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Demand for lightweight, highly reflective and mechanically compliant mirrors for optics experi-
ments has recently seen a significant surge. Due to their bulky geometry, standard mirror solutions
have a high mass, which severely limits their use in applications such as light sails [1], evanescent
field sensors [2, 3], or deformable mirrors [4]. Advances in nanofabrication have shown that photonic
crystal (PhC) membranes [5] are an ideal alternative to conventional mirrors, as they provide high
reflectivity with only a single layer of dielectric material. In particular, devices made of silicon nitride
constitute the state-of-the-art in PhC mirrors with low optical absorption and mechanical loss [6–8].
However, fabrication technology has constrained their effective area to a few square-micrometers.
Here we experimentally demonstrate the first example of suspended PhC mirrors spanning areas up
to 10× 10 mm2. We overcome the limitations imposed by the finite size of the PhC, which allows us
to measure reflectivities greater than 99 % on 210 nm thin devices at 1550 nm wavelength and be-
yond 90 % on 56 nm thick mirrors – an unrivaled performance compared to PhC mirrors with micro
scale diameters. We also consider their use as mirrors in gravitational wave detectors where they
could potentially reduce mirror coating noise at cryogenic temperatures. These structures bridge
the gap between nano scale technologies and macroscopic optical elements.

Photonic crystal (PhC) membranes are suspended di-
electric sheets patterned with sub-wavelength, low-index
two-dimensional periodic structures [5]. These patterns
give rise to resonances that can couple out-of-plane radi-
ation to in-plane guided modes, and can be engineered to
transform a flat membrane into a mirror [9], a lens [10],
or even a curved mirror [10–12]. Here we study a PhC
consisting of a periodic lattice of holes in a membrane,
whose hole radius and lattice constant can be tuned
to reflect light at a wavelength of choice. When fabri-
cated from materials with low optical absorption such
as low-pressure chemically vapor-deposited silicon ni-
tride (LPCVD SiN), one can realize mirrors with sub-
wavelength thicknesses and reflectivities > 99 %, only
limited by scattering losses [8]. LPCVD SiN thin films
also enable the combination of PhC mirrors with low
thermal noise mechanical oscillators, due to their high
intrinsic stress, thin geometry, and weak coupling to un-
desired thermal modes [6, 13].

Limitations in microfabrication processes have so far
restricted suspended PhC mirrors to areas not much big-
ger than 100× 100 µm2. This size sets an upper bound to
the waist of incident Gaussian beams, since wider waists
do not completely interact with the PhC, resulting in
decreased reflectivity. But the beams also have a lower
bound, since very small waists have a high divergence and
couple to undesired PhC modes, which leads to shifting,
broadening and shallowing of the reflectivity. These ad-
verse finite-size effects have been consistently measured
in very thin mirrors with thicknesses below 0.1λ, where
λ is the wavelength of the reflected light [6, 7, 14, 15].
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The ability to fabricate larger PhC mirrors with increas-
ingly thinner membranes could greatly facilitate the com-
bination of high reflectivity and low mechanical clamp-
ing losses [6]. These properties are crucial for reducing
thermal mirror coating noise which stands as a limit
in precision measurements such as atomic clocks [16],
frequency-stabilized lasers [17], and gravitational wave
detectors [18]. At the centimeter scale, PhC mirrors
could have more immediate applications as deformable
mirrors with adjustable wavefront [4], or evanescent field
sensors with a large interaction area [2, 3].

Scaling up suspended PhC mirrors even further to me-
ter scales would make this technology compatible with
a number of next-generation experiments. Some of the
most promising avenues for interstellar exploration, for
example, rely on the development of low-mass light sails
(i.e. lightweight reflectors), which could be accelerated
to 1/5 the speed of light using radiation pressure [1].
Initiatives like the Starshot Breakthrough [19] require
meter-sized light sails with a thickness of only tens of
nanometers – an aspect-ratio that is far beyond current
nanotechnology and that stands out as one of the most
daunting challenges of this ambitious project.

In this letter we experimentally demonstrate free-
standing SiN photonic crystal mirrors with thicknesses
of 56 and 210 nm and diameters of up to 10 mm. Not
only do we increase the area of suspended PhC mirrors
by nearly 4 orders of magnitude compared to previous
works, we also show that these large aspect-ratios allow
us to achieve high reflectivity from membranes 3 times
thinner than previously measured. We observe greater
than 90 % reflectivity of 1550 nm light from mirrors with
a thickness of 0.038λ (56 nm) – an experimental first as
PhC mirrors have consistently been limited to thicknesses
above 0.13λ (210 nm at 1550 nm) to attain high reflectiv-
ity [6]. Such large structures allow studying the spec-
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Figure 1. PhC mirrors and characterization setup. a
Sketch of a suspended PhC mirror (top) and a photograph
of a 10 mm-wide, 210 nm-thick PhC mirror next to a com-
mercial 1/2 inch mirror for size comparison (bottom). The
rectangular shaped patterns within the PhC are stitching er-
rors from the mainfields of the beamwrite, which do not af-
fect the measured reflectivity significantly. The inset shows a
scanning electron microscope picture of the actual photonic
crystal. The full mirror is made up of around 6 · 107 holes. b
Illustration of the cross section of the mirror. The thin mem-
brane is made of SiN and is supported by a silicon chip. c
FDTD simulation of a reflected light mode on a PhC mem-
brane. d Simplified setup used to characterize the reflection
of PhC mirrors. We focus a wavelength-tunable laser beam
perpendicularly onto the membrane. The radius of the inci-
dent beam is controlled with a lens system. For each radius,
we acquire the reflection (D2) and transmission (D3) in rela-
tion to a reference beam (D1) that is split off the laser output
using a polarization beam splitter. More details can be found
in the Supplementary Information.

trum of PhC membranes as a function of incident beam
waist with less constraints from finite size effects. Addi-
tionally we find that their performance becomes insensi-
tive to small defects in the PhC lattice for large beam
waists, exemplified through the constant reflectivity de-
spite the presence of fabrication errors in the lithography
process for the largest device (see Fig. 1a). This is a key
observation for the prospects of extending their nano-
engineered features to the meter scale. We also consider
how a suspended PhC mirror coating would perform in
future gravitational wave experiments at cryogenic tem-
peratures where they could potentially reduce the ther-
mal coating noise. These results push the boundaries of
current nanotechnology and represent a significant leap
towards bringing the unique properties of optical nano-
structures to a completely new scale of experiments.

Our suspended PhC mirrors are fabricated from high-
stress (1 GPa) LPCVD SiN films deposited on 200 µm
Si wafers. The geometry of the PhC structures is op-

timized for each desired film thickness to a wavelength
of 1550 nm using finite-difference time-domain (FDTD)
simulations [5]. The structures are patterned on the SiN
films using electron beam lithography and a plasma etch-
ing process (CHF3 + O2). Stitching errors occur about
every millimeter due to stage drifts during the beamwrite
and are on the order of a 1 µm wide. A hot piranha so-
lution consisting of sulfuric acid and hydrogen peroxide
is used to clean the surface of organic contaminations.
This is followed by a diluted HF solution to smoothen
the SiN surface [20] and remove surface-oxide from the
silicon which allows for an even release of the membrane.
Finally, we suspend the PhC mirrors using turbulence-
free fabrication techniques [21]. Figs. 1a-c show a sketch
and a photograph of a 10 mm-wide, 210 nm-thin mirror,
in addition to a scanning electron microscope picture of
the PhC pattern and numerical simulations of the re-
flected optical field.

In order to characterize the optical properties of the
PhCs, we fabricate three devices with different thickness
and size: two 210 nm-thick mirrors, 4 mm and 10 mm-
wide; and a 56 nm-thick, 1.6 mm-wide one. The devices
are characterized by focusing a wavelength-tunable laser
beam perpendicular to the PhC mirrors (Fig. 1d). We
measure the reflected and transmitted power and com-
pare it to a reference beam that does not interact with
the devices. For calibration, we use a commercial broad-
band mirror at the same position as the PhC mirrors.
The laser is tuned from 1530 to 1630 nm. The recorded
signal is normalized to the reference arm and to the cali-
bration mirror to obtain the reflectivity spectra for mul-
tiple beam waists. We vary the beam radius between
8 µm and 1.1 mm using a lens system placed in front of
the PhC membranes. This allows us to analyze the be-
havior of PhC membranes with different thicknesses to
laser beams of varying sizes.

Fig. 2 shows a selection of measured spectra of the
210 nm-thick, 4 mm-wide and the 56 nm-thick devices.
While the PhC is completely released, for testing pur-
poses the chip itself is not fully etched through (cf.
Fig. 1b). This results in a parasitic interference pat-
tern with a periodicity of 1.8 nm on top of the expected
PhC spectra, corresponding to a 200 µm-thick Si etalon.
Since the frequency of this interference is well defined,
we post-process it by band-pass filtering the data. The
Supplementary Information contains the full set of ac-
quired spectra, as well as a detailed description of the
data processing.

The spectra of the 210 nm-thick PhC mirror, shown in
Fig. 2a, exhibit a resonance at 1549 nm that varies little
with the incident beam waist. At 1573 nm a parasitic
resonance emerges whose width increases as the waist
becomes smaller. This can be understood by consider-
ing the decomposition of a Gaussian beam with waist
w0 into plane waves [22]. The decomposition in terms
of incidence angle is weighted by a Gaussian distribu-
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Figure 2. Reflectivity spectra of the PhC mirrors.
Shown is a selection of measured reflectivity spectra of PhC
mirrors with film thickness of a 210 nm and b 56 nm. Each
spectrum shows the reflection of a Gaussian beam with the
specified waist. As the waist increases, the incident beam
approaches the behavior of a plane wave, for which the de-
vices are optimal, and so the maximum reflectivity increases.
Due to the finite size of the 56 nm PhC mirror, its reflectivity
drops as the incident beam becomes larger than the PhC area.
The data were digitally processed to remove parasitic inter-
ferences from the substrate (see Supplementary Information
for details).

tion with a standard deviation equal to the beam diver-
gence θ = λ/πw0. A large waist w0 has a small diver-
gence θ, which is a good approximation to a plane wave
with a zero angle of incidence. As w0 decreases, θ be-
comes larger, and so plane waves with larger angles of
incidence have a stronger weight on the decomposition.
These waves can couple to PhC modes other than the res-
onance of interest, giving rise to parasitic features such
as the one observed. We can apply the same reasoning to
explain the increase in maximum reflectivity of the main
resonance: the device geometry was optimized assuming
a plane wave with normal incidence. Hence, beams with
a large waist approximate this condition better, which
results in a reflectivity closer to the optimized one.

In Fig. 2b we observe that the main resonance of the
56 nm-thick membrane exhibits stronger shifts in wave-
length, width and maximum reflectivity with varying
beam waist, in comparison to the 210 nm-thick device.
As explained in the work of Bernard et al. [7], the spec-
tral response of plane waves incident on a PhC mirror
depends on the angle of incidence. This dependence is
stronger for thinner devices and results in large resonance
wavelength shifts. Therefore, as the beam waist decreases
– and its divergence increases – the reflectivity of thin
devices is more strongly attenuated. On the other hand,
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Figure 3. Maximum reflectivity as a function of inci-
dent beam waist. We show the maximum reflectivity for
several PhC thicknesses and membrane sizes, clearly high-
lighting the potential of these structures as large-area, high-
reflectivity mirrors. For comparison, we include simulations,
represented by lines, obtained from plane wave decomposi-
tion of Gaussian beams using RCWA. The reflectivity of the
56 nm-thick PhC mirror decreases when the optical beam be-
comes comparable to the PhC diameter, underlining the im-
portance of finite size effects. The measured data have an
uncertainty in reflectivity of ±0.6 %. The uncertainty in the
beam radii results from propagating the estimated uncertain-
ties in the positions of the lens sets. For more details see the
Supplementary Information.

due to the small size of the 56 nm-thick PhC mirror (di-
ameter of 1.6 mm vs. 4 mm for the 210 nm-thick device)
beams with waists larger than 280 µm are partially scat-
tered outside the PhC and exhibit a decreasing maximum
reflectivity (see below).

Fig. 3 shows the maximum reflectivity of all PhC mem-
branes as a function of the incident beam waist. As de-
scribed in the previous paragraphs, larger beam waists
approximate the design conditions of the PhCs better,
reducing the amount of light that couples to unwanted
modes. As such, the maximum reflectivity increases for
larger beams. We verify this behavior with simulations
and plane wave decomposition: starting with the geom-
etry parameters that resulted from the FDTD optimiza-
tion and that were patterned on the SiN membranes, we
simulate the reflectivity of plane waves with varying an-
gles of incidence at the resonance wavelength using rigor-
ous coupled-wave analysis (RCWA) [23]. The reflectivity
at each beam waist is then the weighted sum of the sim-
ulation results, following a Gaussian distribution with
standard deviation θ, which is further described in the
Supplementary Information.

The reflectivity of the 56 nm-thick PhC mirror de-
creases when the beam radius measures between 280 and
390 µm. Considering that the field amplitude of a Gaus-
sian beam falls as e−r2/w2

0 , where r is the distance from
the beam’s center, we expect 99 % of the field to be within
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a diameter of 6·w0. Since the PhC is 1.6 mm wide, beams
with waists larger than 1.6/6 mm = 270 µm will have
larger field components reflecting off the area outside the
PhC. This allows us to observe a smooth transition be-
tween two regimes: one, for small waists, where the PhC
response is limited by a large beam divergence and an-
other one for large waists, where the limitation is the
finite size of the device. Between these two bounds we
see a plateau where the maximum reflectivity >90 % is
approximately constant. To the best of our knowledge,
this is the highest reported reflectivity of a 56 nm sus-
pended PhC mirror, operating in a regime with lower
beam divergence and finite size limits.

In conclusion, we fabricate and characterize the first
suspended PhC mirrors that span areas up to square-
centimeters, with reflectivities exceeding 99 %, which are
only limited by our measurement precision. These mea-
surements could be further improved by using an op-
tical cavity [8]. Previous attempts focused on square-
micrometer-large devices, resulting in strong limits to
the maximum achievable reflectivity, in particular for de-
vices thinner than 0.13λ. By measuring the reflectivity
spectrum of the PhC mirrors for varying incident beam
waists, our work shows that these devices are indeed
strongly affected by finite size effects. In particular, we
observe a reflectivity of 90 % for a 0.03λ-thick PhC mir-
ror at a wavelength of 1550 nm, whereas previous reports
of devices with similar thickness were limited to about
56 % [7, 15]. It is also important to note that these mir-
rors could be improved even further with more sophis-
ticated methods of lithography. Electron beam lithog-
raphy is prone to stage drifts during exposure and sec-
ondary back-scattering of electrons from the substrate
which produce uneven dosing – both of these effects can
lead to an inhomogeneous lattice constant and variations
in hole size. Since larger incident beams sample a larger
area of the PhC structure, we observe that the reflectivity
is indeed robust to imperfections in the 2D array of holes
that arise from drifts or poor stitching during lithogra-
phy. We envision scaling these devices further by using
techniques such as nano-imprint lithography, lithography
stepping, or interference lithography [24].

Proposals using large light sails like the Starshot
Breakthrough, require mirrors with lateral sizes of
4× 4 m2, thicknesses of 0.05λ, reflectivities of 90 %, ppm-
level optical absorption and a total mass of only 1 g [19].
Our PhC are designed with a lattice of holes which re-
move about 30 % of the mass of the membrane. Ad-
ditionally, they are made of LPCVD SiN which has an
imaginary refractive index of about 10−6 at 1064 nm and
has been shown to withstand high laser powers of around
2.5 · 1011 W/m2 [21] – nearly 2 orders of magnitude more
than what is required for the initiative. Our mirrors mark
the first proof-of-concept which could realistically be im-
plemented at larger scales for the Starshot Breakthrough
Initiative. The high intrinsic tensile stress of LPCVD

SiN allows to expand these mirrors to large diameters
while remaining relatively flat. This is a crucial feature
for the fabrication of continuous, suspended films with
enough stability to avoid segmented mirror geometries
supported by small frames, dramatically decreasing the
overall weight of a light sail.

High-stress SiN membranes have also been shown to
have high thermal noise suppression which becomes sig-
nificantly better with thinner, larger membranes [6].
Moreover, the mechanical quality of SiN membrane res-
onators typically increases by an order of magnitude
when cooled to 10 K [25], and by two orders at 10 mK [26].
This is particularly interesting for experiments limited
by the thermal displacement noise of conventional mir-
rors made with SiO2/Ta2O5 distributed Bragg reflector
(DBR) coatings [27]. The thermal noise is in general re-
duced at low temperatures, and experiments like the Ein-
stein Telescope or KAGRA are moving towards cryogenic
operation [28, 29]. However, contrary to SiN, the ther-
mal noise of SiO2/Ta2O5 films remains almost unchanged
when cooled from 300 K to 10 K [30]. By performing a
simple calculation of the thermal displacement noise for
suspended PhC mirrors at low temperatures, we estimate
that these devices can perform better than standard DBR
mirrors (see Supplementary Information). For example,
considering the conditions of KAGRA [29], we obtain a
thermal displacement noise of

√
Sx ≈ 3 · 10−20 m/

√
Hz, a

factor of 2 lower than the performance of KAGRA’s DBR
mirrors and mainly limited by the base vacuum pressure
of the experiment.

Furthermore, the fact that these mirrors are suspended
allows them to be used in a variety of applications that
profit from mechanical tuning of mirrors. Deformable
mirrors could be realized with these PhC structures [4],
for example through electrostatic-tuning with arrays of
electrodes close to the mirror, or even as displacement
noise tunable mirrors, using techniques such as optome-
chanical feedback control [31]. Further experiments are
planned to study the transversal mode composition of
the reflected beam. These developments open up a new
paradigm in nanotechnology – one that steers away from
the focus on simply miniaturizing components, but in-
stead tries to bring the performance of nano-engineered
materials to large scales.
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Figure S1. Schematic of the complete characterization
setup. See text for a detailed description.

SUPPLEMENTARY INFORMATION

Setup

In order to characterize the optical properties of the
PhCs, we use the setup outlined in Fig. S1. A fiber
coupled Santec TSL510 wavelength-tunable laser is used
as a light source. Its polarization is adjusted with
a fiber polarization controller (FPC) and the beam is
brought into free-space using a triplet collimator (Thor-
labs TC12APC-1550). The first polarization beam split-
ter (PBS) is used as a polarizer to mitigate the effect of
polarization drifts in the fiber part of the setup. The
second PBS splits light into the beam that is going to
interact with the sample (incident beam), and a refer-
ence beam that is detected by D1. We use the reference
beam to remove the effect of power oscillations from the
measured spectra that are not related to the sample. Be-
tween the two PBSs we place a half-waveplate (λ/2) to
control the power ratio between the incident and refer-
ence beams. After the second PBS, the incident beam is
focused onto the sample using a lens set (between 1 and 3
lenses) which are adjusted to change the waist from 8 to
420 µm. Light reflected by the sample is sent into the sec-
ond PBS. We place a quarter-waveplate (λ/4) in the inci-
dent beam path such that the reflected beam is separated
from the incident beam by the PBS and then detected
by D2. Light transmitted by the sample is recorded by
D3.

For every lens system a commercial broadband-coated
mirror is placed at the sample position and record ref-
erence and reflection spectra. These serve as calibration
and remove effects such as losses in the optical path from
the sample reflectivity spectra. The sample is then placed
back and care is taken to ensure good tip/tilt alignment
with respect to the optical beam, since the response of
the PhC is very sensitive to the incident angle. Using
flip mirrors we are also able to send the transmitted or
reflected beam into an infra-red CCD. The camera helps
during the tip/tilt alignment of the sample, or acts as a
reference during the alignment of the lens system.

The reflectivity spectrum R is calculated as

R = VPhC/V
ref
PhC

Vcal/V ref
cal

·Rcal,

where VPhC and Vcal are the voltage signals of the re-
flected beams from the PhC and the calibration mirror,
V ref

PhC and V ref
cal are the reference signals of the correspond-

ing PhC and calibration mirror measurements, and Rcal
is the reflectivity of the calibration mirror, which is speci-
fied to be 99.8(3) %. We consider all measurement uncer-
tainties to be independent from each other, and estimate
the uncertainty in reflectivity ∆R via the method of un-
certainty propagation

∆R =

√√√√∑
x

(
∂R(x)
∂x

∆x
)2
≈ 0.006,

where x = {VPhC, V
ref
PhC, Vcal, V

ref
cal , Rcal}.

To estimate the uncertainty of the beam waist, the
same propagation method was applied. As uncertainty
parameters, the position of each lens (with a count vary-
ing between 1 and 3) and its focal length is taken into
account. The beam was propagated through the lens
system by means of the complex beam parameter and
ABCD matrices.

The photodetectors D1, D2, D3 are home-built surface-
mount-device circuits equipped with a JDSU ETX500
photodiode. By means of electronic design and spectral
characterization, a linear response to the optical input
power is guaranteed.

Post-Processing of Spectral Data

Fig. S2 shows the full, unprocessed set of measured
reflectivity spectra for the (a) 210 nm and (b) 56 nm-thick
devices. We measured the spectra for several incident
beam waists, which are indicated in the figure legends.
The spectra follow the expected Fano resonance shape,
characteristic for this type of device.

In addition, we also see a parasitic oscillation with a
periodicity of 1.8 nm. This is because the devices are
suspended but the substrate is not etched through. In
fact, to facilitate the testing process, the membranes are
undercut by only a few µm on top of the 200 µm sili-
con substrate. The observed periodic pattern arises from
interference of reflections from the substrate interfaces.
Using the thickness of the silicon substrate and a refrac-
tive index of 3.5, we calculate a free spectral range of
1.7 nm for a wavelength of 1550 nm, which is in excellent
agreement with the observed oscillations. The period-
icity observed on the measured spectra is equal for all
measurements and as such, we remove it digitally using
the procedure described below.
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Figure S2. Unprocessed reflectivity spectra of the PhC mirrors.
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Figure S3. Fourier transformations of the unprocessed optical spectra.

The Fourier transformations of the unprocessed re-
flectivity spectra show peaks (marked by the arrows
in Fig. S3) that are well defined and common to all
measurements, which we associate with the described
etalon effect. These are obtained with the fft.rfft and
fft.rfftfreq commands of the Python numpy library.
To remove these parasitic features from the Fourier trans-
forms, we apply a Tukey filter, with filter parameter 0.9,
around the identified peaks. The filter was generated us-
ing the function signal.tukey from the scipy library.
Finally, the filtered spectra are obtained by performing
the inverse Fourier transform using the fft.irfft com-
mand. These can be seen in Fig. S4. We carefully verify
that filtering does not change the reading of the maxi-
mum reflectivity.

Fig. S5 shows the raw data of the 210 nm-thick, 10 mm-
wide device. This device was attached to a single-side
polished carrier wafer using an index matching oil. Since
the bottom surface of the substrate is rough, the inter-
ference between interfaces is no longer visible. Therefore
this data set did not require any post-processing.

Simulated reflectivity spectra for Gaussian beams

To simulate the expected reflectivity spectra of the
PhC membranes, we use a rigorous coupled wave analysis
(RCWA) [23] combined with a plane wave decomposi-
tion [32]. On the one hand, choosing a RCWA implies
that the simulated spectra are valid only for periodic
structures, i.e. spectral changes caused by diffraction
effects at the membrane’s edge cannot be recreated.
As this approach commonly starts with a plane wave
as the incident electromagnetic field, it also requires to
implement a composition of plane wave spectra when
dealing with Gaussian beams. On the other hand, a
finite element analysis (FEA) can in principle be set up
to compute spectra of a finite, e.g. 10× 10 mm2 large,
PhC membrane excited by a Gaussian beam of waist w0.
However, the simplicity of a FEA approach has disad-
vantages when it comes to hardware, especially memory,
requirements. To faithfully simulate the structure, the
model volume has to cover about 20× 20× 1 mm3 and
still capture the details of the nano-scale membrane,
which increases the memory usage drastically. A RCWA
only discretizes the actual PhC membrane, such that
the reflected field can be retrieved at any point above
or below the structure. Finally, having simulated a set
of plane waves via RCWA allows to assemble Gaussian
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Figure S4. Filtered reflectivity spectra of the PhC mirrors.
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Figure S5. Unprocessed reflectivity spectra of the 210 nm-thick, 10 mm-wide device.

beams of any size. For our requirements, the RCWA
approach therefore is most appropriate.

We simulate two different unit cells:
• 210 nm thick, lattice constant 1.355 µm, hole radius

0.5014 µm

• 56 nm thick, lattice constant 1.526 µm, hole radius
0.6265 µm.

Each cell, composed of 140 modes, is excited at a cer-
tain wavelength with 662 plane waves of various polar
and azimuthal angles of incidence. To verify that the
structure is polarization insensitive, the wavelength- and
angle scan is conducted for both s- and p-polarization.
The simulation is built around an open source RCWA
package [33], which rotates the s and p component of
the incident field with respect to the incident angles. To
align the polarization uniformly for all angles, the s- and
p-electric field component E are transformed as

Es 7→ cos(θ)/ cos(φ) (S1a)
Ep 7→ − sin(θ) (S1b)

and

Es 7→ sin(θ)/ cos(φ) (S2a)
Ep 7→ cos(θ) (S2b)

for a s- and p-polarized beam, respectively. Here the po-
lar angle is denoted by φ, while θ is the azimuthal angle.
This set of transformations inverts the global rotation
implemented in the software package.

Having computed the reflection coefficients
rs,p(φ, θ, λ) ∈ C for a plane wave, the reflectivity
of a Gaussian beam with the electric field distribution

E(x, y) =
√

2
πw2

0
e
− x

2+y2

w2
0 (S3)

at the waist position (z = 0) is obtained by weighting
the reflection coefficients according to the plane wave de-
composition

E(kx, ky) =∫∫ ∞
−∞

E(x, y)eı(kxx+kyy− 2πc0
λ t+φ)dxdy. (S4)

Transforming the expression to spherical coordinates, the
power reflectivity spectra are computed via

Rs,p(λ,w0) =∫∫
|rs,p(φ, θ, λ)|2e− 1

2 (w0r sin(φ))2 sin(φ)dθdφ∫∫
e−

1
2 (w0r sin(φ))2 sin(φ)dθdφ

. (S5)

Fig. S6 illustrates the results of the simulations for a
56 nm and 210 nm unit cell with the parameters given
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above. Due to a small mismatch in the cell parameters
the absolute resonance frequency of the measured and
simulated spectra deviate from each other slightly, how-
ever the overall features of the measurement are recre-
ated faithfully. The individual simulations of s- and p-
polarization exhibit virtually no difference, which is an
important as we probe the membranes with a circularly
polarized beam. From the data plotted in Fig. S6, the
maximum achievable reflectivity can be readily extracted
by determining the peak reflectivity for each wavelength
and beam waist scan. In figure S7 the results from the
main text are plotted again and the simulated maximum
reflectivity is shown for both polarizations. A zoom into
the last two percent helps reading out the measured val-
ues.

Estimation of Thermal Displacement Noise

Thermal mirror coating noise is currently one of the
main limitations to the sensitivity of high-precision ex-
periments including atomic clocks, frequency stabilized
lasers and gravitational wave detectors. Future iterations
of these applications aim to operate mirrors at cryogenic
temperature where they can reduce the overall thermal
noise and increase their sensitivities [28, 29]. Widely-
used distributed Bragg mirror coatings made from SiO2
and TiO2-doped Ta2O5 have a slightly better noise per-
formance at low temperatures, but this is still within
an order of magnitude of the noise at room tempera-
ture [30]. In contrast, LPCVD SiN high-stress mem-
branes have shown enhanced mechanical quality factors
by over 2 orders of magnitude at cryogenic tempera-
tures [6, 13, 26, 34] compared to its state-of-the-art per-
formance at room temperature. In addition, whereas
DBR coatings usually consist of nearly 30-40 layers to
attain high reflectivity (each with a thickness of 0.25λ),
PhC mirrors can realize high reflectivity with a thin
membrane which is only a fraction of the thickness of
a single DBR layer.

In this section we perform a simplified calculation of
the thermal noise performance of suspended PhC mir-
rors and compare it to the thermal coating noise of the
aLIGO, Einstein Telescope (ET) or KAGRA gravita-
tional wave detectors. For large LPCVD SiN mirrors
we estimate the biggest noise contribution to be due to
the thermal displacement noise, which for a square mem-
brane is given by [35]

Sx(ω) = 4kBTmeffωm/Q

m2
eff((ω2 − ω2

m)2 + (ωmω/Q)2)
, (S6)

where Q is the mechanical quality factor, kB the Boltz-
mann constant, T is the membrane’s temperature, meff
the effective mass of the membrane’s fundamental mode,
and ωm its frequency.

aLIGO ET KAGRA
L (mm) 350 500 250
p (hPa) 7 · 10−9 1 · 10−10 2 · 10−9

ω/2π (Hz) 100 10 100
DBR

√
Sx (m/

√
Hz) 1 · 10−20 1 · 10−21 6 · 10−20

meff (mg) 12 25 6
ωm/2π (Hz) 1200 860 1700
T = 10 mK

Qp 1 · 107 6 · 108 6 · 107

Qal 3 · 1011 4 · 1011 2 · 1011

PhC
√
Sx (m/

√
Hz) 9 · 10−20 2 · 10−20 3 · 10−20

T = 20 K
Qp 6 · 108 3 · 1010 3 · 109

Qal 3 · 1010 4 · 1010 2 · 1010

PhC
√
Sx (m/

√
Hz) 6 · 10−19 1 · 10−19 2 · 10−19

Table I. Estimates of thermal displacement noise of suspended
PhC mirrors in the context of the aLIGO, ET and KAGRA
experiments [27–29, 40].

The mechanical frequency of a square membrane is
given by

ωm = 2π√
2L

√
σ

ρ
, (S7)

where L is the length the membrane, ρ is the density of
SiN (2.7 g/cm3), and σ is the tensile pre-stress in the film,
which we take to be 1 GPa. The effective mass can be
estimated with meff = m/4 [36], where m is the physical
mass. It is further reduced by a factor of 0.3, which
accounts for the mass lost to the PhC holes.

There are numerous limiting factors to the mechanical
quality of a membrane [37, 38]: thermoelastic damping,
surface defects, Akhiezer damping, etc. For LPCVD SiN
membranes, the most relevant factors are acoustic radia-
tion losses and damping from collisions with gas particles.
The acoustic radiation losses into the substrate gener-
ally scale as the ratio between L and the thickness h:
Qrl ∝ L/h [37, 38]. Considering previously measured ra-
diation limited quality factors of 4 · 107 for L/h = 5 · 104,
we can extrapolate the radiation limit for arbitrary sizes
of the PhC mirror. In addition, the quality factor limited
by the gas damping is given by [39]

Qp =
(π

2

) 3
2
ρh
ωm

2π

√
RT

mg

1
p
, (S8)

where R is the ideal gas constant, p is the pressure,
and mg is the molecular mass of the background gas
molecules. The final Q is given by Q−1 =

∑
iQ
−1
i , where

Qi are the various contributions mentioned above.
Assuming a SiN film thickness of 210 nm and temper-

atures of 10 mK and 20 K, Tbl. I shows estimates of the
thermal displacement noise of PhC mirrors in the condi-
tions of the aLIGO, ET and KAGRA experiments. We
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Figure S6. Reflectivity simulations for PhC membranes. Reflectivity spectra for s- and p-polarized Gaussian beams of
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Figure S7. Extracted peak reflectivity compared to measured data. Shown is the same data as in the main text with
additional simulations for various polarizations.

assume that the main background gas component is hy-
drogen [27]. From these calculations we notice that the
thermal displacement noise of cryogenically cooled PhC
mirrors becomes comparable to the thermal coating noise
of the DBRs used in the mentioned experiments. These
estimates are mainly limited by the environment pres-
sure, which sets an upper bound to the mechanical qual-
ity factor. By decreasing the pressure further it should
be possible to improve the thermal displacement noise
significantly. Furthermore, suspended mirrors have the
additional advantage that they can be adjusted, for ex-
ample either through the addition of tuning electrodes
or optomechanical techniques, in order to further reduce
the noise performance in the desired regime. Given these
parameters, our suspended mirrors do not only have the

potential to improve future gravitational wave detectors
but also a range of other precision measurements (see
main text).

It is important to note that the focus of this calculation
is the thermal Brownian noise associated with the mirror
coatings. It is however not entirely clear for example,
how the Brownian noise related to the substrate would
behave for such a suspended mirror. This could be rel-
evant for monolithic cavities in quantum optomechanics
experiments at room temperature, where substrate ther-
mal noise is the dominant source of heating in laser cool-
ing experiments [41]. In addition, it has been shown that
at increasingly large aspect ratios the substrate thick-
ness becomes a significant variable in a membrane’s me-
chanical quality factor [6]. How these effects translate
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to the cm-scale remains an open question. Finally, we
would like to point out that crystalline DBRs [42] have
been able to perform an order of magnitude better than

DBRs made from amorphous layers of SiO2/Ta2O5 at
300 K and can increase their noise performance even fur-
ther at cryogenic temperature.
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