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ARTICLE INFO ABSTRACT

Keywords: Reducing coating thermal noise (CTN) in mirrors for gravitational wave (GW) interferometers is pivotal
Coating thermal noise to improving sensitivity in the mid-frequency range. Current mirror coatings are heat-treated (annealed)
H}floz:fliazos after deposition in order to partially relax their microstructure and to improve their optical and mechanical
Thin films

properties. The maximum annealing temperature is an important parameter in this respect as a higher thermal
energy allows the system to relax to more stable configurations, which is often beneficial for the thermal
noise performances of the coatings. However, the useful temperature range is limited by the stability of the
amorphous microstructure, since excessive heating eventually leads to the formation of crystalline grains which
are detrimental from both the mechanical and optical viewpoints. In this work, inspired by the possibility
to improve glass stability in alloys by a careful choice of mixing ratios, we studied ion-beam co-sputtered
amorphous HfO,:Ta,Oj5 thin films with different HfO, concentrations, so as to identify conditions that would
lead to a higher glass stability in order to explore the effects of a thermal annealing over an extended
temperature range. We then deposited a multilayer mirror, alternating layers of HfO,:Ta,O5 with composition
providing the highest crystallization temperature and SiO, layers. The thermal Brownian noise of the mirror
coating was found to decrease with increasing heat-treatment temperatures, reaching losses comparable to
the Ti-doped Ta,Os coatings of Advanced LIGO when heated at the highest possible temperature. Our results
demonstrate the critical importance of optimizing the film composition and annealing procedure in order to
improve the coating performances and the sensitivity for the next generation of GW detectors.

Crystallization
Optical characterization

1. Introduction masses used in GW interferometers consist of super-polished, highly
transparent substrates weighing tens of kg [2,3], whose surface is

Current  second-generation and planned  third-generation coated with highly reflective (HR) stacks of alternating low and high
gravitational-wave (GW) detectors are Michelson interferometers, refractive index (LI and HI, respectively) materials, designed to work as

whose arms are kilometers-long Fabry-Perot cavities [1]. The test
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Bragg reflectors at the detector’s laser wavelength [4-6]. Present GW
interferometers, namely LIGO in the USA, Virgo in Italy, and KAGRA
in Japan, employ amorphous layers of SiO, as the LI material and
Ti-doped Ta,Os5 as the HI material [4,7-9], which are deposited by
Ion-Beam Sputtering (IBS). Since future third-generation detectors such
as Einstein Telescope [10] and Cosmic Explorer [11] will likely use
similar technologies, the identification of amorphous materials with
improved properties for future coatings is a matter of intense research
efforts [12-14].

A major challenge in upgrading second-generation and developing
third-generation GW detectors is increasing their sensitivity. Achiev-
ing this goal requires, in particular, reducing coating thermal noise
(CTN), which is the dominant contributor to the overall noise budget
in the relevant frequency range (around 100 Hz) in room tempera-
ture interferometers (which includes LIGO [15], Virgo [3], and the
high-frequency detector of ET [16]).

Thermal noise is a common feature of amorphous solids and results
from the fact that their disordered microstructures tend to accom-
modate local multistable configurations that may undergo thermally-
activated transitions over broadly distributed activation barriers [17—
22]. Although the precise nature of these transitions remains a matter of
debate, they are expected to be all the more prevalent if a glass is poorly
relaxed, which explains their preponderance in IBS-deposited coatings.
A main advantage of the IBS technique is that it allows film growth
close to room temperature, i.e. well below bond energies for oxides,
which stifles atomic diffusion during growth. This guarantees a very
high degree of material homogeneity and isotropy in the as-deposited
material, which is an essential precondition to achieving the required
outstanding optical properties. As a result, however, the as-deposited
films are strongly out-of-equilibrium, in the sense that, in sharp contrast
with melt-quenched glasses, they have not experienced any equilibrium
liquid state. This favors the existence of a high density of multistable
atomic packings. In IBS-deposited silica (the usual low-index layers)
the corresponding barriers tend to be quite small, hence giving rise
to a harmless high-frequency noise contribution in room-temperature
interferometers. On the contrary, high-index IBS-deposited layers tend
to form multistable regions that are thermally active in the observation
frequency range at room temperature, and are the primary source of
CTN in the current oxide coatings.

CTN can be reduced by improving the degree of relaxation of the
material constituting these high-index layers, which can be performed
via a post-deposition annealing. Indeed, this has become a standard
treatment for IBS-deposited mirror coatings. For example, the stacks
of Ti-doped Ta,O5 and SiO, layers in use in current GW detectors are
annealed at 500 °C for 10h [4].

Ideally, one would want to anneal these stacks close to and below
the glass transition temperature of the high-index oxide, since these
conditions favor the formation of the most stable glasses for a given
material [23-28]. But high-temperature annealing may eventually in-
troduce defects in the coating layers, primarily due to the onset of
crystallization [29], thus leading to a degradation of their optical and
mechanical properties.® Hence, the possibility to achieve a significant
relaxation of a glass and a measurable reduction of thermal noise via
annealing depend on its ability to relax towards supercooled liquid
equilibrium states without crystallizing, a property known as thermal
stability [30-32].

It appears therefore promising to explore the impact of a high
temperature annealing on the CTN, which requires to identify suitable
coating materials with improved thermal stability .

The thermal stability of glasses and a closely related property, their
glass forming ability or GFA (i.e. their stability against crystallization

3 In principle, partial crystallization (with e.g. the formation of small nuclei)
could be used to reduce mechanical loss, but doing so requires a high degree
of control of crystal growth, which also requires the deposited material having
a high thermal stability.
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during a thermal quench) [30,33], have received considerable attention
in studies of metallic alloys due to the tremendous difficulties in
limiting crystallization for these systems. In this context, it has been
shown that thermal stability and GFA can be strongly enhanced by
identifying mixtures (alloys) of precise composition [30,34] that hinder
the crystallization .

In this work, we test this strategy by exploring the HfO,/Ta,O5 sys-
tem, as both these two oxides have high refractive indices, low optical
absorption [35,36], and produce ceramics with high crystallization
temperatures [37]. We deposited mixed HfO,:Ta,O5 (hafnia-tantala)
coating samples with different ratios of the two oxides searching for
the composition ensuring the highest thermal stability. For each ratio,
samples were annealed at temperatures between 500 °C and 900 °C,
maintaining the target temperature for 10 h to allow for easier compari-
son with the standard treatment. Annealed samples were then analyzed
ex-situ by X-ray diffraction to detect the presence of a crystallized frac-
tion. The composition displaying the highest thermal stability has then
been used to fabricate a SiO,/HfO,:Ta,O5 high-reflectivity multilayer
and annealed at high temperature to allow for a direct characterization
of the coating thermal noise.

2. Experimental methods
2.1. Deposition and treatment of samples

2.1.1. Coating deposition

The thin-film samples used in this work were deposited in a large
custom-developed Ion Beam Sputtering (IBS) facility [38] at the Lab-
oratoire des Matériaux Avancés (LMA), the same facility used to coat
the mirrors of present GW interferometers [4]. Argon ions accelerated
to ~ 1 keV were used as sputtering particles. Prior to deposition, the
base pressure inside the facility vacuum chamber was below 105 mbar;
during deposition, the working pressure was of the order of 10~4 mbar
and composed mainly of argon and oxygen.

Samples were ~ 400 nm to ~ 600 nm thick and grown on several
different substrates made of fused silica (that is, amorphous SiO,;
25.4 mm diameter, 6 mm thick) and (100) p-doped silicon (76.2 mm
diameter, 0.5 mm thick) at the same time, with the purpose of perform-
ing different specific characterizations afterwards. During deposition,
substrates were heated up to a temperature between 100 and 150 °.

The HfO, concentration found to yield the highest crystallization
temperature was then used to design and deposit a multi-layer HR
sample. Such HR sample is a Bragg reflector composed of 41 layers
of HfO,:Ta,O5 (HI) and SiO, (LI), deposited on a Si substrate. Its total
thickness is 6.56 pm, with 2.65 pm of HfO,:Ta,05 and 3.91 pm of SiO,.

2.1.2. Sample treatment

Thermal treatments were carried out in a Carbolite CTF 12/75/700
oven in ambient atmosphere. The current standard treatment for coat-
ings is a post-deposition annealing at 500 °C for 10 h. Different as-
deposited samples from each batch (i.e. for each composition) were
annealed at different temperatures in order to find the crystallization
threshold. We used temperatures spaced by 100 °C between 500 °C and
900 °C. Each as-deposited sample was maintained at the target temper-
ature for 10 h, as in the standard treatment, with a ramp of 100 °C/hour
in order to minimize stresses in the coatings and distortions caused by
heating. With this process, we produced five different samples annealed
at different temperatures for each HfO,:Ta,Os composition. For the
most promising samples, once the approximate crystallization threshold
was established, we repeated the annealing investigation around the
crystallization temperature in steps of 50 °C for better accuracy.
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Table 1
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Chemical composition, HfO, molar concentration and estimated crystallization temperature after 10 h of annealing of as-deposited samples. The
errors bars refer to the statistical errors associated with fitting of the luminescence spectra.

Sample Hf (At%) O (At%) Ta (At%) Ar (At%) HfO, (mol%) Cryst. Temp. (°C)
A 273 £ 0.4 66 + 2 2.7 + 0.5 4.4 + 0.3 95.3 + 0.8 Room Temp.
B 26.4 + 0.4 65 + 2 3.2+ 04 52+03 94.3 + 0.7 Room Temp.
C 24.8 + 0.4 66 + 2 42+ 04 53+ 0.3 92.2 + 0.7 650 + 50

D 22.1 + 0.4 66 + 4 6.5 + 0.2 5.2+ 0.3 87.2 + 0.4 750 + 50

E 20.7 + 0.3 66 + 2 7.8 +0.4 52+ 0.3 84.1 + 0.7 750 + 50

F 18.7 + 0.3 68 + 2 9.1 +0.4 42+ 03 80.4 + 0.7 750 + 50

G 16.7 + 0.3 67 + 2 11.5 + 0.4 49 + 0.3 74.4 + 0.7 850 + 50

H 12.2 + 0.3 69 + 2 14.7 + 0.4 41+03 62.4 + 0.9 850 + 50

I 11.7 + 0.1 68 + 1 16.3 + 0.1 3.8 +0.1 58.9 + 0.2 825 + 25

J 6.3 + 0.5 70 + 4 19.3 + 0.6 4.3 + 0.6 39.5 + 2.0 850 + 50

K 3.97 £ 0.1 67 +£1 253 + 0.1 33 +0.1 239 + 0.4 775 + 25

2.2. Characterization techniques

2.2.1. Energy-Dispersive X-ray (EDX) spectroscopy

Energy-Dispersive X-ray (EDX) Spectroscopy was performed by an-
alyzing ex-situ sample X-ray fluorescence on a Zeiss Sigma HD field
emission electron microscope.

The technique provides an estimate of the atomic concentration
At, of each element x, shown in Table 1. Beyond statistical errors
associated with sensitivity limits (which are reported in Table 1) EDX
measurements are affected by a systematic error resulting from the
fact that the contribution of a given atom type to the fluorescence
may deviate from its theoretical estimate (mainly proportional to the
atomic mass) as a result of various effects, which can be modeled as
a correction factor [2]. However, for heavy atoms of close-by masses,
which is the case of Hf and Ta, the correction factors are almost equal,
so that these systematic errors can be eliminated by considering their
molar ratio. For this reason, we characterize the film composition by
the molar ratio of HfO, with respect to the total oxide concentration,
namely:

HfO,(mol%) = 100 - ———————
: (At + Atery)

which we can consider to be essentially free of any systematic error.

2.2.2. Graging Incidence X-Ray Diffraction (GIXRD)

We performed ex situ Grazing Incidence X-ray Diffraction (GIXRD)
measurements to identify phase changes in the coatings after annealing.
We used a PANalytical MRD Diffractometer equipped with a Cu tube
operated at 40 kV, 40 mA. A parabolic multilayer mirror and a slit were
used to collimate and improve spectral purity of the radiation from
the Cu K, line. We used a Xe proportional counter as detector, which
was equipped with a parallel plate collimator mounted in front of it,
providing an angular acceptance in the scattering plane of about 0.1
degrees. A Soller slit was inserted in order to limit axial acceptance to
0.04 radians. A grazing incidence configuration was used to enhance
the scattering signal from the thin film. The diffraction spectrum for
all samples was measured by keeping the primary beam fixed at an
incidence angle of 1° with respect to the sample surface and moving
the detector goniometer (20-scan) with 20 ranging from 15 ° to 100 °.

Plausible crystalline phases were found using the program
QualX 2.0 [39,40] and the Crystallography Open Database [41-48].

2.2.3. Optical microscopy

Samples were inspected visually using a Keyence VHX-7000 digital
microscope. In order to enhance crystal visibility, coaxial lighting was
used together with a pair of polarizing filters placed in the optical path,
following the procedure from [29].

2.2.4. Atomic Force Microscopy

Atomic Force Microscopy (AFM) was used to study the surface
morphology of non-crystallized, partially crystallized and completely
crystallized samples. Measurements were carried out in semicontact/
tapping mode on a Nanosurf FlexAFM setup equipped with a PPP-NCHR
cantilever with a force constant of 42 N/m and resonance frequency of
approximately 330 kHz.

2.2.5. Micro-Raman spectroscopy

In order to determine the influence on vibrational properties of
varying the HfO, content, we acquired Raman spectra with a Horiba
XploRA Plus spectrometer, at exciting laser wavelengths of 532 nm. We
used as-deposited samples on SiO, for the Raman characterization, as
the background signal from a Si substrate would overwhelm the signal
from the coatings.

2.2.6. Spectroscopic Ellipsometry (SE)

The optical characterization was performed using spectroscopic el-
lipsometry (SE). We analyzed the coatings in a broad spectral range
from 190 to 2500 nm (0.5-6.5 eV) utilizing the Variable Angle Spec-
troscopic Ellipsometer (VASE) from J. A. Woollam Co., Inc.. A wide
spectral range is necessary to determine the energy gap, which, for the
materials considered in this work, lies in the UV range. At the same
time, this range provides refractive index data relevant to GW detector
mirrors, which currently operate at 1064 nm but may shift to longer
wavelengths (1550 or 2000 nm) in the future. Ellipsometry determines
two quantities conventionally named ¥ and 4. 4 is the phase difference
between the electric fields parallel and perpendicular to the plane of
incidence, while ¥ is defined as:

'l’:atan(lrp|> (€8]

|71

where r, and r, are the complex Fresnel coefficient of the sample.
According to the previous definitions, ¥ and 4 are angles. To maximize
the SE data accuracy, ¥ and 4 spectra were obtained at three angles of
incidence (60 °, 65 °, and 70 °), in proximity to the samples’ Brewster
angle [49]. The refractive index n, thickness ¢ and energy gap E,
of the samples were derived by fitting the acquired spectra with a
Cody Lorentz optical model, using a strategy detailed in a previous
publication [50]. Data analysis was performed with the J. A. Woollam
software WVASE [51].

2.2.7. Coating thermal noise measurements

Coating thermal noise (CTN) measurements were conducted with
a multi-mode technique [52,53] using a folded standing-wave Fabry-
Perot cavity, where the folding mirror was the coating sample. Each
of the co-resonating second-order orthogonal transverse modes, TEM02
and TEM20, acts as a cavity length sensor for a different region of
the coating surface. Any noise common to both TEMs cancels out on
the beat frequency between these modes, whereas noise from ther-
mally induced vibrations in separate regions of the coating adds in
quadrature. The beat frequency, around ~ 5 MHz, occurs as a result
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of astigmatism in the cavity end mirrors. This technique allows for the
routine measurement of thermal noise spectra in the frequency band
from ~ 30 Hz to ~ 3 kHz. The large sensitivity of this experimental
setup also allows us to measure the cavity response to thermal load
and thus estimate the optical absorption of the coating.

In early CTN measurements that used this technique [52,53], it
was assumed that the cavity end mirrors contributed negligibly to the
measured CTN. For the results presented here, however, we properly
accounted for their contribution [54].

The multi-mode technique is currently the preferred method of the
LIGO Collaboration for performing CTN measurements of HR coatings.

3. Experimental results
3.1. Thin film composition

The first step of our analysis was to determine the composition
of the deposited thin films. We measured the chemical composition
through EDX on all samples, both as-deposited and after annealing at
900 °C. In all samples the main detectable elements were Hf, Ta, O and
Ar. Results are reported in the first four columns of Tables 1 and S.I.
Sample compositions remained stable after annealing, while the Ar
content either decreased significantly or vanished completely. This
is consistent with previously reported Ar heat-stimulated outgassing
from coatings during annealing [55]. Results were reproducible across
different locations on the coating.

To more thoroughly assess sample homogeneity, we mapped EDX
spectra over several small areas on as-deposited and crystallized sam-
ples from the K and I batches. This analysis confirmed that Hf and
Ta are homogeneously distributed within the investigated areas at our
instrument’s resolution (see Figure S.1).

By repeating the measurements several times, we found that the
relative statistical uncertainty in the measured composition of each
element’s percentage was < 0.5 At%. In order to remove the un-
known systematic error component from the data, as explained in
Section 2.2.1, we calculated the HfO, molar percentage of each batch.
The results of this analysis for each sample are shown in the fifth
column of Tables 1 and S.I. This computation provided a reliable
composition estimate, allowing us to compare samples with each other
and with available literature.

3.2. Crystallization threshold and morphology

As-deposited samples for each coating mix were annealed at 600 °C,
700 °C, 800 °C and 900 °C. After annealing, samples were measured
by ex-situ Grazing Incidence X-ray Diffraction (GIXRD) to detect the
onset of diffraction peaks and thus identify the approximate crystal-
lization temperature. Resulting GIXRD diffractograms are reported in
Figure S.2. All samples that had been annealed at the highest investi-
gated temperature, 900 °C, showed crystallization peaks, as shown in
Fig. 1(a). The crystallization threshold was estimated as the halfway
point between the highest annealing temperature not inducing crys-
tallization and the lowest annealing temperature for which diffraction
peaks were present. This analysis demonstrates that the crystallization
temperature of our mixtures is highly sensitive to the HfO,:Ta,Og ratio,
as shown in the data reported in the last column of Table 1, highlighting
an alloying effect on the glass stability.

The samples with the highest HfO, concentration, A and B, showed
small crystallization peaks as deposited (see Figures S.2(a,b)). For
reference, pure Ta,Os5 coatings crystallize at about 630 °C for the same
annealing duration [29].

Samples with HfO, concentrations between 25% and 65% showed
the highest crystallization temperature, exceeding 800 °C. Two of these
compositions, batches I and K, underwent a more thorough investiga-
tion in order to precisely determine their crystallization temperature.
As can be seen from Fig. 1(c), sample I starts showing diffraction
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peaks when annealed at 850 °C, thus we estimate the crystallization
temperature for batch I to be between 800 °C and 850 °C. In contrast,
diffraction peaks arise in the spectrum of sample K between 750 °C and
800 °C, at a slightly lower temperature than expected (see Figure S.3).
As batch I was confirmed to have the highest crystallization temper-
ature, we prioritized it for the more in-depth and time-consuming
characterization techniques.

To further understand the crystallization processes, we analyzed
the diffractograms of samples with different compositions annealed at
900 °C. By combining these diffractograms with the compositional data
found in Section 3.1, we found that our results could be explained
by the presence of three crystalline phases — monoclinic HfO,, or-
thorhombic Ta,0Os5, and orthorhombic HfsTa,0;, [57] — appearing in
different ratios depending on the molar percentage of HfO,. The phase
mixes we used to model the experimental GIXRD diffractograms are
reported in Fig. 1(b). A previous study by McCormack et al. on a similar
system described the phase space of Ta,O5—HfO, mixed oxides as a
function of molar HfO, concentration vs. annealing temperature [58].
By superimposing the crystalline phases found in our annealed samples
to this graph, we notice that our data are in agreement with the
expectation based on the phase diagram of Ta,O5—HfO, alloys. In
particular, all mixes with HfO, concentration between 25% and 65%,
for which we found the highest crystallization thresholds, produce
Ta,05 and HfgTa,0;; crystalline phases.

We used optical microscopy to visually inspect as-deposited and
annealed samples for all HfO,:Ta,O5 mixes. We report results for
sample I in Figs. 2(a—-d). The as-deposited sample is optically homo-
geneous, without any relevant features, as expected from the absence
of crystallization observed with GIXRD. High-temperature annealing,
up to 800 °C, left the sample optically homogeneous, consistent with
the absence of diffraction peaks in GIXRD diffractograms, except for the
appearance of bubbles, which will be discussed later.

When the annealing temperature reached 850 °C and its GIXRD
spectrum began to show diffraction peaks, the coating of batch I started
to present optically ansotropic grains, as can be seen in Fig. 2(c).
Increasing the annealing temperature to 900 °C resulted in complete
crystallization of the coating, as shown in Fig. 2(d). The anisotropy of
the grains confirms their crystalline nature, consistent with the GIXRD
measurements.

In order to study the relation between surface topography and
crystallization, we performed Atomic Force Microscopy (AFM) on as-
deposited and annealed samples from batch I.

AFM topography maps are reported in Figs. 2(e-h), together with
the corresponding phase maps in Figs. 2(i-1). Both the as-deposited
sample and those annealed up to 800 °C show an almost atomically
flat surface with few raised defects. When the coating was annealed
at 850 °C, depressions appeared that were consistent with the size of
crystalline grains observed under optical microscopy. These grains were
also visible against the matrix in the phase map, which indicates a
change in the interaction between the tip and the surface, due to a
modification of the physical nature of the grains with respect to the
amorphous matrix. The phase contrast visible in the different grains
is presumably caused by the different orientations of the crystalline
grains as seen with optical microscopy. This led us to conclude that the
crystalline grains are denser than the amorphous matrix, resulting in
local surface depressions. The same trend is observed in the completely
crystallized sample annealed at 900 °C, which shows depressions at the
center of each crystalline grain and raised boundaries between grains.

When examining thin films annealed at 500 °C or higher, regard-
less of composition, we observe round, bubble-like raised structures
appearing on the coating surface (see Figure S.4). The structures are
also visible in AFM topography and phase measurements, which we
report in Figure S.5 for the partially crystallized sample from batch I
annealed at 850 °C. EDX measurements show that the round structures
have the same surface chemical composition as the surrounding matrix
and grains. Together with their raised, domed shape, this led us to the
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Fig. 1. (a) GIXRD diffractograms of samples annealed at 900 °C for 10 h. Three main crystalline phases have been identified: monoclinic HfO,, orthorhombic Hf;Ta,0;,, and
hexagonal Ta,O5 (respectively PDF 00-078-0049, PDF 00-044-0998, and PDF 00-019-1299). (b) Crystallization temperature for 10 h of annealing vs. hafnia molar concentration
measured via EDX. The color of the data points represent the crystalline structure identified after the annealing. The background of the graph is the experimental HfO,—TayOs
phase diagram by McCormack et al. [56] (reproduced with permission). (¢) GIXRD of sample batch I.
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Fig. 2. (a-d) Optical microscopy, (e-h) AFM topography and (i-1) AFM phase of samples from batch I, as deposited (first column) and annealed for 10 h at 800 °C (second

column), 850 °C (third column), 900 °C (fourth column).

conclusion that they are bubbles created by Ar gas desorption from the
film during annealing. Blistering is a known issue in mirror coatings
deposited via IBS, and recent models have linked it to several factors,
ranging from Ar accumulation to substrate roughness [54,59].
Moreover, in the partially crystallized sample (annealed at 850 °C),
we found that the domed structure is surrounded by grains, visible both
in optical microscopy and AFM measurements (topography and phase
maps). The observed higher density of crystalline grains at the edges

of the bubbles is likely due to the edges providing a defect in the thin
film structure which serves as preferred nucleation site.

3.3. Optical properties

For each as-deposited sample, we acquired Raman spectra and
calculated their reduced form as follows [60]:

(2

Ip(w) = — o) Iy(w),

n(w) (0 —
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Fig. 3. Reduced Raman spectra of As Deposited samples from all batches listed in
Table 1, calculated as in [60]. Spectra from the SiO, substrate and the Ta,O5 coating
added for comparison.

where I(w) is the experimentally determined spectral intensity, w; is
the incident laser frequency, and n(w) is the following temperature-
related boson factor:

n(w) = (expha/kpT)— 1) ©)

The reduced intensity Zz(w) can be represented as Iz(w) = C(w) -
p(w), where C(w) is the coupling function and p(w) is the vibrational
density of states (VDOS) [60,61]. This procedure eliminates the peak
asymmetry contributions due to phonon statistics and to the different
resonance of vibrational peaks with the selected laser wavelength.
Reduced Raman spectra for each composition are reported in Fig. 3,
together with the background SiO, substrate signal and a Ta,O5 coating
sample. Coatings with HfO, concentration > 90% (batches A to C)
have a spectrum which is very close to that of the SiO, substrate. This
similarity between the Raman signals of amorphous HfO, and SiO, is
consistent with available literature and seems to be independent of the
excitation wavelength [62,63].

At higher tantala concentrations, two broad peaks at approximately
670 cm~! and 900 cm~! increase in intensity, consistent with the
literature for amorphous Ta,O5 [64,65]. Moreover, the SiO, broad
peak at about 400 cm™ decreases in intensity, which is consistent with
dense Ta,O5 coatings masking the signal from the substrate.

The distribution of experimental data between the two extremes of
pure amorphous Ta,O5 and SiO, closely matches the molar concentra-
tion of HfO, found in Table 1.

We used spectroscopic ellipsometry on amorphous samples to deter-
mine the refractive index as a function of the HfO, molar concentration.
As noted earlier, Batches A and B, which showed crystallization as-
deposited, were not optically homogeneous and were not considered for
this analysis. Fig. 4 a,b shows the ellipsometry data ¥ and 4 measured
on batch I. As the graphs show, the best fit and experimental data
are perfectly matched. The same procedure was carried out for all
amorphous as-deposited HfO,:Ta,O5 mixes. Results in ellipsometry are
typically obtained by means of a model-based analysis. It might happen
that slightly different models (for example, two different dispersion
formulae simulating the broad-band optical response of a coating layer)
yield quite similar, yet not identical results. This uncertainty is repre-
sented by means of the error bars reported on the refractive index and
energy gap. The refractive index and energy gap obtained from the data
fitting are reported in Fig. 4 c, d.
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Table 2

Measurements of CTN and optical absorption of multilayer HR samples with HfO5:Ta,05
layers. CTN values are given as a fraction of the Advanced LIGO value, 13.7 -
1018 m Hz™'/2. (CTN amplitude values are given at 100 Hz).

Sample Annealing T CTN Slope Absorption

() (fraction (ppm)
aLIGO)

aLIGO 1.00 0.45 + 0.02 0.5

11618 as deposited 1.37 + 0.02 0.42 + 0.02 42.0 + 16.8

11648 600 1.09 + 0.02 0.41 + 0.02 29+ 1.2

11644 700 1.09 + 0.02 0.41 + 0.02 2.6 + 1.0

11646 800 1.04 + 0.02 0.42 + 0.02 24 + 1.0

For applications in GWD mirrors, it is often relevant to specify
the refractive index of materials for mirrors at selected wavelengths.
In Fig. 4(e) we report such values obtained with the Cody Lorentz
optical model for sample I at four of the most commonly employed
wavelengths, from the visible (532 nm) to the near infrared (2000 nm).

As seen in Fig. 4(c), the refractive index difference between pure
Ta,05 [50] and amorphous HfO,:Ta,;Os5 thin films with the highest
HfO, molar concentration (92%) is minimal, at less than 7% (i.e., ex-
cluding HfO,:Ta,05 films with crystalline inclusions in the as-deposited
state). Therefore HfO,:Ta,O5 mixtures are perfectly suitable for the role
of HI material in GW mirrors.

3.4. Coating thermal noise

We measured the coating thermal noise (CTN) of four multilayer,
HR coating samples made of Hf0,:Ta,Os5 and SiO, thin layers and
deposited in the same run (n. 11618, 11648, 11644 and 11646). Their
Hf0,:Ta,0g layers were deposited under the same conditions as sample
I, but underwent annealing treatments at different temperatures. Cho-
sen annealing temperatures were 600 °C, 700 °C and 800 °C, in order
to remain below the crystallization temperature threshold. The target
annealing temperature was maintained for 10 h, as for the monolayer
samples.

As an example, the amplitude spectral density of the total measured
noise of the HfO,:Ta,0O5 sample annealed to 800 °C is shown in red in
Fig. 5, together with a reference CTN measurement of an Advanced
LIGO (aLIGO) end test mass witness sample (dashed green line). By
fitting a power law to the spectra between ~ 40 Hz and ~ 2 kHz
(dashed blue curve in Fig. 5), we were able to determine the frequency
dependence of the observed CTN,

slope

100Hz
4
7 ) “@

CTN(f) = CTN x (

The fitted values of the slope and the CTN amplitudes at 100 Hz,
expressed as a ratio to the currently available aLIGO CTN (13.7 -
10-!18 m Hz~'/?), as sensed by 02+20 Hermite Gaussian modes with
a 50 pm beam spot size, are shown in Table 2. The as-deposited mirror
(n. 11618) had the highest CTN, a factor of 1.37 larger than that of the
Advanced LIGO coatings. As the annealing temperature increased, the
CTN decreased, as expected from available literature [4]. Annealing at
600 °C reduced the CTN by 20%, reaching 1.09 times that of the aLIGO
coatings. The mirror annealed to 800 °C (n. 11646) had the lowest CTN,
only 1.04 times higher than that of the aLIGO coatings.

We also used our CTN setup, as described in paragraph 2.2.7, to
measure the optical absorption at 1064 nm, the wavelength of light
relevant for current gravitational-wave detectors [14,52,53]. By com-
parison with previous studies, we expect optical absorption to decrease
upon annealing [4]. The unannealed mirror (n. 11618) had 42 parts
per million (ppm) absorption, more than 80 times the value measured
for aLIGO mirrors. Annealing decreased the absorption by an order
of magnitude. Absorption decreased further with increasing annealing
temperatures until arriving at a 2.4 ppm for the mirror annealed at
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Fig. 4. (a) ¥ and (b) 4 spectra for sample I at the angle of incidence of 70°. Experimental data (continuous lines) and best-fit model (dashed lines) are reported in the same plot
for comparison. (c) Refractive index at 1064 nm and (d) energy gap obtained from the SE data modeling. Pure Ta coatings data, gathered with the same experimental protocol,
from [50]. (e) Refractive index n of as deposited sample from batch I as a function of the wavelength.
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Fig. 5. The total measured noise of the HfO,:Ta,O5 sample annealed to 800 °C, given as an amplitude spectral density (ASD), is shown in red. The dashed blue “HfO,:Ta,0Os
800 °C” curve is the fitted CTN of the sample mirror. The orange “End Mirrors” curve is the combined CTN of the input and output cavity mirrors, previously measured and
scaled appropriately. The shaded orange region represents one standard deviation uncertainty on the CTN of the end mirrors. The purple sensor curve is a combination of the
noise from electronics and the shot noise on the photodetectors. The black curve through the total measured noise is the combined fit of the sample CTN, the end mirrors CTN,
and the sensor noise. The aLIGO curve is the CTN of a previously measured aLIGO end test mass witness sample and is provided for reference.

800 °C (n. 11646), only five times the value measured for the aLIGO
mirrors.

Consistent with our expectations, we observed a reduction in both
CTN and optical absorption upon annealing. It is worth noting that,
thanks to the high temperature annealing made possible by the im-
proved thermal stability of our HfO,:Ta,O5 coatings with optimized
composition (about 60% HfO, molar content, sample I) it was possible
to obtain results comparable with the highly-optimized TiO:Ta,0s5
coatings used in LIGO and Virgo. This is a remarkable result since both
the deposition process and the stack design in the multilayer mirror
are still to be optimized, leaving room for considerable improvement.
Hence HfO,:Ta,05 with enhanced thermal stability is a promising HI
candidate material for GW mirrors, warranting future investigation and
optimization.

4. Discussion and conclusions

In this work, we investigated the thermal noise properties of
HfO:Tay05 mixes with high thermal stability and annealed at high
temperatures. A set of samples with different compositions were studied
to determine which one would best withstand a strong annealing at
high temperature for 10 h remaining in the amorphous state. The best
mix (about 60% mol. HfO,) could be annealed at temperatures as high
as 800 °C without crystallizing. This material has been employed as
a HI layer in a Bragg mirror made of a SiO,/Hf0O,:Ta,Os quarter-
wave stack which, even without optimization, displayed mechanical
performances comparable to those of the best LIGO-Virgo mirrors.

Most crucially, we demonstrated in this work the importance of
considering the thermal stability of the HI layers. The driving idea
motivating our whole study was that by enhancing thermal stability,
we could perform annealing in (high temperature) conditions enabling
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us to achieve a higher degree of structural relaxation without losing
the amorphous character of the material. The drastic decrease of coat-
ing thermal noise we observe after annealing our HfO,:Ta,O5 sample
at 800 °C is a direct and successful experimental test of this idea.
This also suggests that, in addition to material formulation through
the deposition process, future optimizations could involve developing
tailored annealing protocols to more effectively leverage the thermal
stability range of a given mixture, obviously taking into account other
parameters contributing to the overall CTN of the whole stack such as
e.g. the refractive index of the layer or its optical absorption.

This achievement, of course, underlines the importance of material
analysis in the field of GW detection, as optimizing the mirror coating
materials is going to be very important to reach the sensitivity goals of
advanced second and third generation GW detectors.
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