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This article presents a study on the performance degradation of amorphous silica mirrors coated with silica/tantala,
commonly utilized in gravitational wave interferometry measurements. The primary objective is to understand the
factors contributing to the reduced performance, specifically the heightened noise observed after prolonged use of the
mirrors in a vacuum. In this article, SiO2/Ta2O5 multilayered coated sample mirrors underwent analysis through X-ray
photoemission spectro-microscopy, Atomic Force Microscopy, and Raman spectroscopy, before and after exposure to a
contaminating vacuum environment. Our findings revealed the possible correlation between the deterioration in mirror
performance and an upsurge in contaminant carbon and defect populations within the silicon dioxide structure.

I. INTRODUCTION

Gravitational-wave (GW) interferometers are at the fore-
front of experimental physics, employing optics of excep-
tional precision and unparalleled performance. The main op-
tics typically have diameters up to 35 cm and mass about
40 kg, with a surface roughness of less than 1 nm and ex-
tremely low optical losses1–3. Even larger and more perfor-
mant optics are considered for the upcoming upgrades of ex-
isting interferometers and for the next-generation detectors.4,5

To minimize environmental disturbances that mask the very
weak gravitational-wave signal, the entire detector, including
the optics, operates under ultra-high vacuum. Stringent clean-
liness is crucial, in order to prevent the deposition of low-
volatile molecules present among the residual gas species.
These molecules, outgassing from "contaminated" compo-
nents within the vacuum environment, can accumulate on sur-
faces and form films thick enough to degrade optical proper-
ties, notably surface absorption and scattering. This issue is
enhanced in GW research due to the length of experiments,
which can last for months or years, increasing the sensitivity
to even low levels of contaminants. Furthermore, the large
size of vacuum chambers, exceeding 10 m3, makes recovery
from accidental contamination extremely difficult, necessitat-
ing a complete disassembly and cleaning. Careful selection
on materials to be placed in the chambers near the optics is
essential.6,7 The current process for assessing material com-
patibility includes two complementary methods: vacuum test-
ing to measure the outgassing of low-volatile species from the
candidate material, and direct measurements of effects on op-
tical properties. However, these methods often reveal incon-
sistencies, preventing the establishment of a clear correlation
between the two.8 To overcome these limitations, we propose
a method using X-ray photoelectron spectroscopy (XPS) to

directly analyze contamination on the test surfaces. This tech-
nique provides a direct and quantitative assessment of con-
tamination on the surface.

II. MATERIALS AND METHODS

The experimental investigation was carried out on
SiO2/Ta2O5 oxide multilayer sample mirrors deposited by
Ion Beam Sputtering (IBS) at the Laboratoire des Matériaux
Avancés (Lyon, France). The thin films were composed of 20-
25 alternating layers of SiO2 and Ti:Ta2O5, with a thickness
of each layer around 100 nm for high index layer and 200 nm
for low index layer (multilayer design optimized to lower the
coating thermal noise).

FIG. 1. (a) 20 × 20 µm topography of contaminated SiO2, (b)
5× 5 µm AFM topography of contaminated SiO2 and (c) the cor-
responding phase image.

Each sample had a diameter of 1" and a thickness of 6 mm
and was mounted onto an ad-hoc sample holder developed by
us, which could be inserted in the Ultra-High-Vacuum (UHV)
chamber to perform X-ray photoemission spectroscopy
(XPS).
The measurements were carried out on two reference samples,
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one contaminated and one clean. The contaminated sample
underwent exposure for approximately 96 hours, maintained
at a pressure of around 10−7 mbar within a specialized
vacuum chamber where contaminating materials were present
(fluorinated rubber, possibly containing additives such as
molding agents, waxes, and flame retardants). During the
contamination tests, the approach is to assess contamination
risk by deliberately increasing exposure, bringing the po-
tential contaminant and test surface closer than their typical
real-life arrangement. The clean reference sample was a
mirror that did not undergo any such treatment, i.e., exposed
to the minimal handling required for its insertion into the
XPS apparatus.
The XPS measurements were carried out using the SPECS
XPS apparatus equipped with a flood gun SPECS FG 22, and
proprietary SpecsLab Prodigy software for data acquisition
and experiment control.
The XPS measurements were performed both with integrated
signal and in microscopic analysis: a total surface of 1 cm2

of the sample was divided into an array of 10x10 points, for a
total of 100 measurement points.
Measurements on the contaminated sample were repeated
after a mild Ar+ sputtering for comparison. The sputtering
was 30 minutes long at a current intensity of 10 mA, a voltage
of 1.2 kV, and a pressure of 1.0x10−6 mbar, resulting in a
controlled and localized removal of the surface layer of the
sample by a flow of Ar particles with an estimated thickness
of approximately 10 nm.

FIG. 2. Survey XPS spectrum of reference sample.

Due to the dielectric nature of the surface, during the
measurements we employed a flood gun to compensate the
positive spatial charge regions present on the sample surface
generated by the outgoing photoelectrons.9 A partial charge
compensation was preferred to a complete: in fact, we sought
the relative optimal measurement conditions to sufficiently
compensate the charge present on the surface while limit
spatial charge fluctuations on the surface10 that occur when
the electron flux increases. The optimized conditions were
found with electrons accelerated by a potential of 1.5 V and
a current of 70 µA. Measurements were carried out using an
atomic force microscope (AFM) Park NX10. The AFM data
were acquired through three different scanning areas of 50,
20, and 5 square micrometers, respectively. All scans were
performed in Tapping mode using NCHR (Non-Contact High

Resolution) probes to minimize the pressure exerted by the
probe on the sample surface.
Raman measurements were carried out by a LabRam HR
Evolution Horiba micro-spectrometer operating in backscat-
tering geometry. A 532 nm solid-state laser was employed
as a light source, coupled with a monochromator with 600
grooves/mm and a Peltier-cooled charge-coupled-device
detector.11 The elastic component of the scattered light was
removed by a volume Bragg grating optical filter. Both AFM
and Raman measurements were performed in air.
The AFM data was processed using Gwyddion 2.61
software,12 while the XPS data was processed using KolXPD
1.8 software. The data presented in this study were collected
by averaging three measurements taken at the same point on
the array.
The relative area for each peak was calculated with respect to
the signal of the measure’s background. This ratio provides
an adimensional value that describes the spectrum which can
be compared with other spectra observed under the same
experimental conditions. Voigtian curves were employed for
data interpolation.

III. RESULTS

First, AFM topographies were acquired on both samples.
While clean samples present a flat morphology with an RMS
roughness of less than one nm, samples exposed to contam-
inants show the same morphology but with the presence of
small structures with a surface density around 4×10−6 cm−2,
which extend planarly with a thickness between 1 and 4 nm.
The phase imaging (Panel (c) in Fig 1) points out a contrast
between the signal coming from the internal part of such struc-
tures and the substrate. Phase contrast is typically due to re-
gions with different mechanical properties, this can be related
to different material bonding or to adsorbate with different
chemical nature. Since we found it only in some areas, we
consider more probable the presence of some kind of adsor-
bate on the surface different from the coating (we don’t take
into account the bright contrast that is typically present on the
structure edge).

FIG. 3. 10×10 mm XPS normalized intensity maps of the C1s peak.
The intensity is normalized with the signal background. (a) is the
image of clean reference mirror, while (b) the contaminated one
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FIG. 4. Si2p and O1s peaks deconvolution for reference (a-b) and contaminated SiO2 (c-d).

Figure 2 shows the XPS survey spectra of the two samples.
The 1s peak of oxygen at binding energy around 532 eV is of
course the most intense. Specifically, n the 100-150 eV range,
2s and 2p peaks of silicon are visible, while the peak at about
25 eV can be assigned to the 4f of tantalum, which proba-
bly emerges from a small tantala segregation during the sil-
ica deposition. The oxygen and silicon peaks are in the right
stoichiometric ratio while the tantalum signal is very small
because it comes from deeper layers. The only element that
represents a contamination with respect to the ideal chemi-
cal structure of the mirror is carbon that exhibit a small C 1s
peak at around 284 eV. This can be present on the surface in
various forms, but we can exclude the presence of complex or-
ganic molecules (hydrocarbons). Indeed, although XPS can-
not probe for the presence of hydrogen, Raman measurements
have not identified the presence of any hydrocarbons, as will
shown later in Fig. 5.
It is not completely clear if the structure observed with AFM
are correlated to the higher presence of carbon on the surface.
Indeed, the density of such stucture is rather low (In AFM im-
ages in Fig. 1 we detected an higher presence), so that prob-
ably the XPS signal related to those does not emerge from
noise.

XPS intensity maps were generated mapping the ratio be-
tween C1s peak area in the range 280-290 eV and the back-
ground in the same range. XPS spectra were acquired in high
spatial resolution taking the signal for an area less than 1 mm2:
a total surface of 1 cm2 of the sample was divided into an array
of 10x10 points, for a total of 100 measurement points.

Fig. 3(a-b) represents the comparison between the C1s in-

tensity maps for clean and contaminated surface. As also ob-
served for the integrated spectra, the average carbon signal in
the maps for the contaminated mirrors is approximately 40%
higher compared to the corresponding maps acquired in the
clean sample. Furthermore, the RMS roughness (which, in
this case, represents the fluctuation of the intensity of the sig-
nal) of the maps on the contaminated signal is around 45%
higher than the corresponding measurement on the clean sig-
nal. This suggests not only an elevated presence of carbon on
the surface but also a noteworthy increase in variability within
the contaminated sample.

From the deconvolution of the line shapes of the Si2p and
O1s peaks (Fig. 4), we observe the presence of two compo-
nents for the signals relating to the reference sample and three
peaks for the contaminated sample. In the contaminated sam-
ple we find the O1s components at 532.8, 531.5 and 529.7 eV.
The first two peaks are also present in the reference sample,
while the third is not. The same goes for the deconvolution
of the Si2p peak, where the components at 103.8, 102.3 eV
are present on both samples, while the component at 100.5 eV
only in the contaminated sample.

The peak at 532.8 eV is characteristic of oxygen present in
a silicon oxide matrix13, just as the peak at 103.8 is charac-
teristic of silicon in the SiO2 crystal. The peak at 531.5 eV
(and its counterpart at 102.3 for Si) is ascribed to the silanol
group, whereas the component at 529.7 eV (with its equiva-
lent at 100.5 for Si) is associated with non-bridging oxygen
hole centers (NBOHC). These defects are commonly found
in atoms/molecules bonded to a single atom, with the valence
aiming to minimize the bond energy.14–16.
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The analysis of the spectra indicates that the peak related to
silicon monoxide (SiO) is reduced in the presence of contam-
ination and the appearance of the NBOHC peak is observed.

FIG. 5. Raman spectra for reference (black line) and contaminated
(red line) mirrors.

The Raman spectra for reference and contaminated mirrors
are shown in Fig. 5 and are characterized by the presence
of a complex structure in the first 1000 cm−1 while a broad
band can be noted in the second portion of the spectrum at
(3000-4000 cm−1 range). The first band is associated to the
photoluminescence characteristic of NBOHC silicon defects.
Given the strong correspondence of the spectra, both samples
were measured also on the amorphous silica of the opposite
uncoated side (not shown). The comparison confirms that Ra-
man spectra are practically identical for reference and con-
taminated sample apart a non-significative difference on the
broad band centered around 3500 cm−1.
The occurrence of typical NBOHC bands on both the sam-
ples testifies the presence of such defects in the bulk whose
density is probably below the detection limit of XPS. Con-
taminating the sample likely increases the defect density on
the surface, making possible their detection. Considering that
the sampling depth decreases from the micron to the nanome-
ter scale passing from Raman to XPS, the observation of dis-
cernible, albeit minor, changes in XPS spectra of the two sam-
ples, while the correspondent Raman spectra remain practi-
cally identical, indicates that any contamination likely resides
exclusively on the surface and does not penetrate the mirrors.

FIG. 6. C1s peak for the contaminated mirror acquired before (red
dots) and after (blue dots) the Ar+ ion bombardment. The dashed
line is placed at the 0.6 value.

To quantify the contamination due to the carbon present

on the surface, a light sputtering was carried out using Ar+

ions (10 minutes at a pressure of 10−6 mbar and energy of 1.2
keV). The XPS spectra of C1s before and after ion bombard-
ment are shown in Fig.6. It is observed that the C1s signal is
reduced by approximately 40% compared to the contaminated
sample, in agreement with the intensity observed in the refer-
ence sample. This further asserts that carbon contamination is
due to weak carbon bound to the crystal surface. This is cor-
roborated by the fact that subsequent sputtering did not lead
to a further reduction in the C1s signal.

IV. CONCLUSIONS

Reference and high-vacuum contaminated SiO2/Ta2O5
multilayer mirrors were characterized by AFM, XPS and Ra-
man spectroscopy. The only contaminant detected in XPS
appears to be carbon. In particular, the presence of non-
adventitious surface carbon is confirmed both by the direct
observation of planar structures on the surface with the AFM
and by the increase in the carbon signal in XPS of the con-
taminated sample compared to the reference sample. Raman
measurements confirms that the contamination is present only
on the surface, as no signal difference is observed between
the two samples. Finally appreciable difference is observed in
the signal of the two samples: in the contaminated sample, a
greater presence of non-bridging oxygen hole center defects
is observed, which therefore appears correlated to the greater
presence of carbon.
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