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Coating thermal noise is a fundamental limit for precision experiments based on optical and quantum transduc-
ers. In this review, after a brief overview of the techniques for coating thermal noise measurements, we present the
latest worldwide research activity on low-noise coatings, with a focus on the results obtained at the Laboratoire
des Matériaux Avancés. We report new updated values for the Ta2O5, Ta2O5−TiO2, and SiO2 coatings of the
Advanced LIGO, Advanced Virgo, and KAGRA detectors, and new results from sputtered Nb2O5, TiO2−Nb2O5,
Ta2O5−ZrO2, MgF2, AlF3, and silicon nitride coatings. Amorphous silicon, crystalline coatings, high-temperature
deposition, multi-material coatings, and composite layers are also briefly discussed, together with the latest
developments in structural analyses and models. ©2020Optical Society of America

https://doi.org/10.1364/AO.377293

1. THE ISSUE OF COATING THERMAL NOISE

The Laboratoire des Matériaux Avancés (LMA, now a divi-
sion of the newly created Institut de Physique des 2 Infinis
de Lyon) has provided the current high-reflection (HR) and
anti-reflective coatings of the most critical optics of Advanced
LIGO [1], Advanced Virgo [2], and KAGRA [3]. In these
gravitational-wave (GW) interferometers, large and massive
suspended mirrors (typically with ∅= 35 cm, t = 20 cm,
m = 40 kg) form the kilometer-long resonant Fabry–Perot
cavities, where the astrophysical signals are embedded in the
laser beam phase. Their HR coatings are Bragg reflectors of
alternate layers of ion-beam-sputtered (IBS) low- and high-
refractive-index materials, which feature outstanding optical
properties [4]. At the same time, these amorphous coatings are
the source of coating thermal noise (CTN), which is a severe
limitation to the detector sensitivity [1,2].

In GW interferometers, thermal noise arises from fluctua-
tions of the mirror surface under the random motion of particles
in coatings and substrates [5,6]. Its power spectral density is
determined by the amount of internal friction within the mir-
ror materials, via the fluctuation–dissipation theorem [7]: the
higher the elastic energy loss, the higher the thermal noise level.
As the coating loss is usually several orders of magnitude larger
than that of the substrate [8,9], CTN is the dominant source of
noise in the mirrors.

More generally, CTN is a fundamental limit for precision
experiments based on optical and quantum transducers, such as
optomechanical resonators [10], frequency standards [11] and
quantum computers [12]. In the last two decades, a considerable
research effort has been committed to the measurement and the
reduction of CTN.

2. MEASUREMENT

Besides kilometer-scale interferometry, several techniques are
available to measure CTN. The first direct approach has been
to measure the differential displacement of two suspended
identical Fabry–Perot cavities in a tabletop setup [13,14]. More
recently, two alternative single-cavity experiments have been
successfully achieved: a single-crystal silicon Fabry–Perot cavity
for cryogenic operation [15] and a folded Fabry–Perot cavity
operated with higher-order laser modes [16,17]; the latter is the
current reference solution for CTN measurements of the LIGO
Scientific Collaboration.

An alternative option for direct CTN measurements is
quadrature phase differential interferometry [18], where
polarized laser beams are used in a modified Nomarski inter-
ferometer with complex contrast to measure the noise-driven
displacement of a coated atomic force microscope silicon
tip [19].
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Fig. 1. Coated fused-silica disk (∅= 75 mm) on top of a cryogenic
GeNS system composed of a silicon plano–convex lens in a copper
mount. An electrostatic drive, used for contactless excitation of the
normal modes of the disk, is visible on the right (in the background).

An indirect approach is the measurement of the coating inter-
nal frictionφc in a suspended coated resonator [20], though this
measurement could be easily degraded by systematics due to the
suspension system. At the LMA, we opted for a Gentle Nodal
Suspension (GeNS) system [21] and adapted it for cryogenic
measurements as well [22]. In such a system, shown in Fig. 1,
a disk-shaped resonator of thickness t is installed on top of a
spherical surface of radius r ; as long as t < 2r and there is no
sliding between the contact surfaces, the disk is in stable equi-
librium. The system can accept disks of different diameters;
so far, we have tested samples ranging from 25 to 75 mm. The
key features of the GeNS system are: (i) absence of clamping;
(ii) extremely low excess losses (φ < 5 · 10−9 measured for
75 mm. samples) coming from the pointlike suspension surface;
(iii) unprecedented reproducibility of measurements, within a
few percent on internal friction and 0.01% on resonant frequen-
cies; and (iv) the possibility to use easily available substrates (like
silicon wafers, for instance). For all these reasons, the GeNS
system is now a standard setup within the Virgo and LIGO
Collaborations [23,24].

With a GeNS system, measurements of internal friction are
performed via the ring-down method, i.e., by measuring the
ring-down time of the vibrational modes of the sample. For the
i -th mode of frequency fi and ring-down time τi , the measured
loss isφi = (π fiτi )

−1, and the coating lossφc _i can be written as

φc _i = [φi + (Di − 1)φs _i ]/Di , (1)

where φs _i is the measured loss of the bare substrate. Di is the
so-called dilution factor, defined as the ratio of the elastic energy
of the coating, E c , to the elastic energy of the coated disk,
E = E c + E s , where E s is the elastic energy of the substrate.
This ratio depends on the mode shape, and can be written as
a function of the mode frequency and the mass of the sample
before and after the coating deposition ( f s _i , fi , ms , and m,
respectively) [19]:

Di = 1−
(ms

m

) ( f s _i

fi

)2

. (2)

Thus, thanks to the high reproducibility of frequency mea-
surements provided by a GeNS system, the dilution factor Di

can now be measured; this implies that, unlike other experimen-
tal setups based on the ring-down method, our technique for
loss characterization does not require prior knowledge of the
coating Young’s modulus and thickness (otherwise needed to
estimate Di ). Furthermore, the coating Young’s modulus (Yc )
and Poisson’s ratio (νc ) can be estimated by iteratively adjusting

Fig. 2. Internal friction of coating materials of Advanced LIGO,
Advanced Virgo, and KAGRA: Ta2O5, Ta2O5−TiO2, SiO2. Error
bars are shown, though barely visible; shaded regions represent uncer-
tainties from fitting a frequency-dependent power-law loss model
to each sample set: φc ( f )= a f b for Ta2O5 and Ta2O5−TiO2,
φc ( f )= a f b

+ εdφe for SiO2, where the εdφe term is the spuri-
ous contribution of the coated edge of the sample [27]. The best-fit
parameters of each data set are listed in Table 1.

Table 1. Mechanical Properties of Coating Layers of
Advanced LIGO, Advanced Virgo, and KAGRA

a

a
[10−4 rad Hz−b] b Yc [GPa] νc

Ta2O5 1.88± 0.06 0.101± 0.004 117± 1 0.28± 0.01
Ta2O5−TiO2 1.43± 0.07 0.109± 0.005 120± 4 0.29± 0.01
SiO2 0.20± 0.04 0.030± 0.024 70± 1 0.19± 0.01

aa and b are least-squares best-fit parameters of a power-law model
φc ( f )= a f b for the measured frequency-dependent internal friction shown
in Fig. 2.

finite-element simulations of coated samples to fit the measured
values of Di : the best fit is obtained with a pair (Yc , νc ) that
minimizes the least-square figure of merit

mD =
∑

i

(
Dmeas_i − Dsim_i

σmeas_i

)2

, (3)

where Dsim_i and (Dmeas_i ± σmeas_i ) are the simulated and
measured dilution factors, respectively. Figure 2 compares
the internal friction of coating materials of Advanced LIGO,
Advanced Virgo, and KAGRA mirrors, and Table 1 summarizes
their mechanical properties; all data have been measured with
our GeNS system. We used a power law model φc ( f )= af b

to describe the observed frequency-dependent behavior of the
coating internal friction [25–27].

Fig. 3. Fit of measured dilution factors with simulated values for
Ta2O5 (left) and SiO2 (right) coatings annealed 10 h in air at 500◦C.
The scale of each plot is adapted to highlight the differences between
measured and best-fit values.
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Figure 3 shows the results of our fitting process for elastic
constants of representative Ta2O5 and SiO2 coating samples;
the agreement between simulated and measured dilution factors
vouches for the reliability of our method (though larger residuals
for SiO2 coatings seem to point out that either our model or
our simulations might need further fine-tuning in some specific
cases; this will be the subject of further investigation).

3. REDUCTION

In a Fabry–Perot cavity like those of GW interferometers, the
frequency-dependent CTN power spectral density can be
written as [9]

SCTN ∝
kB T
2π f

tc
w2
φc , (4)

where f is the frequency, T is the temperature, tc is the coating
thickness,φc is the so-called coating loss angle that quantifies the
coating internal friction, and w is the laser beam radius. Thus,
besides lowering the temperature of the mirrors [3,28,29], there
are three key properties that may reduce the CTN: coating
thickness and internal friction, which depend on intrinsic prop-
erties of coating materials, and laser beam size, which requires
the development of larger substrates and adapted deposition
technology. Furthermore, the lowest coating thermal noise
occurs when the coating Young’s modulus is matched to that of
the substrate [9]. Coating thickness is in turn a monotonically
decreasing function of the refractive index contrast c = nH/nL

in the HR stack, where nH and nL are the high and low refractive
indices, respectively; thus, the value of c , the lower the coating
thickness and hence the coating thermal noise (at constant
reflection).

As a consequence, the optimal coating materials would fea-
ture the lowest internal friction and the largest index contrast
at the same time, a Young’s modulus matching as much as pos-
sible that of the substrate to be coated (73.2 GPa in fused-silica
substrates used for room-temperature operation, ≥130 GPa
in silicon or sapphire substrates for cryogenic operation), and,
in order to limit thermal lens effects, an optical absorption at
least as low as it is to date, i.e., an extinction coefficient k ∼ 10−7

at λ0 = 1064 nm (which is the wavelength of operation of
GW interferometers) [4]. By taking as a reference the optical
[4,30] and mechanical (Table 1) properties of the IBS oxide
layers (Ta2O5, Ta2O5−TiO2, SiO2) within the HR coatings of
Advanced LIGO, Advanced Virgo, and KAGRA, future low-
thermal-noise coatings should have c > 1.44 and φc< 10−4 at
100 Hz; these and other important coating requirements are
summarized in Table 2.

In order to decrease CTN, several empirical options can
be considered to further optimize the coatings of current
GW interferometers: tuning of the sputtering ion beam, co-
sputtering (also commonly referred to as doping), substrate
heating during deposition and post-deposition annealing. In
principle, these techniques could be also combined to cumulate
their benefits. Also, alternative low-friction materials may be
selected, then possibly further improved.

Finally, a more fundamental approach consists of isolating
and possibly inhibiting the microscopic relaxation sites [25]
that determine the amount of internal friction in coatings; this

Table 2. Tentative Projection of Requirements for
Optical and Mechanical Properties of Coating Layers
for Future GW Interferometers, Based on Current
Standards (from Refs. [4,30] and This Work)

Refractive Index nH > 2.09
nL < 1.45

Extinction 10−7 < k< 10−6

Scattering αs ≤ 10 ppm
Internal friction φc< 10−4 at 100 Hz
Coated diameter d ≥ 35 cm
Thickness uniformity 1tc ≤ 0.1%
Surface roughness ≤0.1 nm rms

approach is based on the thorough investigation of the relation
between the microscopic structure of the coating materials and
their macroscopic properties, both experimentally and through
molecular dynamics simulations.

A. Deposition Parameters and Annealing

We studied the impact of different deposition parameters
and of post-deposition annealing on the internal friction of
silica (SiO2) and tantala (Ta2O5) coatings, deposited with
three different IBS coaters at LMA: the custom-developed so-
called DIBS and Grand Coater (GC) and a commercial Veeco
SPECTOR; the GC is used to coat the mirrors of GW detectors.
Deposition parameters that may have a relevant impact on the
coating properties are the beam ion energy and current and the
geometric configuration of the elements inside the chamber,
i.e., the distances and the angles between the sputtering sources,
the sputtered targets, and the substrates to be coated. Each
coater has its own specific set of values for these parameters,
optimized to yield the highest coating optical quality, resulting
in a different deposition rate. However, in all the coaters, the
ion energy and current are of the order of 1 keV and 0.1 A,
respectively.

Figure 4 shows the results of this preliminary study. We found
no correlation between the measured loss and the distances of
targets and substrates. For the Ta2O5 coatings, the GC provided
the slowest rate and lowest loss values, whereas the SPECTOR
had the fastest rate (3 Å/s) and the highest loss values. For the
SiO2 coatings, we observed that indeed the SPECTOR sample
had the fastest deposition rate (2 Å/s) and the highest loss values;
however, despite having the same deposition rate (within 25%
experimental uncertainty), the DIBS sample had lower loss
values than those of the GC sample. While this inconsistency
will be the subject of further investigation, we may conclude
that, as a rule of thumb, the faster the deposition rate, the higher
the loss.

The post-deposition annealing decreases the internal friction:
depending on the initial values considered, the reduction of
internal friction is of a factor of 1.5 to 2.5 for Ta2O5 films, and
5 to 6.5 for SiO2 films. As the substrates are treated at 900◦C
prior to deposition, the observed loss change upon annealing
is due to the coating only. Once annealed, all the Ta2O5 films
showed equal loss, as if their deposition history had been erased
and an ultimate common structural configuration had been
attained, whereas the gap between the loss values of SiO2 films
just decreased.
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Fig. 4. Internal friction of Ta2O5 (top row) and SiO2 (bottom
row) coatings before (left column) and after (right column) 10 h
in-air annealing at 500 ◦C, deposited by different coaters: GC, DIBS,
and SPECTOR. Shaded regions represent uncertainties from fitting
a frequency-dependent power-law loss model to each sample set:
φc ( f )= a f b for Ta2O5 and φc ( f )= a f b

+ εdφe for SiO2, where
the εdφe term is the spurious contribution of the coated edge of the
sample [27]. The scale of each plot is adapted to highlight differences
or similarities between different data sets.

B. Alternative Oxides and Doping

To increase the refractive index contrast by replacing the current
co-sputtered Ta2O5−TiO2 layers with higher-index materials,
we tested Ta2O5−TiO2 coatings with different Ti/Ta mixing
ratios [31], Nb2O5 layers, and co-sputtered TiO2−Nb2O5

coatings. Also, following preliminary results from the LIGO
Collaboration, we tried Ta2O5−ZrO2 coatings treated at higher
annealing temperatures. Figure 5 shows the results of internal
friction for such oxide coatings; none of them yielded signifi-
cantly lower friction compared to the current Ta2O5−TiO2

layers.
Interestingly, Fig. 5 also shows that despite their different

nature and different annealing temperatures Ta , all the high-
index oxide coatings characterized so far (Ta2O5, Ta2O5−TiO2,
Nb2O5, TiO2−Nb2O5, and Ta2O5−ZrO2) have similar
internal friction values (2 · 10−4 . φc . 5 · 10−4) in the sam-
pled frequency band, suggesting that this might be a general
feature of this kind of coating. Also, the measured values are in
agreement with the behavior reported in the literature for many
amorphous solids [32].

C. Fluorides

To increase the refractive index contrast by replacing SiO2

layers with lower-index materials, we characterized the opti-
cal properties and the internal friction of IBS MgF2 and AlF3

coatings produced by the Laser Zentrum Hannover. Before
annealing, we measured a lower refractive index (nMgF2 = 1.40,
nAlF3 = 1.36 at 1064 nm) but observed a too-large optical

Fig. 5. Internal friction of IBS coatings (for annealed samples,
the in-air annealing temperature Ta is indicated in the legend and
annealing time is 10 h), compared to that of a representative substrate;
values at 100 Hz are extrapolations from fitting a power-law loss model
to each sample set.

Fig. 6. Internal friction of as-deposited IBS coatings: AlF3 and
MgF2, compared to SiO2 deposited in the GC.

absorption of 5 · 10−5 < k< 10−4. Also, as Fig. 6 shows, the
coatings’ internal friction is much greater than that of current
as-deposited SiO2 layers. Work is ongoing to characterize the
impact of annealing on their absorption and internal friction;
soon we will also measure their low-temperature internal fric-
tion, for possible implementation in future interferometers
[3,28,29].

D. Silicon Nitride

Because of their low internal friction [33], we also decided to
test silicon nitride (SiNx ) coatings. Usually, such coatings are
deposited by chemical vapor deposition (CVD), resulting in
high optical absorption (k ∼ 1− 5 · 10−5) due to hydrogen
contamination [34]; moreover, their thickness uniformity still
remains to be tested against the stringent requirements of GW
detectors. Thus we chose to develop our own IBS SiNx coatings
and test their loss versus the annealing temperature [31]. The
latest results are shown in Figs. 5 and 7: after in-air annealing
at 900◦C for 10 h, our IBS SiNx coatings have more than 3
times lower loss than present Ta2O5−TiO2 coatings. However,
though lower than that of CVD coatings, their absorption is
still too high (10−6 < k< 10−5), so we are presently working to
further reduce this value.

Another remarkable advantage of silicon nitride coatings is
their much higher crystallization temperature; we could anneal
our IBS SiNx layers up to 900◦C without observing crystalliza-
tion. Since the crystallization temperature of our SiO2 coatings
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Fig. 7. Characterization of IBS SiNx coatings. Left: internal friction
of our first [31] and latest coating samples annealed in air at 900◦C for
10 h, compared to current values of Ta2O5−TiO2 coatings annealed in
air at 500◦C for 10 h (from Fig. 2). Right: extinction coefficient of our
first [31] and latest coating samples as a function of the annealing tem-
perature Ta (in-air annealing time is 10 h, Ta= 0◦C corresponds to as-
deposited coatings).

is higher than 900◦C [31], an HR stack of SiNx and SiO2 could
be annealed at a higher temperature, also decreasing the loss of
SiO2 layers [31] and thus the CTN of the whole stack.

E. Amorphous Silicon

Recent results [35–37] have shown that coatings of amor-
phous silicon (aSi) deposited through various techniques
(e-beam evaporation, reactive low-voltage ion plating, IBS)
can feature very a high refractive index (n ∼ 3.6) and very low
internal friction (10−5 <φc< 10−4). However, their optical
absorption (10−5 < k< 10−4 for 1064<λ< 2000 nm and
20< T < 290 K) is still too high to meet the requirements of
GW interferometers.

F. Substrate Heating

Silicon nitride coatings prepared by low-pressure CVD on
substrates heated at 850◦C [33] and aSi coatings deposited at
relatively high temperatures (Ts = 200−400◦C) by a variety of
deposition techniques [35–37] have shown that substrate heat-
ing during deposition is a promising technique for obtaining
coatings with very low internal friction (10−6 <φc< 10−4) at
room and cryogenic temperatures.

The high-temperature deposition of IBS Ta2O5 coatings has
also been explored [38], but it seems to have a negligible impact
on the room-temperature internal friction of coatings deposited
at 150< Ts< 500◦C.

At LMA, we have now completed the installation of a rotating
heating substrate holder, in order to deposit uniform single
layers and HR coatings up to Ts= 800◦C. Soon we will use it to
test the deposition of Ta2O5 coatings at temperatures just below
their crystallization limit (500< Ts< 650◦C) [31] and of SiO2

and silicon nitride coatings, whose crystallization occurs beyond
900◦C [31].

G. Composite High-Index Layers

In order to replace the current Ta2O5−TiO2 high-index layers
of GW interferometers, the use of stacks of TiO2 and SiO2

with nanometer-thick layers has been proposed [39–41].

Though they have a lower refractive index (n = 1.76) [41],
these nanometer-thick layered stacks can be annealed at a higher
temperature (700< Ta < 800◦C) and have low internal friction
at temperatures below 100 K [41]. However, to date, the deposi-
tion of a full HR stack embedding composite layers has yet to be
achieved.

H. Multi-Material HR Stacks

In order to conjugate low internal friction and low optical
absorption, HR stacks composed of at least three different coat-
ing materials have been proposed [42,43]. In this multi-material
design (as, for instance, in Ta2O5/SiO2/aSi [42], Ta2O5 −

TiO2/SiO2/SiNx [44], and Ta2O5/SiO2/HfO2−SiO2/aSi
[45] stacks), the low-friction absorptive layers are buried under
the low-absorption dissipative layers.

Multi-material HR stacks might be a viable solution to
substantially decrease CTN and, at the same time, to fulfill
the optical requirements of future GW detectors (cryogenic
ones in particular [44,45]). However, to date, an experimental
demonstration of such systems has yet to be achieved.

I. Crystalline Coatings

Mono-crystalline semiconductors grown by molecular-beam
epitaxy, like GaAs/AlGaAs [46] and GaP/AlGaP [47] coat-
ings, feature low internal friction (φc ≤ 10−4) at ambient and
cryogenic temperatures. Furthermore, GaAs/AlGaAs coatings
have competitive optical properties [48] when compared with
current state-of-the-art IBS coatings [4]. However, the imple-
mentation of GaAs/AlGaAs coatings in high-finesse cavities
presents issues yet to be solved: (i) the fact that they are not
available in the large diameter (d ≥ 35cm) required by GW
interferometers, as their size is limited to date by the available
size of the lattice-matched GaAs wafers required for seeded
growth; (ii) the presence of a number of imperfections [49],
including point defects > 50 µm in diameter and un-bonded
regions (due to the transfer of the mono-crystalline stack from
the growth wafer to the target optical surface); (iii) the incon-
sistency between the latest measured values [49] and previous
estimations [46] of coating internal friction.

The GaP/AlGaP coatings have been specifically designed to
overcome the current size limitation of GaAs/AlGaAs-based
systems. However, due to the limited index contrast between
GaP and AlGaP layers, the number of layers N required by a
GaP/AlGaP design to achieve the same optical reflectivity as
current GW detectors’ HR coatings is large, N > 100 [50]; to
date, N is limited to considerably lower values [50], resulting in
a limited reflectivity.

J. Structural Analyses and Models

In the commonly accepted phenomenological two-level systems
(TLS) model [25], for temperatures of more than several Kelvin,
internal friction arises from thermally activated transitions of
particle structures between equilibrium configurations within
the potential energy landscape of an amorphous solid. Indeed,
the TLS model still does not include several crucial details of the
energy loss, such as the identification of the structure relaxing
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from one equilibrium position to another and the factors that
determine a particular energy distribution of TLS. As a result, a
considerable amount of theoretical work is presently ongoing in
order to overcome the TLS model.

As a matter of fact, the utmost scientific and technological
challenge of CTN reduction may lie in the ability to isolate the
relaxation sites, whose nature has remained elusive to date. By
understanding which properties of amorphous structures are
able to affect either the rate or the number of such transitions,
it could be possible to inhibit relaxation and hence internal
friction.

In recent years, the search for a structural origin of internal
friction in amorphous materials has produced several sound
results, from experimental correlations between dissipation
and structural organization [51–53] to molecular dynamics
simulations [54–57].

4. CONCLUSIONS

Coatings of precision optical and quantum transducers are
required to simultaneously feature outstanding optical and
mechanical properties: low internal friction for low thermal
noise, as well as low optical absorption and scattering for low
optical loss (also, for kilometer-scale interferometric GW detec-
tion, extreme surface figure requirements). These specifications
are extraordinarily difficult to meet in a single coating material
and deposition technique; to date, some promising options are
IBS SiNx and SiO2 [31] and amorphous silicon [35–37], to be
deposited [33,35] and possibly further annealed [31,33] at a
high temperature. Such materials, if used in a multi-material
design [42,43], might be a viable solution for the next sensitivity
upgrades of Advanced LIGO and Advanced Virgo (2022-2023)
and KAGRA.

In the meantime, structural analyses [51–53] and molecular
dynamics simulations [54–57] might provide critical informa-
tion toward a more radical solution to the coating thermal noise
issue, to benefit future GW interferometers [28,29].
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