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The design of low-mechanical-loss, high reflectivity mirrors is crucial in the development of the next
generation of gravitational-wave observatories. Currently, the amorphous multilayer reflective coatings
which are deposited at the surface of the test masses in interferometric gravitational-wave detectors present
a major limiting factor in detector sensitivity due to their thermal noise. These coatings require a large
number of thin layers to achieve ultrahigh reflectivity. However, the thermal noise generated by this type of
stack increases with the number of layers used. These dielectric mirrors represent a mature technology, with
current research producing only incremental improvements, highlighting the need for new technical
solutions that can address this specific issue. Here, we provide insights into the expected performance of
mirrors that combine a resonant metasurface with a multilayer stack. The suggested mirror design ensures
the high reflectivity required for interferometric gravitational wave detectors, while using fewer layers of
properly selected materials. As a result, it significantly reduces the total coating thickness, making it a

promising option for reducing thermal noise as well.
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Introduction—Since late 2015, the scientific community
has demonstrated its ability to detect gravitational waves
[1] using terrestrial observatories based on kilometer-
scale Michelson interferometers equipped with extremely
low-loss mirrors [2-4]. These mirrors are composed of
high-quality, thick fused silica substrates coated with an all-
dielectric multilayer stack that increases surface reflectivity
to nearly one (typically 99.9995%). Today, however, the
thermal noise in these coatings is a limiting noise factor in
the most sensitive portion (50-300 Hz) of the gravitational-
wave detection band. Currently, all mirror coatings consid-
ered for interferometric gravitational-wave detectors consist
of alternating layers of high-low refractive index materials,
respectively, titania-doped tantala (TiO, :Ta,Os) and fused
silica (SiO,), deposited via ion beam sputtering (IBS). This
solution provides the best combination of refractive index
contrast, low optical absorption, low thermal noise, and
scalability to large sizes [5]. To improve the thermal noise
performance of these coatings, a wide range of research has
been conducted, a popular option being optimizing the
formula of the reflective stacks to avoid using the material
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with the poorest thermal noise performance or minimize its
thickness. For example, with mirrors that use alternated
layers of silica and titania-doped tantala, the goal is to
reduce the total thickness of TiO, : Ta,O5 or replace it with
higher-performing material (i.e., one with a higher refractive
index, and/or lower loss angle) [6-9]. Beyond these
optimizations, several other innovative solutions are cur-
rently being investigated. These include operating at cryo-
genic temperatures [10,11], implementing crystalline
coatings transferred onto silica substrates through optical
contacting [12,13], or proposing advanced mirror designs,
such as the Khalili cavity [14] and its etalon implementation
in which the reflective function is distributed between a few
coating layers on the front face of the test mass and
significantly more layers on its back surface [15].
Maintaining the same two-sided distributed structure,
Dickmann and Kroker proposed replacing the front multi-
layer stack with a 1D metasurface [16]. In our approach
[17], the reflective structure combines a 2D metasurface and
a few-layer Bragg mirror in a planar etalon configuration
located entirely on the front face of the substrate. The
proposed design seeks to achieve low thermal noise while
maintaining high reflectivity at 1550 nm, thereby inves-
tigating a room-temperature alternative at this wavelength.

Metasurfaces are planar devices structured at the wave-
length scale. They have recently emerged as a new
technology capable of pushing the boundaries of traditional
optical components [18,19], with manufacturing facilities
now capable of structuring very large surfaces [20,21].

Published by the American Physical Society
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FIG. 1. Schemes of advanced mirror designs: (a) Khalili etalon
[15], (b) etalon-based metamirror [16], and (c) our proposal.

Although dielectric resonant metasurfaces have theoreti-
cally demonstrated their potential as highly reflective
coatings [22,23], current demonstrations are still far from
what is required for gravitational-wave detectors. This is
mainly because these resonant structures are highly sensi-
tive to manufacturing errors, making every experimental
realization difficult [24,25]. One way to mitigate this
sensitivity is to combine the reflective metasurface with
a multilayer stack, as proposed in Ref. [16] and schema-
tized in Fig. 1(b).

In our approach, represented in Fig. 1(c), a multilayer
Bragg mirror is first deposited on the substrate and covered
by an additional low-index layer. Next, a high-index layer is
deposited on the dielectric stack and 2D-structured to form
the reflective metasurface. The additional low-index layer
acts as a spacer between the Bragg mirror and the reflective
metasurface, with its thickness optimized to ensure anti-
resonant behavior, without the need for thermal tuning.

We believe that our solution has advantages over the
configuration proposed by Ref. [16] in terms of practical
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FIG. 2.

implementation within a Michelson interferometer dedi-
cated to the detection of gravitational waves. First, non-
negligible transmitted power through the fused silica
substrate, as in Fig. 1(b), would make this substrate part
of the intracavity medium within the gravitational-wave
detector arm cavities. This would make the substrate
manufacturing constraints much tighter in terms of rear
face flatness and parallelism between the two faces. It
would also be subject to the high laser fluence present in the
interferometer’s arms. Second, using a 1D-structured meta-
surface makes the mirrors sensitive to the polariza-
tion state of the light. While not critical, this adds new
constraints to the already complex design and operation of
the instrument. Third, the thermal tuning of the cavity
required in Ref. [16] must be compatible with the patterned
heating of the mirror, which is already used to adjust the
radius of curvature of the interferometer’s end mirrors
[26,27] or stabilize the detector’s operation [28].

This Letter therefore aims to provide insight into the
design process and expected performance of the solution
shown in Fig. 1(c), with a focus on reflectivity perfor-
mance, manufacturing tolerances, and losses including both
absorption and thermal noise.

Metasurface design—We present the subcomponent
designs of our hybrid mirror separately, starting here with
the metasurface to be superposed on the mirror. It consists
of polarization-insensitive nanocylinders with identical
geometries. These elements are fabricated from a high-
index dielectric material and are arranged on a silica
substrate (n = 1.46), which is assumed to be semi-infinite
during the optimization.

For specific sets of geometrical parameters, these nano-
cylinders can act as an array of dielectric resonators and
behave as a reflective coating. In Fig. 2, we evaluate the
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(b) Definition of the metasurface geometric parameters.
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reflectivity of the metasurface as a function of nanocylinder
dimensions at wavelength 4 = 1550 nm, using rigorous
coupled-wave analysis (RCWA) [29]. When designing
such structures, a higher refractive index facilitates the
achievement of this resonant behavior. Because of its high
refractive index and well-established structuring processes,
amorphous silicon (a-Si) is one of the most promising
candidates for the metasurface material. However, absorp-
tion in a-Si is not negligible and needs to be carefully
evaluated, especially for applications such as gravitational-
wave detection, which requires incredibly low absorption
levels (typically below the ppm). The extinction coefficient
of amorphous silicon depends largely on the deposition
process and varies widely in the recent literature, ranging
from 1073 to 1073 for the best realizations reported to our
knowledge [30,31]. However, in the early 2000s, Domash
et al. obtained much better results with hydrogenated
amorphous silicon (a-Si:H) deposited by plasma enhanced
chemical vapor deposition (PECVD) in the context of
designing narrow-band filters with a thermally tunable
central wavelength and a-Si:H as the spacer material
[32]. Experimental measurements confirmed extremely
low absorption, with an extinction coefficient as low as
107 at wavelength 1500 nm [33]. Additionally, recent
studies seem to confirm the feasibility of achieving such a
low extinction coefficient for a-Si:H using PECVD as the
deposition process [34,35]. Hydrogenation of a-Si depos-
ited by other methods also gives promising results and is
currently under investigation in the context of a gravita-
tional-wave detector [36,37].

Considering a-Si:H (n = 3.67, k = 107° [33]) as the pillar
material, the period P of the metasurface is optimized to
ensure high reflectivity over the broadest possible parameter
range, thereby enhancing fabrication tolerances. Figure 2(a)
illustrates how the period influences the region exhibiting
high reflectivity: as the period increases, this region expands
before eventually degenerating into a ring. Therefore, we
select a period of P = 635 nm, which corresponds to the
widest region prior to degeneration. The pillar diameter
D and height & are then chosen to lie at the center of
this high-reflectivity region, respectively, 7 = 420 nm and
D = 448 nm, as represented by the green star in Fig. 2(a).

It is no longer possible to obtain this kind of behavior
(growth of a stability region before degeneration) when the
refractive index of the material used to manufacture the
metasurface is lower. This is illustrated in Fig. 2(c) with
tantala (n = 2.07) and in Fig. 2(d) for titania (n = 2.33) [38].

The absorption of the a-Si:H metasurface, calculated as
A=1-R-T, is also closely related to the resonant
behavior, exhibiting the same overall trends as the reflec-
tivity [see Fig. 2(a)]. For the optimized design, the
absorption is predicted to be approximately 4 ppm
while maintaining a reflectance exceeding 99.999%.
Since achieving an extinction coefficient of 10™® remains
technologically challenging, Fig. 3 shows the predicted
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FIG. 3. Influence of the a-Si extinction coefficient on the
absorption of the optimized metasurface [green star on Fig. 2(a)].

absorption as a function of the extinction coefficient. These
results highlight the importance of precisely controlling the
deposition process of the a-Si:H layer in order to minimize
optical absorption in the material.

It should be noted that a-Si:H could not be considered for
operation at 1064 nm, owing to its high optical absorption
at this wavelength. While it would be highly desirable to
develop a similar hybrid design for 1064 nm (the operating
wavelength of current gravitational-wave detector), we are
not aware of any material that offers a sufficiently high
refractive index and an adequately low extinction coeffi-
cient at this wavelength. Titania at 1064 nm could be an
interesting solution (see Ref. [39]), but the achievable
reflectivity performance remains well below that of a-Si:
H at 1550 nm and its intrinsic thermal noise performance is
poor (loss angle greater than 10~%) [38]. Consequently, in
the following we focus on the a-Si:H metasurface designed
for operation at 1550 nm

Association with a conventional multilayer Bragg mirror
—Because of the resonant nature of the metasurface, its
reflectivity is highly sensitive to variations in the pillar
geometry. Even slight deviations in the pillar dimensions
can induce a significant reduction in reflectivity, making it
challenging to ensure the required reflectivity performance
(R > 99.999%) across the full range of typical fabrication
tolerances. The robustness of these structures can however
be improved by coupling the metasurface with a multi-
layer stack.

In our approach illustrated in Fig. 1(b), the antiresonant
behavior of the hybrid device is achieved by optimizing the
thickness e of the additional low-index layer. This coupling
layer acts as the spacer of the Fabry-Perot cavity formed
between the two reflective structures, namely the metasur-
face and the multilayer mirror. For simplicity, we consider
the multilayer to be an ideal Bragg mirror, with quarter-wave
layers of alternating high and low index materials, such as
TiO, : Ta,O5 (n = 2.08, corresponding to a Ti/Ta mixing
ratio of 27% [38]) and SiO,. The reflection phase shift on
such a quarter-wave multilayer stack is equal to z at the
design wavelength, while that on the optimized metasurface
is equal to 1.066z, making the antiresonant condition
achieved at 1 = 1550 nm with a silica spacer thickness of
e =779 nm. Further details on the determination of the
optimal silica spacer thickness between the Bragg mirror and
the metasurface are provided in [39].
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FIG. 4. Manufacturing tolerances: 1 — R as a function of the metasurface geometric parameters for either the single metasurface
(a), or when combined with a TiO,:Ta,05/SiO, Bragg mirror of 5 (b) and 11 (c) layers. The white dashed lines show the area

where 1 —R < 5 ppm.

Finally, the number of layers in the Bragg mirror is
determined by the expected fabrication tolerances of
the metasurface. Figure 4 shows the performance of the
reflective structure when slight changes are made to the
geometrical parameters of the metasurface, D and h. This
analysis is shown for a single a-Si:H metasurface, and when
coupled with a Bragg mirror of 5 and 11 TiO, : Ta,05/SiO,
layers (in total). The white dashed lines in Fig. 4 show the
area where the losses (1 — R) are below 5 ppm. Although
some parameters locally fulfill these conditions for the
single metasurface case [Fig. 4(a)], this area is extremely
small and is not represented for the sake of readability.
However, as the number of layers used in the Bragg mirror
increases, this dotted area expands, highlighting how
coupling with the multilayer relaxes the metasurface
manufacturing tolerances. Our design strategy is therefore
to select the number of layers in the Bragg mirror accord-
ing to the anticipated fabrication tolerances. For example,
5-layer and 11-layer Bragg mirrors, respectively, allow us
to compensate for target pillar diameter deviations of
approximately +5 nm and £20 nm, making it much more
realistic to achieve the required performance in practice.

Discussion on losses—As mentioned previously, the
a-Si:H metasurface exhibits an absorption of approximately
4 ppm with k = 107°. Moreover, because most of the
incident light is reflected by the metasurface itself, only a
small fraction propagates into the Bragg mirror. As a result,
the change in the layers number of the Bragg mirror has no
impact on the absorption performance of the hybrid design,
which is essentially equal to that of the metasurface alone.
Note that the absorption level obtained here is still high
compared to current standards for gravitational-wave
detectors. Improving the deposition process of a-Si:H, or
exploring alternative high-index materials, could help
achieve the target absorption levels.

Nevertheless, we believe that the potential of such hybrid
approaches to reduce coating thickness makes them a
promising direction for developing an ultra-low-noise
mirror. In the present design, the multilayer thickness is
reduced by approximately a factor of 3 compared with a

conventional Bragg mirror, while requiring only 11 layers
(5 pairs). This reduction is particularly attractive because
the Brownian thermal noise of a thin-film coating scales
with its thickness [6]. However, unlike in a conventional
Bragg mirror, here most of the incident field is reflected by
the metasurface itself, making its thermal-noise contribu-
tion potentially more significant than that of the underlying
multilayer. The thermal noise of such a nanostructured
layer is less straightforward to evaluate and requires
coupled electromagnetic and mechanical numerical simu-
lations [42,43]. Reference [44] highlights the potential of
metasurfaces and compares the thermal noise performance
of different meta-atom geometries. It concludes that nano-
cylinder-based metasurfaces, such as those considered here,
can achieve thermal noise levels comparable to those of
ridge-based designs. These results therefore suggest that
our design should exhibit thermal noise performance
similar to that predicted for hybrid mirrors incorporating
ridge-based metasurfaces, as investigated in Refs. [16,45],
the latter of which was brought to our attention only
recently. Nevertheless, a comprehensive thermal noise
analysis of our design, and especially of the a-Si:H
metasurface is still underway. More generally, it should
be noted that all current thermal noise predictions and
numerical simulations reported so far for metasurface-
based mirrors still require experimental validation, which
has not yet been demonstrated. Experimental characteri-
zation of thermal noise remains relatively challenging [38]
and can be performed using either direct [46] or indirect
measurements [47] at 1064 nm. For the hybrid design
presented here, direct measurements at wavelength
1550 nm appears to be the most appropriate approach,
with several suitable experimental setups currently under
development [48,49].

Finally, uncontrolled scattering caused by surface rough-
ness may also constitute a source of optical loss. While the
surface roughness of the Bragg mirror layers deposited
using well-established processes such as IBS is well known
and tightly controlled (perfect replication of the roughness
of the substrate), that of the metasurface may represent a

181403-4



PHYSICAL REVIEW LETTERS 137, 181403 (2026)

more significant source of loss, as suggested in [50].
Indeed, large-scale surface roughness, with spatial frequen-
cies within the optical range, may induce measurable
scattering losses [51,52]. More importantly, much
smaller-scale surface roughness and fabrication-induced
irregularities of the meta-atoms may also degrade the
reflective performance of the metasurface, thereby intro-
ducing additional losses [45]. We are currently developing
an electromagnetic model based on the differential method
[53] to quantify all these effects, with the aim of comparing
its predictions with measurements.

Conclusion—In conclusion, we investigated the feasibil-
ity of combining a resonant a-Si:H metasurface and a
multilayer Bragg mirror. These two reflective structures are
coupled through an additional silica layer, whose thickness
is optimized to ensure maximum reflectivity. This hybrid
approach significantly improves the robustness of the
metasurface reflectivity to fabrication errors, paving the
way toward more accessible experimental realization. The
proposed mirror solution can theoretically achieve the
required performance for gravitational-wave detection
applications, while significantly reducing the coating thick-
ness, making it a promising solution to potentially reduce
the thermal noise as well. The absorption of such a resonant
metasurface needs to be carefully monitored, as well as
potential scattering losses.

Although experimental validation is still required, we
strongly believe that such hybrid designs are promising
enough to encourage further investigations. Beyond rep-
resenting a major challenge for the next generation of
gravitational-wave detectors, the development of mirror
coatings with reduced thermal noise also benefits other
high-precision measurement experiments that rely on ultra-
stable laser cavities. Examples include the realization of
highly accurate optical atomic clocks [54,55] or the
investigation of vacuum magnetic birefringence [56,57].
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