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ABSTRACT

A variable-angle spectroscopic ellipsometry study of the effect of First Contact polymer on
XeF;-passivated MgF, thin-film aluminum mirrors

Lauren W. Miner
Department of Physics and Astronomy, BYU
Bachelor of Science

Magnesium fluoride on xenon difluoride-passivated aluminum (Al+XeMgF») is a key candidate
for space telescopes and satellites that require both far-UV (FUV) measurements and high reflectance
at longer wavelengths. Contamination can significantly reduce FUV reflectance, so Al+XeMgF,
mirrors must be kept as clean as possible. Protecting the surfaces during storage is also desirable.
We investigated the suitability of four different formulations of Photonic Cleaning Technologies’
First Contact Polymer for cleaning and protecting Al+XeMgF, coatings through repeated cleaning
tests. All of the formulations were able to clean samples at least once. Using variable-angle,
spectroscopic ellipsometry (VASE), we found that two of the four formulations (S2 and S3) were
able to clean the Al+XeMgF, surfaces multiple times (over 20 cleaning cycles) and protect the
surface for over 13 months without detectable alumina growth on the aluminum in a low-humidity
environment. The samples were cleaved from a silicon wafer coated with 300 nm of chemical vapor
deposited (CVD) silicon nitride (Si3Ny4). The thickness of the apparent MgF, layer also remained
unchanged. "Apparent MgF," includes the deposited MgF», the 2-3 nm AlF3 layer produced by the
XeF,; passivation step, and contributions from surface roughening. No detectable alumina growth
was observed for the control samples. Overall, the results show that Al+XeMgF, coatings can be
successfully cleaned, protected, and stored under certain First Contact formulations for at least 13
months in a dry environment.

Keywords: First Contact polymer, aluminum, magnesium fluoride coating, space telescope mirror,
ellipsometry
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Chapter 1

Introduction

Magnesium fluoride on xenon difluoride-passivated aluminum (Al+XeMgF>) is a thin-film coating
that enables aluminum, a material notable for its broad reflective range spanning the infrared
to the ultraviolet, to maintain high reflectance, including in the far ultraviolet (FUV) range [1].
Maintaining high FUV reflectance is challenging because contamination or surface degradation can
significantly reduce mirror performance, which is important for space-based optical applications. To
address this challenge, First Contact polymer, developed by Photonic Cleaning Technology, offers a

method for cleaning sensitive optical surfaces without damaging the coating.

1.1 FUYV Reflectance

In this section, we discuss how to best achieve FUV reflectance. This includes using aluminum
with a protective fluoride capping layer and keeping your mirror surface free from particulate
contaminants and molecular residues through proper cleaning.

The wavelength range from the Lyman limit (91.2 nm) to the H Lyman-o (121.6 nm) is crucial
to far-ultraviolet (FUV) astrophysical research. This region is especially valuable because it contains

a rich concentration of spectral lines, providing astronomers with diagnostics of gas over a wide
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1.2 Contamination Control 2

range of temperatures, ionization states, and densities. This has been increasingly important
for characterizing exoplanet host stars, which is essential for correctly interpreting exoplanet
atmospheric biosignatures [2].

To capture light between the Lyman limit and H Lyman-¢, the state-of-the-art mirror coating
options rely on the high FUV reflectance of aluminum (Al) [3]. However, Al oxidation after coating
is nearly instantaneous upon exposure to air. This oxidation forms an Al,O3 layer that absorbs FUV
photons and significantly decreases reflectivity in this wavelength range. To mitigate oxidation of
the aluminum, a metal fluoride capping thin-film layer with a high bandgap is deposited on top of
the aluminum layer. These fluorides act as a barrier to oxygen and moisture while being transparent
in the FUV.

For this experiment, we used MgF; as our capping layer. MgF; is widely used for ultraviolet
optics because of its high bandgap and low absorption. It also forms a stable protective film
over aluminum. As a coating, MgF; for mirrors has shown promise in protecting mirrors against
contamination and degradation. For example, the Hubble Space Telescope employed a MgF;
coating, which was predicted to have less than 10% loss of reflectance at H Lyman-a due to

contamination during ground-based operations [4].

1.2 Contamination Control

Another important factor in maximizing FUV reflectance is contamination control. Even small
amounts of particulate matter or molecular films can introduce scattering or absorption losses, which
are both detrimental at short wavelengths. When cleaning a mirror surface that will be used in
a space telescope, it is important to remove the particulate contaminants and molecular residues.

The ability to clean mirrors reliably and consistently to the atomic level is essential for meeting
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reflectance specifications. In addition, mirror coatings may remain in storage for extended periods
before use, so protection from degradation is also required [5].

To address these challenges, Photonic Cleaning Technologies’ Apply-Dry-Peel First Contact™.
Polymers (FCP) can be used as a precision cleaning method. FCP is formulated to remove
surface contaminants through an apply-dry-peel mechanism that is designed to lift particulates and
molecular films without damaging the optical coating. Prior studies have shown that FCP can clean
conventional mirrors of particles and molecular contaminants down to the angstrom level [6].

Similar experiments to the one presented in this paper were previously performed at BYU using
Al+XeLiF coatings, and the results were published in a paper [7]. In those studies, Vawdrey found
that while all the FCP formulations used were effective for single-use cleaning, none of the current
formulations were suited for multiple cleanings or long-term storage. The results indicate that to
achieve multiple cleanings and maintain stable storage, a new, custom-made formulation would
need to be created for the Al+XeLiF-coated mirrors.

In our experiment, which builds directly on this prior work, we tested four formulations (S1-S4)
of the FCP on Al+XeMgF,-coated mirror samples. Our goals were to examine whether these
formulations could perform repeated peel-off cleanings without degrading the mirrors and to
evaluate their behavior under low-humidity storage conditions. To maintain continuity with the
Al+XeLiF study, we used the same four formulations found in that paper [7]. This comparison
between Al+XeLiF and Al+XeMgF; helps determine whether the performance limitations observed
in that previous experiment persist when a different fluoride capping layer is used. Ellipsometry
was chosen as the method for measuring changes in the thin-film stack because it is non-invasive,
can be performed quickly, and offers sub-angstrom resolution.

Our results showed that we do find different results than the conclusions made in the Al+XeLiF

study. Two of the four formulations (S2 and S3) were suited for long-term storage and repeated
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cleaning for Al+XeMgF, mirrors. These two formulations kept the MgF; layer thickness close to
constant as well as minimized the alumina growth.

This paper first outlines how FCP was applied to each sample. Then it describes how ellipsometry
and modeling were used to analyze changes in an Al+XeMgF; thin-film stack, providing insight
into how these mirrors may perform in future space applications. Finally, the results of how the

thin-film stack changed over a period of approximately 400 days will be presented and discussed.



Chapter 2

Methods

This chapter outlines the samples used in our experiment, as well as how we analyzed the changes
being made to our thin-film stack. This includes the effects from multiple peel-offs and the storage
effects of First Contact. There will be discussion on sample preparation, ellipsometry data, atomic
force microscopy (AFM) data, and CompleteEASE modeling. All experiments were done at BYU

facilities.

2.1 Sample Preparation

To get our desired thin-film stack for the experiment, we started with a 200-mm diameter silicon
wafer (100 orientation), which was cleaved at BYU to produce a roughly square wafer piece
measuring approximately 150 mm x 150 mm. This wafer piece had an approximately 300 nm
chemically vapor deposited (CVD) SizN4 coating to aid in ellipsometry characterization. The
Al+XeMgF; layers were deposited at NASA GSFC [3], after which the wafer piece was returned to
BYU.

Samples measuring about 1" x 1" were cleaved for the peel-off/storage experiments. Fig. 2.1

shows a cross section of the anticipated layers of the sample as well as the layer thicknesses used in
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Magnesium Fluoride (~20 nm)

Aluminum Fluoride (2.5 nm)
Aluminum Oxide (< 1 nm)

Aluminum (25 nm)

Silicon Nitride (~300 nm)

Native Oxide (1 nm
Substrate: Silicon
Figure 2.1 Model of the thin-film stack of the Al+XeMgF, used in this study. Al is
deposited by vacuum evaporation, and AlF3 is formed from a XeF; passivation process,

which immediately follows the Al deposition. Without breaking vacuum, MgF; is de-
posited by evaporation as a capping layer.

ellipsometry calculations. Note that the aluminum was made about 70% thinner than on standard
flight mirrors, which allowed the ellipsometers’ light to penetrate through the whole thin-film stack
sufficiently to produce thin-film interference effects. This allowed us to analyze all changes in the
thin-film layers. The aluminum oxide layer thickness was assumed to be about zero upon fabrication

and upon our receiving the sample.

2.2 Cleaning and storage of samples

We define a ’peel-off cycle’ as a process consisting of the following steps: (1) removing the FCP
layer, (2) performing three to six ellipsometry measurements at different locations on the sample,
(3) applying a specific FCP formulation on the surface of the Al+XeMgF,, and (4) storing the
sample in a desiccator maintained at <18% relative humidity (RH) until the designated time for

step 1 to be repeated or for the FCP to be removed. This cycle allowed us to study the cleaning
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effects of First Contact as well as the storage effect between each ’peel-off cycle’. Four different
formulations of FCP were used to clean four samples (S1-S4). The Red formulation was applied to
S1, the Water-Resistant formulation to S2, the Gold formulation to S3, and the EUV formulation to

S4. Samples S5 and S6 were not treated with FCP and served as controls.

2.3 Ellipsometry

To perform ellipsometry, we used a J.A. Woollam RC-2 variable-angle spectroscopic ellipsometer
(VASE). VASE measures how light reflects from a surface in order to determine film thickness. The
ellipsometer was used to understand how our thin-film stack (Figure 2.1) was changing [8].

The sample was measured three times along a line running through its center. In the majority of
the measurements, the sample was then rotated 90° clockwise, and three additional measurements
were performed. This gave a total of six spectroscopic ellipsometer (SE) measurements for that
cycle. Taking six measurements allowed us to analyze any directional variations across the film. We
started measuring six measurements for each peel-off cycle after day 5.

Each SE measurement consisted of multiple wavelength measurements at seven incident angles.
The angles of incidence for evaluation were 50° to 80° in 5° increments with an acquisition time of
at least five seconds per angle. Our instrument uses white light (193 to 1000 nm) that is initially
linearly polarized. The polarization direction of this linearly polarized light is at 45° from both the
s- and p-planes as it strikes the surface. The p-plane contains the surface normal and the direction
of ray propagation. The s-plane is perpendicular to the p. As the light reflects, the polarized
light amplitudes change according to the formula tan ¥ ¢™® = %, where the ratio of the Fresnel
coefficients rr—f in the p and s directions is related to ¥ (amplitude), and the difference in phase

between the two amplitudes is A (Figure 2.2)
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Linearly Polarized Light
E p-plane

s-plane
Elliptically Polarized Light

p- plane E

s-plane

-'I” -, "F"'

-

Reflect off Sample

plane of incidence

Figure 2.2 Illustration of the polarization change measured in spectroscopic ellipsom-
etry. Incident light that is linearly polarized reflects from the sample surface. Re-
flection causes a relative amplitude and phase shift that produces elliptically polar-
ized light, which is used to determine film thickness and optical constants. From
https://www.jawoollam.com/resources/ellipsometry-tutorial/what-is-ellipsometry

2.4 Ellipsometry modeling (CompleteEASE)

After the ellipsometry data was collected, the measurements were processed using J.A. Woollam’s
CompleteEase™ software to obtain the film thicknesses and, in some cases, the optical constants
of individual layers. Our overall objective in these methods was to extract the approximate layer
thicknesses of the top layers of the surface, the MgF; layer, as well as that of the alumina layer.
To achieve this, a multiparameter model was used to fit layer thicknesses of the thin-film stack
corresponding to the experimental ¥ and A values, using the CompleteEASE-generated mean
squared error (MSE) to evaluate fit quality. This dimensionless MSE value is calculated by
minimizing the difference between the experimental measurements and the generated theoretical

model, expressed as:
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1 n
MSE = N, — Ng,)2 + (Cg, — Cg,)? + (Sg, — Sg,)?] % 1000 2.1
\/3”—”121[( £, —Ng,)* + (Cg, — C,)* + (SE, — 56,)°] 2.1)

where n is the number of wavelengths, m is the number of fit parameters, E and G denote the
experimental and generated data, respectively. The remaining terms are defined as N = cos(2¥),
C = sin(2¥)cos(A), and S = sin(2¥) sin(A) [9]. Ultimately, a lower MSE value indicates a higher
quality fit and closer agreement between the theoretical model and the measured experimental data.

When fitting SE data from a dielectric multilayer that contains ultra-thin films with similar
refractive indices and dispersion, the computed film thicknesses and roughness are strongly (nega-
tively) correlated. This means that an increase in the fitted film thickness can be offset by a decrease
in fitted roughness, and vice versa, while still producing a good match to the measured data. Because
these parameters trade off against each other in the model, independently determining the true
values becomes more challenging.

To minimize this uncertainty in our study, the values of correlated parameters were constrained
by other physical observations and prior knowledge. For example, surface roughness was measured
by AFM. The measurements were used to identify surface features and analyze trends in the
root-mean-square (RMS) nanoroughness. RMS roughness represents how much the surface height
deviates on average from the mean surface level. The AFM measurements were used to define the
allowable range of roughness values in the model and to improve the reliability of the fitted film
thickness. This is important because errors in these correlated parameters could lead to incorrect
predictions of optical performance and prevent an accurate understanding of the true thickness of
each thin film.

The indices of AlF; and MgF; are very similar (for example, 1.398 and 1.386 at 3.3 eV), making
it difficult to determine their individual thicknesses. Therefore, we often lumped the AlF; and the
Al oxide into the MgF, as one MgF, layer with an ‘apparent’ thickness. When performing VASE

analysis, we started by modeling the MgF, thin-film layers above the Al as a single dielectric layer.
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Therefore, in the first analyses for each sample, only three thicknesses were fit: the apparent MgF,
layer, the Al layer, and the CVD Si3Ny4 layer.

The optical constants were fitted, but were constrained to be the same for all samples [10].
Only the Al, the MgF», and the Si3N4 film thicknesses are allowed to differ between samples. It
was observed that there was a decrease in the Al thickness in some of the Al+XeMgF, samples as
peel-off cycles increased. This decrease can be attributed to oxidation of the Al film, producing an
aluminum oxide. By measuring the samples multiple times over extended periods of time, we get a
better understanding of how a given Al+XeMgF, film fares after being cleaned by, and being stored

in, each of the four FCP formulations evaluated.

2.5 Atomic force microscopy (AFM)

To constrain the roughness, we performed AFM to provide an initial roughness survey of the surface
topology. We acquired three 5 ttm X 5 pum scans and one 10 um x 10 um scan. Sample scans were
from random locations with no features visible on the surface from the AFM’s optical microscope.
The AFM measurements were analyzed in software called Gwyddion [11], from which we acquired
an associated RMS value. Large features such as blisters or dust were excluded from the RMS
roughness because they would not provide an accurate representation of the true surface roughness.
As explained in the previous section, this data was used to constrain the surface roughness in the

model.



Chapter 3

Results

In this chapter, we will discuss the AFM results as well as three figures that show how different
layers of the thin-film stack changed according to our model. The first figure shows the mean
square error versus time. This tells us how well each layer from the thin-film stack (Figure 2.1) fits
with the model for each formulation. The next figure will show how each formulation affects the
apparent MgF; layer. The final figure shows how well each formulation protects the aluminum from

oxidation.

3.1 AFM Results

We had a limited number of AFM scans (11) to obtain an initial roughness value for each sample
and to understand the morphology after a few applications. Via AFM, the average RMS roughness
of all samples at the start of the experiment was 1.17 nm, with a standard deviation of 0.30 nm.
After 25 days, the RMS roughness for S1 was 1.26 nm. On day 26, Control 2 had an RMS of 0.96
nm. On day 36, S2 showed an RMS roughness of 1.13 nm. After 46 days, Controls 1 and 2 had an
RMS roughness of 0.99 and 1.09 nm, respectively. There are insufficient data to calculate trends for

times up to 46 days. However, none of the five RMS values measured later differs from the original

11
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average by up to one standard deviation. Four values are smaller, and only one is larger than the
initial average. The average of these five measurements is 1.09. Therefore, for the first month and a
half, the roughness does not change for controls and the treated samples as measured by AFM.
The SE model used is shown in Figure 2.1, except that the two fluoride layers are combined
as one ‘apparent MgF,’ layer. To understand our VASE results, we consider the values of three
parameters with time: MSE (Fig. 3.1), MgF; thickness (Fig. 3.2), and Al,O3 thickness (Fig. 3.3).
Overall, the application and peel-off of the FCP proceeded smoothly except for formulation S4. For
the first couple of applications, the S4 formulation could be easily removed. However, the time
came when a visible portion of the Al+XeMgF, layer peeled off with the FCP. This is likely due
to excessive polymer-to-layer adhesion and/or the inadequate cleaning of the substrate before Al

deposition.

3.2 Fit Quality and Modeled Thin-Film Changes

In Figure 3.1, the MSE values remain low for all formulations for the first two peel-off cycles. After
that, MSE for S1 began to increase, though the MSE remained below 3 until about day 45. S4 also
increased, but the rise was not quite so dramatic, and the MSE varied from cycle to cycle. The other
two samples, which are cleaned with formulations S2 and S3, remain low, as do the two controls. In
fact, by day 400, the MSE of the two FCP cleaned samples is lower than that of the controls. This
provides evidence that these two formulations may be compatible with cleaning the MgF, surface

many times and that the Al+XeMgF, sample can be stored in these formulations.
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Figure 3.1 Mean squared errors (MSE) from the ellipsometric fit versus peel-off cycles
for six Al+XeMgF2 samples. Four FCP formulations (S1-S4) and two controls with no
FCP applied (Control 1 and Control 2) are shown. Note that for formulation S1, the MSE
increases dramatically around 40 days after the initial application. This indicated that the
changes in the Al4+XeMgF2 layers are large enough that VASE measurements become
unreliable. The single unusually high data point for S3 is likely due to a data collection
error rather than a sample effect.
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Apparent MgF2 Layer Thickness (nm)

Figure 3.2 Apparent MgF, layer thickness for six XeMgF, thin-film stacks as computed
from the VASE model. Each data point was taken after the application and removal of
one of the four formulations of FCP for S1-S4. The two controls (Control 1 and Control
2) had no FCP applied, but were removed from desiccator storage and measured at the
same time as the others. Each data point corresponds to three measurements across the
samples with measurement angles 50° to 80° in 5-degree increments over the spectral
range of 193 to 1000 nm. Note that values for S1 are from data that is poorly modeled by
the CompleteEASE model used. Also note the dramatic changes in S4 data are likely due
to the thin film being damaged during one of the early peel-off cycles. Again, the single
unusually high data point for S3 is likely due to a data collection error rather than a sample

effect.
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Recall that the *apparent” MgF, layer includes the MgF», the AlF3, and the alumina. The initial

values for the fluoride thickness are different for each of the six samples. This reflects the fact that

they came from different portions of the wafer. The thickness of the layer is highest for portions

of the wafer that were closest to the deposition sources. Note that the thicknesses for S2 (squares)

and S3 (stars) and the two controls (diamond and circle) are relatively constant with time or trend
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upward only modestly. The increase in apparent fluoride thickness in MgF, layers with time in air
was attributed to the deposition of adventitious carbon from air. However, it could also be due to
moisture resculpting the surface of the fluoride in the controls. Both processes appear to be blocked

in S2. That is, S2 blocks water adsorption on the surface and blocks or removes adventitious carbon.
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Figure 3.3 Al,O3 thickness for six XeMgF, thin-film stacks as calculated from the VASE
model. Each data point was taken after the application and removal of one of the four
formulations of FCP for S1-S4. The two controls (Control 1 and Control 2) had no FCP
applied, but were removed from desiccator storage and measured at the same time as
the others. Each data point corresponds to three measurements across the samples with
measurement angles 50° to 80° in 5-degree increments over the spectral range of 193 to
1000 nm. The majority of the samples have little to no Al,O3 growth. Note that S4 had
large Al,O3 growth, likely due to the coating being partially removed along with the first
contact during an early peel-off.
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The growth of alumina is calculated from the disappearance of aluminum. No alumina growth
over time is seen for S2 (squares), S3 (stars), or the two controls (diamonds and circles). Also, note
that the alumina thickness jumps up after the 6th peel-off for S4. This is the sample that showed
film delamination at the fourth peel-off. You can also see that, due to delamination, the alumina
thickness increased dramatically after about 400 days in storage.

Overall, we can see that S2 shows the least amount of change in the apparent MgF,, which
slightly differs from the pattern of the controls. We believe that means that it is protecting the
sample. S3 had the least amount of alumina growth, which also points to protection. These two

formulations show the best overall results for what we were searching for in this experiment.



Chapter 4

Discussion

We used VASE ellipsometry data to identify which FCP formulations (S1-S4) were capable of
successfully cleaning thin Al+XeMgF; coatings multiple times. We found that all FCP formulations
can be used to clean Al+XeMgF; coatings at least once. Formulations S2 and S3 showed promise
as acting as a protective coating for Al+XeMgF, mirrors for at least thirteen months of storage in
dry environments.

Our findings differ from those in similar experiments on Al+XeLiF. For example, Vawdrey’s
experiment using Al+XeLiF [7] found that all formulations could be used to clean the coatings
at least once, but none of the formulations were suitable for storage with multiple peel-offs. In
contrast, our results indicate that Al+XeMgF, appears to be compatible with both storage and
repeated cleaning using FCP formulations S2 and S3. These coatings are promising candidates for
future space telescope mirrors because protection against contamination and degradation increases
FUV reflectivity.

Formulation S1 showed some changes in the MgF, layer that could indicate roughening or
surface damage, which is potentially detrimental to the surface. Degradation with formulation S4

may also indicate that polymer-to-surface adhesion is too high for the Al+XeMgF, film surfaces.

17
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Giving attention to ensuring good cleaning to promote adequate adhesion before deposition may
help address this issue.

It should also be noted that the top layer of our thin-film stack appeared to change since the
ellipsometry model lumped several thicknesses into the top layer. This could include swelling in the
MgF; layer due to recrystallization, retention of water in between MgF, and AlF3 crystals, surface
damage, or other changes in roughness not captured by AFM. Refinement of our ellipsometry model
would need to be done to understand exactly what is occurring.

The Al layer thickness in the coatings studied is only 30% of the flight mirror thickness and
70% of the target fluoride layer. Studies on fully thick mirrors still need to be completed. Future
FUV reflectance measurements should also be performed.

Formulations S2 and S3 would be useful starting points for Al+XeMgF, storage and cleaning.
An optimal polymer for Al+XeMgF, mirrors would need to ensure that polymer-to-surface adhesion
is in the range to remove contaminants without causing Al+XeMgF; surface damage. Future work
is needed to test the current or new formulations for storing MgF, at higher relative humidity, for
example, at 40% relative humidity, which is characteristic of cleanrooms and environments where

electronics are used.
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