAL OXIDES

lon beam sputtering (IBS) is the process of driving material from a solid phase target into
a vapor phase by means of eroding a surface with accelerated noble gas ions that are directed at a
target. Depending on the sputtering conditions this vapor phase sputtered mass is directionally
ejected from the target and deposited onto a substrate. Our metallic thin film dielectrics were
grown by reactive sputtering.

As was discussed in chapter 2, IBS thin dielectric films have been grown and studied
extensively. While commercially available dielectric IBS films are relatively common, the
process conditions used to grow these films and the influence these conditions have on the
optical and mechanical performance of these structures are still the subject of active research. In
what follows, | summarize the main characteristics of metal oxides grown by IBS.

M. Mende et al. found that IBS films of £&/SiO, mixtures tend to show slightly higher
oxygen content than is necessary for fully stoichiometric material [55]. They found damage onset
values for single layers of &8s, tested at 5ns, 355nm with a 200 micron spot sizé)(afgust
over 5 J/crh When tested at 510 fs, 1030nm, using a 40 microf) (@pet size the damage
threshold was 3.1 J/dm

X. Fu et al worked with IBS composites of,8¢ and HfQ with SiG,[16]. Attempting to
study the intrinsic properties of the materials they deposited they deliberately damage tested with
small spot sizes to reduce the possibility of encountering defects in the materials that would skew
their results. Their work showed the higher the concentration of low index material, in their case

SiO,, the higher the LIDT performance of the composite material. In the case of the slightly

57



doped Sg0; ( < 2% SiQ) the measured LIDT value was ~10 J#an12 ns and ~1.8 J/érat
500 fs. For composites of Hj@he values were ~7 J/érat 12 ns and ~3.1 J/érat 500 fs.

C. R. Wolfe et al. studied laser conditioning of both H&Ad SiQ thin films [107].

Their work compared the performance of E-beam deposited films with ion beam sputtered films.
As moisture was driven off the surface of the optics under test they recorded an increased LIDT
for the films. During their sample analysis, they identified a paramagnetic point defect in
amorphous Si@resulting from UV illumination. Their results suggest that after test optic
conditioning the E-beam deposited films had a better LIDT performance than their IBS films.

As discussed in chapter 2, work done by Riede, W et al. compared the performance of E-
beam deposited films with IBS and IAD grown material, tested in air and vacuum. Their results
showed a common spectral shift towards shorter wavelengths in the transmission spectra of the
E-beam coatings. This shift is most often associated with water vapor desorption. Their data
showed no spectral shift in the IBS and IAD grown films. LIDT testing of these samples in
vacuum showed a 5x reduction in the E-beam deposited films damage threshold when compared
with their in air values. From these results they conclukatthe desorption of water from the
surface of the more porous E-beam films was causing increased tensile stress in these films. The
IAD and IBS coatings showed no change in their performance when tested in air and vacuum
[60].

Becker S., et al. studied hydrocarbon contamination of IBS grown films. They found IBS
films were less susceptible to this type of contamination given the more dense, fully closed
surface common to IBS films [33].

D. Nguyen et al. [34] studied IBS grown Hf@nd SiQ for their LIDT performance in

air, in a synthetic gaseous environment and in vacuum. They concluded that both water and
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oxygen partial pressures play a significant role in mitigating surface susltgptilaser
damage.

Our work at Colorado State University focuses on the growth conditions used to produce
high damage threshold material at 1 micron using the lon Beam Sputtering (IBS) technique. This
work was used to determine growth conditions for producing optimal material for in air damage
performance. Methods to improve in vacuum performance were also sWiédve used a
Vecco Spector dual ion beam sputtering system, shown in figure 17, to grow all the films for the

work discussed in this thesis.
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Figure 17: Vecco Spector dual ion beam sputtering system diagram

The lon Sputtering Process

It is important to have an understanding of the operating basics of an IBS system for the
purposes of the discussion in this section. As with most coating methods, a relatively large

evacuated chamber is required for material deposition. In all of our runs the base pressure was
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set to ~ 10 torr. During the sputtering, argon is supplied to the main source and through
neutralizers to start the discharge and generate thieeam.

The Ar ions are created and accelerated in a microwave plasma source located ~1m from
the targe(Figure 17. Argonis flown into an inductively coupledhicrowave cavity where that
energy is used to dissociate and ionize the noble gas. The noble gaanbesaccedrated
towards the target using an accelerating potential, defined by a 3-piece grid system. The grid
accelerating potential defines the Anergy.

In addition to the main ion beam our Vecco Spector is equipped with a second ion source
called an assist source. The assist beam and its location are also depicted in figure 17. This ion
source is identical in operation to the main ion source but is physically smaller. The purpose of
this second source is to bombard the growing film. Energy transfer from the assist ions to the
adatoms results in increased adatom mobility helping to find the lowest energy configuration for
the deposited material. This source can also be used to clean water and hydrocarbon residue from
the substrate before laying down clean material in the form of a thin film.

Most of the work that is presented in this thesis is limited to,HBBO3; and SiQ,
however, we did expand our measurements in the capping layer work to inci@gelahe
case of this fourth target material one of the two high index materials was removed and the
tantalum target was installed. This three target turret is rotated, between sputtering cycles, when
a new material is to be deposited. Given the extreme amount of heat deposited in these targets
during the sputtering process the copper backing plates for each target are water cooled and kept

at a constant temperature.
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Figure 18: Sputtering ion source in the Vecco Spector [108]

To minimize the space charge effects, as well as any outside field influence, neutralizers
are used. This is accomplished by spraying the ion beam with an electron beam. Our system is
equipped with two neutralizer guns mounted on either side of the secondary ion source depicted
in figure 18.

The process of ion beam sputtering is best described aiSiggnond-Thompson model.
Together, Sigmond and Thompson describe the collision cascade expected after an ion impacts a
solid surface as well as the energy distribution that can be expected of the sputtered material
[75].

High energy sputtering, defined as ion energies above 10KeV, are exemplified by a fully
developed collision cascade where the directionality of the momentum of the incoming ion is not
preserved and the sputtered material follows a cosine distribution, about the surface normal,
regardless of the ion’s angle of incidence.

Lower energy collisions, those below 5KeV, allow for some preservation of information
with regard to the incomingn’s velocity vector giving a somewhat specular material ablation

(Fig. 19).
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Figure 19 Collision cascade [109]

Thompson’s contribution to the Sigmond-Thompson description was to develop a
numerical model of the energy distribution (Fig. 20) of the ejected atoms and molecules from a

sputtering event. This energy distribution is given by:

E
f(E) = E+rU0? (28)
which peaks at% . Uo is the surface binding energy of the target material.
w1t
1.8 ¥ 15
¥: 0.0001646
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Energy (eV)

Figure 20 Thompson’s energy distribution of sputtered material
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Using SRIM to model the sputtering process we can visualize what is happening at the

surface of the target for different incident ion energies and masses [76].
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Figure 21 (a) and (b): 600 eV and 1.2 KeV Ar+ impacting and penetrating into an oxidized (10
angstrom) scandium target at 45 degrees from the surface normal.

=

Figures 21 (a) and (b) show Ar+ of two different energies incidentSumzetal target
with a thin oxidized skin on the surface. Higher energy ions penetrate more deeply into the target
material. As the sputtering energy is increased the bulk of that energy is depositrdnditep
target mostly in the form of heat, as shown in figure 22, but some of the energy is transferred to

the sputtered material.
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Figure 22 Energy lost to phonon creation in the target from the incoming ions (red curve) and
recoiling target atoms (blue curve). 600 eV Ar+ incident on the target at 45 degrees from the
surface normal.

As will be discussed shortly, the surface of the target, from where all the sputtered
material originates, is an oxide. The sputtering process is a transfer of momentum from the
incoming ions to the clusters, molecules and individual atoms in the target. How efficiently the
incoming ions energy is transferred to the target atarssful kinetic energy is determined by
the angle of incidence, the mass of the target atom, the mass of the ion and the chemical and
physical environment the atom is in. In practice, when a target is composed of a compound like
S60;3, this results in nonuniform sputtering yields for the different constituent atoms. This
condition is called preferential sputtering.

Figure 23hows the depth into the target’s surface where the atoms are being disturbed
by incoming ions through the cascade process. Because of how the simulation was set up, the
target is only oxidized to a thickness of ~10 angstroms. This is why we see oxygen only in the
first few nanometers of the target. Intermixing of the target surface with the bulk scandium is

seen in the fact that oxygen exists deeper in the target than was originally defined in the
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simulation. This intermixing makes it difficult to know the true state of the target during film

growth.
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Figure 23: Oxygen and scandium dislocated in the target for 600 eV Ar+ impacting at 45 degrees
from the surface
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Figure 24: Sputtered atoms of oxygen and scandium for 600 eV Ar+ impacting at 45 degrees
from the surface normal.
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For an ion energy of 600eV, SRIM predicts a sputtering yield of 0.73 for scandium and
1.44 for oxygen with an atomic energy of 20.91 eV and 9.77 eV respectively. When the ion
energy is increased to 1.2KeV the sputtering yield increases to 1.25 for scandium and 2.11 for
oxygen, where scandium has 27.48 eV and oxygen 11.99 eV per atom. Figure 24 shows the
relative amounts of each atom that are sputtered and the energy threshold below which this
material is not released from the target. In the example simulations just shown it is clear that we

do not drive off stoichiometric values for oxygen and scandium even from an oxidized surface.

Reactive Sputtering

All of the high index materials that we studied in this work were grown from solid metal
targets. While metallic thin films are sometimes used in high energy mirrors they are much more
lossy, in terms of absorption, than dielectric interference films. Additionalliglirodilms
cannot be used on transmission optics. For this reason we need to reactively spalliier me
targets to form high band gap oxides. Oxide creation takes place at the target surface and at the
substrate surface. Three body reactions seldom take place in freeEspdeework on the
growth of an oxidized surface during sputtering confirms this to be true [65].

Figure 25 shows the oxide coverage of a metal target plotted against oxygen partial
pressure. The plot also shows the metallic sputtering rate, again as a function of oxygen partial
pressure. From this plot we can see that for oxygen partial pressures much abovetie
vast majority of the material sputtered from the target surface is an oxide. A more complete
description of the oxide formation is discussed in Erik Krous’ thesis [L08]. The oxygen in this

reaction is fed into the vacuum chamber at a single location and is directed at the target.
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Figure 25: Oxide coverage of a metal target plotted against oxygen partial pressure [110].
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CHAPTERV. THIN FILM CHARACTERIZATION

A suite of optical and material measurement techniques were available to characterize the
metal oxides grown using our ion beam sputtering technique for the work described in this thesis.
This chapter describes the basis of the characterization tools used to evaluate the optical and

mechanical performance of our films.

Spectrophotometer

Generally, the first measurements made on a film once it is removed from the
deposition chamber are transmission measurements. These are made using a Hitachi U-2010
UV/Vis Spectrophotometer. The data from this measurement give us information on the
bandwidth of light that can transmit through a mateviglve grown or the amount of light
reflected off a coating structure as a function of wavelength. This technique gives us as close as
we have to a direct measurement of the effective optical band gap of the material. Figure 26
shows a typical transmission spectrum for a representative single layer thin film that we grew.

For a defect free high bandgap material the absorption is negligible for photon energies
below the bandgap. This is not the case for practical amorphous metal oxides. Transmission data
near the band edge can be used to generate a Tauc’s plot from which the effective band gap of
the material can be extracted.

Figure 27shows two direct transition Tauc’s plots that were generated from
transmission data on representa8g0O; single layers. This plot shows the subtle influence of

post deposition annealing on the effective band gap of the material.
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Figure 26: Typical spectrophotometer trace.
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Figure 27 Example Tauc’s plot of Sc,O3 single layers one as grown and one annealed.

A linear extrapolation to the horizontal axis, photon energy, shows the effective band

gap using the following expression:
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ahv = B(hv — Ej)%° (29)
If a single layer is being characterized the spectrophotometer is capable of detailing
material specific information, however, if the film being measured is a multi-layer structure

some of this information may not be easily resolved.

Spectroscopic Ellipsometry

An ellipsometer is a tool used to measure the layer thickness and the complex refractive
index as a function of wavelength. The basic operation of this instrument is depicted in figure 28
where linearly polarized light illuminates the sample at different angles. The reflected light is

collected after passing through the analyzer which is simply a second polarizer.

1. Known input S J A Woollam <€o., Inc.
polarization
E Pp-plane

3. Measure output
polarization

S-plane

plane of incidence

2. Reflect off sample ...

Figure 28: Diagram of Woollam ellipsometer operation. [111]

The changes in reflection vs wavelength for two polarizations are measured. These
changes are represented¥yan amplitude ratio, and a phase differeiceshereby the ratio of

the polarizations is given by:

70



p = tan(¥)e (30)

With this expression and the angles of incidence “pseudo” optical constants can be

found.

&) = sin?(9) [1 + tan?(9) (2) ] (31
Regression analysis is used to fit all measured data including any other known values,

for example, film thickness. Values for n and k are found using the Cauchy-Sellmeier

relationship where Cauchy gives a value for the wavelength dependent optical index and

Sellmeier forces Kramers-Kronig consistency. From this relationship the extinction coefficient

can be determined. The more data that are available to the regression analysis the more accurate

the modelings. A good overview of the operating principles of an ellipsometer is given on line

by the J. A. Woollam Company [112].

Film Stress

IBS thin films are characterized by high compressive stress due to the high packing
densities that result from this energetic process. Large amounts of internal stress are not desirable
in thin films for a few reasons. Excessive stress can lead to film delamination over time and high
stress in these films can also contribute to a lower LIDT performance in the form of stress related

defect states [59]. To measure the relative and absolute stress resulting from a particular
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deposition process we used a Twyman Green interferometer to profile the surface curvature of a

thin test optic both before and after the film was deposited.

He-Ne
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Figure 29: Twyman Green interferometer

Knowing the material properties of the thin substrate and the measured curvature
observed after the film was applied we can use Stony’s equation to quantify the amount of stress

the film is under.

_ _Bdg (1 1
9 = 6dr(1-vs) (R Ro) (32)

R is the curvature of the substrate and thin film systens fRe radius of curvature of
just the substratel; and d, are the film and substrate thickness respectiv&lys Young’s
modulus of the substrate angaccounts for biaxial stress in the film. This expression is only
valid when the thickness of the substrate is thin enough to allow our deposited film to influence
the surface curvature of the test optic [113]. The stress of the films studied in this work were

characterized using this method and found to vary from 0.55 GPa to 1.3 GPa over the range of

deposition conditions we used.
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Photo-thermal Common Path Interferometer (PCI)

One of the most heavily used analytical tools in this work was the Photo-thermal
Common path Interferometer. This instrument uses a pump/probe configuration to make high
sensitivity absorption measurements at a given wavelength. The probe beam is a low power, high
stability laser, generally a HeNe, that needs to emit at a wavelength that is not strongly absorbed
by either the thin film or the substrate on which the film is grown. No measureable heating is
done with the probe beam, given its relatively low power density on the test optic, however, if
the film or substrate absorbs the probe beam there will be no information transmitted outside the
system regarding the pump beams influence on the test optic. The pump beam is chosen to be at
the wavelength of interest in terms of the amount of this color of light that is absorbed. The
pump beam is generally much higher power than the probe beam, in addition to being focused at
the surface of the test optic. The pump beam is modulated so as to be able to distshguish it
influence on the test optic from background noise in the sensing photo diode. The pump and
probe beams are aligned to be coincident at one point in space where the pump beam is at it
waist. When the pump beam is incident on the test optic surface it locally heats the film which
then heats the substrate. The much larger probe beam (>10x) is then modified by any index
change in the test optic that pregsa phase modulation ef ¢, This phase modulation is

small and can be approximated as:

e ~ 1 —iAg (33)

Most of the larger probe beam is unaffected by the thermal lens created by the heating

pump beam exceptt the center of the probe beam. Here there is a dn/dT variation that results in
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a positive lensing effect on the probe beam. Essentially there are now two waves, the original
probe wave represented by the unity term and the much weaker wave represemted byst

at the test optis surface the two waves produce no interference pattern due to being out of

phase by = /2. The diverging portion of the probe beam interferes with the collimated portion

of the same beam as the two waves propagate through the focus of the weak wave. The point of
maximum intensity contrast resulting from the two probe beams interfering is located at the

Rayleigh range of the weak wave and has a valigof % [114].

The point of highest contrast of the interference is imaged onto a photo-diode and,
using a lock in amplifier, the signal is plotted as a function of the test optics z-position. A
representative PCI scan is shown in figure 30. A schematic of the method and a photograph of

the system are shown in figures 31 and 32.
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Figure 30: Typical PCI surface absorption signal
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Figure 31: PCI schematic

Figure 32: Picture of PCI at Colorado State University

This technique is capable of scatter insensitive absorption measurements in the parts
per billion. To correlate linear absorption and damage threshold in this work we carried out PCI

measurements on all our samples that were grown.
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Nomarski Imaging

Given that many different groups are researching similar topics at many different
locations all with unique sources and experimental setups, a standard was developed to help the
results from these different research groups understandably relay their findings to each other and
to a broader audience. The most broadly accepted standard for laser damage testtiR 4SO
1:2011defined and refined in the context of the Boulder damage conferences over the past
several decades. One of the critical pieces of damage analysis is the use of a Normarski phase
contrast microscope. This tool makes use of Fourier optics toagége the subtle phase
changes in areas of otherwise low contrast. A traditional bright field microscope is not capable of
resolving these types of material modifications. If there was a contradiction between in situ
damage identification and postmortem Normarski analysis we always deferred to the Normarski

results in our research.

Total Integrated Scatter (TIS)

Losses in an optical system are not limited to absorption and specular reflections alone.
Anywhere there is an interface, or change, in the optical index of a material some transmission,
reflection, and perhaps absorption will take place. The interplay of these three processes defines
the function of the interface. In the case of an optically smooth surface, transmission and
reflections are said to be specular. If there is, however, some finite roughness to the surface
scattering will also occur. While scattering is not necessarily a contributor to laser induced
damage except in extreme cases, it is a contributor to inefficiencies in the system. While
practical systems are always a balance between gains and losses it is generally not a good idea to

improve one aspect of a comporisrgerformance at the egregious expense of another. For this
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reason we performed measurements of the total integrated scatter, both forward and back

scattered, of our thin films as a function of the parameter changes in our LIDT investigations.

Port 1 \t ~

Port 3]

Detector

Figure 33: Total integrated scattering sphere, sample and diode [115].

Figure 33 is aepiction of an integrating sphere used to quantify the amount of
scattered light from the films we grew. This measurement technique was used to ensure we did

not introduce significant scattering losses for different deposition process conditions.

X-ray Photo-electron Spectroscopy (XPS)

One of the principle materials analysis tools we made regular use of in our research was
the X-ray Photo-electron Spectrometer. XPS measurements are capable of identifying the
elemental composition of a sample as well as giving the user information on the chemical
bonding environments of the atoms. XPS operates on the principle that an element can be
uniquely identified by the energy spectrum of emitted electrons ejectedafromer orbital, or
core level states. Each electron emitted by an atom will have a velocity unique to the element it

came from. This energy fingerprint is described by the following expression:
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K.E.e=hv — B.E.—@spectrometer (34)

where the kinetic energy of the emitted electron is equal to the incident x-ray energy, minus the
core level binding energy of the atom, minus the work function of the spectrometer. The energy

of the incident x-rays is known precisely. Generally tlmedfnission from copper, aluminum or
magnesium targets are used to probe samples. When the x-ray energy exceeds the binding energy
and work function of the target matesatlectrons from the core orbitals are removed from the

solid. These electrons are directed using a hemispherical analyzer to spatially separate electrons
by their relative energies. Once the electi@rergy is known the core level binding energy can

be found. From this value we can identify which elements are present and their relative

concentrations.
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Figure 34: XPS diagram

When the material of interest is a compound rather than a pure element the influence of

additional chemical bonding environments can and do influence the energy spectra of the emitted
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electrons. For example, the presence of an oxide has the tendency to increase the binding energy
of the system by allowing less electron screening of the nucleus.

XPS is essentially a surface specific measurement tool. Because of the surface specific
nature of this measurement technique it is often times necessary to sputter clean, or remove the
outer few nanometers of the surface to ensure that you are not measuring surface contamination.
In the case of Hf@andTaOs thin films this sputter cleaning with Ar+ significantly altered the
chemical makeup of the surface.

In figures 35 and 36 we see a 4f peak of hafnium in a high resolution scan. In figure 35
the 4f peak is associated with hafnium bound to oxygen in an idt@ecule. Figure 36 is a scan
over the same binding energy on an KHfa@mple after sputter cleaning the surface with Ar+s.

Here we see two binding environments for hafnium, with the lower binding energies associated
with metallic hafnia. Both the metallic hafnium and the oxide appear as two peaks due to spin
orbital splitting. Slight shifts in the location of the oxide peaks are likely due to surface charging

during the sputtering process.
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Figure 35: HIQ XPS 4f peak
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Figure 36: HfQ and hafnium XPS 4f peak

In the case of figure 36, the oxygen was preferentially sputtered away during cleaning.
Sc0; films proved to be immune to this sputter mediated reduction, however, a fact that we

exploited in most of our material studies.

Fourier Transform Infra-Red Spectroscopy (FTIR)

During the course of our analysis on several samples it became necessary for us to be
able to categorically state that we had no chemical bonds between scandium and carbon or
between scandium and oxygen bound in a hydroxyl group. Several of the analysis techniques we
had used up to this point were leading us to believe that we had excess oxygen in our films that
was not bound to a metal. Both carbon and hydrogen readily combine with oxygen and these
elements are ubiquitous on nearly any surface. While XPS gave no evidence for the existence of
carbon on or in our films after cleaning, hydrogen cannot be seen using XPS. To assess whether

these two bonding environments existed in our films it was decided we would use another
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technique to probe for these potential bonds. Fourier transform infrared spectroscopy is a
common measurement tool used to probe chemical bonds. The operating principle of this
technique is to make use of the relationship between the spatial informatilablavin a broad

band interferogram and the frequency information in the same image by use of a Fourier
transform. For a polychromatic, broad band light source the recorded interferogram is related to

the absorption spectrum by:

I(x) = % fjooo B(v)cos2mvxdv (35)

and conversely the absorption spectra is related to the interferogram by:

B(v) = fjooo 1(x)cos2mvxdx (36)

whereB(v) is the intensity of the source as a function of frequency and x is the displacement of a
movable mirror that selects the wavelengthight. Figure 37 shows an example of the intensity
measured at the detector as a function of the mirror position.

Figure 38 shows representative absorption spectra $@; Samples grown in our
studies. As can be seen in the figure there are three features in the absorption spectra. The first is
the gamma peak which we were not able to identify but we can confirm it is not associated with
water or hydrocarbon absorption. The second peak is near 63®&/tich we have identified as
a Sc- O bond vibration and the third much weaker peak near 1110 cm-1 is a silicon oxygen
bond. In these absorption spectra we saw no evidence for hydrogen-oxygen or hydrogen-carbon

bonding.
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Figure 37 FTIR spectra [116]
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Figure 38: Example FTIR spectra of an@gfilms grown on Fused Silica
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Atomic Force Microscopy (AFM)

We used atomic force microscopy for surface profiling of our films to measure roughness
and to determine if clustering or nodular formation was occurring. A more in depth explanation
of the work our group did on this topic is givendmmathan Tollerutk thesis [115].

The principle of operation for an atomic force microscope is that a very small needle

like probe is suspended very near to the surface that is to be measured. This probe is attached to
an oscillatingever arm whose motion is monitored by a laser bouncing off this arm. When the
probe tip is very near the surface of a sample the ionic repulsion of the atoms on the probe tip
and on the sample will modify the oscillating frequency. This change is used to measure the
distance between the probe tip and the sample. In this way a topographical map of the sample
surface can be built up revealing nanometer sized bumps or pits and used to quantify the overall

roughness of the surface.
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Figure 39: AFM explanatory diagram [117]
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Figure 40: Representative AFM scan of a 100 nm thick;Hifd

A representative AFM scan on a 100 nm thick Kfitn is shown in the above figure.
Typical roughness values for the 100 nm thickdilms were 0.6 nm while the 100 nm thick

HfO, films measured 0.7 nm.

Scanning Electron Microscope/Energy Dispersive X-ray (SEM/EDX)

While AFM can produce data of higher resolution it is not always useful for identifying
surface features particularly over a large area. For this work we generally made use of a
Scanning Electron Microscope. If elemental analysis was also useful the same SEM was used in
an Energy Dispersive X-ray measurement. The principle of operation for an SEM is the use of
electrons in the place of photons to image the t&ggeirface. The benefit of this process over
optical microscopy is the much higher resolution offered by the DeBroglie wavelength of an
electron over lower energy photons. Representative SEM images of damage sites from different
films grown in our studies are shown in figures 41 - 42.

In single shot damage testing these images can yield a good deal of information on the

type and degree of early onset damage. This information is often times key to understanding the
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nanometer scale processes that occur during our extremely short time scale damage events.
When testing multiple shot damage on a single test site this kind of information is often obscured

by the fact that subsequent laser pulses often exaggerate the events of the earlier laser pulses.

SEI 7.0kV X7.000 1am WD 10.7¢

Figure 41: SEM image of a damage site on #%single layer film
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Figure 42: SEM image of a damage site on aj#i@gle layer film

X-Ray Diffraction (XRD)

X-Ray Diffraction is the measurement technique we used to determine the level of

crystallinity and crystallite size in our films. Our aim was to produce films that were completely
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amorphous which would result in a feattire XRD scan. XRD’s operating principle is

basically the same as for the optical thin films we are studying in our work.

—® ® ® ® L o

Figure 43: XRD Bragg diffraction [118]
Bragg diffraction governs the response of a crystal to the incident x-rays. Specifically

the expression:

2dsinf = nl (37)

which describes the relationship between the lattice spacing of atoms and the wavelength of ight
that will result in constructive interference between the x-rays reflecting off atoms. In a
crystalline material the orientation of the lattice relative to the incident x-rays will alter the
diffraction pattern. For an amorphous material the orientation should have no influence. By
keeping track of the position of the diffraction peaks as well as any changes in the width of these
peaks we are able to deduce not only the crystallite size but also the influence of local stresses in

the material.
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Figure 46 Mechanisms to strain broaden an XRD peak [119]

Peak shifts are attributable to changes in the lattice spacing while peak broadening can
be due to either lattice parameter changes or to strain broadening (Fig. 46). Figure 45 is a

representative XRD spectra we recorded @3 thin film.

Electron Para-magnetic Resonance (EPR)

Electron Para-magnetic Resonance spectroscopy is a measurement technique that probes
a sample for unpaired electrons, as might be found when chemical bonds are broken or were
never completely formed. We chose to use this measurement technique given the likelihood that
nonstoichiometric ratios of oxygen and metal are likely to be a significant contributor to laser
damage onset in our materials as well as being paramagnetic sensitive defects. Previous work on
ZrO, showed an EPR signal that was associated with unbound oxygen in the film having a g

tensor of §xx gyy, gz4 = [2.0045, 2.0105, 2.0304] [120].
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The principle of operation for this instrument is based on the Zeeman Effect that shows
the presence of an applied magnetic field splits a single orbital energy into two levels for the

magnetic moment of the electron (Fig 47). These two states are defined by the projection of the

4
Mg = + 172
)
g AE=E412-E.q2
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ms = - 1/2
By=0 By #0 Magnetic Field

Figure 47: Zeeman split of one energy level [121]

electrons spinm,) onto the applied magnetic field. The state that is parallel to the magnetic
field, mg = —% , is the lower energy state and the antiparallel state= % is the higher energy

orientation. For an electron, the magnetic moment is given by:
1= Mmsgelp (38)

wherepg is the Bohr magneton anyg is the g-factor of a free electron which has a value of

~ 2.0023192778. The energy of these states is then given by:

E1/2 = 1/2 gelBo (39)

and
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E_1, = ~1/5ge15Bo (40)

The energy difference between these two states is:

AE = geupBy (41)

These expressions describe an electron in free space. For most practical uses of these
expressions consideration has to be given to the influence of the nearby molecules. The total
angular momentum must now include an orbital angular momentum. While this contribution is
generally small for electrons in the ground state, higher energy states can influence the ground
state electrons by spin orbital coupling. All these contributions are generally accounted for by
changing thgy.to simplyg. Now if we equate the difference in energy between these two

Zeeman split states and the energy of an external photon we have an expression of the form:
gugBo = hv (42)

or solving for the g value

g= hv (43)

upBy

wherev is the frequency of the photaB, is the external magnetic field, h is Planks conspapnt,
is the Bohr magnaton and g is the Landé g-factor or simply the g-factor. Because it is generally

more difficult to sweep the output frequency of a microwave source than it is to sweep the
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magnetic field strength of an electromagnet,Rhgerm is generally the one that is varied.

Figure 48 shows a schematic of a typical EPR measurement apparatus. Figure 49 shows a
representativ&PR absorption derivative on two samples grown with different oxygen partial
pressures. The area under the absorption peaks can be used to determine relative defect densities
for different samples measured. The fitting of the trace with the Easy Spin Matlab ® code allows
one to obtain the g-factor. Theoretical analysis has calculated the g-factor for different point
defects for the two materials we are most concerned with. The values for this d8ig€in

are: [0«=2.017, ¢,=2.022, g=2.055]. The values for Hf{are: [gx=2.018, g,=2.019,

0.~=2.057. The values for T#s are not available.
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Figure 48: Diagram of an EPR cavity, magnet and support equipment [122]
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Figure 49: Example EPR spectra of two@gfilms grown using different oxygen partial
pressures.

Laser Damaqge Testing of ThirAs

A good deal of work was devoted to constructing laser damage test apparatus for in air
and vacuum testing. These apparatus are described in the following sections.
In-Air LIDT Testing

Once the films are fully characterized in terms of their optical and mechanical properties
we are ready to test these thin films for their ability to resist damaging in a high fluence
environment. The LIDT testing that was done used one of two different methods depending on
where we were in the development process and what exactly we were trying to study. For the
majority of the early work studying process parameter influence on laser damage performance of
our materials the LIDT testing was done using what is called a 1-on-1 test protocol. In this test
every laser shot illuminates a fresh location on the test optic. After a single shot a new target

location is selected and another single shot is taken. Ten sites are evaluated at preselected
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fluences. This was repeated as many times as necessary until all ten test sites, illuminated with an
identical fluence, were damaged, or until we ran out of fresh test sites on the téstsoptace.

The second test method that was employed was only used during the controlled
environment testing we did. This included the in vacuum tesbmgng to the fact that single
shot testing cannot display the multipulse LIDT reduction effects we wished to study, a new R-
on-1 protocal was used, with 100 shots per test site. This method was identical to the 1-on-1
testing just described with the exception of the fact that one hundred equal energy laser pulses
were shown on each test site before a new test site was targeted. To preserve the statistics from
the earlier testing we still chose ten unique sites to illuminate with an identical fluence. The
fluence was increased until all ten test sites damaged at the same fluence value or until we ran
out of real estate on the test optic.

Laser damage testing requires a significant amount of precision in pre-test
characterization of the damaging laser, positional sensitivity of the test optic and the repeatability
of both. Ideally, for our purposes, we would like a diffraction limited laser spot to be used in our
testing. Because this is a practical impossibility we then need to be confident that our transverse
beam profiles are consistent from shot to shot. This is accomplished, for our single shot testing,
by capturing a beam profile of each laser pulse. When testing 100-on-1 measurements we
capture a single representative beam profile for each 100 pulse train. The pulsewidth of the
damage laser was measured using a second harmonic autocorrelation of the puldee[83].
energy delivered to the target is calibrated with a power meter as a half wave plate is rotated
through 90 degrees in front of a polarizer. The positional accuracy of the beam waist is
determined to better than 50 microns using focusing lenses having Rayleigh lengths measured in

millimeters.Once we have a calibration curve for the power versus wave plate position and
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corresponding beam profiles we can then make use of the captured beam profiles during testing
to precisely determine the peak fluence on axis at every test site.

To give us some statistical information on the damage performance of our different
materials we chose to illuminate ten unique test sites at a given fluence. Generally, we began
with an educated guess as to where we might expect to see damage for a given film type. This
guess was based off previous testing we had done on these materials. After dialing in the starting
fluence, generally 2-3x lower than the expected damage threshold, a gentle flow of dry nitrogen
was turned on that would force surface debris down and away from fresh test sites. Control
software written to help automate the testing would allow a predetermined number of pulses
through an external shutter and onto the test spsierface. A 16 bit iKon Andor camera was
used to capture a representative beam privélm each burst of pulses. In situ damage
identification is made using a Mitex or Lumeaeamera behind a 10x telescope in a dark field
scattering configuration. An external 5mW HeNe is focused coincidently with the damaging
beam on the test optgsurface. The focal spot of the HeNe is nominally set to match or be
slightly larger than the IR beam footprint. Figures 50 and 51 show a diagram and a picture of the
in air test setup.
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Figure 50 Diagram of in air LIDT test setup
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Figure 51: Picture of in air LIDT test setup

In-Vacuum LIDT €ging

As was mentioned earlier, our interest in the damage performance of the films we have
grown extends beyond the traditional in air testing we have discussed so far. The growing
interest in using metal oxide films in vacuum necessitates the thin film industry fully
understanding the degradation mechanisms these materials see when in vacuum. | built a vacuum
LIDT testing system shown in figure 52 with its components shown in figure 53.

Performing damage testing in vacuum can be done relatively simply if little attention is
given to the cleanliness of the testing environment and if the base pressures of interest are not too
low. In our case we were specifically interested in being able to present a pristine optical surface
for damage testing. This requirement, while easy to say, represents a massive increase in the
level of complexity and effort. As discussed earlier, the four most likely contributors to the

reduced LIDT performance of metal oxides when tested in vacuum were water impregnation
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Figure 52: UHV damage test apparatus
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Figure 53: Schematic of UHV damage apparatus

and subsequent explosion beneath the surface (during testing), reduced thermal conductivity

from water desorption off the surface, hydrocarbon contaminatioartoon cracking, and
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surface defect creation, likely in the form of oxygen dissociation. The extremely dense nature of
IBS coatings has been shown to be immune to the first of these possibilities by presenting a fully
closed surface to the outside environment [I8}e fact that water desorption from the surface
canreduce the thermal conductivity of the area surrounding the test site is modeled later in one
of the technical chapters with the results of that work discussed there. To address the possibility
of carbon contamination is something our hardware choices were designed to address and the
results of these efforts are shown in the data. We decided early on that operating in the Ultra
High Vacuum (UHV) was desirable to ensure as clean a surface as possible. Removal and
introduction of a test optic into a vessel, while preserving a clean environment, can be very time
consuming. We fitted our UHV chamber with a load lock to facilitate these sample changes and
allow us to return to testing within eight hours of introducing a new sample at room temperature.
To remove the hydrocarbons from the sample and sample holder before introduction into the

UHV chamber the load lock was fitted with an XEI oxygen plasma cleaner [98].
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Figure 54: XEI plasma cleaner used to remove hydrocarbon contamination from test optic
surfaces before introduction into the testing vacuum chamber [123].
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This plasma cleaner was used to clean the front and back surfaces of each sample before
being inserted in the test chamber. An example of the relative cleanliness of our vacuum
chamber after the introduction of an XEI cleaned test optic is given in figure 55.

Once the test optic was loaded into the UHV chamber we pumped on the sample for eight

hours, nominally, always reaching a base pressure of «obebefore any testing was done.
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Figure 55: Partial pressure measurement made on the UHV chamber with a sample inside after 8
hours of pumping.

The vacuum vessel itself was physically large and several hundred pounds in weight.
This required that we direct our damaging laser across the tess@utitace rather than simply
scan the test optic around the focus of a stationary beam. To always present a beam normal to the
test opti¢s surface we used two computer controlled Zaber mirror mounts in conjunction with a
computer controlled stage that held the focusing lens. This arrangement was able to accurately
and repeatably raster the incoming laser pulses across the te'st syntiace with no significant
changes to the beam profile or spot size. The pulse energy was also computer controlled by
rotating a half wave plate positioned just in front of a polarizer. Beam profiles were taken of a

representative pulse from the damaging pulse train using a cooled 16 bit Andor iKon camera. In
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situ damage identification was accomplished using both a front surface scatter probe imaging the
damage site, illuminated with a 5SmW HeNe, and also viewing the beam profile of the
transmissive HeNe and one micron beam deformation after passing through the test optic. Taken
together, there was perfect correlation between these two in situ damage ID methods and post
damage Nomarski microscopy.

The vacuum conditions in the vessel were constantly monitored by use of @ Brook
Automation lon Trap [67]Representative partial pressure scans are shown in figure 55. The
vacuum vessel was equipped with numerous additional ports to allow for the introduction of
other metrology tools, unique gas mixtures and multiple beams and cameras. The vessel was
wrapped with resistive heating tape and could be used to test samples at temperature, however,
our interests in this work were for room temperature testing only. The entire apparatus was
mounted on a mobile optical table to allow us to move to and from different laser sources in our
lab spaces.

With these tools in hand we attempted to probe the unaddressed explanagons for
reduced LIDT performance when tested in vacuum: reduced thermal conduction with surface
water removal and laser induced surface defect creation (possibly in the form of oxygen

desorption and/or dissociation).
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CHAPTER VI. DATA AND RESULTS

To this point we have highlighted earlier work other groups have done on the materials
we are interested in. We have also given background information on the physical processes that
occur in ion beam sputtering and on different measurement techniques that were used in the
course of our research on the thin film samples used in the studies. The results of our research
are now presented in the form of journal and conference papers either presented, submitted or in

various stages of the review process for publication.

Paper #1: Point Defects in &% Thin Films by lon Beam Sputtering
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Abstract

We show that the concentration of oxygen interstitials trapped®s 3tms by ion
beam sputtering from metal targets can be controlled by modifying deposition conditions. We
have identified point defects in the form of oxygen interstitials that are presenOnfus, in
significantly high concentrations, i.e. ~¥@m®. These results show a correlation between the

increase of oxygen interstitials and the increase in stress and optical absorption in the films.
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Sc0s films with the lowest stress and optical absorption loss at 1 micron wavelength were
obtained when using a low oxygen partial pressure and low beam voltage.
Introduction

Sc0;s is a transparent dielectric with a bandgap 6feV, and a refractive index ef2 at
wavelengths around dm [49]. For these characteristics it is sought as the high index component
of dielectric coatings operating at wavelengths ranging from the ultraviolet (UV) to the mid-
infrared. SgO3 has been used in the fabrication of quarter wave stacks and anti-reflection
coatings in combination with Sg&and Mgk, for UV applications [87]. Due to its high
permittivity, S¢Os is also a candidate for replacement of S#© a gate oxide. Wang et al. [124]
recently employed atomic layer deposition (ALD) to deposiOson AlGaN/GaN devices to
achieve good electrical properties for transistor operation. However, Ai@x 8@s found to be
sensitive to moisture and an,®k blocking layer was required. Mixed oxides that incorporate
S603 have now been reported. Yakovkina et al. [125] synthesizedJHISGO3), alloys as a
replacement for the Sgdn metal-insulator-semiconductor devices. The authors found that
chemical vapor deposition (CVD) of FEe-O films within a narrow range of Sc concentrations
produced high permittivity and low current leakage, £ Afcm?, films. SeOs/SiO; mixed
oxide films deposited by ion beam sputtering (IBS) have also been reported [55]. This work used
oxide targets to produce amorphous films ranging from puret8iS¢Os. Investigations of the
laser damage behavior showed that in the nanosecond pulse regime, the laser damage was
governed by defect density and showed a large difference betwg@naBd SiQ. In contrast,
in the short pulse regime laser damage behavior was found to be independent of composition

[55].

101



In this work we describe a study of the optical and structural properties of amorphous
Sc0;3 thin films deposited by ion beam sputtering. In contrast to a recent report by Mende et al.
[55], we employ a Sc metal target to deposit thg€Soxide film [7, 126]. Among the
advantages of using metal targets is the ability to tailor process parameters such as oxygen partial
pressure and ion beam energy. A main objective of this work has been to identify modifications
in the SgOs structural and optical properties that are linked with the deposition process
parameters. The results show that point defects in the form of oxygen interstitials are present in
S0;s films in significantly high concentrations, i.e. ~*16m®. The density of these defects
varies with deposition conditions. The results show a correlation between the increase of oxygen
interstitials and the increase in stress and absorption in the fila@s fBms with the lowest
stress and absorption loss at L = 1 um were obtained when using a low oxygen partial pressure
and low beam voltage. Under these conditions the density of the oxygen interstitials in the as-
deposited S©O;3 films is minimized.
Experimental

Thin films of SeO3 were grown by ion beam sputtering using a Veeco Spector ®. In one
set of runs the beam voltage of the main Ar sputtering source was set equal to 1250 V, the
current at 600 mA and the variable was the oxygen partial pressure, Plaeti@ pressure was
varied from 2 to 4@ Torr. In a second set, the oxygen partial pressure was constant at 3 pTorr
and the energy of the Ar sputtering ions was varied between 600 and 1250 eV. The target was Sc
metal with 99.9 % purity and Ta impurity of < 0.05 %,@g¢single layers were grown on fused
silica substrates with a surface roughness of 0.6 nm. The surface roughness was measured to be
~0.6 nm from scans obtained using a NovaScan ESPM 3D Atomic Force Microscope (AFM)

operated in tapping mode with a 5 x 5 pm scan area.
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Glancing angle x-ray diffraction (GAXRD) and x-ray photoelectron spectroscopy (XPS)
measurements were carried out to determine the degree of crystallinity and the composition of
these films respectively. The thicknesses and optical constants of the transparent films were
determined using a combination of transmission and ellipsometric data. Deposited films had
nearly constant thicknesses, (205 + 7) nm, and were transparent. The refractive indices of all
films at A = 1 um, extracted from ellipsometric measurements, was equal to 2. The magnitude
and sign of the stress in the,6g films, grown on 1 mm thick fused silica substrates, were
determined using a Twyman-Green interferometer. Fits of five phase- shifted interference
patterns to Zernike polynomials were used to determine the radius of curvature of the film-
substrate structure. Stress was calculated from the inverse of the radius of curvature [127]. The
optical absorption of the films was measured at two different wavelefigth$,064 um and at
A = 0.514 pum using the photothermal common-path interferometry (PCI) technique [114]. A
pump beam &t =1.064 um and = 0.514 um was used to excite a thermal response in the
coating, respectively, while common-path interference of a HeNe probe baarmla33um
allowed for detection of the absorption of the film at each pump wavelength.

Electron paramagnetic resonance (EPR) studies were carried out at room temperature
using a Bruker EMX EPR spectrometer with 100 kHz field modulation. Films were deposited on
thin fused silica slides and placed in a quartz sample tube. EPR spectra for each deposition
condition were taken for nearly equivalent film volumes, in the same cavity, on the same day and
with the microwave propagation normal to the film surface. The microwave frequency used to
probe the spin populations was 9.6 GHz for the measurements taken. Background spectra
confirmed that the bare substrates and quartz sample tube signals were insignificant compared to

the signals measured from theSgfilms. This small background signal was subtracted from
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the scans of the 803 films. The relative spin concentrations were determined from the relative
areas of the absorption signals. The EasySpin Matlab library was used to fit the spectra to extract
a g-tensor [108, 128]. (All the analytical tools employed in this report have been detailed
elsewhere [108].)
Results and Discussion

Figure 56 shows x-ray diffraction (XRD) spectra from the set of films deposited at
different oxygen partial pressures in the range pT@rr to 38uTorr. The most prominent
feature in the XRD spectra is the (222) diffraction peak of the cub{@;Sthe films are
considered amorphous, as the crystallite size was determined to be ~ 10 nm based on the FWHM
of the (222) peak compared with the crystalline quartz standard. An increase of the oxygen
partial pressure affects the spectra in two ways: the position of the (222) peak shifts towards
smallerd and the full width at half maximum (FWHM) of the (222) peak increases by
approximately 50%. Increases in the FWHM could be due to reduction in the crystallite size,
increased stress or a combination of both. The shift of the diffraction peak towards smaller
diffraction angles with increasing oxygen partial pressure indicates a change in the lattice
constant that is correlated with increased compressive stress in the films. Analysis of the XRD
spectra in the $SO; samples deposited using different beam voltages showed the (222) peak
shifted by~ 0.1% and broadened by10% between 600V and 1000V. Results from independent
stress measurements are shown in Fig. 57. The stress varied from 0.55 GPa to 0.75 GPa when the
beam voltage was varied from 600 to 1250V. The stress in H#i #ions deposited using
different oxygen partial pressures varied from 0.77 to 1.3 GPa. Thus, the combination of low

oxygen partial pressure and low beam voltage results,{D; $itms with the lowest stress.
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The SgOs thin films were also characterized by x-ray photoelectron spectroscopy (XPS)
to assess the stoichiometry and bonding environment. These results showed that the Sc in the

IBS S¢O;s films is in a single binding environment, while analysis of the O1s peak showed the
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Figure 56: (a) X-ray diffraction spectra of amorphougZdor films deposited as a function of
oxygen partial pressure. The film obtained afTdrr shows diffraction features of crystalline
scandium, and was opaque. All other films instead showed diffraction peaks that are identified
with the (222) and (440) peaks of cubic@®c(b) The FWHM of the (222) peak increases and

the peak position decreases to smaller angles with oxygen partial pressure, indicating an increase

in the lattice parameter due to increased strain.
oxygen had more than one signature for all the measured samples, indicating oxygen trapped in
the films. The stoichiometry in the films varied from 1.72 to 1.84 for beam voltages of 600V and

1000 V respectively. Instead, in the,Sgfilms deposited using different oxygen partial

pressures the stoichiometry varied from 1.84 to 2.05, showing exgasth® films [7].
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Figure 58 illustrates the characteristics of the EPR spectra from samples deposited using
different oxygen partial pressures.

The signal was fitted using the EasySpin EPR Matlab tool to extract the g-tensor
component values which for the dominant defect agg=2017, ¢,=2.017, g=2.055]. This g-
tensor corresponds to an oxygen interstitial defect [129]. EPR measurements on the samples
deposited using beam voltages ranging from 600 V to 1250 V produced the same results in terms
of the defect characteristics. The density of oxygen interstitials obtained from the spectra in Fig.

58 for the two sets of samples is presented in Table 1. These oxygen interstitial defect densities
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Figure 57 Stress in S€3 films with (a) variation in the beam voltage and (b) variation in the
oxygen partial pressure.
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are 2-5 times lower in the samples deposited at different beam voltages than found in the sample
set deposited at different oxygen partial pressures.
Figure 59 plots the absorptivity or absorption coefficient)(atA=1.064um of the set

of samples deposited by varying the oxygen partial pressure and beam voltage respectively.
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Figure 58 Electron paramagnetic resonance spectra fgdstms deposited at different
oxygen partial pressures. A line shape analysis of the spectra is used to identify the defects and
determine their density. An increase in the signal intensity correlates with a larger density of
defects.

Table 1 Defect density determined from EPR foiCaaeposited with different beam voltage
and SeO; deposited with different oxygen partial pressure.

Beam Voltage (V) I3:)efect Density (cm

600 2.2 x10°

800 2.8 x 16°

1000 3.8x 16°

1250 3.4x 16°

Oxygen Partial Defect Density (cm
Pressure (uTorr) 3

5 1.3x106°

7 3.9 x 106°

38 1.04 x 16°

The absorption coefficient increased with oxygen partial pressure by about a factor of 4x, while

it only increased by 2x with an increase in beam voltage. The variation of the absorption
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coefficient with process parameters correlates well with the variations in the density of oxygen

interstitials. The data in Fig. 60 also show the absorptivity of tb®sSitms deposited using
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Figure 59 Absorptivity of amorphous $©; films deposited using (a) different oxygen partial
pressures and (b) different beam voltages. The triangle symbols identify a set of samples grown
without use of the assist source. Both sets of data show an increase in absorptivity with oxygen
partial pressure. The increase in absorptivity correlates with the increase in the density of oxygen

defects.
different oxygen partial pressure with the use of the argon assist source during deposition. We
attribute the decrease in absorptivity with the use of the assist source to preferential sputtering of
oxygen and associated reduction in the density of oxygen point defects.
The absorptivity of the $Oj3 films was also measured at A = 0.514 um. These results
showed the absorptivity to be significantly larger,0x,khan at A = 1.064 um (Fig. 60).

Absorption in the large bandgap.8k films is due to the presence of trap states. These results
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suggest the presence of trap states at energies of 1.165 eV and at 2.412 eV near the band-edges.
We do not have sufficient information to discern if these trap states are discrete energy states in
k-space or a broad band as the absorption measurements were carried out at discrete
wavelengths. Further studies are needed to identify the origin of the defect bands. This behavior
is not unique to SO3. We have shown that similar trap levels exist in IBgOFkand that the

population and depopulation of these traps by electrons impacts the absorption of the films

[130] .

The parameter space in IBS is very broad as there are many degrees of freedom to realize
thin films with similar optical and structural properties. In these studies we choose to vary the
oxygen partial pressure because this is a critical parameter for reactive sputtering of metal
oxides. We choose to vary the beam voltage because it has a direct impact on the energy
distribution of the sputtered Sc target neutrals, and on the energy of reflected Ar neutrals [131].
The sputtering rate is also reduced when reducing the beam voltage.

An increase of the oxygen partial pressure results in an increase of thécexid&l
target coverage and in the oxygen trapped within the growing film [108, 132, 133]. In both cases
we have identified oxygen interstitials as being presdrg.concentration of oxygen interstitials
was found to be an order of magnitude lower in the set@:3amples deposited using
different beam voltages compared with the set of samples deposited using different oxygen
partial pressurerhe scaling of the absorption and stress in the films with increased oxygen
partial pressure suggests that these defects play a role in affecting the optical and mechanical

properties of the $SO; thin films.
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Figure 60 Normalized absorptivity for $SOs films at A = 1064 nm and A = 514 nm. The data
was normalized to the value of the absorptivity at A = 1064 nm for the film deposited at a beam
voltage of 1250 V.
Conclusions
Isolating the role of defects in IBS metal oxide thin films in the optical and mechanical
properties of amorphous metal oxides is quite challenging. In this work, we have identified
oxygen interstitials. Signatures of these defects were also found in IBSaH#O aOs and were
observed to scale with thickness of the film [134, 135]. However, it is possible that other types of
defects, such as oxygen vacancies, could be affecting absorption, and stress in the amorphous
Sc0s. In crystalline HFQ, model predictions show there exists a distribution of deep and
shallow defects states within the bandgap [46]. Different experiments are required to identify
other types of bulk defects. Moreover, the effect of surface and interface defects in the
absorption and stress in 8 amorphous thin films should not be discounted.
This work was supported by the Office of Naval Research, and the High Energy Laser
Program from the DoD Joint Technology Office, grants No. N0O0014-09-1-0049, N0014-07-1-
1068 and W911NF-11-1-0007. It made use of facilities developed through the NSF Engineering

Research Center Program.
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Paper #2: Damage Performance of Optimize®$and HfQ Single Layers Tested Air and

Vacuum Including the Influence of Very Thin Capping Structures

Abstract

A damage test apparatus was developed to allow testing of ion beam sputtered single
layers and capped single layers 0§Gg¢ HfO, andT&Osin a controlled atmosphere and in an
ultra-high vacuum environment. All damage testing was done using ardD@esting format at
a wavelength of 1030 nm using a ~3i520 ps pulse duration. The in air damage testing
measured a zero % probability LIDT valo®18 J/cni for S;0s, a 13 Xnt threshold for HfQ
and a 10.9 J/cfrthreshold for Tg0s. The threshold values for these same films measured in the
UHV were 8.5 J/crfor S¢03, 9.2 J/crf for HfO, and 4.9 J/cffor TaeOs. The influence of
adding a 10 nm ultra-thin capping layer of §i8¢03, HfO, andTa,0Osto basecoat films of
Se0szand HfGQ were measured and the results are discussed. Lastly, defect densities were
calculated for the different samples based on the damage probability curves measured in air and
in vacuum.
Introduction

Improvements in the laser damage performance of thin film materials used to engineer
anti-reflective and high reflective coatings at wavelengths ranging from visible to near infrared
has been and continues to be of great importance in the laser community at large. The study of
laser damage initiation in coating materials has been ongoing for over forty years yielding
significant improvements in our understanding of material properties, including mechanical and
optical performance. Areas that have not been studied in depth and consequently limited
informationis available are: the influence of first surface interfaces and that of vacuum on the

laser induced damage threshold (LIDT) performance of lon Beam Sputtered (IBS) metal oxide
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films. The work discussed in this paper studies the difference in the LIDT performance of ion
beam sputtered high index materi®@s;03, HfO, andTa,Os when measured in air and in
vacuum. These materials, along with §if@rm the backbone of optical interferendmf
technology. We report on LIDT measurement results of high index thin film oxides tested in
controlled air and ultra-high vacuum environments. To investigate the effect of interfaces on the
LIDT, samples incorporating a capping layer were tested. The LIDT data were analyzed to
extract defect densities in air and vacuum. We also present a strategy for increasing the LIDT
performance of these same materials when used in vacuum. The importance of this work
becomes evident in the quest for ever higher peak power laser systems as well as the
proliferation of terawatt and petawatt class systems at public and private laboratories. Pulse
compressor optics, space based optics, Free Electron Laser (FEL) mirrors, cryogenic active
mirrors and others have all demonstrated a significant decrease in the LIDT performance of
metal oxide films when used in low pressure environments. This decrease in the LIDT
performance has been known for some time but the reasons for this decrease remain uncertain.
Water impregnation in the film, carbon contamination, decreased thermal conductance and
oxygen dissociation have all been proposed as possible explanations for this behavior. However,
limited evidence has been presented to substantiate these arguments [34, 36, 58-60, 64, 68, 83,
86, 136].
Experimental details

Single layers, 100 nm thick, of amorphousQs SeO3; and HfQ were grown by ion
beam sputtering onto superpolished fused silica substrates. A beam voltage of 1250 V and beam
current of 600 mA were used. The oxygen flow was selected to realize the lowest absorption in

the films [6]. A second set of single layer samples with a 10 nm thick capping layer were grown.
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The 10 nm thick layer does not significantly affect the optical properties of the samples. The
transmittance spectrum is shifted towards longer wavelengths as a result of the increase in
thickness. The standing wave electric field is insignificantly modified as shown in figure 61
below where three plots, 100 nm Hf€ingle layer and the same single layer capped with 10 nm
of SiIO, and 10 nm of T#s, appear nearly identical to one another.

Electric Field (V/m)

16

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
Optical Distance (FWOT) from Medium

Figure 61 Standing wave electric field for capped and uncapped HfO

These samples were grown using optimal deposition conditions for realizing lowest
absorption at m. These conditions f@c03; were presented and discussed in an earlier paper
our group published [6]. Similar development work was done for oup,Hi®Os and SiQ
films. As with the work we presented for,8g all films were grown using conditions that
resulted in fully stoichiometric, amorphous, low stress and minimum EPR defect signature and
absorption loss at 1 micron. The absorption losses for the set of single layer and capped samples

used in this work is summarized in table 2 below.
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Table 2: Absorption at im

SC,03 | S605/ | SC0O4/ | Sc0O4/ | HFO, | HEOL/ | HEOS/ | HFOS/ | TaxOs
SiOz Hf02 Ta,Os SlOz Sc,05 Tay,Os
7.3+ 6.3+ 7.0+ 9.4+ | 11.9+ | 11.0+ | 11.8+ | 10.6+ | 5.7

0.6ppm| 0.2ppm| 0.4ppm| 0.2ppm| 0.4ppm| 0.3ppm| 0.4ppm| 0.3ppm| 0.3ppm

LIDT testing was carried out using a new ultra-high vacuum (UHV) chamber capable of
reaching 1§ torr built for this purpose. This system is equipped with a load lock where a clean
test optic is introduced prior to placing it inside the UHV chamber. In the load lock chamber the
sample is cleaned for ten minutes on each side using an oxygen plasma cleaner from XEI to
remove hydrocarbon contamination [123]. Confirmation of the carbon removal is made by
means of a Brooks Automation ion trap monitor recording partial pressures of elements and
molecules in the main chamber with mass ranging from 0.5 to 300 amu [137]. The only carbon
compound seen in the chamber prior to testing wasv@@® a partial pressure of < 4*18torr,
as shown in figure 62. All vacuum testing was done with a base pressure of &1 his
process, from sample introduction into the load lock chamber to beginning the LIDT test,
typically took eight hours. Using the same procedure, LIDT measurements were carried out in
the UHV chamber at room temperature filled with ultra pure air to allow for direct comparisons
between data sets taken in air and in vacuum.

In this ion trap scan, figure 62, made on a representative sample with a base pressure of
4.11*10° torr the peaks at 16, 17 and 18 amu are associated with water in the system. The peak
at 28 is a nitrogen peak and the peak at 44 is Tk low partial pressure (7.2*¥1btorr) of the
only carbon compound, GQin the vacuum chamber, determingtbr to damage testing,

eliminates all possibilities that deposition of carbon on the surface of the optics play any role in
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the vacuum damage testing. It was previously shown that removal of hydrocarbons is crucial in

reliable LIDT measurements [138].
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Figure 62: Partial pressure measurement of UHV chamber with sample installed.

The LIDT of these films were assessed usii@0-on-1 protocol. An all-diode-pumped,
mode-locked chirped pulse amplified Yb:YAG system was used for this test. This system
consisted of a Yb:KYW oscillator pumped by 30 watts of fiber coupled 980 nm light. The
oscillator produces ~20 nJ pulses of 300 fs duration with a repetition rate of 57 MHz. A subset of
these pulses are stretched then amplified in a cryo-cooled Yb:YAG amplifier pumped with a
90W fiber-coupled laser diode operating at 940 nm. The system is capable of 100 Hz operation
at2=1030 nm, producing pulses of 5 ps duration and 100 mJ of energy. For these experiments

only a single one second exposure to uncompressed pulse of 37Zgss were required at
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each test site [139, 140]. The laser was focused onto the test optics to a spot sigen~ 100
FWHM using a ~275 mm focal length lens with a confocal length of abouini.6

Given the low pressures we intealdo operate at, as well as the types of monitoring
equipment we needito employ, it was determined early on that the optical system would need a
beam director to move the focused laser across the tessaptitace. This was accomplished
by means of two computer controlled mirror mounts acting in concert with a motorized two axis
lens stage. The lateral position of the laser focused spot was controlled to better than one
hundred microns across a half inch scan on the test optic surface with this variation being
primarily due to beam jitter in other optical elements in the system. The size and shape of the
focused spot appeared identical at all test sites. A schematic description of the damage testing
apparatus and piates are shown in figures 6364.
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Figure 63: Diagram of UHV damage test apparatus
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Figure 64: Picture of UHV beam director

Results and discussion

Single layers oT &,0s, HfO, andSc0s, all 100 nm thick, were damage tested in the
UHV chamber filled with ultra pure air and in vacuum with a base pressure beloW ®tt0
The general trend observed in single layers is that the LIDT increases in the higher band gap
materials with the exception 8c,Osin vacuum. The same is observed when adding a capping
layer, again with the exception of tBe,Oz capping layer in vacuum. All samples with a $iO
capping layer demonstrated the higher LIDT in pure air and in UHV testing. This section starts
by presenting the LIDT data for the two testing conditions. Lastly, | describe an analysis of the
damage probability curves that allows one to extract defect densities for the different samples

tested.
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A. In Pure Air LIDT Testing

Figure 65 shows the LIDT damage fluence for each of the single layers investigated. The
trend that is observed is that the LIDT increases as the band gap of the material increases. We
choose to scale with bandgap because of its previous use in the scaling of ultrafast laser damage.
However, one has to consider that testing with pulse durations of ~375 ps does not fall in the
deterministic, ultrafast damage regime [141].

An uncoated fused silica sample tested using the same cleaning methods and identical
test conditions damaged at#Z.4 J/cm. Here the uncertainty represents the variation in the
pulse to pulse energy. The error in this and all of our damage value measurements nisminally
3%. As our measured error is smaller than the standard deviation, the standard deviation is
shown in the data. It should be noted here that the damage threshold tests done on the bulk fused
silica samples exceeded the critical power limit, ~ 4.3 MW, for self focusing in silica [142].
While there is no doubt that self focusing occurs in the bulk of fused silica, we were careful to
record the fluence associated with surface damage. The other samples tested did not suffer from
the effects of self focusing because the beam was focused on the surface where damage was
observed at nearly one third the threshold fluence of the bulk material. Again, we were careful to
record the fluence associated with surface damage in addition to the fact that no bulk damage
was seen in any of the single layers or capped samples tested.

Other work has demonstrated the need to address the influence of stimulated Brillouin
scattering (SBS) in the sample resulting in an enhanced front surface intensity and a reduced
damage threshold value [143]. Given our relatively short pulse testing and large spot sizes,

electrostriction of the sample would occur on a time scale of tens of nanoseconds. We are testing
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using pulse widths an order of magnitude reduced from these values meaning SBS does not

significantly influence the onset values and therefore was not considered in our analysis.
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Figure 65 The zero % probability LIDT results of single layers tested in clean air (FS damaged
at 472.35 J/crf)

Figure 66 shows the results of LIDT tests on thg$samples grown with a 10 nm
overcoat of different metal oxides. The results show the addition of arc&ping layer
improves the LIDT. Instead the LIDT reduces when adding capping layers eahif@0a,0s.
The relative magnitude of the decrease in the LIDT value for the d¢4fthed sample seems
anomalous. An explanation for this behavior is found in a comparison of the actual damage onset

curves, shown in figures 68 and 69.
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Figure 66 The zero % probability LIDT results of $2; basecoat series tested in clean air (FS
damaged at 4#2.35 J/crf)
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Figure 67 The zero % probability LIDT results of Hfasecoat series tested in clean air (FS
damaged at 4#2.35 J/crf)

120



Figure 67 shows the results of LIDT tests on the A#&mples grown with a 10 nm
overcoat of different metal oxides. The trend in the LIDT values for these samples shows a
~10% increase in LIDT when using a material with a larger bandgap and a ~10% decrease when
using a lower bandgap material. The variations in LIDT are lower than observed in the capped
S¢0; basecoat samples.

Figure 68 shows damage onset curvesSte0O; basecoat samples. Analysis of the traces
shows that there are no damage events between zero and 30% except whsust#@as a

capping layer. This boundary is shown in figureb§&he blue line.
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Figure 68 The zero % probability damage onset curves fgOSbasecoat series tested in clean
air
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Figure 69 The zero % probability damage onset curves for Hf@secoat series tested in clean
air

In contrast all the Hfgbasecoats capped with different oxides show damage within the
zero to 30% probability range (Fig.)6These results suggest a different type of defect is ‘turned
on’ at lower fluences compared to the results obtained in thgdgeseries.

One family of defects that may match this defect description is nanoscale absorbing
clusters [144]. When looking at the damage results of these capping layer tests the most glaring
observation is the profound impact of adding only ten nanometers of material to these basecoats.
If the major contributor to the damage prodedsulk absorption in the basecoat one could
expect to see a very minimal modification to the single layer damage performance with the
addition of a 10 nm capping layer. Instead we have observed a greater than 2x variation in the
onset thresholds for the £ basecoat series when considering all four samples in the series and

nearly a 20% variation in the Hiasecoat series. These results strongly suggest interface
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defects are the dominant contributor to laser damage in the majority of our films which is
consistent with generally accepted and observed damage behavior [22].
B. In Ultra-High Vacuum Testing

Next the results of damage testing at ultra-high vacuum are discussed. In other work
using femtosecond puls#te single shot damage threshold on metal oxide films was found to
not be influenced by the presence of vacuum as there is no opportunity for sub-damage threshold
surface modification [34, 145]. For this reason all our tests were performed with 100 shots at a
constant fluence per test site or 100-on-1.

Figure 70 compares the 0% probability damage fluence for the single layes®gf Sc
HfO, and TaOs in ultra pure air and UHV. For all samples the LIDT of the samples in UHV is

lower than in ultra pure air. However, the relative change is most significa®d, (0.
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Figure 70 The zero % probability LIDT results of single layers tesed in air and vacuum
(FS damaged at 4%2.35 J/crfin air and at 52.62.6 J/cniin vacuum)
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Previous work has shown a major decrease in the LIDT performance of interference films
when tested in vacuum [33, 34, 146-148]. A similarly dramatic decrease is not seen in metal
optics and in fact there are instances of improved LIDT performance of metals in vacuum [86].
The LIDT decrease in interference films has been discussed in several papers. It is attributed to
substrate influences [86}jacuum dehydration causing increased tensile stress [60], rapid
expansion of super heated surfag®©Hncreased thermal conductivity of surfacgH36],
hydrocarbon contamination [33, 58, 63, 147] and/or surface defect creation [34, 59, 68, 83, 145].

In our tests, we can rule out hydrocarbon contamination. Additionally, earlier work [148]
was able to discount the influence of water impregnation in IBS deposited materials.

Our data shovc03; appears to be the most susceptible to vacuum mediated defects
while HfO, appears to be least influenced by a vacuum environment. Additionally, when the
S605; and HfQ basecoats are capped with 10 nm of,.$#@did not see a decrease in the LIDT
performance for either basecoat series, seen in figures 71 and 72. The LIDT values for these two
films, Si0,/Sc0; and SiQ/HfO,, were almost identical to their in air values. While this test was
only a 100-on-1 damage onset there certainly was the opportunity for laser induced surface
modifications during this exposure. Furthermore, these results would seem to discount the
possibility of the absence of surface water influencing the LIDT performance of our films in
vacuum. The electric field distribution found using Macleod design software for these films is
almost indistinguishable from the distribution seen in the basecoat alone given the very thin
capping layers used. The explanation for the lack of a decrease in the onset value for these films
is likely the superior optical and mechanical qualities of,$upled with the fact that in a low
pressure environment any plasma formation near the surface would be allowed to expand away

from the surface more quickly than at atmosphere conditions. The IBSv&i®deposited from
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an oxide target, which ensures consistency in the quality of the films. Moreover, IBS SiO
characterized with the lowest linear absorption of all the materials tested.

Surface chemistry modification is the most likely explanation for multi-pulse LIDT
behavior of IBS metal oxide thin films. Si@ the form of bulk fused silica has a markedly
higher LIDT performance compared with all the thin films tested. Moreover, the in-vacuum
LIDT value for uncoated fused silica was 52866 J/crd, equal to or slightly larger than the in
air LIDT value. IBS SiQ appears to possess some of the laser damage resistance characteristics
seen in the bulk material when tested in vacuum. Laser induced surface modifications are not

observed, at least for these low pulse counts.

T T T T T T T
Sc203/Si02 Sc203 Sc203/HfO2 Sc203/Ta205

Figure 71 The zero % probability LIDT results for $8; basecoat series tested in UHV (FS
damaged at 52#62.6 J/cm)
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Figure 72: The zero % probability LIDT results for Hf@asecoat series tested in UHV (FS
damaged at 5242.6 J/cm)

Referencing th&c03; basecoat series, the uncoaBegO; film performed remarkably
poorly in relation to the other samples in the test series. Figure 71 shows the LIDT fluence for
Sc0;3 without and with different capping layers. The behavior of the samples with capping
layers is totally unpredicted in that in all cases, the LIDT fluence increased.

In contrast, Hf@ behaves more or less as expected based solely on the band gap of the
capping layer, except for the £ capping layer whichdsnearly the lowest LIDT as shown in
figure 72. As was discussed already, the,Ri@pped HfQ film performs well in vacuum with
potentially no degradation in performance from the in air LIDT value. The Bif@le layer also
performs relatively well when compared with the other two single layers tested, a 90y
and TaOs. The decrease in the LIDT performance of the Hl@gle layer measured in vacuum

relative toits value in air shows the least variation of the three high index materialSciOe
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capped HfQ sample displayed a major departure from its in air LIDT value witi @5
capped HfQ showing a similar trend although not quite as large.

In combination, the results of figures 70, 71 and 72 sugges$¢f@4is more susceptible
to laser damage in vacuum than any other metal oxide we tested. On the c8uai@aig, the
best performing in terms of LIDT high index material in air. These results suggest laser induced
surface defect creation in vacuum, as opposed to either in the bulk film or within the capping
layer, is the dominant process leading to damage in these films.

For the sake of completeness we have included the actual damage onset curves for the
Se0Oszand HfGQ samples tested in vacuum, figures 73 and 74. The probability traces are analyzed

in section D to extract defect densities and gain more insight into possible damage mechanisms.
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Figure 73 The zero % probability LIDT results for £8; basecoat series tested in UHV
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Figure 74 The zero % probability LIDT results for Hiasecoat series tested in UHV
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Figure 75: Typical 100 on 1 damage site on 10 nm 8&pped5Sc03

Figure 75 is an SEM image of a representative sample of a typical damage site on a
capped single layer from our testing. This damage site shows evidence of melt on the perimeter

of the crater with evidence of delamination down to the substrate.

128



As discussed earlier, the absence of water on the in vacuum surfaces did not significantly
alter the performance of the SiCapped samples. This suggests the increased thermal load to the
metal oxide tested in vacuum, owing to a reduced water layer, is not significant in any of our
materials. It appears that a 10 nm thick S&9er can passivate surface defects gOsand
HfO, making the LIDT of these samples insensitive to atmospheric conditions (figures 76 and
77). The data of figure 76 show that both H#Md TaOs capping layers can also passivate
defects that lead to laser damageSoyO3 in vacuum. This situation is reversed in the behavior

of the LIDT of HfG, in vacuum.
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Figure 76 The zero % probability LIDT results for $8; basecoat series tested in air and
vacuum (FS damaged at#2.35 J/crin air and at 52.62.6 J/cmiin vacuum)
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Figure 77 The zero % probability LIDT results for Hiasecoat series tested in air and
vacuum (FS damaged at#2.35 J/crin air and at 52.62.6 J/cmin vacuum)

The fact that laser mediated surface absorption in thecaigped samples and the HfO
cappedSc,03 sampless absent, as explained above, may be due to the high quality of the SiO
topcoat. It is likely that since Syds deposited from an oxide target, the 10 nm thick layer is
very uniform and has extremely low absorption loss. The reduced surface absorption of the
HfO, capped S©; in vacuum may well be a result of surface cleaning, plasma expulsion, and
potential laser conditioning. From the data already presented, we have reason to believe the HfO
cappedScO; likely has higher absorbing defects distributed throughout the volume of the
capping layer. These are the type of defects that are traditionally targeted for removal by laser
conditioning [149, 150]. Unlike in most published examples of laser conditioning, in our case
the HfG; is only 10nm thick, so any defects in the film may be thought of as near surface defects

capable of being removed without causing catastrophic coating damage. As previously
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discussed, the lack of air in the vacuum test on this sample may allow for the rapid expulsion of
these defects before collateral damage can form [86] [138]. From the single layer testing that was
done, we know the performance of the 100 nm Hfi@gle layers showed the least change when
measured in both air and vacuum. This suggests that thesdfface chemistry may not suffer

as much from the reducing environment that exists in vacuum. If these higher absorbing volume
defects can be removed from the capping layer without too much collateral damage, this film
may be expected to perform very well given the heat conduction capacity ob@eb3se coat.

As topcoats, botBc0; andTa,0s, which showed the greatest decrease in their LIDT
performance as single layers tested in vacuum compared with their in air performance, show the
largest susceptibility to laser induced surface defect creation.

C. Analysis of Defect Densities from the Laser Damage Probability Data

Onthe assumption that no defects exist in our films below the onset threshold, the

damage defect densiéfF), as a function of laser fluence, can be described by a power law [16,

151, 152].

§(F) = a(F — Fp)? (44)

The damage probability curves follow a Poisson distribution as a function of both fluence

dependent area or volumetric defect density and area or volume element, S, describing where the

fluence is above the onset threshold.

P(F,S) =1— e(-8(M=s) (45)
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Equation 44 for the defect density has two temnandf, that are fitting coefficients to
the damage probability curves using a least squares regression. Figure 78 shows an example of a
measured probability curve and the least squares fitting to that data for asihijle layer
tested in air. Figure 79 is the calculated defect density associated with this fit assuming the

dominant heat loading is in the bulk of the material not at the surface.
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Figure 78 Example of damage probability curve and corresponding least squares fit for HfO
single layer.

Figures 80 and 79 are the calculated defect densities for each of the materials based on
the most likely type of absorption, surface absorption (Figuye8Bulk absorption (Figure 79

where HfQ is the only material assumed to have significant bulk absorption, determined from

the discussions above.
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Figure 79 Corresponding defect density found using least squares fit of the damage probability
curve for bulk absorption in H#O

For in air testing of the base coat samples only the, Béple is likely to exhibit
significant bulk absorption compared to its surface absorption. For this reason both the surface
and bulk defect densities were plotted for this sample and no bulk defect densities were
calculated for the other materials tested. Unfortunately, we are not able to conclusively
determine which, either surface or bulk absorption, was ultimately responsible for the failure of
HfO.. In reality there were likely contributions from both. At threshold, all the defect densities
we extract from the damage probability curves are very near zero by definition, so this number is
of little practical use. More importantly to an understanding of these materials’ laser damage
response is the shape of the defect density curves as the fluence increases. The defect densities

increase with fluence essentially turning on new absorbing defects as the fluence increases.
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Figure 80: Surface defect densities for single layers tested in clean air.

The shape of this curve speaks to the susceptibility of the material to laser damage as well as the
magnitude of the density of defects. As the fluence increases, a larger area is exposed to higher
intensities increasing the number of potential defects in the illuminated area. Since the area and
the number of defects increases at the same rate there should be no net increase in the defect
density with intensity if only one type of defect exists and if their response is not intensity
dependent. However, as shown in figures 79 and 80, there is indication that as fluence is
increased new types of defects come into play contributing to damage. When making
comparisons between different materials or between a material in two different environments, in
air and in vacuum, an increasing defect density with fluence indicates an increased sensitivity to

higher irradiances either in the form of additional defects in the same irradiated area or to
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increased absorption within already absorbing defects. A reducing slope in the defect density
indicaiesa saturating response for a class of defects with fluence.

In the case of bulk fused silica the defect densities are very low in comparison with the
other materials tested. Near 47 J¢he material becomes sensitive to the laser and may be
settling into a linearly increasing response with fluence (Figure 80). This defect type enight b
associated to relatively few, widely spaced relatively high absorbing surface imperfections
perhaps left over from polishing efforts. In the case @Ofahe nearly asymptotic nature of the
defect density curve might suggest an intrinsic bulk defect. The #H#f@ct densities calculated
for both surface and bulk absorption describe a somewhat slowly increasing defect density which
builds up from seed electrons originating from intrinsic point defects in the material and
increases, likely via avalanche ionizationa similar way as is typically assumed in free
electron models of high band gap materials. The defect density curve@rappears to be
lineatly increasing with fluence and might suggest fewer additional absorption mechanisms
come into play with increasing fluence. Once the defects are turned on at their threshold fluence
these defect sites may not act to source seed electrons for other high order absorption
mechanisms, such as avalanche ionization

The defect density curves for &g with capping layers are shown in figure 81. The
S60; base coat series displayed significantly ddféonset values that followed fairly well
with the band gap of the topcoat material.. The major exception to this trend was in the case of
the HfQ, capped sample. As can be seen in the defect density curves for this series, the defect
density remains relatively low compared with the K$€ries. For this to be the case the required

absorption for this density of defects is much higher than in the other materials. Possible sources
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Figure 81: Surface defect densities fop@chasecoat with different capping layers tested in air
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Figure 82: Volume defect densities for Hf€apped S€; basecoat series tested in air
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of very high absorbing defects might be either physically large defects or metallic inclusions.
The behavior of uncapped &5 has previously been discussed but the defect densities fpr SiO
and TaOs capping layers are notably distinct from one another. While the silica capped base
coat begins with a slowly increasing defect density, this happens at a much higher fluence than
the other films tested. This defect density growth continues to increase in a very shallow
exponential process. Contrastediagfahe silica’s performance the TaOs capping layer begins

with a rapidly exponential increase at a relatively low fluence. The defect desisithations for

this film appear to start rolling off with higher fluences. This very rapid increase in defect
density just after threshold is more likely to be seen in very impure or intrinsically weak

material.
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Figure 83: Surface defect densities for hiffasecoat series tested in air
The defect densities for the Hf®asecoat series, shown in figure 83, all seem to follow
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similar forms beginning with a slowly increasing density and then growing exponentially at

higher fluences with the possible exception of thgOoF@apped sample. In the case of S&Dd

S0; capped samples their defect density curves are nearly identical suggesting the performance
of these two films may be dictated by the common basecoat and not the capping layers. The fact
that the HO, single layer has a higher defect density at a given fluence suggests the surface
defect contribution of the Siand SgO; capped samples is less than for an fH@face layer.

The TaOs capped sample appears to have a higher surface defect contribution which appears to
be growing more slowly than the other samples with increasing fluence.

The defect density curves for the majority of our samples tested in vacuum are quite
different from their in air values and their functional form. Figure 84 shows the calculated
surface defect density of fused silica in air and vacuum. The surface defect density in vacuum
starts out lower than in air for equivalent fluences but then grows much more quickly above ~63
Jlcnt. Above this threshold value a new surface defect is turned on and quickly dominates the
performance of fused silica in vacuum. At lower fluences there may be some amount of vacuum
mediated surface conditioning allowing for a slightly better damage onset performance than the
in air values but in this case the effect is small.

The surface defect density of the single layers eOf,aHfO, and SgOs in air and in
vacuum is shown in figure 85. TA@Osand HfQ, basecoat samples displayed very rapid
increases in the surface defect density above threshold in vacuum. In vacuum the highest defect
densities are seen in Hi@ven though the turn on threshold for this material is higherithiue
other two single layers tested. The defect density fe©d samps up at a much lower threshold

than in air and only seems to increase the rate of defect turn on with increasing fluence.
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Figure 84: Surface defect densities for fused silica tested in air and vacuum.

S¢0; displays the largest deviation from its in Egrvacuum performance in terms of its
activation threshold, but the rate of defect creation, identified by the slope of the traces is similar
in air and vacuum. We speculate these variations from their in air defect densities are due to
vacuum and laser mediated surface defect creation.

Figure 86 shows defect surface densities folSi3©; series with capping layers in air
and in vacuum. The defect density in Stapped S is very similar both in air and in
vacuum. HfQ capped S©3 in vacuum demonstrated a very large increase in the onset LIDT
fluence over its in air value. Once this fluence value was reached, however, the defect density
climbed to a much higher value than was seen in air for similar fluences. This performance might

suggest HfQis still very sensitive to laser mediated surface defect creation in vacuum but the
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Figure 85: Surface defect densities for single layers tested in air and vacuum.

intrinsic material performance is complicated by a different defect type which can be at least
partially passivated in vacuum, potentially through laser conditioning. Ti@® €apped sample
tested in vacuum showaslecrease in the LIDT threshold but the rate of increase of defects with
fluence is similar until ~6*1bdefects/criwhere the in air sample displayed a saturation or
depletion type effect that is not seen in vacuum until much later on.

Figure 87 shows the surface defect density for the, Bi@ples. The number of data
points in the case of the UHV SiCapped HfQ@ were apparently not sufficient to show how
similar the defect densities were for both in air and in UHV at lower fluences. However, the
similarity is quite clear at all fluences where data is available for both samples. The defect
density in the T#ZDs capped sample is remarkable for how early those defects are turned on in
vacuum and how high they climb. Even though thgdScapped sample showed similar damage
performance in vacuum to the ;0 sample the required absorption per defect site would

necessarily be much larger in,8g than in TaOs.
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Figure 86: Surface defect densities fop&cbasecoat series tested in air and vacuum
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Figure 87: Surface defect densities for hiffasecoat series tested in air and vacuum.

141



Conclusions

We carried out a detailed study of the laser damage behavior eaHHEZ5603 thin
films with and without capping layers at ambient and ultra-high vacuum conditions. We
developed a controlled atmosphere test chamber capable of testing asypface free from
hydrocarbon contamination. The test apparatus is capable of scanning a laser beam across the
test opti¢s surface for the purpose of probing the laser damage threshold both in a controlled
atmosphere or in UHV. The level of vacuum can be monitored as well as the partial pressures of
any gaseous species in the chamber from @30 amu.

The results of our single layer damage testing at 1030 nm and ~375 ps pulse duration
showed the expected ranking for our three high index materials tested in air. The higher band gap
S&0; had the highest zero % probability LIDT value of 18 J/estiowed by HfGQ at 13 J/crh
with Ta,0s having the lowest band gap as well as the lowest LIDT value of 10.8, ¥dren
these basecoat materials were capped with 10 nm thick capping layers composed of different
metal oxides the observed LIDT ranking was significantly altered. In the caseSihthe
basecoat series adding a thin layer of a higher banthgapial improved the LIDT value by
~14% while adding a lower band gap capping layer reduced the LIDT value by ~42% for HfO
and ~20% fo TaOs. The large decrease in the LIDT value for the Hi@ppedSc0; sample is
explain by the likely presence of a high absorbing near surface defect in theagfiing layer
which is primarily seen in our Hibut may also exist to a lesser extent in thgdEaThis defect
type could likely be a nanoscale absorbing defect having a physical extent of less than 10 nm.

In the case of the Hi{basecoat series tested in air the variation in the LIDT values with
the addition of the 10 nm capping layers is less pronounced. Again, with the addition of a higher

band gap capping layer the LIDT value increased from the uncappedbidOt 10% for the
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addition of both SiQandSc0;. By adding a capping layer 8805 the LIDT performance
decreased by about 10%.

When these single layers were tested in vacuum the expected decrease in the LIDT values
for metal oxides was observed but the relative LIDT ranking for these films changed from the in
air test results. Specifically, 185,03 sample showed a decrease from 18 Jtor8.5 J/cm the
largest decrease of the three materials te$@Ms decreased from 10.9 J/in air to 4.9 J/crh
in vacuum the second largest change of the three single layers followed bwiHéd fell from
13 J/cni in air to 9.2 J/crhin vacuum. Curiously, Hf@showed the least susceptibility to laser
mediated vacuum induced surface modification.

With the addition of an Si{capping layer on these in vacuum tes$egD; and HIQ
basecoat samples we saw no change in the LIDT from their in air values. A very thin layer of
SiO, is apparently capable of passivating the laser induced vacuum mediated defects in both
basecoat materials. With the addition of an Hé@pping layer 0i%¢03 we see a major increase
in the LIDT performance of this film pair from 10.5 Jfim air to over 16 J/cfin vacuum. We
have attributed this increase in the LIDT performance in vacuum to laser conditioning of the near
surface defects previously seen in the in air testing of this film pair. We believe the reason these
high absorbing defects do not negatively impact the in vacuum performance of this film pair
while degrading the in air LIDT values is the lack of a barrier to surface expulsion of these
defects when tested in vacuum. The atmosphere above the te'st syntiace will impede any
plasma ejected from the surface from moving away from the surface while this barrier is not
present in the in vacuum tests. Near surface defects are capable of being driven off the surface

without causing catastrophic damage to the film.
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TheTa,0s5 cappedSc03 sample tested in vacuum saw a moderate reduction in its LIDT
value from the uncapped value from 14.5 J/toril1.6 J/crhin vacuum, a ~20% reduction. The
Ta0s capped HIQfilm pair showed a reduction greater than 50% from its in air value from
11.5 J/crito 4.3 J/crhin vacuum. Finally, th&c0; capped Hf@ sample showed the largest
decrease from its in air value of 14.5 J#dm5.4 J/crfiin vacuum. This behavior is consistent
with the in vacuum single layer testing we performed shoBm@s is the most susceptible
material to laser induced vacuum mediated surface defect creation.

Finally, we analyzed the actual damage probability curves measured in air and in vacuum
to extract defect densities for the different materials we tested. The results of this work provide a
clear ranking of the better surface metal oxide for use in the different environments we studied,
in air and in vacuum. When working in air the higher band gap mategél;, greatly
outperformed both Hf@andTa0s single layers. Cappin§c03 with Si0, produced the highest
LIDT material both in air and vacuurmaOs by contrast was the lowest performing material in
terms of its LIDT in most of the material combinations used when tested in air. However, when
working in vacuum the situation is somewhat different. In any case \Blogde was exposed to
vacuum the LIDT performance was severely compromised. Further, in contrast to its in air
performance a Hf@capping layer grown on a high conductivity basecoat3i&©; performed
better than any other material combination except the &G@ped samples. As already stated we
believe this is the result of a laser conditioning process assisted by the high mean free paths
available in vacuum. While 7@s never performed particularly well as a single layer or as a
capping layer in air its reduced performance in vacuum suggests this material should not be used

as the first surface material in vacuum. Overall, we have demonstrated the ability of an
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extremely thin surface layer, 10 nm, to significantly influence the behavior of a material in terms

of its LIDT performance in vacuum.
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CHAPTER VII. CONCLUSIONS AND FUTURE WORK

Our work at Colorado State University has given us a foundational understanding of how
and what process parameters are most influential in producing low loss, high stability, high
damage threshold metal oxide ion beam sputtered films. lon beam sputtering is an ideal
deposition method for films that will be used in harsh environments while having a high fluence
requirement. This work has established the influence of oxygen incorporation in a multitude of
metal oxides from both a mechanical, optical and laser damage perspective. This work led to the
understanding that slightly too high of an oxygen partial pressure during deposition leads to
excess oxygen incorporation in these materials leading to increased stress, increased absorption
at one micron and 515nm, as well as to a reduced laser damage performance in patidHfO
S0s.

Changes in the deposition energy were studied to inform us on the influence that small
variation in the accelerating voltage in the main ion beam has on the development of optically
sensitive defects in these films. The results of this work showed an increase from ~6 ppm to ~14
ppm in the optical absorption 803 at 1064 nm with only a slight change in the LIDT
performance of these films from ~18 Jfctm ~15 J/crhfor a change of ~ 450 eV in the
sputtering ion energy. These results suggest that either these defects are not strongly sensitive to
the deposition energy, or at least to the ~400eV change in the deposition energy we studied, or
that these defects are self-healing and not in fact a big problem for our specific deposition
method. In the course of the beam voltage work, however, we noticed a strong correlation

between the 532 nm absorption and the one micron LIDT performanceseséme samples.
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This may point to a more influential two photon absorption coefficient than was expected and
this relationship should be studied further.

The cumulative work done at Colorado State University on the damage performance of
HfO, andSg03 ion beam sputtered thin films has advanced our understanding of the process
conditions needed to grow lower loss, high damage threshold materials. We have improved the
mechanical and optical properties of our high index materials such that we can grow single
layers of HfQ andSg03 at near thetical densities and still be capable of operating in very
high laser intensities without damaging.

We have also carried out studies of the LIDT performance of thin films of &@

S¢0s in air and in vacuum and investigated the impact of modifications to the interface on the
LIDT performance of these films that occurred when adding capping layers. When investigating
the influence of extremely thin topcoats on the LIDT performance of single layers we saw a
remarkable influence on the performance of these films given the very little material that was
used in the cap even when tested in air. While the materials followed a more or less expected
band gap relationship when tested without capping layers the addition of just 20nm of capping
material alters this natural ranking indicating other phenomena dominate the interaction.

Once the testing of these materials moved to a vacuum environment the situation became
even more interesting. High conductivity metal oxides su@®c#3; that would be expected, and
have been demonstrated, to outperform Héflowed a remarkable reduction in its LIDT
performance in vacuum. Given the direct comparisons that these data sets allowed us to make we
were able to attribute much of the differences in the performance between in vacuum and in air

testing to surface defect creation.
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Our experimental results show that extremely thin layers of capping materials can
radically alter the in vacuum damage performance of a given basecoatafiing layers
markedly outperformed the other ragals tested in our study. While it has been well known that
SiO, is a good choice for capping films used in air it is noteworthy that just a few hundred atoms
may be capable of altering a surface as well as much thicker layers. THheafp@d samples,
when tested in vacuum, did not show degradation in their LIDT for the number of pulses tested.
Future testing should include higher pulse accumulation on these same film pairs. Somewhat
suprising was the reduced vacuum performance of the higher band gap higher thermal
conductivitySeO3 capping layers. The results of this work clearly demonstrate that just because

a thin film performs well in one testing environment it may not do well in another.

Future Work

Further studies are needed to gain insight on the structural/morphological changes that
occur at the interface of metal oxides and their impact on laser damage performance. Among
these potentially informative experimstthat could be carried out are two photon absorption
measurements. We know from the linear absorption measurements made at 532nm that there
exist in our films defects significantly more sensitive to this wavelength than to 1064nm. A good
estimate of the two photon absorption cross section for these defects may significantly alter
fitting parameters in the rate equation models that are used to predict damage[105].

As was mentioned early in the thesis, we have an interest in understanding the influence
of UV assisted one micron absorption. The hardware necessary to perform LIDT experiments
with the test optic having simultaneous exposure to 1030nm, 515nm and 257nm has been
constructed. The doubling crystals were modeled in SNLO as well as by in house developed

Matlab simulations to help optimize conversion from 1030nm to 515nm in KD*P and from
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515nm to 257nm in KDP. Given the hydroscopic nature of these materials and the need to drop
the temperature of the KDP crystal below freezing to phase match it was decided each crystal
would be enclosed in a temperature stabilized controlled atmosphere environment. Custom heat
sinks and kinematic mounts to facilitate temperature and angular tuning of these crystals were
designed and manufactured. Simple tests on the conversion efficiency of the KD*P crystal were
done without reaching the peak intensities required for optimal conversion and with no fine
temperature tuning done. These results showed nearly 40% conversion to 515nm giving us high
confidence that our simulations were correct. At the time of this writing, no LIDT tests with the
presence of harmonics have been done yet. These series of tests are an obvious next step in
giving us a more complete understanding of the optical performance of our thin films.

Another, longer term, set of experiments that would be invaluable would be to co-align a
PCI measurement tool with a damaging laser in a vacuum environment that included either a
high sensitivity RGA, ion trap or even a time of flight mass spectrometer. This tool might enable
direct measurements of the damage initiating defects in our films.

The results of our work on thin capping layers were very interesting in both atmospheric
testing as well as in vacuum. Significant material performance changes were seen with the
inclusion of just 10nm of additional material grown on top of the basecoats. Referencing other
overcoat work done using Hf@apping layers [44] there may be a size threshold below which a
group of optically sensitive defects no longer exists. This size threshold, fer H& be in the
range of 210 nm. While other deleterious factors may begin to dominate thin film structures of
this size, namely mechanical integrity, it may be worth investigating even thinner capping layers
of HfO, andSg,0s3 to see if further improvement in the in air andvacuum LIDT performance

can be realized.
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APPENDIX

Damage performance of ion beam sputterefDSand HfG single layers tested in air and ultra-

high vacuum

Author List

P. F. Langston, D. Patel, B. Reagan, J.J. Rocca, and C.S. Menoni
Abstract

Results of a study of laser induced damage of ion beam sputtered single layers and
capped single layers of $8;, HfO, and TaOsin a controlled atmosphere and in an ultra-high
vacuum (UHV) environment are presented. All damage testing was done using a 100-on-1 test at
a wavelength of 1.030m using a ~375 ps pulse duration and a ~f0FWHM spot size. The
zero percent probability laser induced damage threshold (LIDT)&¥sTBIfO, and SgOs were
determined to be 10.9, 13 and 18 Jcaspectively when tested in a controlled air atmosphere.
The threshold values measured in UHV were 8.5 3fonSe0s, 9.2 J/cr for HfO, and 4.9
Jlent for Ta,0s. Addition of a 10 nm ultra-thin capping layer of $iG¢0s;, HfO, and TaOsto
the basecoat films of 803 and HfGQ significantly changes the LIDT, suggesting that the surface
states play a dominant role in the laser damage behavior of the structures. The trend in LIDT
observed in the single and capped®and HfQ layers suggests that when designing
interference coatings far~ 1 um operation S©s is a better choice for high index material
when the coatings are used at atmospheric conditions. péfi@rms better at ultra-high vacuum
conditions.
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Introduction

Improvements in the laser damage performance of thin film materials used to engineer

anti-reflective and high reflective coatings for high energy and high average power lasers

operating at wavelengths ranging from visible to near infrared has been and continues to be of

great importance. In particular, understanding of the damage mechanisms at sub-nanosecond

pulse duration is important for increasing power extraction in near infrared terawatt and petawatt
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solid state laser systems. Pulse compressor optics, space based optics, Free Electron Laser (FEL)
mirrors, cryogenic active mirrors and others have all demonstrated a significant decrease in the
laser induced damage threshold (LIDT) performance of metal oxide coatings when used in a
vacuum environment. This decrease in the LIDT performance has been known for some time but
the reasons for this decrease remain uncertain. Water impregnation in the film, carbon
contamination, decreased thermal conductance and oxygen dissociation have all been proposed
as possible explanations for this behavior. However, limited or inconclusive evidence has been
presented to substantiate these argunjéri§)].

This paper describes results of the study of the laser damage performanga; o2,
and TaOs in controlled air and UHV environments. These materials, along with) &in the
backbone of optical interference film technology and are usually the most susceptible
components to laser damage. Our results show a decrease in LIDT in UHV compared to in-air
testing with the most significant reduction seen iglac The addition of a 10 nm cap layer of a
different oxide material that is optically invisible changes the laser damage behavior both in
ultra-pure air and in UHV. These results highlight the importance of surface states in affecting
the LIDT of the high index $0; and HfQ films. The LIDT fluence is obtained from 100-on-1
tests conducted using= 1030 nm pulses of 375 ps pulse duration.
Experimental details

Single, 100 nm thick layers, of amorphousQ5 S¢O; and HfQ were grown by
reactive ion beam sputtering onto superpolished fused silica substrates. A beam voltage of 1250
V and beam current of 600 mA were used. The oxygen flow was selected to realize the lowest
absorption at=1030 nm [11]. A second set of identical single layer samples was capped with a

10 nm thick layer of different oxides. In this way a set of samples,@:%apped with HfQ@
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and TaOs and another set of Hiapped with S©3; and TaOs were grown. Si@deposited

from a ceramic target was also used as capping layer in 16 &wd HfQ single layers.

Addition of the 10 nm thick layer does not significantly alter the optical properties of the
basecoat films. The transmittance spectrum is shifted towards longer wavelengths as a result of
the thickness increase. The standing wave electric field is insignificantly modified.

The absorption loss for the &%, HfO, and TaOs single layers and of the $2; and HfQ

capped samples measured using a Photothermal Common Path Interferometer [12] are
summarized in table 3. In all films the absorption logs=4t064um is at most 12 ppm. No

significant changes in the absorption loss incurred with the addition of a capping layer.

Table 3 Absorption loss at 1.064m for the basecoats and capped samples. The absorption loss
of a 100 nm thick SiO2, 1-2 ppm, is barely distinguished from that of the substrate.

S¢0s HfO, T8,0s

7.3+ 0.6ppm | 11.9+ 0.4ppm | 5.7+ 0.3ppm
S604/SIO, SO5/HfO, Sc0s/Ta0s
6.3+ 0.2ppm | 7.0+ 0.4ppm | 9.4+ 0.2ppm
HfO-/SIO, HfO-/S60s HfO,/T3,0s
11.0+ 0.3ppm | 11.8+ 0.4ppm | 10.6+ 0.3ppm
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Figure 88: Diagram of UHV damage test apparatus.

LIDT testing was carried out in an ultra-high vacuum (UHV) chamber. This system,
schematically shown in Fig. 88, equipped with a load lock chamber where a clean test optic is
introduced prior to placing it inside the UHV chamber. In the load lock chamber the sample is
cleaned for ten minutes on each side using an oxygen plasma cleaner from XEI to remove
hydrocarbon contamination. Confirmation of carbon removal is made by means of a Brooks
Automation ion trap monitor recording partial pressures of elements and molecules in the main
chamber with mass ranging from 0.5 to 300 amu [14]. The only carbon compound seen in the
chamber prior to testing is G@vith a partial pressure of ~7.2x10Torr. All vacuum testing
was done with a base pressure of < 5%XT6rr. At this pressure, the ion trap spectrum contained
small peaks at 16, 17 and 18 amu which are associated with water in the system. A peak at 28 is
assigned to nitrogen and a peak at 44 is.d®e low partial pressure (7.2x10Torr) of the
only carbon compound, GOin the vacuum chamber determined prior to damage testing,
eliminates all possibilities that deposition of carbon on the surface of the optics play an

appreciable role in the vacuum damage testing. It was previously shown that removal of
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hydrocarbons is crucial in reliable LIDT measurements [15]. The process from sample
introduction into the load lock chamber to beginning of the LIDT test, typically took eight hours.
Using the same procedure, LIDT measurements were carried out in the UHV chamber at room
temperature filled with ultra pure air to allow for direct comparisons between data sets taken in
air and in UHV.

Single layers of T#s, HfO, and SgOs, all 100 nm thick, were damage-tested in the
UHV chamber filled with ultra pure air at atmospheric pressure and at UHV with a base
pressure below 5xI0Torr. The LIDT zero percent probability of these films was assessed
using a 100-on-1 protocol. An all-diode-pumped, chirped pulse amplified Yb:YAG system was
used for this test. This system consisted of a Yb:KYW produceing ~20 nJ pulses of 300 fs
duration with a repetition rate of 57 MHz. A subset of these pulses are stretched then amplified
by a room temperature Yb:YAG regenerative amplifier and a cryo-cooled Yb:YAG multi-pass
amplifier. The system can produce pulses of 5 ps duration and 100 mJ of energy [16-19]. For
these experiments only a single one second exposure to uncompressed pulses of 375 ps was
required at each test site [20, 21]. The laser was focused onto the test optics to a spot size of ~
100 um FWHM using a ~275 mm focal length lens with a confocal length of about 16 mm. The
laser spot was moved across the sample using an external beam director controlled with mirror
mounts acting in concert with a motorized two axis lens stage. The lateral position of the laser
focused spot was controlled to better than one hundred microns across a half inch scan on the test
optic surface with this variation being primarily due to beam jitter in other optical elements in the
system. The size and shape of the focused spot was identical at all test sites. Consecutive damage
sites were separated by 0.5 mm. The fluence on each spot was calculated from the measured

laser pulse energy which was selected using a computer controlled rotating half wave plate
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positioned just in front of a polarizer, and the beam profile taken from a representative pulse

from the damaging pulse train using a cooled 16 bit Andor iKon camera. In situ damage
identification was accomplished using both a front surface scatter probe imaging the damage site,
illuminated with a 5mW HeNe, and also viewing the beam profile of the transmissive HeNe and
one micron beam deformation after passing through the test optic. Taken together, there was
perfect correlation between these two in situ damage ID methods and post damage Nomarski
microscopy.

Results and discussipbaser damage probability analyses

The zero percent probability LIDT fluence for the basecoat layers in-air and in UHV are
shown in Fig. 89. In air, 903 has the highest LIDT followed by Hf@&nd TaOs. The UHV
LIDT is reduced for all three samples, showing the smallest change in(¥3f®6) and the
highest (-66%) for S©3; The uncoated fused silica substrate tested using the same cleaning
methods and identical test conditions damaged a24%cnf in air and 523 J/cnf in UHV.

Here the uncertainty represents the variation in the shot to shot pulse energy, which dominates
over all other errors. As it will be shown below, the insensitivity of, 38Gatmospheric
conditions is also observed in the Spped SO; and HfQ samples.

It should be noted that the damage threshold tests done on the bulk fused silica substrates
exceeded the critical power limit, ~ 4.3 MW, for self-focusing [22]. While there is no doubt that
self-focusing occurs in the bulk of fused silica, we were careful to record the fluence associated
with surface damage. The other samples tested did not suffer from self focusing effects because
the beam was focused onto the surface where damage was observed at nearly one third the
threshold fluence of the bulk substrate material. Other work has demonstrated the need to

address the influence of stimulated Brillouin scattering (SBS) in ®€lting in an enhanced
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Figure 89: Zero percent probability LIDT of single layers tested in-air and at UHV. For
reference the fused silica substrate damaged at (47+2) J/cm2 in-air and at 53+3 J/cm2 at UHV.
The error bars are associated mainly with the uncertainty in pulse duration, £+4%.
front surface intensity and a reduced damage threshold value [23]. Given our relatively short
pulse duration testing and large spot sizes, electrostriction of the sample would occur on a time
scale of tens of nanoseconds. At the pulse duration of these tests, 375 ps, SBS does not
significantly influence the onset values and therefore was not considered in our analysis.
Figure 90 shows the results of LIDT tests of a set gDgsamples grown with a 10 nm
overcoat of SiQ HfO, and TaOs tested in air and in UHV. The addition of a $tapping
layer improves the LIDT in air and in UHV. Instead, in the in-air tests the LIDT reduces when
adding capping layers of Hf@nd TaOs. The decrease however, does not follow the trend
shown in Fig. 89, as the LIDT of the &g capped with Hf@ is anomalously large. The UHV
behavior of the LIDT of capped &8; also deviates from the behavior of the basecoats of Fig.
89, in that the addition of a capping layer of Hi@proves the LIDT of S©; by 2x with

respect to the LIDT fluence of the uncapped basecoat. We believe the reason for the poor LIDT
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Figure 90: Zero percent probability LIDT of &% capped with SiQ HfO, and TaOs tested in-
air and at UHV.

values seen in the Hf@apped S©O; tested in air is due to relatively high absorbing defects
within the thin HfQ cap. These same defects exist in the Hf&@pped S©O; tested in UHV but
in vacuum these near surface, <10 nm from the surface, high absorbing defects are exactly the
type of defect typically targeted by laser conditioning efforts. When these defects are heated in
air the air acts to hold these defects and any plasma generated during their heating near the
surface allowing for catastrophic damage to the surface. When these same defects are heated in
vacuum there is no buffering layer to impede the rapid expulsion of these near surface defects
from the surface without transferring too much energy to the thin film. This type of vacuum
mediated surface conditioning has been reported by Alessi et al.[15].

The behavior of Hf@capped with SiQ SOz and TaOs is shown in Figure 91. The
SiO, capped HfQfilm performs well in UHV with potentially no degradation in performance
from the in-air LIDT value. The addition of £8; capping layer shows a 10% improvement in

the in-air LIDT while a similar decrease is observed when adding t@; €apping layer.

167



] ° T = Ultra Pure Air
14 " T e UHV

'

.

Damage Fluence (J/cm?)
o]
1

T T T T
HfO2/Si02 HfO2/Sc203 HfO2 HfO2/Ta205

Figure 91 The 0 % probability LIDT for Hf@basecoat series tested in air and in UHV.

Under UHV conditions, the addition of the,8g cap reduces the LIDT fluence by 64%. A
similar behavior is observed when adding theOsaap, where the LIDT reduces to nearly the
same value measured on the singlgOFdayer at UHV.

When comparing the LIDT fluence results of theCsand HfQ capped layers of Fig.
90 and 91, the most glaring observation is the significant impact of adding only a ten nanometer
cap layer to these basecoats. If the major contributor to the damage process were absorption
from bulk defects in the basecoat one could expect to see a minimal modification to the single
layer damage performance with the addition of a 10 nm capping layer. Instead, the variation in
the damage onset thresholds for theglg@nd HfQ basecoat series in air and in UHV are
significant and strongly dependent on the material used as capping layer. These results suggest
surface defects, whether native surface defects or laser-induced, are the dominant contributors to
laser damage, in agreement with previous work [24]. The distinct behavior observed in the
LIDT of the basecoat $0; and HfQ samples capped with Si@vhich in air and in UHV shows

improvements may be the result of the superior optical and mechanical qualities.oft&O
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IBS SiO, was deposited from an oxide target, which provides a better surface coverage and may
more efficiently passivate surface defects. In combination, the results shown in figures 89, 90
and 91 suggest that a better choice for high index layer in interference coatihgsfiom
lasers is SfO3if the coatings are to be used at atmospheric conditions angdifHf@ coatings
are to be used in a reducing environment.
Results and discussipAnalysis of defect densities from the laser damage probability data

The damage probability data from which the onset LIDT is obtained can be analyzed to
estimate the density of defects that contribute to damage and qualitatively assess whether one or
several type of defects affect damage. Fig. 92 shows the probability curves for the basecoats
S¢0;3; and HfQ and capped layers of & capped with Hf@and HfQ capped with S©3

obtained in the in-air tests.
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Figure 92: Damage probability versus fluence fa0gdHfO, and capped layers &3 capped
with HfO, and HfQ capped with S©; for tests carried out in-air (left) and in UHV (right). Both
of these traces show scattered data points or shoulder at low (<30%) damage probability.

In HfO,/Sc0Osthe damage probability shows significantly more variance in the values up

to about ~ 30% damage probability, indicating the onset of damage may be dominated by a set of
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defects different than the ones controlling damage at higher probabilities. This type of behavior
is evident from the analysis of the probability curves that follows.
Based on the assumption that no area defects exist below the onset threshold, the fluence

dependent damage defect densif¥;), can be described by a power law [25-27].

§(F) = a(F — Fp)? (1)

The damage probability curves follow a Poisson distribution as a function of both defect
densityd(F) and fluence dependent area S(F), describing which part of the illuminated area is

above the onset threshold.

P(F,S) =1 — e(-8(F)*s(F) 2)

In Eqg. (1), andf are fitting coefficients extracted from the fit of the damage probability
curves using a least squares regression.

We fitted the probability curves for the 8 and HfQ basecoat series obtained in the
in-air and UHV tests using Egs. (1) and (2) assuming the damage is dominated by surface states
in the single layers or capping layers. At threshold the area element S(F) was chosen to be equal
to the area of the nine hottest pixels in the image of the focal spot on the test optic. The average
fluence value of these nine pixels at threshold is a fixed value that was used to scale the
increasing area of the test site as the fluence was increased. Assuming a Gaussian spatial profile
the area is scaled with the fluence which would result in a constant defect density value with

increasing fluence if the defects are not fluence dependent. Any increase or decrease in the
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calculated defect density with fluence is signifying an increased or decreased sensitivity to the
laser field.
Figures 93 (a) and (b) show the calculated surface defect densities for the basecoat of

S¢03 and HfQ in-air and in UHV respectively.
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Figure 93 Figure 93(b) Defect densities of the 83 basecoat series extracted from the damage
probability curves in air and in UHV from the fit with Eqgs. (1) and (2). (a) Defect density in the
HfO, basecoat series.

The results of the analysis show the defect density increases with fluence, a scaling that is
the contribution of the increase in the illuminated area and the fluence dependent defect density
d(F). Kinks in the traces indicate that a new type of defect with a higher laser damage threshold

is turned on. The presence of defects with different turn-on thresholds inhiti@Iims
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grown using IBS has been independently identified using a STERO-LID (Spatio-TEmporally
REsolved Optical Laser Induced Damage) [28].

Analysis of the S®; basecoat series of Fig. 93 (b) shows that for the uncapp®d Sc
sample the surface defect density increases by an order of magnitude in UHV. The similarity of
the slope of the two traces suggests the same type of surface defect controls the damage
behavior. A similar conclusion can be obtained from the results of #g/SKO, samples.

The damage density behavior versus fluence of th@;®apped with HfQis
significantly different in air than in UHV. The traces show that addition of the 10 nm cap layer
is effective in passivating defects that affect the UHV laser damage performance and
furthermore, in eliminating a family of defects that damages at lower fluence in-air. A similar
behavior is observed when adding aQscap, although in this case the set of defects
contributing to damage have a lower onset, consistent with the behavior op@er@secoat.
Analysis of the defect density versus fluence on the,#3ecoat series shows: i) in the
uncapped Hf@the defect density is orders of magnitude higher in UHV than at atmospheric
conditions; ii) capping with Sigpassivates defects effectively; iii) the,Og cap layer
effectively reduces defect density to values similar to the uncappedwiéh tested in air.
Conclusions

We carried out a detailed study of the laser damage behavior eI ¢O;3 thin
films with and without capping layers at ambient and UHV conditions. Detailed handling of the
sample before the tests rules out hydrocarbon contamination as a possible mechanism for laser
damage. The results of laser damage testing of single laygrsl.880um and ~375 ps pulse
duration showed $©; had the highest zero % probability LIDT, 18 J#cfollowed by HfQ at

13 J/cm and TaOs with the lowest LIDT value of 10.9 J/énwhen tested in a controlled air
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atmosphere. The LIDT of the single layers tested in UHV decreased although the relative
change in LIDT did not follow the same behavior as the in-air tests. Specifically e Sc
sample showed a decrease in LIDT of 53%, 55% and 28% 0%,Ska,05 and HfQ
respectively.

When these basecoats o0tGgand HfQ were capped with 10 nm thick layers composed
of a different metal oxide the LIDT was significantly altered. In the case of s Basecoat
series adding a 10 nm thick layer of Si@proved the in-air LIDT value by ~14% while the
LIDT value reduced by ~42% and ~20% when KH#Dd TaOs capped layers were added
respectively. In the Hf@basecoat series tested in air the variation in the LIDT values with the
addition of the 10 nm capping layers is less pronounced and the trend in LIDT follows the
behavior of the single layers. Instead the addition of a 10 ngpnc&igping layer improved the
LIDT of the SeO3; and HfQ basecoat samples.

The addition of a 10 nm Sp@apping layer to the 80; and HfQ basecoat samples
improves the UHV LIDT to values similar to those measured in the in-air tests. A very thin layer
of SiO, seems effective in passivating intrinsic defects and reducing the probability of generating
laser induced vacuum-mediated defects in both basecoat materials. The UHV results also
showed the susceptibility to damage of Sc203 in UHV, observed in the basecoat and in the
reduction of the LIDT in the Hf©@basecoat capped with 8. Instead, when capping £%
with 10 nm of HfQ, a 53% increase in the LIDT is measured.

Analysis of the damage probability versus fluence results in-air and UHV predict
different types of defects which scale with fluence at different rates. Furthermore, the analysis
shows the addition of a capping layer effectively passivates a family of defects. This is more

clearly evident in the comparison of the in-air and UHV tests d5Scapped with Hf@Qand
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when the role of the capping is reversed in the Hf&pped with S©3;. The results of the

analysis provides a clear ranking in the high index material tested depending on the environment
to which interference coatings will be exposed to. When working in alD;$ceatly

outperformed both Hf@and TaOs single layers. However, at UHV the LIDT performance of

SgOs is severely compromised. Overall, the results of this study demonstrate the significant

influence an extremely thin surface layer, 10 nm, has on mitigating surface states in single layers

of S60O; and HfQ.
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