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ABSTRACT

A laser damage competition was held at the 2008 Boulder Damage Symposium in order to determine the current status
of thin film laser resistance within the private, academic, and government sectors. This damage competition allows a
direct comparison of the current state-of-the-art of high laser resistance coatings since they are all tested using the same
damage test setup and the same protocol. A normal incidence high reflector multilayer coating was selected at a
wavelength of 1064 nm. The substrates were provided by the submitters. A double blind test assured sample and
submitter anonymity so only a summary of the results are presented here. In addition to the laser resistance results,
details of deposition processes, coating materials, and layer count will also be shared.
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1. INTRODUCTION

The Boulder Damage Symposium started 40 years ago. One way of celebrating this anniversary was the introduction of
a laser damage competition. The purpose of this competition was to determine the current state-of-the-art of laser
resistant IR laser mirror coatings and to serve as a benchmark for future comparison. Additionally, it was anticipated
that the damage and thin film community would learn from the results thus providing a catalyst for future development
activities. Finally, this was an opportunity to engage the private sector into a more active role in the BDS conference
since often times engineers and scientists are unable to discuss corporate research in such a public setting.

2. PARTICIPATION

6% 3%
Thirty-five samples were submitted to this 9%
competition from twenty different companies
or institutes listed in table 1. Up to two 48% AUSA
samples could be submitted by each ;g:ir:;any
participant. The participants came from five O Lithuania
different countries as illustrated in figure 1. Japan

Half of the participants came from the United

States, a third from Germany, and the balance

from Lithuania and Asia. Fig. 1 Distribution of participating countries for the BDS thin film
damage competition.

34%

Table 1 List of participating companies or institutes for the BDS thin film damage competition.

Agilent Technologies Advanced Thin Films Berliner Glas KGaA

Institute of Optics and Electronics Kugler Laser Components

Laser Zentrum Hannover e.V. Laserhof Frielingen GmbH LaserOptik

Nikon Optida Photonics Products Group Inc.

Plymouth Grating Quality Thin Films Shanghai Institute of Optics and
Fine Mechanics

TelAztec Twin Star Optics University of Rochester

VLOC




3. SAMPLES

The spectral requirements were a reflectance greater than 99.5% at 1064 nm at normal incidence. Environmental
requirements were ambient lab conditions (40% relative humidity and 20 degrees Celsius). There were no stress or
reflected wavefront requirements. Substrates were participant supplied with dimensions of 50 mm in diameter and 10
mm thick. The substrate material was typically BK7 although a few samples (gold coated) were metallic (copper).
Participants were asked to provide a spectral plot to validate spectral performance, a description of the coating process, a
list of the coating materials, and finally the layer count. Some participants declined to provide all of the requested
information. Based on input from conference attendees, future competitions will require that all requested information
be provided or the samples will not be accepted and tested.

Samples were removed from participant supplied packaging containers and into identical PETG packaging containers in
an attempt to remove any link to the supplier. Also for anonymity a unique color code was assigned to each sample.
The identity of the suppliers and sample was kept by an administrative assistant to maintain a double blind experiment.
The author and damage testing service did not have access to the identity of any of the samples so as to remain unbiased
and to protect the identities of participants whose samples were the least laser resistant.

At least six different coating deposition
techniques were used to manufacture the
submitted samples as shown in figure 2.
Unfortunately, participants declined to 12—
provide the deposition process for four of the
samples. The majority of the samples were
deposited by electron beam, although five
samples were sputtered (either ion beam
sputtering or magnetron sputtering). Some of ol
the e-beam coatings were densified by either
ion assistance or plasma assistance. To the 2 H H
author’s knowledge, no samples were 0 !—\ m [
deposited by chemical vapor deposition, sol
gel, laser deposition, or atomic layer
deposition. Perhaps future competitions will
benefit from sampling these deposition
technologies. A gold coating and enhanced
gold coating were submitted so it is likely — Fig.2  Distribution of deposition technologies for the contributed
that at least the gold layers were thermally samples.

evaporated. One e-beam and one ion 18
assisted sample were etched with a grating to

increase the high reflectivity. One of these 161
samples had a lower reflectivity than the 14 1
99.5% reflectivity due to improper centering

12 1
At least five different coating materials were 10 1
used to manufacture the samples. Silica was
the low index material of choice. The high 81
index materials included hafnia, tantala, gold, 6
and zinc sulfide as illustrated in figure 3.
Participants declined to report the high index 4
material for ten of the samples. The gratings 5
were imprinted on a tantala and a zinc - L

selenide sample. Unfortunately no scandia, 0
zirconia, or aluminia materials were
confirmed although these materials (or others)
may have been used on the proprietary
samples.

Number of Samples
(-]

IAD

E-beam
Plasma assist
Magnetron
sputtering
Sputtering
with oxidation
enhancement
decline

Deposition technique

Number of Samples

HfO2 Proprietary Ta205
High Index Material

Fig.3 Distribution of high index materials for the contributed
samples.



The number of layers ranged from one to forty 9

layers

as illustrated in figure 4. Participants

declined to share the number of layers on four

of the

Macleod’s thin film software', one would

expect

silica multilayer, 21 layers for a hafnia silica
multilayer, and finally 47 layers for an
alumina silica multilayer stack to achieve a
reflectivity of 99.5%.

The

Technologies

samples. Using refractive indices from

a minimum of 17 layers for a tantala

Number of samples

4. RESULTS

samples were tested at Spica 0

according to the method

described by Borden.” The pulse length of the

testing laser was 5 ns with a repetition rate of

Number of layers E

Fig. 4 Distribution of the number of coating layers for the

contributed samples.

10 Hz. The wavelength was 1064 nm. The
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Fig. 5 Distribution of laser resistance sorted by no damage as a
function of deposition process.
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Fig. 6 Distribution of laser resistance sorted by initiation of stable

pinpoint damage as a function of deposition process

beam diameter was nominally 1 mm at 1/e’.
The samples were raster scanned over a 10 mm
by 10 mm area starting at 1 J/cm® and
increasing in 3 J/em® increments so laser
conditioning’ can occur in the testing area.
The beam was translated by the beam diameter
at the 90% intensity (roughly 300 pm) to
achieve a uniform intensity across the test area.
Approximately 2400 test sites are contained
within the 1 cm® area. Laser damage was
detected by scatter of a HeNe laser probe beam
observed with a microscope imaged at the
sample plane with a CCD. Damage was
classified into three categories, “No Damage”,
“Initiation”, and “Failed”. ‘“No Damage” is
defined as no visible change to the coating.
“Initiation” is pinpoints as large as 100 um are
observed, however, none of the pinpoint
damage grew wupon repeated illumination.
“Fail” is defined as the fluence where pinpoint
damage exceeded 100 pm, pinpoint damage
grew upon repeated illumination, or pinpoint
damage occurred in more than 1% of the total
number of sites.

When evaluating the impact of deposition
technique on laser resistance, the data was
sorted according to both the “No Damage” and
“Initiation”  criteria because it led to
significantly different distributions as can be
seen when comparing figures 5 and 6. It is up
to the reader to determine for their specific
application if stable pinpoint damage is
tolerable or not when analyzing this data. The
samples for which the participants declined to

provide information about the deposition
technology tended to have lower laser
resistance. It is unfortunate that this



information was not provided for it could help identify deposition technologies that could benefit from further
optimization.

From a no damage perspective, the coating with the higher laser resistance was deposited by e-beam. For this particular
sample a plasma etch was used to clean the sample before deposition. The details of this process were not provided,
although given how well this sample performed, it will likely create significant interest within the thin film community
and hopefully lead to future publications. It is possible that defects are ejecting from this sample, but may be undetected
because the pinpoints do not scatter more light than before ejection. Although unproven, it is likely that the plasma etch
increases the adhesion of the multilayer to the substrate which could lead to smaller ejection sites. Comparison of the
irradiated and non-irradiated section of the sample could provide insight into why the sample did so well, however to
protect company proprietary information no microscopy analysis occurred.

Coatings deposited by e-beam have the highest laser resistance in both figures. However, the top 10% of the coatings in
figure 5 were deposited by e-beam, IAD and IBS indicating that a number of deposition techniques offer promise for
producing high quality laser resistant coatings for the tested parameters. The grating technology which reported
extremely high thresholds for an antireflection surface at the 2007 BDS conference’ performed poorly in this
competition. Very little development occurred before these samples were manufactured. Process optimization such as
selection of different coating materials as illustrated in figure 7 or imprinting in a thick overcoat previously discussed for
compression gratings *® might help produce
140 higher laser resistance. A significant advantage
W Fail of this technique is the low layer count which
120 ’*;:':'::;';ge S ——— N | can’t support large inclusions and only very
small nodular defects.  Hopefully as this

technology matures, advances are reported.
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Hafnia is clearly the most laser resistant high
index material for the coatings that were
submitted as illustrated in figure 7.
Unfortunately a large number of participants
declined to share information about their
coating materials thus denying readers an
opportunity to learn both materials that perform
well or poorly. As expected, oxide materials
clearly performed better than metallic films for
the test pulse length and wavelength of this
competition. The second most popular high
index material in this study is tantala which
clearly had an average lower laser resistance.
Although tantala films generally have less
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scatter and fewer defects than hafnia coatings, it
is more challenging to produce fully
stoichiometric  films. It is the author’s
experience that high laser resistant tantala
coatings can be manufactured, although the
process is significantly more difficult to develop
than for hafnia films.

The final parameter that was explored in this
study was evaluation of the impact of overcoats
on laser resistance. Typically the first layer in a
high reflector coating would be the high index
to take advantage of the reflectivity achieved by
large contrast in refractive indices. For the
same reason high reflectors based on quarter-
wave designs end with the high index material
leading to an odd number of layers. It has been
shown that the laser resistance of high reflector



coatings can be increased with an overcoat of a low index material.”'® Typically overcoats are half-wave in optical
thickness so are optically absentee meaning they don’t reduce the reflectivity and would result in an even number of
layers in the multilayer stack. With these assumptions, the data was analyzed by layer count to see if a pattern would
emerge with respect to an odd versus even
number of layers. No cross sections were made
B Fail of the coatings to quantitatively determine the
® Initiation actual presence of overcoats and their

20| (ONodamage respective physical thicknesses to protect the

. proprietary designs of each participant.

Figures 8 and 9 illustrate the impact of the layer
count on the mirror laser resistance for hafnia or
tantala based coatings respectively. Coatings
with hafnia tend to perform better on average
with an even number of layers indicating that
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overcoats may be helpful. Multilayer coatings
with tantala tend to perform the same for both
even and odd layer counts indicating for this
material overcoats make little difference. For
8 S both high index material multilayer coatings, it

does not appear that there are any strong trends
Fig.9  Impact of layer count on the laser resistance of submitted  of laser resistance with respect to fewer or a

samples containing tantala as the high index material. greater number of layers.
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5. CONCLUSIONS

There is a significant range in laser resistance of 1064 nm (5 ns pulse length) high reflector coatings across the thin film
community. Electron-beam deposited coatings tend to have the highest laser resistance, however Ion Assisted
Deposition and Ion Beam Sputtering also performed extremely well. Hafnia based reflectors tended to be the most laser
resistant. A plasma etch before deposition appears to have a very positive impact on laser resistance. Overcoats tend to
increase the laser resistance for hafnia based multilayers, but a similar trend was not observed for tantala based coatings.
Metallic coatings had poor laser resistance. Gratings also had poor laser resistance however, the results of other
published work suggests development would lead to improvement.
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