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ABSTRACT. Silver-based telescope mirrors excel in the visible infrared but require protective
coatings to overcome low durability. A single-layer of aluminum oxide (AlOx ) depos-
ited through atomic layer deposition (ALD) using trimethylaluminum and water (H2O)
at low temperatures (∼60°C) protects the silver without adversely impacting the
optical performance of the mirrors, but in environmental tests under high humidity
at high temperatures, they degrade quickly. This paper compares the performance
of AlOx -protected silver-based mirrors using two oxygen precursors: H2O and pure
ozone (PO). Initially comparable, the reflectance of the PO-prepared samples shows
a 17% improvement over those prepared with H2O after environmental testing.
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1 Introduction
Silver-based telescope mirrors (Ag-based mirrors) offer optical performance in the visible to
infrared spectral range that excels over that of aluminum-based mirrors, though they suffer sig-
nificantly from low durability in various environment tests. Our previous study has shown that
a single-layer of aluminum oxide (AlOx), with an approximate thickness of 60 nm deposited
through thermal atomic layer deposition (ALD), acts as a protective coating (AlOx protective
coating) and significantly increases the working lifetime of Ag-based mirrors without negatively
impacting the optical properties of the mirrors.1–7 In designing an ALD process for any class of
metal oxide, various deposition conditions such as deposition temperature, precursor pulse time,
and chamber purge time are often vital for a given choice of precursors. For thermal ALD of
AlOx, H2O is commonly used as an oxygen precursor in ALD due to its safety, ease of handling,
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and relatively simple implementation within ALD systems. However, the use of H2O frequently
requires higher deposition temperatures (100°C to 150°C) to maintain reasonable growth rates
and minimize the incorporation of various contaminants,8 presenting a significant limitation for
temperature-sensitive substrates and materials. In addition, H2O is inherently slow to desorb
from the chamber, resulting in the need for longer chamber purge times after an H2O pulse.
Nevertheless, the impact of choosing a particular oxygen precursor is expected to be substantial.

This paper describes a comparative study of two types of Ag-based mirrors: one with an
AlOx protective coating deposited with a conventional oxygen precursor—water (H2O)—and the
other deposited with high-purity ozone (PO).9 Being high purity, PO used in this study is above
80%;9 by contrast, conventional ozone used typically contains an O3 purity below 20%.10 The
chemical process of conventional ozone interacting with trimethylaluminum (TMA), unlike PO
and TMA as used in this study, generates several intermediates that can end up as impurities in
the protective oxide coating.11 PO in turn shows a two-magnitude reduction in H2O and NOx

impurities that consequently reduce corrosive and ion-migrated surface reactions that typically
lead to increases in surface roughness.12 Moreover, PO has the ability to effectively reduce
hydrogen and methyl impurities in the films by promoting more efficient reactions with the metal
precursor. A significant reduction in these hydrogen-rich impurities could potentially result in
an enhanced reflectivity across the absorption spectra associated with hydrogen. The reduction of
impurities yields a purer, more corrosively resistant protective oxide coating. Unlike conven-
tional O3, which is inherently unstable over long-term storage, the increased purity of PO, com-
bined with the use of stainless-steel piping and fittings, significantly improves its stability
throughout extended periods of operation. PO can also be used at temperatures ranging from
30°C to 60°C which is much lower than those required for H2O. Consequently, as PO does not
have the same absorption/desorption issue, chamber purge times can be significantly shortened.
Compared with H2O, the use of PO and O3 is generally more expensive to implement, primarily
due to the need for an ozone generator. The incorporation of this additional equipment increases
both the operational complexity and overall cost of the deposition equipment. The goal of this
study is to see how well environmentally weathered AlOx protective coatings hold up when
prepared with PO in comparison to those prepared with H2O.

2 Materials and Methods

2.1 Sample Preparation
The Ag-based mirror sample consists of seven layers deposited on a BK7 float glass substrate as
illustrated in Fig. 1. Layers 1 and 2 used ion-assisted electron-beam deposition (IAD), whereas
layers 3 through 6 were deposited using physical vapor deposition (PVD) via e-beam evapora-
tion. The IAD deposition and the e-beam deposition of layers 1 through 6 were carried out in a
single PVD coating run, with a substrate temperature of 50°C. Layer 1 was a film ofY2O3 depos-
ited via IAD of yttrium oxide with 36 sccm of O2 and 16 sccm of Ar resulting in a deposition rate
of 3.6 nm/s at roughly 1E−4 Torr. Layer 2 was YF3 deposited via IAD with 20 sccm of Ar

Fig. 1 General diagram representation of the samples produced for this study. With the exception
of the protective coating, all layers were deposited via e-beam PVD in a single coating run.
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resulting in a deposition rate of 3.6 nm/s at roughly 1E−4 Torr. Layer 3 was a film of NiO
deposited via PVD of Ni metal with a 25 sccm bleed of O2 to form the oxide resulting in a
deposition rate of 2.0 nm/s at roughly 9E−5 Torr. These adhesion layers, layers 1 through 3,
are then bombarded with 10 sccm Ar and 20 sccm O2 at 1.1E−4 Torr. This prepares the surface
of the BK7 glass substrate for the deposition of layer 4—a thin film of Ag deposited at a rate of
40 nm/s at roughly 1.2E−6 Torr—to ensure that the Ag layer sticks well to the substrate. For the
Ag layer, bulk properties were required, which we have defined here as the thickness of Ag
required for near-zero transmittance. It has previously been determined that 80 nm of Ag has
a peak transmittance of 3% at 330 nm and is near zero across the rest of the spectral range of
interest.13 As such, an Ag layer thickness of 120 nm was determined by the University of
California Observatories (UCO) to optically behave such as bulk-polished Ag across the entire
spectral range of interest. On top of the Ag layer, two antioxidation layers, layer 5—deposited by
reactively evaporating an Al target with a 25 sccm bleed of O2 for a deposition rate of 2.0 nm/s at
roughly 4.2E−5 Torr and layer 6—YF3 target evaporated at a rate of 6.0 nm/s at roughly 8.4E–7
Torr—were deposited to temporarily protect the surface of the Ag layer during the transfer of the
samples from the PVD system to an ALD system. Layer 7 was deposited via thermal ALD at
60°C using a TMA precursor combined with either anH2O or PO oxygen precursor, yielding two
types of samples. This process, as will be shown later in the paper, was found to be highly repeat-
able. Further details on all the deposition processes are presented in Table 1. Between layers 1 to
6 and layer 7, as well as all subsequent points of storage, the samples were placed in individual
dry boxes in a clean room environment where temperatures were kept at around 22� 0.5°C and
humidity maintained between 30% and 45%.

2.2 High-Temperature High Humidity Testing
The two types of mirror samples—one set with an AlOx protective coating prepared with H2O

and the other set prepared with PO—underwent what we have dubbed environmental testing or
high-temperature high humidity (HTHH) testing. The goal is to compare PO and H2O samples in
terms of their longevity and resistance to corrosion. The prepared samples (note that each sample
is 7.6 cm by 2.6 cm BK7 float glass slide with a thickness of 1 mm and an RMS of < 1 nm) were
placed in a circular sample holder inside a glass bell jar (Fig. 2). Two dummy glass slides (i.e.,
uncoated microscope slides) were inserted at the beginning and end of the sample lineup to
ensure that all the samples experienced identical testing conditions. The intent is that the dummy

Table 1 Information on individual depositions of layers for the mirror samples. The two processes
—ALD with H2O and PO—were independently calibrated and optimized, such that the only differ-
ence of relevance between the two types of samples is a choice of oxygen precursor.

Material

Nominal
thickness

(nm)
Deposition
rate [nm]

Base
pressure
(Torr)

Substrate
temperature

(°C) Notes

Layer 7 H2O AlOX 60 0.086/cycle 0.47 60 Thermal ALD with TMA and H2O
precursors, N2 carrier gas flow:

20 sccm, 698 total cycles.

Layer 7 PO AlOX 60 0.160/cycle 0.15 60 Thermal ALD with TMA and PO
precursors, Ar carrier gas flow:
194 sccm, 375 total cycles.

Layer 6 YF3 40 0.60/s 8.4E−7 50 PVD, no gas flow.

Layer 5 Al2O3 4 0.20/s 4.2E−5 50 PVD with 25 sccm flow of O2.

Layer 4 Ag 120 4.00/s 1.2E−6 50 PVD with Ag purity of 99.99%.

Layer 3 NiO 3 0.20/s 9.0E−5 50 PVD with 25 sccm flow of O2.

Layer 2 YF3 20 0.36/s 1.0E−4 50 IAD with 20 sccm of flow Ar.

Layer 1 Y2O3 25 0.36/s 1.0E−4 50 IAD with 36 sccm flow of O2 and
16 sccm flow of Ar.
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glass slides allow the first and last samples in the lineup to feel the same environmental pressures
as the slides in the middle of the lineup. At the start of a HTHH test cycle, 62 g of potassium
chloride and 3.1 g of (5%) non-iodized sodium chloride were placed at the bottom of the jar. The
jar was then sealed with high-temperature vacuum grease, placed in an oven set to 80°C, and
allowed to sit until it had reached equilibrium with the oven. The oven had a sheet of aluminum
foil covering the inside of the door to minimize heat loss through the door. Subsequently, 45 mL
of distilled deionized water was injected into the salt mixture via a PTFE tube inserted into the jar
which was then snapped off, sealing the jar for the remainder of the cycle. The concentration of
salts dissolved in solution has been previously standardized by UCO to ensure that as long as a
temperature of 80°C is maintained, then the jar will remain at 80% humidity for the duration of a
single HTHH test cycle. The samples were left under these conditions for 19 h (i.e., a single
HTHH test cycle corresponds to 19 h), after which the samples were removed from the jar.
Subsequently, spectral reflectance was taken using a Cary 5000 UV-Vis-NIR spectrophotometer
across the range of 200 to 3500 nm. Using the VWAbsolute Specular Reflectance Accessory, the
samples were measured with a beam width of less than 6.5 mm and had an incident angle of
7 deg. The samples were photographed with a Samsung SM-N986U—9 MP resolution—using a
black velvet photography backdrop above the samples to reduce interference in photographing
the sample’s surface. The samples were then placed back into the jar to repeat the test cycle.

After the samples underwent a total of 10 cycles, spectroscopic ellipsometry was performed
at an incident angle of 70 deg on the samples using the FilmTek 4000 (Scientific Computing
International, Carlsbad, California, United States) spectroscopic reflectometry/ellipsometry sys-
tem to collect the phase difference—Δ—and the complex ratio of p-polarized to s-polarized
reflected light (rp∕rs)—Ψ—of the samples between cycle 0 (i.e., a sample that did not undergo
HTHH testing) and cycle 10.14 In addition, usingQ-Scope 250 Atomic Force Microscopy (AFM)
with a Q-WM190 48 N/m tip, the cycle 0 samples and the samples after 10 cycles were imaged,
with the resulting images interpreted using the Gwyddion data analysis software.15 Moreover,
due to its non-destructive nature and having a very limited number of samples to work with,
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were performed
with data collected using acceleration voltage at 5, 7, 10, and 15 keV. All measurements, with the

Fig. 2 Glass bell jar used in HTHH testing. Once prepped, the jar would be sealed with high-tem-
perature vacuum grease and then be placed inside an oven.
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exception of the whole-sample photographs, were done exclusively on the specular areas of the
samples, as we intended to study how the original mirror surface evolved before obvious macro-
scopic signs of visible corrosion emerged. Therefore, data was not necessarily collected from
the same area on the sample each time. With the exception of the AFM data, all the data was
processed and graphed using GNU Octave.16

3 Results and Discussion
Figure 3 shows the spectral reflectance of the H2O and PO samples prior to HTHH testing—
H2Oð0Þ and PO(0)—after eight HTHH test cycles—H2Oð8Þ and PO(8)—and after 10 HTHH test
cycles—H2Oð10Þ and PO(10). The choice to include the eight HTHH test cycle spectral data was
made as it more appropriately conveys how the PO samples held up in comparison to the H2O

samples. A notable feature of the PO(0) samples is their slightly higher reflectivity within the
spectral range of 410 to 650 nm, which generally aligns with the absorption spectrum of hydro-
gen, suggesting that the H2O samples contain a significantly higher level of hydrogen impurities.
These impurities potentially contribute to a reduction in the overall spectral reflectance across the
visible spectral range. This correlation underscores the potential impact of hydrogen-related
absorption on the optical properties of the samples, indicating the necessity for careful consid-
eration of such impurities in future analyses. Despite this observation, the spectra of H2Oð0Þ and
PO(0) are nearly identical, with the H2Oð0Þ spectrum being lower than PO(0) by at most 1%
across the range of 410 to 650 nm, with PO(0) having a percent reflectance of ∼97.0% at 550 nm
while H2Oð0Þ was ∼96.1% at 550 nm. After eight HTHH test cycles, the reflectance of H2Oð8Þ
significantly decreased to around 67.2% at 550 nm, whereas that of PO(8) showed considerable
resilience by only degrading to around 84.3% at 550 nm over the spectral range that was inves-
tigated. In addition, PO(8) appears to degrade uniformly across the entire spectrum—retaining a
consistent shape comparable to that of PO(0)—whileH2Oð8Þ degrades significantly more in both
the ultraviolet and near-infrared ranges. Reaching 10 cycles, both PO(10) and H2Oð10Þ appear
fairly similar having gone beyond the point of catastrophic failure, suffering a significant
reduction in spectral reflectance with H2Oð10Þ falling to 56.9% and PO(10) down to 60.2% at
550 nm. This would indicate that over extended periods of long-term use, both PO and H2O will
be similarly degraded, but PO would be expected to have a longer operational lifetime as it
degrades slower.

Fig. 3 Reflectance spectra of PO and H2O samples: H2Oð0Þ and PO(0), H2Oð8Þ and PO(8), and
H2Oð10Þ and PO(10). There is little to no variation between H2Oð0Þ and PO(0) and the variation
present can easily be explained by minor inconsistencies with the evaporation process used to
make the samples. After eight cycles, H2O degraded down to under 70% reflectance at 550 nm
while PO only fell to 84.3% reflectance. Having completed a full 10 cycles, both samples show
significant degradation with spectral reflectance falling down to 56.9% for H2O and 60.2% for PO.
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Figure 4 shows surface morphology collected across a specular area by AFM and optical
images of the whole sample area of H2Oð0Þ and PO(0). H2Oð0Þ in Fig. 4(a) shows general fea-
tures characterized by a denser concentration of peaks and valleys while PO(0) in Fig. 4(b) shows
lower density but a greater disparity between the peak heights, indicating that PO(0) is slightly
rougher than H2Oð0Þ as indicated by the RMS roughness; 1.491 and 1.374 nm for PO(0) and
H2Oð0Þ, respectively. The respective optical images in Figs. 4(c) and 4(d) indicate both samples
are similarly reflective and show no obvious differences, indicating the two types of samples
were comparable prior to HTHH testing.

Figures 5(a) and 5(b) show surface morphology collected by AFM on H2Oð10Þ and PO(10),
respectively. Figures 5(c) and 5(d) show optical images of the whole samples of H2Oð10Þ and
PO(10), respectively, revealing that significant corrosion took place during the 10 HTHH test

Fig. 4 (a) Surface morphology of H2Oð0Þ with RMS roughness of 1.374 nm. (b) Surface morphol-
ogy of PO(0) with RMS roughness of 1.491 nm. H2Oð0Þ has a larger number of peaks with less
variation in height while PO(0) has a larger variation in peak height. (c) and (d) Photos of the entire
area of H2Oð0Þ and PO(0), respectively, where smooth specular areas appear dark due to the
black velvet photography backdrop.

Fig. 5 (a) Surface morphology of H2Oð10Þ with RMS roughness of 1.225 nm. (b) Surface mor-
phology of PO(10) with RMS roughness of 1.383 nm. (c) and (d) Photos of the entire area of
H2Oð10Þ and PO(10), respectively, where specular areas appear darker in contrast to corroded
areas which appear yellow to light brown. Both H2Oð10Þ and PO(10) show a significant smoothing
compared with H2Oð0Þ and PO(0) shown in Fig. 4. H2Oð10Þ underwent the most smoothing with all
of the excess material appearing to have been pulled into distinctively tall peaks that appear as
dots on the surface.
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cycles. Corrosion began along the edges of the samples where the cross-section of a sample’s
layers is least protected by the AlOx protective coating, which is in line with what we have
observed in our previous works.2–7 Similarly, a few point defect-induced pitting corrosion17

formed during the first three HTHH cycles but did not significantly contribute to overall sample
corrosion until cycles 8 or 9. Specular areas appear black while corroded areas appear to be a
light yellow to orange in Figs. 5(c) and 5(d). RMS roughness reduced from 1.374 of H2Oð0Þ to
1.225 nm ofH2Oð10Þ and from 1.491 of PO(0) to 1.383 nm of PO(10), indicating that the surface
of both samples smoothed by 0.1 to 0.15 nm. PO(10) retained rather similar characteristics seen
in Fig. 4(b) with the average peak height relative to the average valley depth decreasing by
around 17% from PO(0) to PO(10). Conversely, on H2Oð10Þ a small number of prime peaks
—one of which is denoted by a red arrow in Fig. 5(a)—formed, seeming to have height in the
range of 1.8 to 15 nm while heights of the surrounding satellite peaks have been significantly
reduced in comparison to peaks in Fig. 4(a). A potential explanation is variation in peak height
between H2Oð0Þ and H2Oð10Þ could reflect morphological non-uniformity between samples on
the small scale that AFM operates. However, the total amount of material should be conserved
(i.e., no material was explicitly added or removed from the samples during the HTHH testing) on
the nominal surface of H2Oð10Þ, and the satellite peaks surrounding the prime peak have lost not
only height but also their definition. As such, it would seem that an alternate plausible explan-
ation is that H2Oð10Þ underwent a type of Ostwald ripening whereby nearby material is pulled
into the prime peak; such behavior is not unprecedented in metals.18 In other words, material near
a prime peak tends to diffuse preferentially into the prime peak, consequently compromising the
AlOx protective coating.

Comparing surface corrosion percentage across 0, 8, and 10 cycles for PO and H2O, we
found that from PO(0) to PO(8) nearly 59.1% of its surface could no longer be deemed specular
as the surface suffered from corrosion damage. By contrast, H2Oð0Þ toH2Oð10Þ had 73.9% of its
surface area no longer specular in appearance; this lines up well with the spectral reflectance data
in Fig. 3. From PO(8) to PO(10), catastrophic failure occurs and the percentage of corrosion/
damage on the surface rises 24.3% to a total of 83.4%.H2Oð10Þ on the other hand, is already past
its point of catastrophic failure and as such seems to degrade much slower from cycles 8 to 10.
Despite more of PO(10)’s surface no longer being specular compared with that of H2Oð10Þ,
Fig. 3 shows that PO(10) still maintains a more reflective surface.

The results of the SEM images, Figs. 6(a) and 6(b), of our samples after 10 cycles revealed
significant pinhole damage associated with degradation of the AlOx protective coating. Pinhole
damage appears as black pixels in the SEM images, while all else represents a specular surface.
H2Oð10Þ in Fig. 6(a) shows pinholes up to 1.2 μm wide and an overall pinhole concentration of
∼1.18% (i.e., the percentage of black pixels present in the SEM image). By contrast, PO in
Fig. 6(b) shows pinholes smaller than 0.86 μm, with a much lower pinhole concentration of
∼0.50%. Thus, indicating that further degradation of the samples is expected to continue more
rapidly in the H2O samples as they have more damaged areas across their protective coatings.

Fig. 6 SEM images of (a) H2Oð10Þ and (b) PO(10) taken with a 5000× zoom. Black pixels re-
present areas of pinhole damage on the AlOx protective coating. H2Oð10Þ has large pinholes
up to 1.2 μm in diameter while PO(10) has smaller pinholes below 0.86 μm.
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Figures 7(a) and 7(b) show phase Δ and Ψ, respectively, obtained by the spectroscopic
ellipsometry performed on specular areas of the samples. Figure 7(a) reveals thatH2Oð10Þ under-
went significant changes in terms of its surface structure, resulting in a 74-nm shift while PO(10)
had a minimal shift of 6 nm, roughly only 8% to that of H2Oð10Þ. Figure 7(b) shows minimal
changes in Ψ for both samples: a change at 550 nm by 0.73 deg for H2Oð10Þ and by 0.15 deg for
PO(10), indicating that the roughening of the surface has little impact on the relatives to p-polari-
zation of the light. These changes inΔ andΨ are attributed to surface evolution, as seen in Figs. 4
and 5, because local variations in film thickness and roughness are expected to significantly
impact both Δ and Ψ.14 The significant implication drawn from Figs. 4, 5, and 6 is that specular
areas seem to have experienced significant microscopic transformations before reaching a cata-
strophic failure.

The EDS analysis was carried out as follows to obtain information on possible structural
rearrangement that took place within the structure below the AlOx protective coating. First, sur-
vey spectra were collected from areas that visibly appeared to be—panels (c) and (d) in Figs. 4
and 5—at various electron beam acceleration voltages. Because the interaction volume in which
EDS signals (i.e., characteristic X-rays) are generated depends on the acceleration voltage, EDS
signals collected at various acceleration voltages allow us to probe structural changes that occur
at various material depths. Subsequently, peak intensity Ij of a chemical element j expected to be
present in the samples was obtained from the survey spectra of H2Oð0Þ and H2Oð10Þ collected at
a specific acceleration voltage VA, providing Ij of H2Oð0Þ and Ij of H2Oð10Þ for VA. The ratio
—Ij ofH2Oð10Þ divided by Ij ofH2Oð0Þ at VA—was obtained and plotted as a function of VA in
Fig. 8(a). The same procedure was used for PO(0) and PO(10) for Fig. 8(b). The penetration
depths of the electron beam generated at various VA were calculated using the Kanaya-
Okayama expression (RKO):

EQ-TARGET;temp:intralink-;e001;114;170RKO ¼ 27.6AE1.67
o ∕ðρZ0.889Þ; (1)

where A is the average atomic weight of a layer in grams per mol, Eo is the applied electron beam
energy in kiloelectron volts, ρ is the density of a layer in grams per cubic-centimeter, and Z is the
average atomic number of a layer.19 The Kanaya-Okayama expression only reveals the maximum
penetration depth. Thus, for multiple thin film structures for which the maximum penetration
depth exceeds their total thickness, as in our case, the beam intensity needs to be reduced at
the interface of the next layer relative to its reduction within the previous layer. As a result, the

Fig. 7 Two quantities—Δ and Ψ—were obtained by ellipsometry performed within specular areas
of the samples. The phase of the outgoing light—Δ—in H2O samples shows a significant 74 nm
redshift after 10 HTHH cycles while PO samples had a comparatively minimal 6 nm redshift. The
change in the ratio of s to p-polarized light—Ψ—for both was minimal; however, the ratio of s to
p-polarization change for H2Owas greater andmore constant compared with PO where the ratio of
s to p-polarization on average was similar before and after HTHH testing.
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range of VA−5, 7, 10, and 15 keV—used in the experiment was found to correspond to a range of
penetration depths of 250, 483, 1063, and 2341 nm, respectively. Because H2Oð0Þ and PO(0) are
expected to be identical, Fig. 8 qualitatively compares structural variations of H2Oð10Þ and
PO(10), directly revealing changes in the structural stability of the H2O and PO samples over
the HTHH testing. In other words, even in areas where apparent corrosion has yet to take place,
local concentrations of constituent elements change correspondingly and are different from those
that did not undergo HTHH testing. For example, in Fig. 8 for both H2O and PO samples,
Ag appears to have migrated closer to the samples’ surface after 10 cycles of HTHH testing.

In Fig. 8, a ratio larger than 1 indicates an increase, in comparison to those in H2Oð0Þ and
PO(0), in the presence of a specific element for a given penetration depth or interaction volume.
A comparison between Figs. 8(a) and 8(b) suggests that within the subsurface probed by the
lowest VA of 5 keV, both PO and H2O samples show a general trend; a decrease in the ratio
for all elements except Ag. As VA increases probing deeper and increasing the interaction
volume, the ratios for all the elements behave in ways substantially different in the two samples.
As seen in Fig. 8(a), the H2Oð10Þ shows a significant drop for all elements except Ag at 7 keV.
As VA further increases to 10 keV, all the elements except Ag increase while Ag drops below 1,
and by 15 keV, the ratios of all the elements appear to be comparable to what they are at 5 keV.
By contrast, PO(10) in Fig. 8(b) shows an elemental change that remains fairly stable once
VA ¼ 10 keV is reached. There are a few notable features; however, Al appears to be reduced
at the surface and increases monotonically as VA increases. In addition, a large increase in Ag at
VA ¼ 5 keV is seen, indicating that Ag in the Ag layer and Al in the AlOx protective coating
were able to freely trade positions during the HTHH environment testing. Interestingly, the
amount of O and F in the sample appears to have decreased across the board, indicating
that these elements were possibly given off as gasses during the HTHH testing. Similarly,
Ag decreases as VA increases, yet Ag remains above 1, seemingly indicating a net increase
in Ag within the material, likely in part from the lateral increase in RKO as well as a result of
minor variation from the deposition process.

Figure 9 depicts the graph of the EDS ratio between H2Oð0Þ and PO(0), revealing that there
is generally a �0.2 variation in elemental concentrations between samples. On the surface of the
samples, the EDS data indicates that H2O samples have a higher Al-to-oxygen content compared
to that of PO. Therefore, the improved corrosion resistance displayed by the PO samples could be
attributed to having a higher oxygen-to-Al content. On the other hand, the higher Ag content
could be attributed to pitting corrosion which would help to facilitate the Ag moving closer to the
surface. The variation presented in Fig. 9 bolsters the idea that PO is highly stable/consistent
between cycles 0 and 10 with most of the results falling within the �0.2 variance presented
in the H2Oð0Þ∕POð0Þ graph. Conversely, the EDS data further indicates how highly volatile the
H2O results are, falling upwards of 0.4 from unity between cycles 0 and 10.

Fig. 8 EDS 10 cycle to 0 cycle ratio at varying electron accelerations (5, 7, 10, and 15 keV). H2O is
very unstable, while PO remains fairly consistent regardless of the depth of the scan.
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The migration of elements implied by Figs. 8(a) and 8(b) indicates that there is far less of a
clear division between layers after the HTHH testing. This comes as no surprise as the samples
were previously exposed to at most 60°C during the thermal ALD process. It seems quite likely
that the 80°C environmental testing conditions were enough to allow for thermally driven internal
reconstruction, which could have been further assisted by humidity-driven point defect pitting
corrosion. Said pitting corrosion would pull metal atoms to the surface or even fully remove them
from beneath the protective coating. The Ostwald ripening mentioned previously may be a varia-
tion of this material reconstruction in which metal atoms in the H2O sample are pulled toward the
surface, and the added thermal energy allows for the metal atoms to coalesce into a larger peak. In
turn, as Fig. 9 implies that the ratio of Al to oxygen is different in the protective coating, then the
H2O samples could be more susceptible to damage, such as the pinhole damage seen in Figs. 6(a)
and 6(b), from thermal cycling. That is to say, the multiple cycles of expansion and contraction as
the samples heated and cooled could have induced fatigue in the H2O AlOx protective film.
Internal material reconstruction may have worked in the favor of the PO sample, as the PO
sample remained fairly consistent with minimal apparent changes to the remaining structure.
As such, long-term use of mirrors covered with an AlOx protection layer prepared with PO
is expected to offer better endurance and provide a more consistent spectral reflectance compared
with those covered with an AlOx protection layer prepared with H2O. This conclusion is further
underscored especially when an AlOx protection layer needs to be deposited at temperatures,
such as 60°C, much lower than those normally used in AlOx ALD processes.

4 Conclusion
Ag-based telescope mirrors require optically transparent protective coatings to function for
extended periods of time without affecting the mirror’s functionality. While AlOx is one of the
more viable options for a protective coating, how it is deposited has a significant impact on the
ultimate lifespan of the mirror. The conventional method of using H2O as an oxygen precursor
works well for many applications; however, as our study clearly suggests, the use of PO (i.e.,
80% ozone as opposed to the conventional 20%) would offer many benefits that H2O is unable to
do. For our specific objective—durable Ag-based mirrors, our study may lead to durable coatings
that maintain the original optical performance for a much longer operating lifetime. When com-
paring between specular areas, PO had a minimal 6-nm phase shift compared with the 74-nm
shift H2O suffers from, indicating that over long-term use and despite appearing uncorroded,
conventionally protected Ag mirrors will have significant variations in observational outcomes

Fig. 9 EDS of H2Oð0Þ to PO(0) ratio at varying electron accelerations (5, 7, 10, and 15 keV). With
the exception of Ag and Al, the variation between samples on the surface is small. The variation
present deeper in the structure is present between all the samples.
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even when looking at the same astronomical object. This conclusion is also supported by the
EDS results that revealed theH2O samples had rather erratic structural changes during the HTHH
test cycles, while the PO samples maintained structural integrity. While not discussed directly in
this paper, one factor potentially affecting the durability of the films is the density of the AlOx

protective coating. The expectation is that a pure ozone precursor should generate fewer pinholes
during the deposition process and therefore a denser more robust film. It should be noted that the
aforementioned pinholes are not related to similar breakdowns of theAlOx protective coating that
can occur as a result of Ostwald ripening and pit corrosion. As a part of our future investigation
into PO films, we intend to examine the number of pinholes betweenH2O and PO films as well as
examine film densities. Further, we intend to investigate the structural changes in greater detail
using secondary ion mass spectrometry (SIMS) and X-ray photoelectron spectroscopy (XPS)
which may give us a clearer picture of elemental distribution and chemical characteristics across
the surface of the samples. The said structural changes may result in the surface of the PO sample
gradually degrading, as indicated by the relative consistency of the AFM data between the PO(0)
and PO(10) samples, while the surface of the H2O sample was compromised by the formation of
tall peaks that absorbed surrounding material, fundamentally weakening the protective coating.
Therefore, when deposited at 60°C as done in this study, the PO samples have conclusively
proven to have significantly more durability leading to a 17% improvement in reflectance spectra
in comparison to that of the H2O sample.
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