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The Fabry–Perot resonator is one of the most widely used optical devices, enabling scientific and technological break-
throughs in diverse fields including cavity quantum electrodynamics, optical clocks, precision length metrology, and
spectroscopy. Though resonator designs vary widely, all high-end applications benefit from mirrors with the lowest
loss and highest finesse possible. Fabrication of the highest-finesse mirrors relies on centuries-old mechanical polishing
techniques, which offer losses at the parts-per-million (ppm) level. However, no existing fabrication techniques are
able to produce high-finesse resonators with the large range of mirror geometries needed for scalable quantum devices
and next-generation compact atomic clocks. In this paper, we introduce a scalable approach to fabricate mirrors with
ultrahigh finesse (≥106) and user-defined radius of curvature spanning of four orders of magnitude (10−4−100 m). We
employ photoresist reflow and reactive ion etching to shape and transfer mirror templates onto a substrate while main-
taining sub-Angstrom roughness. This substrate is coated with a dielectric stack and used to create arrays of compact
Fabry–Perot resonators with finesse values as high as 1.3 million and measured excess loss <1 ppm. Optical ringdown
measurements of 43 devices across five substrates reveal that the fabricated cavity mirrors—with both small and large
radii of curvature—produce an average coating-limited finesse of 1.05 million. This versatile approach opens the door
to scalable fabrication of high-finesse miniaturized Fabry–Perot cavities needed for emerging quantum optics and
frequency metrology technologies. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing
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1. INTRODUCTION

Among optical resonators, high-finesse Fabry–Perot cavities pro-
duce unrivaled frequency stability, quality factors, and power
handling, enabling scientific and technological breakthroughs
in a broad range of applications [1–6]. For the next generation
in quantum communications, computation, and timekeeping
systems, it will be necessary to bring these performance advantages
to compact, integrated platforms [7–9]. This will require a scalable
fabrication technique that is flexible enough to meet the varied
demands of disparate applications. Many applications benefit
from increased finesse, which translates to larger intracavity fields,
increased storage times, and narrower linewidths. But geometry
can be equally important, as the optimal mode volumes and spot
size can vary dramatically for different applications, placing dif-
ferent requirements on the mirror radius of curvature (R). In
quantum optics, where the cooperativity between single atoms

and optical resonators scales inversely with mode area [10], micro-
cavity geometries with small R (∼ 10−4

− 10−2 m) are desirable.
Conversely, for ultra-stable reference cavities in timekeeping
applications, frequency noise can be minimized by averaging over
thermal fluctuations with large mode areas [11], requiring a large R
(∼ 1 m).

To maximize finesse (F ), it is necessary to minimize all sources
of optical loss within the cavity. This is seen from the defini-
tion F = π/(T +A+ S), where T , A, and S represent the
fractional energy loss (per mirror) resulting from transmission,
absorption, and scattering, respectively. Thus, an ultrahigh-finesse
resonator (F > 106) requires T +A+ S to be at the few ppm
level. Using ion-beam sputtering deposition techniques, highly
uniform dielectric coatings with absorptive losses (A) of ∼1 ppm
are available [12]. However, roughness on the mirror surface and
subtle imperfections in the mirror shape can both contribute to
unwanted scattering losses, resulting in stringent requirements

2334-2536/22/090965-06 Journal © 2022 Optica Publishing Group

https://orcid.org/0000-0002-6555-6224
https://orcid.org/0000-0002-2460-8083
https://orcid.org/0000-0002-3552-1549
https://orcid.org/0000-0002-2144-0764
mailto:naijun.jin@yale.edu
mailto:peter.rakich@yale.edu
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://doi.org/10.1364/OPTICA.467440
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.467440&amp;domain=pdf&amp;date_stamp=2022-08-20


Research Article Vol. 9, No. 9 / September 2022 / Optica 966

on the surface quality of the mirror template. For example, at tele-
com wavelengths, a mirror template with an ideal surface profile
(i.e., without any low spatial frequency shape imperfections) must
have sub-Angstrom RMS surface roughness to achieve scattering
losses (S) below 1 ppm.

Specialized chemical–mechanical polishing techniques,
sometimes referred to as super-polishing [13], are used to meet
these stringent requirements on individually polished discrete
mirror components. This polishing technique can achieve
the necessary sub-Angstrom roughness, but only for large-R
(∼ 10 mm− 1000 mm) mirrors. Motivated by quantum optics,
new fabrication techniques utilizing laser ablation of glass [10,14–
17], and chemical etching of silicon [18–21] have been developed
in recent years, finding applications in a wide range of experiments
[4,22–28]. While these new techniques have the potential for
scalable fabrication, they are limited to the production of small-R
(.1 mm) mirrors [17,29], with finesse values that fall short of
traditional polishing techniques [see comparison in Fig. 1(a)].
Thus, it remains an outstanding challenge to identify a scalable
fabrication technique that yields ultrahigh-finesse mirrors, with
access to both small and large mode volumes.

In this paper, we demonstrate a wafer-scale fabrication tech-
nique that produces ultrahigh-finesse (≥106) mirrors with a
user-defined R spanning from 100 µm to 1 m, necessary to satisfy
the demanding needs of applications ranging from quantum optics
to low-noise laser oscillators. Arrays of microfabricated mirrors
are formed on a single substrate using a solvent-vapor based resist
reflow process. Through this process, a photoresist defines mirror
shapes that are transferred into a substrate using an optimized dry
etch, maintaining sub-Angstrom surface roughness. Multilayer
mirror coatings are then deposited, creating arrays of compact
Fabry–Perot resonators whose performance is evaluated using
optical ringdown measurements. Measurements of 43 devices
across five substrates (with both small and large R) reveal that the
fabricated cavity mirrors produce a mean (maximum) coating-
limited finesse of 1.05 million (1.3 million), which, to the best of
our knowledge, sets a record among micro-fabricated mirrors (and
R < 10 mm mirrors in general). This new method thus enables
the scalable production of compact Fabry–Perot cavities with the
state-of-the-art performance required by emerging technologies.

2. EXPERIMENTAL RESULTS

A. Mirror Fabrication

Through this fabrication approach, we use reflow techniques
to create a resist profile that defines the shape of the mirror.
Photoresist patterns (MICROPOSIT S1818, positive-tone)
are first created on a super-polished substrate (e.g., fused silica)
using UV lithography. The single- and multi-level photoresist
patterns, seen in Figs. 2(a) and 2(f ), are used to form large- and
small-R devices, respectively. These resist patterns undergo reflow
in a purpose-built solvent-vapor chamber containing propylene
glycol methyl ether acetate (PGMEA), a standard solvent for the
semiconductor industry; as the photoresist absorbs the solvent
vapor, surface tension rounds any sharp corners as it seeks to
minimize the surface area of the resist pattern [30]. In the limit of
complete reflow, this disk is transformed into a dome [31,32]; how-
ever, for intermediate reflow times, a smooth parabolic surface is
formed in the center of the resist pattern, as illustrated in Figs. 2(b)
and 2(g). An array of 58 such reflowed surfaces formed on a 50 mm
wafer is shown in Fig. 1(c). When the photoresist pattern reaches
the desired shape, the reflow process is halted, and the resist pattern
is transferred into the substrate using an optimized reactive ion
etch [33,34], as illustrated in Figs. 2(c), 2(d) and 2(h), 2(i). Note
that different etch rates for the photoresist and substrate result in
a vertical rescaling of the pattern. After these mirror templates are
etched, a multilayer dielectric coating is deposited [Figs. 2(e) and
2(j)], producing an array of concave mirrors.

We achieved control over the reflow by purposely elevating the
temperature of the substrate a few degrees higher than the ambient
temperature of the solvent vapor. Under this condition, the viscos-
ity of the photoresist can be tuned to permit a relatively fast reflow
rate without worry of solvent vapor condensation. Compared
with the traditional thermal reflow for making micrometer-scale
lenses, this vapor-assisted approach proves to be efficient at mak-
ing larger structures on the scale of millimeters [30]. Particular
attention must be paid to thermalization of the reflow chamber to
ensure repeatability and uniformity of the reflow process. Further
details and assessment of the fabrication process can be found in
Supplement 1 Section S2.

Using this process, one can readily vary the mirror R by four
orders of magnitude through control of the initial photoresist

Fig. 1. Micromirror solutions. (a) Survey of micromirror fabrication techniques. The shaded regions and points illustrate the achievable geometry
(radius of curvature) and finesse of different techniques. Gray corresponds to prior work including laser ablation (circles), isotropic chemical etching
(triangles), and traditional polishing. Blue corresponds to this work. Filled points indicate measured finesses, while unfilled points indicate fabricated
mirror templates with finesse predicted based on surface scattering estimates/simulations. Note that these reference finesse values were measured at different
optical wavelengths, which will modify the impact of surface scattering. Further details on the literature values are available in Supplement 1 Section S1.
(b) Illustration of the cavities built in this work. (c) Image of an array of 58 reflowed photoresist disks on a 50 mm wafer that can be etched to make mirror
templates. Non-circular devices on the outer ring are intended for alignment purposes. (d) Measured profile of a fabricated mirror template with R ≈ 1 m.
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Fig. 2. Micromirror fabrication. The fabrication process begins with a single- (a) or multilayer (f ) photoresist pattern. After a timed solvent vapor reflow,
a large (b) or small (g) concave photoresist pattern is formed. A reactive ion etch transfers this into the substrate (c), (d), (h), (i), before final application of
mirror coating (e), (j). Exemplary measured profiles (black) of reflowed structures with R from 1 m to 100 µm are shown in (k)–(n). Illustrations of the
approximate photoresist shape before reflow are shown in blue.

geometry and reflow time. Figures 2(k)–2(m) show measured pro-
files of etched mirror templates (black) with R ranging from 1 m
to 100 µm; approximate resist profiles, used at the beginning of
the fabrication process, are illustrated in blue. Note that R > 1 m
and R < 100 µm should be possible with modified photoresist
patterns and techniques.

While the measured mirror curvature permits us to leverage
Gaussian beam optics as the basis for resonator design, it is impor-
tant to note that these mirror shapes deviate from a paraboloid at
larger radial distances, and the mirrors have a finite size. Thus, in
principle, the nontrivial surface profiles produced by the reflow
process could contribute to clipping losses, limiting the perform-
ance of these mirrors. To investigate limitations posed by these
shape-induced losses, we developed a numerical mode solver that
builds on the techniques described in Refs. [35,36]. Using a stand-
ard (e.g., Hermite–Gaussian) mode basis, this solver encodes a
round trip of optical propagation (including the exact mirror pro-
file) into a mode scattering matrix. This scattering matrix is then
used to compute the eigenmodes of the resonator, including their
associated loss rates. Simulating a plano–concave resonator geom-
etry [Fig. 1(b)] using the measured mirror profile as the input, we
find that the shape-induced diffractive losses of optimized mirror
templates [Figs. 2(f )–2(j)] are very small (i.e., Sshape ≤ 0.1 ppm).
In general, this low clipping loss is afforded by relatively deep
mirror recesses, which produce large usable apertures. Further
details on mirror depth and aperture constraints are available in
Supplement 1 Section S2D.

Roughness induced scattering losses are perhaps the most
significant barrier to realizing a finesse of greater than 1 million.
One can show that the scattering loss associated with an RMS
surface roughness, σrms, is given by Srough = (4πσ/λ)2, where
λ is the wavelength of light [37]. Hence, at λ= 1550 nm, each
mirror must have sub-Angstrom surface roughness (σ ≤ 1.2 Å)
to meet the requirement S ≤ 1 ppm. Therefore, the etch process
that transfers the photoresist pattern must not appreciably alter the
roughness of the super-polished substrate. For this task, we utilize
a reactive ion etch that removes material primarily through ion
bombardment (i.e., a physical etch) rather than chemical processes
(see Supplement 1 Section S2E for further details).

B. Mirror Characterization

The performance of these devices was evaluated by applying a state-
of-the-art, ultralow-loss dielectric mirror coating, with alternating
SiO2/Ta2O5 layers designed to produce reflectivity>0.99999. We
then paired these substrates with flat mirrors from the same coating
run, forming arrays of plano–concave Fabry–Perot resonators.
These cavities were held in kinematic mounts, or clamped/bonded
to an annular spacer. Both small- and large-R mirrors were tested,
spanning mode waists from 23 µm to 220 µm. To evaluate the
finesse of each resonator, a laser was mode-matched to the funda-
mental cavity mode, and switched off rapidly after being brought
on resonance. Sample transmission ringdowns of small- and large-
R cavities are shown in Figs. 3(f ) and 3(g). Exponential fits of these
measurements reveal cavity lifetimes (τ ) of 410 ns and 6.1 µs for
small- and large-R resonator devices, corresponding to finesse
values of 1.20 million and 1.04 million (usingF = πτ c/L , where
c is the speed of light, and L is the cavity length), respectively.
These lifetime measurements were corroborated using microwave-
calibrated frequency sweep measurements. Note that the smallest
fabricated devices (with R ≈ 100 µm) did not receive mirror
coatings, but simulations based on their surface profiles predict
finesse comparable to the measured devices. Further measurement
details are available in Supplement 1 Section S3B.

Ringdown measurements were performed on 43 cavities created
using five different patterned micromirror substrates, with results
summarized in Figs. 3(b) and 3(c). These measurements indicate
consistent performance across the fabricated samples. The small-R
cavities all come from a single substrate, containing a grid of 81
micromirrors. Out of 27 mirrors tested, 24 were found to have
a finesse >1 million (1.13± 0.13 million). The large-R cavities
show slightly increased variability (0.91± 0.20 million), but still
reach a maximum finesse of 1.31 million. This variability is likely
due to the increased tilt sensitivity of large-mode-waist cavities,
which places more stringent requirements on the mirror symmetry
and cavity alignment. We also note that the large-R devices are
fabricated on both fused silica and ultralow-expansion (ULE)
glass, confirming compatibility with these two technologically
important materials [5,6].
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Fig. 3. Mirror characterization and cavity performance evaluation. (a) Dark-field image taken in the center of a large-R (≈1 m) microfabricated mirror,
revealing an RMS surface roughness of 0.59 Å. (b), (c) Histogram and summary of cavity finesse measurements for different R micromirrors; 43 cavities,
formed on five substrates (both fused silica and ULE) were measured. Exemplary small- and large-R cavities are highlighted in blue and red, respectively,
with underlying ringdown data shown in (f ) and (g). The dashed box corresponds to the mirror array shown in (d). The nine ULE mirrors are from the
substrate shown in (e). (d) Profilometry image of small-R mirror array, corresponding to the dashed box in (c). (e) Image of large-R mirror array on ULE
substrate [triangles in (c)]. Mirrors highlighted in false color. (f ), (g) Averaged transmission ringdown of a small-R (R = 4 mm, L = 320 µm) and large-R
(R = 1.2 m, L = 5.5 mm) cavity, where the light is cut off at t = 0. Black line is exponential fit yielding 410 ns and 6.1 µs decay time, corresponding to a
finesse of 1.20 million and 1.04 million, respectively.

While the finesse permits us to quantify the total mirror loss
(T +A+ S), it is also instructive to separate the different loss
contributions. Since both mirrors of all tested microcavities were
simultaneously coated, receiving an identical multilayer coating,
it is reasonable to assume that the transmission coefficients (T ) are
identical for both mirrors. With this assumption, we can extract
(A+ S) from the relative transmitted and reflected powers on
resonance [38]. Doing so, we estimate T = 1.9 ppm for this coat-
ing, which means that, for our measured F = 1.2× 106, we infer
the excess loss to be (A+ S)≈ 0.74 ppm. Note that since these
dissipative loss channels are smaller than the external loss (T ), this
resonator technology offers a path to efficient light extraction at
these ultrahigh-finesse levels.

3. OUTLOOK

Building on these techniques, one could envision using wafer-scale
fabrication approaches (pictured in Fig. 4) to bring the unique
advantages offered by high-finesse Fabry–Perot resonators to inte-
grated systems. In contrast to dielectric waveguide resonators, the
modes of Fabry–Perot resonators can be engineered to live almost
entirely in vacuum, avoiding problematic sources of thermore-
fractive noise produced by dielectrics [39,40]. For this reason,
ultrahigh-finesse cavities, of the type fabricated in this paper, could
prove instrumental to satisfy the growing demand for frequency
stabilized ultranarrow-linewidth lasers for atomic clocks, com-
munications, and sensing applications. For such applications,
large mode sizes (&200 µm) produced by larger R (&1 m) mirrors
are used to suppress residual noise generated by the mirror coat-
ing. Such frequency-stabilized cavities are typically constructed
from ULE glass to eliminate expansion-induced frequency drift.
Through a separate study, a bonded cavity assembly, using 1-m-R
micromirrors from Fig. 3(c), was shown to produce a thermal-
noise-limited fractional frequency instability of 7× 10−15 at 1 s, in
a volume of only 8 mL [41]. This same device was also used to lock
an integrated semiconductor laser using the Pound–Drever–Hall

Fig. 4. Integrated microcavity outlook. (a) Illustration of large-scale
micro-Fabry–Perot assembly and integration, in which a planar mirror
wafer is bonded to a micromachined spacer layer and a micromirror
array wafer. (b), (c) Illustration of possible applications: (b) integration of
micro-Fabry–Perot with photonic integrated circuit (PIC); (c) bonding of
recessed mirrors to form low-volume resonators for cavity QED.

(PDH) technique, yielding ∼1 Hz integral linewidth on the time
scale of a second [42]. Pushing towards even larger R on larger
mirrors, one could adopt grayscale lithography to define mirror
shapes in the first step and use reflow to make smooth surfaces.

Conversely, small-R mirrors can yield small mode volumes
necessary to produce enhanced coupling rates with atoms, ions,
and defect centers for quantum applications [22,23,27,28] [see
Fig. 4(c)]. For example, the smallest microcavities studied here
(R = 4 mm, L = 320 µm) produce modes with a waist radius
of 23 µm and finesse of 1.2 million, corresponding to a Purcell
enhancement factor of ∼1000 [43], which could already enable
strong coupling to quantum emitters. Since the modes of such
Gaussian beam resonators are readily mode-matched to optical
fibers, they permit highly efficient collection of photons required
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for cavity quantum electrodynamics and quantum networking
applications.

To harness these and other performance advantages, one could
envision integrating such high-finesse resonators with planar
photonic circuits using vertical-emission grating couplers [44], as
seen in Fig. 4(b). In the context of integrated photonics, these high-
finesse resonators are also remarkable for their ability to produce
very high Q-factors (Q> 10 billion) within compact footprints
(∼1 mm2) Hence, these resonators could offer compelling per-
formance advantages relative to state-of-the-art ring resonators
[45,46] and dielectric resonators [47], opening the door to scalable
integrated photonic technologies.
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