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Experimental realization of a 12,000-finesse laser
cavity based on a low-noise microstructured mirror
Johannes Dickmann 1✉, Steffen Sauer1, Jan Meyer1, Mika Gaedtke1,2, Thomas Siefke3, Uwe Brückner4,

Jonathan Plentz 4 & Stefanie Kroker1,5

The most precise measurement tools of humankind are equipped with ultra-stable lasers.

State-of-the-art laser stabilization techniques are based on external cavities, that are limited

by noise originated in the coatings of the cavity mirrors. Microstructured mirror coatings (so-

called meta-mirrors) are a promising technology to overcome the limitations of coating noise

and therewith pave the way towards next-generation ultra-stable lasers. We present

experimental realization of a 12,000-finesse optical cavity based on one low-noise meta-

mirror. The use of the mirrors studied here in cryogenic silicon cavities represents an order of

magnitude reduction in the current limiting mirror noise, such that the stability limit due to

fundamental noise can be reduced to 5 × 10−18.
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On September 14, 2015, Earth was passed by a gravitational
wave that could be detected by the two Laser Inter-
ferometer Gravitational-Wave Observatories (LIGO)

with a signal of 1.0 × 10−21 (see refs. 1–5). The hearts of the LIGO
detectors are ultra-stable lasers, implemented with the help of
high-finesse laser cavities5,6.

In addition to gravitational wave detectors, the use of optical
cavities makes it possible to address other questions in physics
and technology: For example, the search for dark matter7–9,
would be pushed by the implementation of a global network of
optical atomic clocks10, also enabled by high-finesse cavities11–13.

Besides these applications in modern physics, there are several
applications of laser cavities in modern technology like novel
radar applications14,15 and deep-space navigation16,17.

The best cavities today are made of monocrystalline silicon
paired with highly reflective mirrors in Bragg technology6,18, see
Fig. 1. These systems achieve 4 × 10−17 frequency stability over a
broad frequency spectrum at a temperature of 124 K18 by clever
suppression of all relevant noise sources such as spacer noise19,
vibration20, temperature fluctuations and quantum noise21.
However, further improving the stability of lasers has become
more challenging for several years, since current systems are
fundamentally limited by Brownian noise6,18. This limitation can
only be overcome by another mirror technology. One possibility
is to use other materials, especially crystalline mirror layers,
instead of the currently used amorphous materials22. These
crystalline Bragg mirrors (see Fig. 2a) show a tenfold reduction of
coating noise due to a lower mechanical loss compared to
amorphous Bragg mirrors at room temperature22. However, a
further reduction of thermal noise is not expected, because the
limiting coating noise is proportional to the thickness of the

Bragg layer stack23. The total thickness of these crystalline mirror
layers is generally higher than that of their amorphous counter-
parts due to smaller refractive index contrasts of the materials
that can be used. In addition, the advantages of crystalline Bragg
mirrors disappear at cryogenic temperatures24, so another tech-
nology has to be explored.

Here, we report on the experimental realization of a high-
finesse optical cavity based on a low-noise meta-mirror. In this
case, not only the material has been changed, but the reflection
mechanism itself. Meta-mirrors consist of one single layer of
laterally structured material25,26, see Fig. 2b. The noise of these
mirrors has been studied intensively27,28. We show that the use of
silicon meta-mirrors reduces the coating noise by more than two
orders of magnitude and the use of diamond almost by four
orders of magnitude28. Until now, meta-mirrors could not be
used for cavities because the achieved reflectivity of 99.8% (finesse
1500)29 is not sufficient to stabilize a laser up to the ultimate
thermal noise limit (details in the Results section Stability Cal-
culation). To overcome this limitation, the concept of a two-
mirror system, the so-called meta-etalon was developed30, see
Fig. 2c. The meta-etalon combines the advantages of both mirror
technologies: The high reflectivity of Bragg mirrors and the low
thermal noise of meta-mirrors30. In this work, we present the first
experimental realization of a meta-etalon and its application in a
high-finesse optical cavity.

Results
Design of the low-noise meta-mirror. The most stable laser
cavities are typically operated at a wavelength of ~1550 nm18,19.
Thus, we also conducted experiments at this wavelength. The
meta-mirror consists of a structured layer of amorphous silicon31

on a fused silica substrate, see Fig. 2c. Rigorous coupled-wave
analysis32,33 was utilized to optimize the geometrical parameters
of the meta-mirror, yielding a period Λ= 942 nm, width
W= 281 nm and thickness H= 176 nm. The reflective coatings
of the meta-etalon are applied to a fused silica substrate with a
thickness of 1.066 mm. The front surface of the substrate is
covered with a silicon coating with a thickness of 176 ± 5 nm,
structured with the parameters above. The rear surface was
contacted with a Bragg reflector consisting of ten quarter-
wavelength pairs of alternating silicon dioxide/tantalum pent-
oxide layers, leading to a reflectivity of 99.5%. The two-mirror
system forms an optical resonator with a free spectral range of
760 pm and a Finesse of ~300. To guarantee a high reflectivity of
the whole etalon, this system has to be operated in
antiresonance34,35. Experimentally, this is achieved by choosing
the cavity length significantly larger than the etalon length. In this
work, we investigated a 6-cm-long cavity, corresponding to a free
spectral range of 20 pm, which is more than one order of mag-
nitude smaller than the free spectral range of the etalon, whereby
many resonances of the cavity are located in one antiresonance of
the etalon. Thus, the antiresonance in the etalon can be main-
tained experimentally by simply stabilizing the temperature of the
etalon substrate.

The high-finesse cavity comprising an etalon studied here is a
very complex system. Thus, it is sensible to characterize the etalon
separately before considering the entire system.

Pre-characterization of the meta-etalon. The transmissivity of the
meta-mirror is strongly polarization-dependent since its structure is
strongly anisotropic. Figure 3 shows scanning electron microscope
images of the fabricated silicon meta-mirror. Details on the fabrication
of the meta-mirror can be found in the methods section. To pre-
characterize the fabricated etalon, we performed a wavelength- and
polarization-dependent transmissionmeasurement. This measurement

Fig. 1 Artistic representation of a high-finesse optical cavity. Shown is a
laser stabilization cavity consisting of spacer, mirrors and coatings. Based
loosely on ref. 18.

Fig. 2 Scheme of the different mirror technologies. a Conventional Bragg
Mirror, b Meta-Mirror, c Meta-Etalon. The pink color indicates the intensity
distribution in front of, inside and behind the mirror.
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was performed with a Keysight 81608A tunable laser source at an
output power of 10mW. The polarization of the incident light was
rotated with a waveplate. Figure 4 shows the results in terms of pho-
todiode voltage in transmittance as a measure of transmitted intensity.
This plot shows nine different polarization angles between transverse
electric (electric field parallel to structure, blue color) and transverse
magnetic polarized light (electric field parallel to structure, red color).
For transverse-electric polarized light, the transmittance shows the
typical behavior of Fabry–Perot resonators: There are several resonant
modes indicated by high transmittance and a broad spectral range
between the resonances, where the transmittance is close to zero. This
anti-resonant spectral range is the region of high etalon reflectivity. The
transmitted light between the resonances increases for polarization
angles different from transverse-electric polarization. This phenom-
enon arises due to the decreasing reflectivity of the meta-mirror for
these polarizations. Using this polarization dependence, the etalon
reflectivity can be tuned continuously.

Finesse measurement. The finesse of our optical cavity based on
the meta-etalon was measured using cavity ring-down36–38. The
measurement setup is shown in Fig. 5. The wavelength tunable
laser source is used, such that the light power at the cavity input is
10 mW. The laser light is guided through a fiber-coupled acousto-
optic modulator, which is used as an optical switch. After the light
has been collimated to free space, it is directed into the 6-cm-long
cavity consisting of an amorphous Bragg reference mirror with
transmission less than ten parts per million and the meta-mirror
under investigation. The rotating waveplate is used to adjust the
polarization of the incident light. The measurement of cavity
finesse works as follows: The laser frequency is detuned slowly.

Once, the frequency matches a resonance in the cavity, the
transmitted intensity rises. The self-developed ring-down (RD)
electronics switches the AOM as soon as the photodiode voltage
exceeds a certain threshold. The light stored in the cavity leaves
the cavity through the mirrors. This temporally decreasing light
intensity is measured with an oscilloscope. The ring-down time τ,
i.e., the time when the light intensity has dropped to 1/e of the
initial intensity, is a measure for the cavity finesse34,39:

F ¼ πc
L
τ; ð1Þ

where c is the speed of light and L the cavity length, respectively.
The temperature of the etalon substrate was stabilized and the
laser wavelength was tuned within the antiresonance of the etalon
(compare Fig. 4). The ring-down was measured 29 times for the
fundamental cavity mode. Figure 6a shows one of the temporally
recorded ring-downs of the light escaping the cavity. In Fig. 6b,
the resulting ring-down times of all 29 recorded ring-down events
are shown. The evaluation of all ring-down events results in the
following ring-down time and the corresponding cavity finesse:

τ ¼ ð742 ± 21Þ ns; F ¼ ð11; 655 ± 330Þ: ð2Þ

This result is more than a factor of four larger than the
previous record finesse of a meta-mirror (278440). Thus, this
result marks an important step toward the realization of laser

Fig. 3 Scanning electron microscope images of the fabricated silicon
meta-mirror. a Top view, b side view. Λ is the period of the structure, W is
the width, and H is the thickness.

Fig. 4 Measured transmittance of the meta-etalon versus wavelength of
the incident light. The different colors indicate nine different angles of the
linear polarized light between transverse electric (electric field parallel to
structure, blue color, bottom line) and transverse magnetic polarized light
(magnetic field parallel to structure, red color, top line).

Fig. 5 Cavity ring-down setup for the measurement of cavity finesse.
Once a mode builds up in the cavity, the photodiode voltage exceeds a
certain threshold. The ring-down (RD) electronics interrupt the laser light
by the acousto-optic modulator (AOM). The temporally decreasing light
intensity is measured with an oscilloscope.

Fig. 6 Measurement results of the cavity ring-down experiment. a One
measured ring-down, b All 29 ring-down times, mean value and standard
deviation.
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stabilization using low-noise meta-mirrors. The optical losses of
the meta-etalon can be calculated from the finesse to be 539 ppm.
This corresponds to a minimum reflectivity of 99.95%. A cavity
consisting of two etalon mirrors would then theoretically yield a
finesse of 6000 (cf. previous record 150040). The finesses of the
currently most frequency-stable cavities are even two orders of
magnitude higher than those demonstrated here. The finesse of
104 presented here is probably limited by scattering losses of the
microstructured surface, also leading to limited cavity contrast.
These losses are due to the roughness of the structures (compare
Methods Fabrication of the Meta Mirror). Further development
of this technology has to deal intensively with a reduction of the
surface roughness and the associated scattering losses.

Stability calculation. To investigate the potential of the mirror
presented here, the achievable frequency stability of a cavity equipped
with these mirrors will be examined below. The following model
system will be used for this purpose: Our model cavity consists of two
identical meta-etalon mirrors connected by a crystalline silicon spacer
of 21 cm length6,18 (compare Fig. 1). The beam parameters are also
identical to those in previous ultra-stable lasers6,18. The model system
shall be operated at a temperature of 124K, so that length fluctuations
of the spacer due to temperature variations are reduced to a
minimum6. The frequency stability of the currently most stable laser
cavities is limited by coating Brownian noise6,18. In the case of using
meta-etalon mirrors, also the thermo-optic noise30,41, introduced by
local thermal fluctuations coupling to the mirror thickness or refrac-
tive index must be considered.

The following noise sources are investigated: Brownian noise of the
microstructured surfaces, Brownian noise of the etalon substrates,
Brownian noise of the amorphous Bragg layers, thermo-elastic noise
of the microstructured surfaces, thermo-elastic noise of the etalon
substrates, thermo-elastic noise of amorphous Bragg layers, thermo-
refractive noise of microstructured surfaces, thermo-refractive noise
of etalon substrates, thermo-refractive noise of amorphous Bragg
layers. The Brownian noise of the etalon substrate dominates the total
noise of the cavity, because the fused silica has a large mechanical loss
at cryogenic temperatures42. For large integration times, the thermo-
optic noise of the etalon substrate dominates. In the most sensitive
range of integration times around 100ms, the theoretically achievable
fundamental noise in terms of frequency stability is 5 × 10−18, which
is one order of magnitude lower than the fundamental noise of most
stable laser cavities to date6,18. Using crystalline materials as mirror
substrates like sapphire, the fundamental noise in terms of frequency
stability could be further enhanced to reach 10−18 by reduction of
Brownian substrate noise (due to lower mechanical losses)30.

In our analysis, we assumed that all technical noise sources can be
reduced below the fundamental limit calculated here6,18. In particular,
multistage temperature stabilization, active vibration isolation, and a
residual gas pressure of less than 10−9 mbar are basic requirements to
achieve this stability. In addition, active methods must be used to
cancel residual amplitude modulation (RAM)43. RAM is particularly
problematic at small finesse <100,00044. Therefore, in addition to
further improving cavity finesse, future studies should analyze the
technical sources of noise and methods to suppress them.

Conclusion
In this work, we reported on the first experimental realization of a
high-finesse laser cavity based on a low-noise meta-mirror. We per-
formed a comprehensive preliminary characterization of the meta-
etalon, which revealed a broad antiresonance that can be exploited by
its high reflectivity. Especially the reflectivity tunability via the angle of
polarization is a decisive advantage compared to Bragg mirrors. We
have set the world record for finesse of a cavity based on a meta-
mirror: The cavity ring-down measurement demonstrated a cavity

finesse of more than 10,000. The fundamental noise analysis of the
mirror presented here is very promising and motivates further
research on this concept. In particular, the further increase of the
finesse and experimental analysis of technical noise sources are in
focus. It turns out that the etalon substrate dominates the fundamental
noise in terms of frequency stability. Future use of crystalline materials
such as sapphire could improve the fundamental noise of the cavity
even further to cross the 10−18. These results mark a milestone in the
development of next-generation ultra-stable lasers. The use of the
technology presented here is of great importance for fundamental
research, especially for the detection of gravitational waves, high-
precision time measurement and the search for dark matter.

Methods
Fabrication of the meta-mirror. In the first step, hydrogenated amorphous silicon
(a-Si:H) without doping is deposited by plasma-enhanced chemical vapor
deposition (PECVD) onto a double-side polished fused silica substrate. Next, the
film thickness is trimmed to 165 nm by iterative processes of Ion beam etching and
ellispometric thickenss measurement. Afterward, 30 nm of chromium is deposited
by means of ion beam deposition (Oxfort Ionfab 300LC). As a resist mask 100 nm
ARP 6200 (Allresist) was used. This was then structured by character projection
electron beam lithography45,46. Afterward, the chromium layer is etched by reac-
tive ion etching (RIE) and subsequently used as a hard mask for the structuring of
the subjacent silicon layer by means of Inductively Coupled Plasma (ICP). Finally,
the remaining chromium is removed by wet etching.

Cavity ring-down measurement. The finesse of a laser cavity is a measure of the
spectral width of its modes. The laser is stabilized to one of these cavity modes.
Therefore, the finesse is a measure for the stabilizability of the cavity: the higher the
finesse, the better it can be stabilized. Furthermore, for a high finesse, the quantum
noise decreases.

There are several ways to measure the finesse of a cavity: Direct measurement of
the specular reflectivities, spectral measurement of the linewidth and ring-down
measurement. For low finesse below coarse 1000, the first two methods are well-
suited because a measurable portion of the power is transmitted. For higher finesse
above about 1000, direct measurement should not be used unless you have the
ability to use large laser powers. The larger the finesse, the more accurate the cavity
ring-down will be38. In this method, the photon lifetime in the cavity is measured
and from this the finesse is determined34,39:

F ¼ πc
L
τ: ð3Þ

The principle of our measurement setup is as follows: The laser light (Keysight
Laser 81606A) entering the cavity is switched off by an acousto-optic modulator
(SFO4504-T-M080-0.5C8J-3-F2P) at a threshold voltage, which is measured by a
DC photodiode (Thorlabs PDA20CS2) behind the cavity. The transmitted light
behind the cavity is also directed to a CCD camera (Xenics Bobcat-320) via a beam
splitter so that the resonant mode is filmed simultaneously. This ensures that only
the desired mode is excited—in our case the TEM00 mode. The setup can measure
a minimum reflectivity of a 6 cm cavity at 1550 nm of 99.6%.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Code availability
The code that supports the findings of this study is available from the corresponding
author upon reasonable request.
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