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Abstract
One of the main noise sources in current gravitational-wave detectors is the
thermal noise of the high-reflectivity coatings on the main interferometer
optics. Coating thermal noise is dominated by the mechanical loss of the high-
refractive index material within the coating stacks, Ta2O5 mixed with TiO2.
For upgrades to room-temperature detectors, a mixture of GeO2 and TiO2

is an interesting alternative candidate coating material. While the rather low
refractive index of GeO2 increases with increasing TiO2 content, a higher
TiO2 content results in a lower threshold temperature before heat treatment
leads to crystallisation, and potentially to a degradation of optical properties.
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For future cryogenic detectors, on the other hand, a higher TiO2 content is
beneficial as the TiO2 suppresses the low-temperature mechanical loss peak of
GeO2. In this paper, we present the optical properties of coatings—produced
by plasma-assisted ion-beam evaporation—with high TiO2 content at 1550 nm,
a laser wavelength considered for cryogenic gravitational-wave detectors, as a
function of heat-treatment temperature. For comparison, the absorption of pure
GeO2 was alsomeasured. Furthermore, results at the currently-usedwavelength
of 1064 nm are presented.

Keywords: gravitational-wave detectors, coating thermal noise, titania,
low temperature, absorption

1. Introduction

The first detection of gravitational waves, a transient signal produced by the merger of two
stellar-mass black holes, was announced in 2016 [1]. Since then, many more signals have
been detected [2, 3] by the Advanced LIGO [4] and Advanced Virgo [5] gravitational-wave
detectors.

In the frequency range between≈ 30Hz and a few hundred Hz, thermal noise of the highly-
reflective mirror coatings is one of the limiting noise sources in gravitational-wave detect-
ors [6], preventing more signals from weaker or more distant astrophysical sources being
observed. Typically, a highly-reflective coating is made of alternating layers of high- and low-
refractive index materials, where the reflectivity increases with the refractive index contrast
and the number of layers. The amplitude spectral density of the coating thermal noise (CTN)
as a function of frequency f is proportional to the square root of the mirror temperature T, the
coating thickness d, the mechanical loss ϕ, and inversely proportional to the laser beam radius
on the mirror w [7]:

x( f)∝
√
Td
w2

ϕ, (1)

assuming for simplicity that the mechanical losses associated with bulk motion and shear
motion [8] are approximately equal (ϕbulk ≈ ϕshear ≈ ϕ).

The materials used in the current Advanced LIGO and Advanced Virgo coatings are SiO2

for the low-refractive index material and a mixture of TiO2 and Ta2O5 (TiO2:Ta2O5) for the
high refractive index material, deposited on SiO2 substrates [9]. In order to reduce CTN as
expressed by equation (1), possible solutions include the reduction of d, by increasing the
refractive index contrast while preserving the design reflectivity, and ϕ. TiO2:Ta2O5 dominates
CTN as it has a mechanical loss angle much higher than that of SiO2 [9]. Therefore, finding
alternative high-refractive index materials is a promising way forward for reducing CTN.

Alternative high-index material options are being explored, such as ZrO2 [10], Nb2O5 [11],
HfO2 [12], SiNx [13–15], mixtures of TiO2 with SiO2 [16] and many others. Recent stud-
ies have shown that the mechanical loss of amorphous thin film coatings is correlated with
the atomic order [17–21]. Further investigations on heat-treatment and optimization of coat-
ing performance by understanding atomic structure and relaxation processes demonstrated that
SiO2 has a prevalence of corner-sharing structure and that this characteristic could confer good
mechanical properties to the material [19, 22]. Moreover, several oxides were explored, show-
ing that in particular GeO2 exhibited a local atomic order similar to SiO2 and additional post-
deposition heat treatment or high temperature deposition can improve the structural organiza-
tion up to the medium-range, resulting in a lower mechanical loss [18, 20, 22–25].
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GeO2 has a significantly lower refractive index (n = 1.60 at 1064 nm—see table 2) than
TiO2:Ta2O5 (n = 2.05 at 1064 nm [26]) making it unsuitable as a replacement for the high-
index material combined with SiO2 low-index layers, as a large number of layers would be
required to achieve high reflectivity, which in turn would increase CTN. Mixing GeO2 with
TiO2 could be a possible solution as TiO2 has a significantly higher refractive index between
2.3 and 2.5 when produced by ion beam sputtering [27, 28], and slightly lower—between
around 2.0 and 2.25 depending on the exact deposition conditions and resulting density [29]—
when produced by reactive evaporation. Vajente et al [28] recently studied the mechanical
properties of pure GeO2 and mixtures with 27% and 44% TiO2, finding promising low CTN
for a mixture of 56% GeO2 and 44% TiO2 at room temperature.

As a reduction in temperature is also a way to reduce CTN, see equation (1), cryogenic oper-
ation is considered for future gravitational-wave detectors such as the Einstein Telescope [30]
and LIGO Voyager [31]. GeO2 shows a low-temperature mechanical loss peak very similar
to that of SiO2, which decreases with increasing TiO2 content [32], making even higher TiO2

concentrations particularly interesting for use at low temperatures. For pure TiO2, a drop in
low temperature loss after crystallisation has been observed [33]. Low-temperature operation
makes SiO2 unsuitable as a mirror substrate material for gravitational-wave detectors due to
an increase in mechanical loss, and a change to crystalline silicon is considered. This in turn
requires a change from 1064 nm to a laser wavelength at which silicon is transparent, e.g.
1550 nm.

In this paper, we present the optical absorption and refractive index at 1550 nm of TiO2

with a small amount of GeO2 mixed in during deposition and, for comparison, of pure GeO2.
For the context of the coating quality, we also present results measured at 1064 nm. We find
that the optical absorption of both TiO2 and GeO2 is larger at 1550 nm than at 1064 nm, while
at 1064 nm it is comparable to other coating materials of interest [28]. Interestingly, while the
absorption of both materials initially decreases with heat treatment, the absorption of GeO2

starts to increase above a certain temperature, while that of TiO2 remains low, beyond the
crystallisation temperature.

2. Coating deposition and composition

The coatings were deposited on SiO2 substrates (Corning 7979 and 7980), 25.4mm in diameter
and 3 mm thick, by Helia Photonics using plasma ion-assisted electron beam evaporation.

As target materials, Ti3O5 (99.9% purity) and Ge (99.999% purity) were used. Targets were
prepared by mixing different ratios of the two materials. Subsequently, evaporation was car-
ried out using an electron beam in a 25 cm3 graphite liner at approximately 2 kW heating
power, resulting in deposition rates of approximately 3 Å s−1. During deposition, the pro-
cess was reactively densified under a partial Ar/O2 atmosphere at 1.4× 10−4 mbar, aided by a
43A plasma current at 140 V and quartz radiative heaters, maintaining substrates at 100 ◦C. A
starting pressure of 2× 10−6 mbar was standard for these depositions, with the chamber being
evacuated by a diffusion pump and cryocoil.

Due to the different vapour pressures of Ti3O5 and Ge, for three targets with lower Ti3O5

content (⩽50%), i.e. Run 1, 2 and 3, the resulting coatings were almost pure GeO2, while for
a high Ti3O5 of ≈95%, i.e. Run 4, an almost pure TiO2 layer was obtained. However, instead
of a homogeneous mixture of the two materials, a layer structure of pure TiO2 surrounded
by thin layers containing Ge was created. The measured composition of the four coating runs
produced is presented in table 1. Figure 1 shows the atomic concentration distribution for Run
1 as an example of a pure GeO2 deposition and for the layer structure of Run 4. In order to
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Table 1. Measured coating thickness and composition in atomic percentage (at. %) of the
coatings as deposited from the four deposition runs. Coating Run 4 displayed a layered
structure which is presented as top, middle and bottom layer with the bottom being the
closest to the substrate.

O Ar Ge Ti Si
Run Layer thickness (nm) ±3% ±0.2% ±0.2% ±0.2% ±0.2%

Run 1 533± 7 69 0.50 30.5 0.0 0.0
Run 2 584± 10 69 0.40 30.5 0.1 0.0
Run 3 459± 5 71 0.70 28.0 0.3 0.0
Run 4 top 29.1± 0.3 66 0.3 12.0 21.4 0.0

middle 562± 6 68 0.5 0.3 31.0 0.5
bottom 54± 0.5 67 0.3 26.0 7.0 0.5

Figure 1. Atomic percentage composition of the coatings from Run 1 and 4 as deposited
as function of layer depth expressed in atoms per cm2. The deepest layer, with larger Si
atomic concentration is the silica substrate.

determine the composition of each coating of the different deposition runs, Rutherford backs-
cattering spectrometry (RBS) [34] was carried out on the as-deposited films using a 4.1 MeV
He beam incident at 10◦ from the sample normal, with the detector placed at a scattering angle
of 170◦ to optimize the mass resolution of the different elements present. Results have been
obtained by simulations with the ion beam analysis software SIMNRA [35], which carries
out simulations based on a slab description of the sample. The actual profile likely presents
smoother transitions from one material to the next, but this is beyond the resolution of the
technique, which is about 1× 1017 at.cm−2 in this case.

During deposition it was aimed for a thickness of 500 nm, set on a quartz microbalance
monitoring system, with some correctable errors in thickness estimation of≈20% due to com-
bined material density and acoustic impedance considerations. The measured thickness is also
presented in table 1 (see section 3 for details on the measurements).
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3. Spectrophotometry measurements

The dielectric function and the thickness of the coatings were measured by spectrophoto-
metry [36]. Transmission spectra of samples were obtained using an Agilent Cary 5000 spec-
trophotometer, covering a wide spectral range from 250 nm to 2000 nm, including the absorp-
tion onset in the near ultra-violet (UV) region. For coating Run 1, 2 and 4, two samples pro-
duced in the same run were measured to check the homogeneity of the coating thickness and
eventually the results were averaged. For Run 3, only one sample was available. The measured
spectra were analysed using the SCOUT software7 in which three different optical models were
compared: the Cauchy model [37] in the transparent region in the Visible-Near-Infrared (vis-
NIR) range, the Tauc-Lorentz [38] and OJL models [39] in the whole range. While these mod-
els are used to investigate different spectral regions, they all cover the NIR region. Therefore,
the combined information obtained from the different models allowed us to obtain accurate
information on the thickness and refractive index at 1064 nm and 1550 nm of the samples.
Coating Runs 1, 2 and 3 have been modelled considering a single thin film on a substrate,
while coating Run 4 has been modelled considering the coating structure shown in figure 2,
where the total coating is made of three layers of which the middle one is the thickest (≈90%
of the total thickness) and consists of almost pure TiO2, while the surrounding, thinner layers
consist of mixtures of TiO2 and GeO2. Examples of fits to the measured transmission spectra
are shown for two examples in figure 2: (A) Coating Run 1 (pure GeO2, as deposited) and (B)
coating Run 4 (structure of three layers with TiO2 in the middle, heat treated at 200 ◦C),

The results obtained for the coating thickness and refractive index at 1064 nm and 1550 nm
at room temperature are summarized in tables 1 and 2 respectively, and the refractive indices
for different coating runs are shown in figure 2(C). While the refractive indices agree within
the error bars, the thickness of samples from the same run shows some variation. Assuming
that the thickness variation between samples from the same coating run also indicates a non-
uniformity within individual samples, this non-uniformity affects the thickness measurements
as follows: the spectrophotometer has a light spot of the order of a few millimetres diameter,
covering a relatively large area of the sample and therefore averaging over a potentially non-
uniform area, resulting in differences in the fit quality for different samples. For this reasons,
we present the average of the results from the same coating run.

While for all coating runs, the refractive indices agree within the error bars at 1064 and
1550 nm, the refractive index is systematically slightly lower at 1550 nm. The refractive index
of pure GeO2 is in agreement with literature values found on similar coatings [40, 41]. The
refractive index of the TiO2 layer in the coating Run 4 structure is 2.2 at 1064 nm. There is a
strong variation in literature for n of amorphous TiO2 thin films, depending on the deposition
procedure and conditions. Our result is in agreement with other coatings produced by reactive
evaporation (n= 2.0− 2.25, depending on the exact deposition conditions and resulting dens-
ity [29]). For ion-beam sputtered coatings which are likely more dense, it is usually higher
(n = 2.3 [27], 2.35 [9], 2.5 [28]).

4. Optical absorption measurements

Spectrophotometry is not suitable for resolving optical absorption at the level present in the
films investigated here. Therefore, optical absorption measurements were conducted using
photothermal common-path interferometry (PCI) [42]. This method uses a high-intensity

7 W. Theiss, Hard-and Software, www.wtheisss.com.
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Figure 2. (A) Example of spectrophotometer measurements for Run 1 as deposited.
(B) Example of spectrophotometer measurements for Run 4 after annealing at 200 ◦C.
(C) Refractive index at 1064 nm and 1550 nm, for the coatings (as deposited) listed in
table 2, obtained by photospectrometry. (D) Extinction coefficient for the coatings (as
deposited) listed in table 2 obtained at 1064 nm and 1550 nm, by PCI. Results marked
with (#) have been obtained at a different time (approximately 1 year earlier) and in a
different PCI setup.

Table 2. Refractive index (n) obtained from spectrophotometry data, and extinction
coefficient κ from absorption measurements via PCI, at 1064 nm and 1550 nm for the
coatings as deposited. Values highlighted by the symbol (#) have been obtained at a
different time (approximately 1 year earlier), in a different PCI setup.

κ @ 1064 nm κ @ 1550 nm κ @ 1550 nm
Run n@ 1064 nm n@ 1550 nm (#) (×10−5) (#) (×10−5) (×10−5)

Run 1 1.60± 0.02 1.60± 0.02 0.81± 0.04 1.60± 0.11 1.7± 0.2
Run 2 1.58± 0.02 1.57± 0.02 0.47± 0.07 3.90± 0.07 2.0± 0.4
Run 3 1.62± 0.02 1.61± 0.02 4.60± 0.13 3.00± 0.06 2.73± 0.08
Run 4 2.22± 0.02 2.20± 0.02 0.63± 0.16 3.40± 0.15 2.8± 0.2
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‘pump’ laser beamwith a waist of approximately 40µm at the wavelength of interest, i.e. 1064
and 1550 nm. The optical absorption heats the sample in the region hit by the laser beam, res-
ulting in a thermal lens. A second laser beam, which is low in power and approximately three
times larger, crosses the pump beam at the sample surface and the inner region of the beam
acquires a Gouy phase from the thermal lens. This phase difference relative to the annular outer
ring creates an interference pattern along the optical path. Bymeasuring the change in intensity
on a photo detector, the absorption of an unknown material can be recovered by comparison
to a calibration sample of known absorption. For each sample, the absorption was measured
at least in five different regions of the coating and averaged to obtain the results shown. The
error bar results from the standard deviation of the results measured in these different regions.

4.1. Absorption of the coatings as deposited at 1550 nm and 1064 nm

The extinction coefficient κ has been obtained from these absorption measurements, together
with the thickness and refractive index results presented in the previous section, using the
software Tfcalc8. Initially, absorption measurements were performed at 1064 and 1550 nm,
marked with (#) in table 2 and figure 2. Approximately 1 year later, around the time of the
spectrophotometry measurements (and prior to heat treatment—see next section), the meas-
urements were repeated at 1550 nm to check for a possible time evolution of the absorption.
For these repeat measurements, a different PCI setup was used. Results for κ for the different
coating runs are shown in table 2 and figure 2(D). For coating Run 4, the absorption is entirely
attributed to the largest layer of pure TiO2 and the extinction coefficient values are reported for
that layer. This may have led to an over estimation of the absorption of up to 10% in addition
to the given error bars.

Although values of κ at 1550 nm measured at different times and in different setups agree
within the errors only for Run 1, the values are very close to each other also for the other
runs but except Run 2, which may be due to time evolution. However, except for Run 1, the
more recently obtained results tend to show lower absorption than the older measurements,
which is the opposite from what one would expect: GeO2 is known to absorb water when
stored in air, which would increase the absorption. Another possible explanation for these
variations is the non-uniformity of the coating thickness, which translates into an uncertainty
in absorption results: as PCI uses a very small laser beam (≈80µm diameter), the absorption
is measured very accurately at a specific point. However, the thickness used to analyse the
absorption and calculate κ was obtained by photospectrometry, averaging over a much larger
area, and therefore introducing additional uncertainty. This is included in the error bars shown
for κ in table 2 obtained from measurements at different positions. Finally, a thickness non-
uniformity might be an indicator for variations of other properties, so that any results strongly
depend on the region where the absorption is measured.

From looking at the overall trends and not taking off-trend values into account, three main
conclusions can be drawn from these results:

• For the coatings investigated here, κ of GeO2 and TiO2 is very similar.
• When excluding the unusually high result for Run 2, the level of κ at 1064 nm is in average

at around 6× 10−6. This is roughly a factor 4 higher than the absorption presented in [28].

8 www.sspectra.com.
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Figure 3. Extinction coefficient measured at 1550 nm as a function of heat treatment
temperature for the four coating runs.

However, this absorption value was obtained after heat treatment, while our 1064 nm meas-
urements were obtained before heat treatment. Further improvement with heat treatment can
be expected for our coatings (see section 4.2).

• The absorption at 1550 nm is roughly a factor of 5 higher than at 1064 nm. It is unknown if
this is intrinsic to the material or due to e.g. impurities.

4.2. Absorption as a function of heat treatment temperature at 1550 nm

In the next step, the samples were heat treated, in air. After initial heat treatments at 150 ◦C
and 200 ◦C, smaller steps of 25 ◦C were used to achieve good resolution for the optimum heat
treatment temperature at which the absorption minimizes.

To avoid exceeding the target temperature, a ramp rate of 1 ◦C min−1 was used during heat
up. The samples were held at the target temperature for 4 h. Afterwards they were left to cool
down naturally. Following each heat treatment step, the absorption was measured on at least
five places across the coating using PCI.

Figure 3 shows the extinction coefficient κ of the coatings at 1550 nm as a function of
heat treatment temperature. For all four runs, it can be observed that κ initially decreases.
For coating Runs 1, 2 and 3, a minimum forms after which the absorption starts increasing
and becomes more scattered across the coating. The minimum of the extinction coefficient for
each coating run at the respective heat treatment temperature can be found in table 3. For Run
4, mainly consisting of TiO2, κ also decreases significantly up to a temperature of ≈250 ◦C.
However, other than for the GeO2 coatings, no clear minimum forms, but κ remains low and
homogeneous across the coating. While for Run 1–3, κ reduces by a factor of 2.5 to 3, for Run
4 the lowest absorption is of about 6× lower than the as deposited value.

While crystallisation and absorption are not necessarily correlated, an increase in absorption
at the onset of crystallisation has been observed for other materials before [9, 43]. Therefore,

8
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Table 3. Temperature and values of the lowest extinction coefficient measured at
1550 nm after annealing for the four coating runs.

Run Temperature (◦C) κ @ 1550 nm (×10−5)

Run 1 325 0.68± 0.12
Run 2 275 0.66± 0.07
Run 3 250 1.12± 0.17
Run 4 500 0.45± 0.06

Figure 4. Raman measurements of coating Run 1, 2 and 4 after heat treatment at
500 ◦C for Run 1 and 4 and at 325 ◦C for Run 2, and of a SiO2 substrate for com-
parison. Each curve has been normalized to be able to observe all the peaks in the same
plot. The relevant information for this work are the presence of the peaks to confirm
crystallization and the peak positions to define the crystalline phase.

coating Runs 1, 2 and 3 were expected to show an increase in κ at a higher temperature than
Run 4 due to the higher crystallisation temperature of GeO2 compared to TiO2.

In order to investigate a possible coating crystallization, Runs 1, 2 and 4 have been ana-
lysed using Raman spectroscopy at their final heat treatment temperature. Results are shown
in figure 4. The measurements of the sample from Run 1 show a large contribution of the SiO2

substrate—see SiO2 spectrum for comparison. This coating is confirmed to still be amorphous
after heat treatment at 500 ◦C as no peaks characteristic for crystallisation can be observed.
The coating from Run 2 is crystallized as quartz GeO2 [44], a behaviour possibly related to
the small contamination of Ti atoms which might have been sites for crystalline regions. The
coating from Run 4 is crystallized as anatase TiO2 as one would expect [45, 46].

The optimum heat treatment temperature for the coatings from Runs 1–3, which consist
of almost pure GeO2, is relatively low, and would have been expected to occur at higher

9
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temperatures based on the work by Vajente et al [28]. However, the optimum heat treatment
temperature for a material depends on the deposition process, and is also affected by degrad-
ation of the films during heat treatment and therefore not always intrinsic to the material. For
Run 4, on the other hand, it was unexpected that the absorption remained low despite crystal-
lisation, which for TiO2 usually occurs at around 250 ◦C–300 ◦C.

5. Summary

Coatings produced by plasma-assisted ion-beam evaporation in four different runs have been
investigated. The composition of the coatings was measured by RBS.While the first three runs
showed pure GeO2 with a small Ti contamination for Run 2 and 3, coating Run 4 showed a
layered structure with a pure TiO2 layer surrounded by thin layers of a mixture of TiO2 and
GeO2.

The refractive index at 1064 nm and 1550 nm, wavelengths of interest for gravitational-
wave detectors, of the pure GeO2 and pure TiO2 layers are in agreement with values found in
literature.

The optical absorption at both wavelengths for the as deposited coatings was measured
in different setups, and at different times, with approximately 1 year between measurements.
The most recently obtained results showed lower absorption than the older measurements, in
contrast to what is expected due to water absorption of GeO2 when stored in air. The absorption
was found to be similar within all deposition runs (with the exception of a very high value
at 1064 nm found for Run 2), indicating similar absorption levels for the GeO2 and TiO2

components. The absorption was found to be lower at 1064 nm, where it was in the κ= 10−6

range for the coatings as deposited, than at 1550 nm, where it was in the 10−5 range.
Samples were heat treated in steps and the absorption was measured at 1550 nm, showing a

minimum in κ for Runs 1, 2 and 3, at which it decreased by a factor of 2.5–3 compared to that of
the as deposited coatings. For Run 4, after initially decreasing, κ formed a ‘low-κ plateau’ with
a slightly decreasing tend towards higher heat treatment temperatures. The lowest κmeasured
was at 4.5× 10−6, which is about six times lower than for the coating as deposited. During the
analysis, all the absorption was attributed to the TiO2 layer. This minimum κ corresponds to
an absorption of ≈10 ppm when used in a highly-reflective coating stack together with SiO2

as the low-index material. While this is about an order of magnitude higher than required for
gravitational-wave detectors, this level is comparable to other coatings in the development
phase.

Based on the absorption reduction with heat treatment observed at 1550 nm, the absorption
of the coatings at 1064 nm is assumed to be in the low 10−6 range after heat treatment, which
is comparable to the absorption presented in [28].

Raman studies confirmed that coatings from Run 1 (pure GeO2) had not crystallized after
heat treatment at temperatures at which the absorption starts to increase, while coatings from
Run 2 (GeO2 with small Ti-contamination) showed signs of crystallisation. Run 4 (mainly pure
TiO2), was fully crystallized, which makes the continuous reduction in absorption with heat
treatment very interesting, in particular in combination with the previously observed reduction
in mechanical loss after crystallisation [33]. Recently, it has also been shown that a mixture of
TiO2 and SiO2 shows excellent mechanical and optical properties, including low scattering,
beyond the crystallisation point [16]. Therefore, further studies of high-quality TiO2 thin films
are of significant interest, even beyond the crystallisation point, for future gravitational-wave
detectors.

10
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