IEEE PHOTONICS JOURNAL, VOL. 13, NO. 4, AUGUST 2021

2200407

High Power and Contamination Properties of
All-Silica High Reflectivity Multilayers

Phyo Lin

Abstract—Optical multilayers created from a single material
have been demonstrated to have lower stress and lower ther-
mal expansion mismatch than standard two-material coatings;
however, questions of high power operation and vulnerability to
environmental contamination remain. This study examines the
particle-induced laser damage properties of all-silica high reflec-
tivity multilayers, specifically those for high average power illumi-
nation. All-silica infrared reflectors were deposited by oblique angle
deposition (OAD). All-silica mirrors showed low overall stress and
had smaller stress changes with temperature. Their laser-induced
damage thresholds (LIDTs) under high-power continuous wave
(CW) laser illumination with carbon particulate contamination are
significantly higher than corresponding high reflectivity multilay-
ers composed of two materials.

Index Terms—High-energy laser optics, laser-induced damage,
mirrors, multilayers, particle contamination, optical thin films.

1. INTRODUCTION

PTICS for high power applications must meet high me-
O chanical and dielectric standards. Large stresses due to
heating and thermal expansion mismatch can cause cracking
[1], buckling [2], delamination [3], and substrate deformation
[4], among other issues. It is well-known that low density films
tend to have lower stresses than high density ones [5]; therefore,
a complex multilayer containing a significant fraction of low
density layers may be more resistant to stress-related failure
than high-density coatings with high (usually compressive)
stresses.

However, lower density dielectric coatings often display less
stability to environmental factors such as humidity or contam-
ination. For example, low density coatings will often have an
index of refraction value that can change in an environment
with different humidity. Likewise, low density coatings have
surface and porosity characteristics that are thought to attract
contaminants and particulates more than high density films [6],
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[7], [8] and this characteristic can sometime propagate through
non-conformal higher density coatings placed above them [9],
[10]. While the former problem of humidity can be mitigated
with relatively simple conformal protective coatings [11], the
latter problem would present a strong argument against low
density thin films in high average power applications because
their particle-based laser breakdown would be greatly impacted.
From an alternative perspective, designers making coatings from
a single material can choose the absolutely optimal material
from the perspective of bandgap, dielectric constant, thermal
conductivity, thermal expansion, and many other parameters. In
this paper, we examine contamination-induced laser breakdown
on single-material low density coatings.

Continuous wave and long-pulse excitation [12] typically
leads to direct thermal damage in the form of melting [13],
thermal expansion deformation [14], or microcracks [15] and
thermal shock damage [16]. Short pulse laser damage is typically
based on high field effects such as multiphoton absorption [17],
[18] or impact ionization [19], [20], and the laser induced
damage threshold (LIDT) shows a strong dependence on the
bandgap of the constituent materials. Recently it has been noted
that continuous-wave laser damage of particle-contaminated
surfaces ironically has a strong bandgap dependence similar to
that seen for clean ultra-short pulse damage [21]. Since most
failures of high power optics in commercial or military use are
random failures at power levels far below laboratory ultra-short
pulse LIDT levels, it is suspected that particle contamination is a
major culprit. The physical explanation of this effect is that laser
radiation is absorbed by a contaminant particle on the surface of
the coating. Energy from particle absorption and heat transfer
across the particle-film interface raises the temperature of the
film surface to extremely high temperatures and excites free
carriers in the film. The generated carrier concentration depends
on the bandgap of the materials. The generated free carriers then
absorb more laser light subsequently, which may cause runaway
thermal breakdown. However, if a contaminant particle fully
evaporates before breakdown threshold is reached, the process
stops, and the optic will survive.

Since the particle-induced CW LIDT increases with increas-
ing bandgap of materials, a material with a high bandgap must
be used. Since silicon dioxide films are extremely common
and have an extremely high bandgap [22], multilayers films
composed of alternating layers of high and low-density silica
offer the promise of optimal stress and potentially the high-
est contamination-induced laser damage threshold. However,
low-density films and multilayers often have higher surface
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Fig. 1. Conceptual diagrams of (a) oblique angle deposition (OAD), (b) self-
shadowing effect.

roughness than high density films, and this may cause unwanted
particle-surface interactions[8], [21], and this can propagate
even if the low-density film is not the top layer. It must be verified
that surface interactions between particles and a low-density
coating do not cause unusual behavior with respect to laser
damage.

Although prior studies have been done on the optical prop-
erties (usually in UV range) of all-silica multilayers [23], [24],
their contamination-induced laser breakdown remains uninves-
tigated. We examined high reflectivity (HR) multilayers com-
posed of alternating layers of low- and high-density silica.
Si04 nanocolumnar films, deposited by oblique angle deposition
(OAD) techniques, showed very low stresses at high deposition
angles. Bilayer all-silica samples showed higher contamination-
induced laser damage thresholds than other common optical
materials deposited under similar conditions. Also, the particle-
induced LIDT of all-silica HR coatings were compared to that
of standard HR mirrors. Carbon-particle-contaminated all-silica
coatings survived an irradiance of 3 MW/cm?, whereas sim-
ilarly contaminated hafnia/silica, silicon oxynitride/silica, and
tantala/silica HR coatings failed catastrophically. Moreover, the
stresses of all-silica stacks were lower than other ALD-deposited
oxides and offer advantages in thermal expansion due to having
only a single material. These advantageous properties make
all-silica coatings a significant candidate for future high power
laser applications.

II. SAMPLE FABRICATION

Three types of samples were deposited as part of the film
development of this study: single layer, bilayer, and multilayer
high reflectivity (HR). All of the low density films were SiO9
films deposited by oblique angle deposition (OAD) [25] in an
electron beam evaporator (Varian model: 3118) with a high-
voltage electron gun at 4 kV and an emission current ranging
from 3 to 6 mA. The e-beam evaporator was backfilled with an
oxygen partial pressure of 9x10- Torr. As shown in Fig. 1(a),
the substrate is held directly above the vapor source on a sample
holder with angle adjustment capability so that the film is
deposited at an oblique angle with respect to the direction of
vapor flux. This introduces a self-shadowing effect [26], which
prevents regions behind the initial nuclei from receiving vapor
and allows collimated nanorods to form as shown in Fig. 1(b).
The initial individual silica films of this study were deposited
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Fig. 2. SEM pictures of (a) 50-degree porous silica, (b) 70-degree porous
silica, (c) 36-layered all-silica HR and (d) 24-layered all-silica HR. All-silica
HRs were made of alternating layers of fully dense silica deposited at a 0° angle
and porous silica deposited at a 70° angle.

at 50°, 60°, 70° and 75° angles. The density and porosity of the
film were controlled by changing the deposition angle. The SEM
images of silica films deposited at 50° and 70° angles are shown
in Fig. 2(a) and (b), which show higher deposition angle gives
more slanted columns and bigger gaps (pores).

All-silica bilayer and HR coating samples were fabricated
by using alternate layers of fully dense silica, deposited at a
0-degree angle as a high index layer, and nanocolumnar silica,
deposited at a 70-degree angle as a low index layer. HR coatings
were designed for a center wavelength of 1070 nm, and the
required quarter wave thicknesses were calculated to be 188 nm
for the fully dense layer and 214 nm for the nanocolumnar layer.
To minimize contamination, multiple layers were deposited
during each run without opening the chamber by utilizing the
mechanical sample holder with a rotation axis that can be con-
trolled from outside of chamber. A quartz crystal sensor, held
near the sample holder, monitored and maintained deposition
rates of approximately 6 A/s for the dense silica layers and
4 AJs for the nanocolumnar silica layers. Since the thickness
measured by the crystal sensor does not directly represent the
thickness of our films because of the change in density between
them, calibration measurements need to be made at each density
to obtain an accurate mapping between crystal monitor signal
and film thickness. The crystal monitor needed to be replaced
with a new one several times throughout the processes of this
paper to maintain a good thickness control. Scanning electron
microscope (SEM) pictures of two all-silica mirrors are shown
in Fig. 2(c) and (d).

Several bilayer and HR samples using non-silica materials
were also deposited to provide a comparison to the all-silica
samples. The bilayers consisted of a bottom layer of alumina,
hafnia, titania, or aluminum nitride deposited using atomic layer
deposition (ALD), with a top layer of evaporated high density
silica. High density silica was chosen as the top layer for all
bilayers since a high density cap layer has been previously found
useful in enhancing the environmental stability of coatings in
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Fig. 3. (a) Refractive indices of low density silica deposited at different vapor incident angles. The refractive index decreases with increasing porosity at high
deposition angles. (b) The stresses of individual porous silica layers at different deposition angles. Tensile stress decreases as pore size increases at very high

deposition angles.

general [11]. The HR samples were deposited on fused silica
substrates of two different thicknesses, 0.5 mm with 2 inch
diameter and 6.3 mm with 1 inch diameter. The thin substrates
hosted multiple layers of silicon oxynitride and silica deposited
using a plasma-enhanced chemical vapor deposition (PECVD-
Plasmatherm 790) system at 250 °C. Oxynitride layers were
deposited at a power of 20 W and a pressure of 900 mTorr,
with gas flows of 100 sccm SiH4/HE, 15 sccm N»O, 15 sccm
NH3 and 98 scem Na. Silica layers were deposited at the same
power and pressure with gas flows of 200 sccm SiH4/He and
450 sccm N O. The refractive index of the oxynitride was tuned
so that the index contrast between the high and low index layers
was approximately the same as the all-silica HR coatings. On
the thick substrates, the coating company, Advanced Thin Films
(ATF), deposited high reflectivity hafnia/silica and tantala/silica
distributed Bragg reflector (DBR) mirrors designed for a wave-
length of 1070 nm using ion-beam sputtering (IBS).

Carbon microparticles were chosen as contaminants for LIDT
testing since generic carbon contamination is often encountered
outside of a cleanroom environment. Particles with an average
size of 7 um was mixed in isopropyl alcohol to create a solution.
Six droplets of carbon-mixed solution were put onto the surface
of the sample and spin coated at 1000 rpm for 30s, with a
ramp of 200 rpm/s. The solution was dried with compressed
nitrogen flow, which left carbon microparticles adhered to the
samples. The samples were then characterized using an optical
microscope with a home-built particle counting program to
make sure the particle spread was consistent across the areas of
interest. Particles were found to attach similarly on all samples
as they all have high-density silica as a top layer. The contami-
nated samples were then tested for their contamination-induced
damage thresholds.

III. MEASUREMENTS AND DISCUSSION
A. Individual Porous Silica Layer

The refractive indices of the single layer silica films were
measured using a spectroscopic ellipsometer [27] over a wave-
length range of 600 to 1100 nm. Fig. 3(a) shows the dispersion
relationship for silica films deposited at several different angles.
Our fully dense silica layers were measured to have a refractive
index around 1.46, which is the common value for silica films.

As the deposition angle gets higher, the porosity increases,
and the refractive index of the film decreases. The lowered
index is primarily due to the replacement of silica material
in the gaps between silica nano-columns with air and water
vapor.

The stress of the films was measured using standard substrate
curvature [28]. The substrate’s radius of curvature was mea-
sured using a Frontier Semiconductor film stress measurement
(FSM-900TC) system before and after a film was deposited.
The stress was then calculated using Stoney’s equation [29] or
a more general form of elastic deformation equation [30], [31].
The stresses of individual layers deposited at 0°, 50°, 60°, 70°,
and 75° were measured, and the results, as shown in Fig. 3(b),
indicated that the stress switches from compressive to tensile as
the film gains porosity. However, a relaxation in tensile stress
was observed as the deposition angle, and hence pore size, in-
crease. Both mechanisms can be explained by water-adsorption
stress induced by vapor trapped inside pores [32].

Although very low index films can be obtained by depositing
at very high deposition angles, it was found to be very hard to
maintain thickness uniformity of the film at deposition angles
higher than 70° with our current evaporator setup. With this
finding in mind, our nanocolumnar (or porous) silica was de-
posited at 70°, with a corresponding refractive index of around
1.27. These conditions were used for the low index layer in
all multilayer deposition. The resulting difference in refractive
indices between fully dense and porous silica was then 0.19,
resulting in a An/ng;jica ratio of about 0.13. This value is lower
than the most common HR reflector pairs, such as HfO5/Si0,
(An/ng;jica = 0.3) and Tas O5/Si05 (An/ngjica = 0.4), but it still
proved easily sufficient to fabricate our HR mirrors.

B. All-Silica Multilayers

The reflectivities of our all-silica HR mirrors was measured
using the set-up shown in Fig. 4. This system has two optical
paths: one is a reference that travels around the sample into the
detector, and another is the actual signal which follows largely
the same path except of course for the reflection off of the sample.
The two paths are optically chopped by different frequencies
using an optical chopper and combined at a lock-in amplifier to
remove background noise, where the sample signal is divided by
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Fig. 4. Experimental set-up diagram for reflectivity measurements.

the reference. Prisms split and recombined the light at the light
source and detector, respectively. This set-up corrects for any
wavelength-dependent variations at the light source, detector, or
other components, so that they do not affect the final reflectivity
data. The light path incident onto the sample slightly deviates
from 0° so that the reflected beam can be isolated from the
incident one. A limitation of this technique is that the absolute
numerical reflectivity is not measured but rather a ratio relative
to the peak intensity of the optical reference path.

Based on this ratio, the all-silica HR mirrors had a peak
reflectivity approximately 80% at 24 layers and 90% at 36 layers
as shown in Fig. 5. The reflectivity peak agrees reasonably
closely with our calculated value from matrix simulation [33],
which are approximately 83% for 24 layers and 93% for 36
layers. However, we note that due to the need to measure stress
several times during deposition and, indeed, the lack of real-time
control of our evaporation system, the sample reflectivities were
measured multiple times between deposition runs and the depo-
sition rates adjusted to obtain a reflectivity peak at the right
wavelength, which caused some distortion in the reflectivity
profile of the side lobes. The samples have a somewhat narrower
reflection bandwidth than standard HRs due to the somewhat
smaller index contrast between the high density and low den-
sity silica layers. If desired, the reflectivity can be improved
by depositing additional layers or developing a more uniform
extremely-high-angle deposition process.

A photothermal common-path interferometer (PCI) [34]
(Stanford Photo-Thermal Solutions Quad PCI) was used to mea-
sure the absorptions of our samples. In this setup, a 10 W 1064
nm high power IPG pump laser was focused onto the surface
of the sample. This heats a local area, which is simultaneously
probed by a low power He-Ne laser with a larger spot size.
The heated area expands and changes refractive index, both
of which cause a phase shift between the center and edges of
the probe signal. The probe is focused onto a detector, where
the intensity tracks the relative phase offset between center and
edge. Software then estimates an absorption value in ppm based
on this data. The laser beams were scanned over a 0.5 mm x
0.5 mm area of the surfaces of each bilayer and HR sample.
Occasional spots with much higher absorption than average are
almost always noted in all types of samples (not just all-silica),
and these are usually interpreted as unwanted particles or other
defects on the sample surface. Disregarding these points, the ab-
sorptions of most samples of different optical materials are low
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and comparable as shown in Fig. 6, except for the titania/silica
bilayer sample, which we suspect as being deposited oxygen
poor. The absorption of all-silica HR coating is quite good with
an absorption of 20 ppm on average, which is higher than that
for the all-silica bilayers at around 5 ppm, owing to the smaller
number of layers on the latter structure.

Laser damage testing took place at the Penn State ElectroOp-
tics Center using a 12 kW CW Ytterbium-doped IPG Photonics
fiber laser (IPG YLS-17000) at 1070 nm. Since we are interested
in contamination-induced damage thresholds, all our samples
were contaminated with carbon particles on their surfaces before
the experiment. This procedure allows large surface areas to be
illuminated at power density levels that can cause failure, and
the resulting power density levels are more typical of failure of
optics in the field than traditional ultra-short pulse experiments
where failure occurs at intensities many orders of magnitude
higher than would ever be seen in a CW laser system. We
note that there may be proximity effects between particles, and,
indeed, the measured laser damage threshold depends on the
density of contaminants. To minimize this effect, our samples
were characterized with an optical microscope and home-built
particle counting program, as described previously, to make sure
there is a consistent statistical distribution of carbon particles
across all samples. A large beam size(1mm) was used in laser
damage testing to cover areas with similar particle distributions,
averaging over many contaminants, which allows our samples
to have a statistically similar coupling between contaminant
particles. However, we admit that the complex issue of the
impact of particle position and mass distribution on laser damage
threshold has not been fully explored. We note that none of
our samples would be expected to fail in CW tests at these
power levels in the absence of contamination, with the pos-
sible exception of titania. (Note that titania has such a small
bandgap that one sometimes sees random failures in this ma-
terial even under nominally clean uncontaminated CW damage
conditions.)

The experiments were performed using fused silica substrates
of two different thicknesses (as described previously), thin
(0.5 mm) and thick (6.3 mm). Each material layer used in all our
samples was designed for a quarter-wave at 1070 nm. The total
thickness does not matter significantly since laser damage occurs
near the surface based on carbon contamination, which increases
the absorption mainly based on bandgap of the materials [21].
Bilayer silica samples on thin substrates were tested to observe
how resistant all-silica is as an optical coating compared to
other ALD deposited bilayer oxides under the same conditions.
Three samples (each from the same deposition run) of each
type, AIN/SiOq, TiO2/SiO4, HfO2/SiO4 and AloO3/SiO4, were
tested. One sample from each type was used in the first testing run
at varying irradiance levels to determine where failure occurred.
The rest of the samples were then tested at much narrower range
of irradiance levels from slightly below damage to slightly above
damage. This procedure explains the characteristic and repeated
spread in data seen between high and low data points for each
material. Fig. 7(a) shows that the all-silica samples had higher
LIDT than the other materials, and most materials showed a
strong bandgap dependence. The one material type that did



LIN et al.: HIGH POWER AND CONTAMINATION PROPERTIES OF ALL-SILICA HIGH REFLECTIVITY MULTILAYERS

2200407

24 L all-silica

850 900 950 1000 1050 1100 1150 1200 1250
Wavelength (nm)

M !
0.

9
0.8
0.7

g 0.6

Tos

=

goa
0.3
0.2
0.1

0

36 L all-silica

850 900 950 1000 1050 1100 1150 1200 1250
Wavelength (nm)

Fig. 5.

Reflectivities of (a) 24-layered all-silica coating and (b) 36-layered all-silica coating.
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Fig. 6.
titania/silica sample, which may be deposited oxygen poor.

not follow the expected bandgap dependence was AIN, which
showed a much lower LIDT than expected. This was due at least
in part to an extreme deviation from expected stoichiometry. An
XPS analysis of the sample showed that it contained far more
oxygen than nitrogen for reasons which we are still unclear. For
this reason, the data points for the pseudo-AIN are not included
on the plot. It was noted that all-silica samples showed very little
damage or discoloration even at or above 100 kW/cm?. Heavier
damage was noticed only at 500 kW/cm?, where other materials
had long since failed catastrophically.

After the bilayers were tested, multilayer HR samples were
tested. As stated previously, all-silica HR samples were fabri-
cated on both thin and thick substrates. Comparison PECVD HR
samples were deposited on thin substrates and comparison IBS
HR mirrors were fabricated on thick substrates. The majority

Titania/silica (Bilayer)

Hafnia/silica (Bilayer)

Surface absorption scans of all-silica multilayered coatings and comparison samples. Absorptions of most samples are low and comparable, except

of laser damage testing on these samples was performed with a
Imm spot size, which provides a large illuminated area, averag-
ing over many contaminants. This spot size allowed peak irra-
diances up to 3 MW/cm?. The PECVD samples were designed
to have the same difference in refractive indices and same peak
wavelength as the all-silica samples. As shown in Fig. 7(b), the
all-silica HRs showed contamination-induced damage thresh-
olds at irradiance of 75 kW/cm?, significantly higher than the
PECVD HRs at 25 kW/cm?.

The thick substrate samples were also tested. All-silica HRs
were put down on the same thick fused silica substrates as
tantala/silica and hafnia/silica reflectors. HR samples on thick
substrates generally have higher LIDT since it is harder for sam-
ples to heat rapidly due to the (faster) more three-dimensional
heat transfer and higher heat capacity of the thick substrate.
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irradiance levels to estimate their damage thresholds, and low data points are from the second run, in which the rest of the samples were tested at much narrower
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The all-silica samples showed higher contamination-induced damage thresholds than the other tested materials.

As shown in Fig. 7(b), the all-silica samples had higher LIDTs
than the other tested materials. The all-silica samples were shot
at three different spots with the highest possible irradiance of
3 MW/cm?. All three spots survived the shots, with one spot
showing slight discoloration, while the hafnia/silica HR, known
for its high optical resistance in high power laser applications,
failed catastrophically under the same power and contamination
conditions. The spot with discoloration may be due to exposure
to airborne contaminants in-between layer depositions, which
caused a slight haze in that particular area. These results showed
that even if the top layer is silica, the contamination-induced
LIDT still depends on the bandgap of the materials under-
neath. Therefore, a multilayered optic made out of a single
high bandgap material, silica, as demonstrated here would be
expected to show the highest particle-contaminated LIDT under
high power CW laser illumination.

Stresses of the all-silica stacks on fused silica substrates were
also measured using the film stress measurement system (FSM-
900TC). The comparison samples used were bilayer samples,
Al303/8i02, HfO2/Si05 and TiO2/SiO,, with ALD deposited
oxides as bottom layers and evaporated fully-dense silica as top
layers, fabricated under similar lab conditions. A total of ten
pairs of all-silica layers were deposited. Stress measurements
were taken after each single pair (first two measurements) or
two pairs of all-silica layers were deposited, both at room
temperature and after thermal cycling. Thermal stress changes
due to coefficient of thermal expansion (CTE) mismatch were
examined by heating the samples to 250 °C, ramping up at
5 °C/min and letting them cool back down naturally to room
temperature no faster than 5 °C/min. Stress measurements were
made at every 10 °C interval, and each sample was put through
three complete heating and cooling cycles. The data, without
hysteresis, from the last two cycles, were averaged and used
to compare against stresses of the comparison samples at room

temperature and also to observe the thermal stress behaviors of
all-silica stacks. Fig. 8(a) shows that at room temperature, the
stresses of the AlsO3/Si04, HfO2/Si04 and TiO2/Si04 samples
are at 203 MPa, 553 MPa and 516 MPa, while stress of the
all-silica stack is approximately 50 MPa, which is significantly
lower than ALD-deposited oxides. As expected, the all-silica
coatings also showed substantially less thermal expansion mis-
match. Changes in thermal stress between room temperature
and 250 °C ranged from 15 to 20 MPa for different numbers
of pairs of silica as shown in Fig. 8(b). The chaotic shapes of
the stress versus temperature curves in Fig. 8(b) are a clear sign
that noise was beginning to exceed the small signals due to the
almost zero difference in coefficient of thermal expansion (CTE)
among all-silica layers and substrate. Due to their low stress and
low thermal mismatch properties, the all-silica multilayers may
be resistant to stress-related failures.

IV. CONCLUSION

Low-density layers in all-silica bilayer and HR multilayer
samples were fabricated by oblique angle deposition (OAD).
All-silica multilayers provide a higher contamination-induced
laser damage threshold than comparison materials due to their
extremely wide bandgap, and also offer low stress and small
thermal expansion mismatch. Bilayer and multilayer HR sam-
ples were contaminated with carbon particles for contamination-
induced laser damage testing. The bilayer materials showed a
strong bandgap dependence, with the all-silica samples having
the highest LIDT. HR multilayer samples were tested using
thin (0.5 mm) and thick (6.3 mm) substrates. The all-silica
HRs on thin substrates showed contamination-induced damage
thresholds of 75 kW/cm?, which is significantly higher than
PECVD comparison samples at 25 kW/cm?. The all-silica HRs
on thick substrates survived the highest available irradiance of
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Stress measurements of an all-silica multilayer (a) at room temperature; stresses of the all-silica sample were significantly lower than ALD-deposited

oxide/silica samples, and (b) under annealing conditions; the all-silica multilayer showed low thermal stress changes during cycling from room temperature to
250 °C.

3 MW/cm?, by which point hafnia/silica HR samples, known
for their high optical resistance in high power laser applications,
had failed catastrophically. The all-silica multilayers showed
low stresses of approximately 50 MPa and low thermal stress
changes. Therefore, all-silica coatings offer optical and mechan-
ical advantages that may make them suitable for high power laser
applications.
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