
PHYSICAL REVIEW APPLIED 18, 054054 (2022)

Miniaturizing Ultrastable Electromagnetic Oscillators: Sub-10−14 Frequency
Instability from a Centimeter-Scale Fabry-Perot Cavity

Charles A. McLemore ,1,2,* Naijun Jin ,3 Megan L. Kelleher ,1,2 James P. Hendrie ,1,2

David Mason,3 Yizhi Luo,3 Dahyeon Lee ,1,2 Peter Rakich,3 Scott A. Diddams,1,2,4 and
Franklyn Quinlan 1,2,†

1
Department of Physics, University of Colorado Boulder, Boulder, Colorado 80309, USA

2
National Institute of Standards and Technology, Boulder, Colorado 80305, USA

3
Department of Applied Physics, Yale University, New Haven, Connecticut 06520, USA

4
Department of Electrical, Computer and Energy Engineering, University of Colorado Boulder, Boulder,

Colorado 80309, USA

 (Received 18 June 2022; revised 28 September 2022; accepted 24 October 2022; published 17 November 2022)

The best performance from compact, portable, and repeatably manufactured electromagnetic (EM)
oscillators has for decades been built upon crystalline quartz resonators operating at radio frequencies.
Such a source of frequency-stable EM waves has enabled a wide range of applications of significant techni-
cal and societal benefit, such as navigation and communication systems, distributed sensing, geodesy, and
fundamental physics. However, meeting demands for increased measurement sensitivity requires pushing
beyond a fractional frequency stability of 10−13, typical of the best ovenized quartz. To date, such perfor-
mance has been available in the microwave domain only with the use of complex cryogenic systems, or in
the optical domain at the expense of larger volume and weight. In either case, the size, weight, and power
of state-of-the-art EM oscillators has relegated their use to laboratory experiments. Here we demonstrate
the validity of a manufacturable, compact Fabry-Perot reference that improves upon all other centimeter-
scale oscillators by more than a factor of 10, including those based on solid-state optical resonators as
well as quartz. In a specific implementation, we show an 8 ml bonded assembly containing three vacuum-
gap Fabry-Perot optical cavities with mirrors lithographically fabricated on a single substrate, each with
quality factor exceeding 10 billion. A laser stabilized to one of the cavities exhibits thermal-noise-limited
phase noise for offset frequencies ranging from 1 Hz to nearly 1 kHz, and fractional frequency stability of
7 × 10−15 at 1 s. Our advance with lithographically defined and microfabricated mirrors is validated by
rigorous models, which highlight a path to oscillators with size comparable to ovenized quartz, but with
significantly improved performance. For example, we predict sub-10−14 performance is readily attainable
with a Fabry-Perot cavity volume less than 2 ml.

DOI: 10.1103/PhysRevApplied.18.054054

I. INTRODUCTION

Highly frequency-stable electromagnetic (EM) waves
are foundational for a vast number of applications
across science and technology, including optical atomic
clocks [1–4], gravitational wave detection [5], low-noise
microwave generation [6,7], and distributed sensing [8,9],
with applications in fundamental physics [10–13], coher-
ent radar [14,15], and the redefinition of the SI second
[16]. While some of these applications are amenable to
laboratory-based studies, a growing number require com-
pact, portable, and repeatably manufactured sources of
ultrastable EM waves in the field, such as ground-based
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geodesy [17,18], earthquake detection [19], and space-
based tests of fundamental physics [20].

The highest frequency stability microwave oscillators
derive their stability from cryogenic whispering gallery
mode resonators, whereas the highest stability optical res-
onators, both at room and cryogenic temperatures, rely on
vacuum-gap Fabry-Perot cavities. State-of-the-art optical
systems have demonstrated laser linewidths below 10 mHz
and fractional frequency instability as low as 4 × 10−17

[21], corresponding to absolute length fluctuations on the
scale of a proton diameter. Furthermore, optical frequency
combs can be leveraged to transfer this fractional fre-
quency stability to other frequency bands across the EM
spectrum. However, this level of performance is achieved
by exploiting large cavity mode volumes and/or cryogenic
temperatures, relegating these systems to well-controlled
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laboratory environments. Cryogenic microwave systems,
which have demonstrated fractional frequency stability
as low as 2 × 10−16 [22], likewise have infrastructure
requirements that diminish out-of-the-lab utility.

In compact and portable systems, radio-frequency (rf)
quartz oscillators have remained the “gold standard” for
decades, finding ubiquitous application in areas such
as communications, radar, navigation, and timekeeping.
Temperature-stabilized (or “ovenized”), quartz oscillators
have demonstrated fractional frequency instability near
10−13 at 1 s [23]. This frequency stability can also be
translated to the optical domain with the use of an opti-
cal frequency comb, as recently demonstrated in a compact
platform with high optical frequency tunability [24]. The
pursuit of a compact oscillator with frequency stability bet-
ter than 10−13 has led to a proliferation of different optical
dielectric resonator designs [25–29]. However, the funda-
mental limit imposed by thermorefractive noise [30] has to
date prevented these resonators from substantially outper-
forming existing ovenized quartz technology [Fig. 1(a)].
Furthermore, their high susceptibility to long-term ther-
mal drift often necessitates temperature control at the
nanokelvin level to maintain frequency stability near the
thermorefractive limit. The temperature stabilization and
vacuum employed in many of the best performing sys-
tems allow for a large degree of environmental isolation,

but also increase overall system volumes. To facilitate fair
comparison of these different frequency references, the leg-
end of Fig. 1(a) notes the extent of environmental isolation
employed in each system.

Vacuum-gap Fabry-Perot cavities avoid much of the
thermorefractive noise that limits the performance of
solid-state dielectric resonators. Furthermore, Fabry-Perot
cavities can be constructed with low thermal expansion
materials that greatly reduce their temperature sensitiv-
ity, enabling low thermal drift on long timescales. The
frequency stability of lasers locked to select state-of-the-
art compact Fabry-Perot cavities [31,32] is also shown in
Fig. 1(a), where it can be seen that the instability is at
least an order of magnitude lower than that of solid-state
dielectric resonators. This improved performance comes
at the expense of a larger cavity volume, small-batch lap
and polish manufacturing, and individual hand assembly.
Thus, the ideal portable oscillator would inherit the fre-
quency stability of bulk Fabry-Perot reference cavities but
with compactness and manufacturability associated with
dielectric resonator designs.

In this paper, we present a near 1 million finesse Fabry-
Perot reference cavity constructed with lithographically
fabricated micromirrors. The fabrication process allows for
highly parallel manufacture of mirrors on a single substrate
with user-defined radius of curvature. An 8-ml optical

(a) (b)

(c)

FIG. 1. (a) Comparison of existing compact frequency reference technologies. FP, Fabry-Perot cavity; WGM, whispering-gallery-
mode resonator. Bold text in the legend indicates which results relied on vacuum (V) and/or active temperature control (T). (b) Cross
section of the finalized cavity assembly with an overall volume of 8 ml. ULE, ultralow expansion glass. (c) Photograph of the reference
cavity. Inset: surface profile data of the three micromirrors fabricated on a single substrate. Color scale on the inset ranges from 0 μm
(blue) to 0.75 μm (red).
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contact bonded assembly, consisting of three high-finesse
optical cavities, is shown schematically in Fig. 1(b) and
pictured in Fig. 1(c). We confirm the cavity thermal noise is
not adversely affected by the manufacturing process, with
the phase noise of a laser locked to the cavity operating at
the predicted thermal-noise limit out to kHz offset frequen-
cies. The corresponding fractional frequency instability is
close to the thermal limit of 5 × 10−15 and is better than
10−14 up to several seconds of averaging, representing an
order of magnitude improvement over existing oscillators
based upon centimeter-scale resonators. Furthermore, we
use finite-element simulation to explore the cavity design
space opened up by lithographic mirror fabrication, pre-
dicting thermal noise and cavity thermal expansion as
a function of mirror substrate thickness. Based on these
thermal-noise simulations, we identify a path to reduce
the cavity volume to only 2 ml without sacrificing the
level of noise performance achieved in the current 8-ml
assembly. Through this demonstration of a microfabricated
mirror-based optical reference cavity, we aim to show that
a generation of mass-produced, miniature Fabry-Perot cav-
ities presents the most compelling path towards widely
available ultrastable frequency references for field-based
experiments.

II. NOISE MODELING AND CAVITY DESIGN

A. Mirror design and fabrication

Several compact Fabry-Perot cavity designs have been
proposed and demonstrated to specifically address the need
for portability while meeting high stability requirements
[31–34]. These cavities exploit a high degree of mechan-
ical symmetry to reduce acceleration and holding force
sensitivity and use large radius-of-curvature (ROC) mir-
rors to reduce the cavity thermal-noise limit. However,
these cavities are individually hand assembled and use
standard lap and polish techniques to fabricate a curved
surface on the glass mirror substrates—a process with
no clear path towards mass manufacturability. To permit
bonding of a traditionally polished substrate to a planar
cavity spacer, it is further necessary to polish a flat annu-
lus on the outer rim of the mirror. Both the curved mirror
surface and bonding annulus are readily created using our
lithographic techniques, as we describe here.

Our mirror fabrication process utilizes photoresist
reflow and etching to form mm-scale diameter micromir-
rors with customizable ROC [35,36]. The process consists
of patterning a disk of photoresist onto a superpolished
glass substrate, which is then exposed to a solvent vapor
reflow in a custom chamber. Gradually, the solvent vapor is
absorbed into the photoresist, which begins to flow as sur-
face tension reshapes the disk, causing an approximately
parabolic dimple to form in the center. Fine tuning of the
reflow duration along with the initial dimensions of the
photoresist disk allow for a wide range of mirror curvatures

to be achieved with this technique; parabolic surfaces have
been produced with radii of curvature ranging from less
than 1 mm to over 1 m. Following the reflow step, a reac-
tive ion etch is used to transfer the parabolic micromirror
shape from the photoresist into the glass substrate below
with angstrom-level surface roughness. Finally, a highly
reflective dielectric mirror coating is applied via ion-beam
sputtering to complete the micromirror. Full details of this
process are available in Ref. [36]. Since the photoresist is
applied lithographically and the whole substrate is etched
at once, this technique allows for a high degree of paral-
lel fabrication. Furthermore, the bonding annulus can be
lithographically defined as well, leading to a high degree
of repeatability in the cavity assembly.

Since we seek to demonstrate the viability of these
microfabricated mirrors for use in ultrastable frequency
references, we increase the ROC to approximately 1 m to
maximize the intracavity optical spot size. This averages
thermal fluctuations over a greater area on the mirror sur-
faces, thereby lowering the thermal noise floor [37]. Fur-
thermore, to evaluate the repeatability and parallel man-
ufacture capabilities of the micromirror fabrication tech-
nique, we include three individual large ROC micromirrors
on a single mirror substrate, each capable of forming an
optical cavity when paired with a single optical flat. To
optimize the remainder of the cavity design, we perform
finite-element simulations to assess both the thermal noise
and temperature sensitivity of various geometries. With
our microfabricated mirrors, the design space includes
mirror-substrate thicknesses much less than that available
with standard polished mirrors, as well as substrates with
smaller cross-section diameter.

B. Noise modeling

The most crucial considerations in the cavity design are
those that affect the thermal-noise floor, which must be
below 1.3/f 3 dBc/Hz (where f is the offset frequency)
to reach fractional frequency instability of below 10−14.
Thermal noise in Fabry-Perot reference cavities is rooted in
thermally driven stochastic fluctuations in the cavity mir-
rors and spacer. By individually considering how thermal
fluctuations affect the length of the optical axis through
different mechanisms, we can calculate the thermal-noise
floor as the sum of these contributions. In our analy-
sis, we consider Brownian noise arising from mechanical
damping within the materials [37,38], thermoelastic noise
resulting from the coupling of thermal fluctuations to a
finite coefficient of thermal expansion (CTE) in the cav-
ity materials [39,40], and thermorefractive noise due to
a temperature-dependent index of refraction within the
mirror coatings [41].

While analytical models exist to calculate these noise
sources, the models often depend on simplifying assump-
tions that typically hold for bulk Fabry-Perot cavities.
However, as we design more compact cavities, some of
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these assumptions break down, particularly assuming the
mirror substrates are large compared to the characteris-
tic length scale of thermal diffusion. Following Ref. [38],
we use finite-element analysis software (COMSOL) to con-
struct a model of our cavity and apply a force to the
mirrors with a Gaussian profile matching that of our opti-
cal mode. After computing the resulting deformation of
the model cavity, we leverage the fluctuation-dissipation
theorem [42] to extract the power spectral density of
mirror surface fluctuations. Summing the contributions
from Brownian, thermoelastic, and thermorefractive noise
sources, we arrive at the total expected thermal noise of
a given cavity design. As pointed out in Ref. [38], the
Brownian noise from a small cavity spacer can be grossly
underestimated when using simplified analytical models.
We additionally find that, for the thin mirror substrates
available with microfabrication, the Brownian noise of the
coating and mirror substrate are affected by the contact area
between the mirror substrate and spacer. A larger contact
area tends to restrict the drumheadlike motion, driven by
Brownian noise, that otherwise increases the mirror sur-
face displacement. It is worth noting that in future designs,
the inclusion of only a single micromirror will allow for
a large reduction in cavity and bore-hole diameter, and
therefore total volume, without sacrificing noise perfor-
mance. By appropriately scaling down the inner and outer
diameters of the spacer to maintain a comparable bond-
ing area as a fraction of the total cross-section area, we
can reduce the volume without increasing this drumhead-
like substrate motion. Then, with the same spacer length as
in the present design, we expect the cavity to experience
comparable fractional length changes from the substrate
motion, despite the reduced cavity volume. For example,
reducing the cavity diameter by half to 12.7 mm would
result in a cavity volume of only 2 ml while maintaining a
comparable level of thermal noise.

C. Cavity thermal expansion

In addition to calculating the thermal-noise floor of the
cavity, we also utilize finite-element simulations to deter-
mine the temperature sensitivity of various cavity designs.
While stochastic thermal noise dominates the stability of
a Fabry-Perot reference cavity at short timescales, temper-
ature drift of the optical cavity length typically dominates
over long timescales. To maintain sufficient fractional fre-
quency stability over several seconds, it was therefore
necessary to reduce the magnitude of the effective cav-
ity CTE through careful design of the cavity geometry
and materials. We focus our CTE simulations on a cav-
ity structure that includes our test substrate with three
micromirrors. This requires a total cavity diameter of 25.4
mm, with a 10-mm-diameter bore hole in the center, while
the mirror-substrate thickness and material are left as free
parameters. We then simulate the change in length of the

optical axis (sampled with a Gaussian profile matching the
optical mode) as the temperature of the cavity is swept. The
slope of this length change with respect to temperature is
proportional to the cavity’s effective CTE [43], which we
use to evaluate the relative temperature sensitivity.

Using noise and temperature sensitivity simulations
in conjunction, we consider several design trade-offs to
arrive at a compact, low-noise design. For example, while
using fused silica as the mirror-substrate material pro-
vides a lower thermal noise floor (due to the material’s
high mechanical quality factor QM and correspondingly
low internal damping), fused silica’s relatively large CTE
also increases the magnitude of the effective cavity CTE
when compared to other possible substrate materials like
ultralow expansion (ULE) glass. This is predominantly a
result of differentially greater radial expansion in the mirror
substrates than the spacer causing bowing in the mirrors.
To counteract this increased cavity CTE, we explore thin-
ner mirror substrates, which improve the CTE, although
making the substrates too thin results in a significant
increase to the thermal noise (Fig. 2). Through these sim-
ulations, we also determine that a spacer length of 10 mm
offers a good compromise, allowing a thermal noise limit
below our goal of 10−14 fractional frequency instability,
while keeping the overall cavity volume below 10 ml. Fur-
thermore, we find that, for a given cavity outer diameter,
increasing the bond area reduces the effective cavity CTE.

The ability to lithographically tailor the shape of the
substrate surface allows us to overcome some of the limita-
tions of conventional fabrication techniques. Considering
the relevance of the optical contact bond area to both
the noise and cavity CTE, it is worth noting the level of
control our microfabrication technique provides over this

FIG. 2. Simulated trade-off between fractional frequency
instability and cavity temperature sensitivity for various poten-
tial mirror-substrate thicknesses. The CTE zero crossing of the
10-mm ULE spacer used in the simulation is 45 ◦C, whereas the
zero crossing of the ULE used in the experiment is specified at
45 ◦C ± 5 ◦C.
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parameter. Two factors set the upper bound on the bond
area: the spacer bore-hole diameter and the inner diameter
of the mirror-substrate annulus. In our experience, stan-
dard curved mirrors created through lapping and polishing
display significant variability in the mirror contact annu-
lus, leading to unpredictability in CTE and thermal noise
when forming bonded cavities. Additionally, large ROC
mirrors have a central recess of only a few micrometers,
with smaller mirror diameters yielding smaller recess for a
given ROC. This puts a lower limit on the diameter of the
mirror, since otherwise the annulus polishing will damage
the pristine surface at the mirror’s center. In our micro-
fabrication procedure, an annular area around the edge of
the substrate is protected with a thick coating of photore-
sist, blocking the reactive ion etch. This leaves an intact
bonding annulus of precisely controlled area. Furthermore,
this annulus protection scheme guarantees that the surface
quality of the bonding area remains sufficient for optical
contact bonding. As we push towards building more com-
pact cavities with thinner mirror substrates, larger ROC,
and smaller overall diameter, the precise control over
bond area that this technique provides will be essential
for repeatably achieving target performance. Combined
with the numerical simulation methods discussed above,
these tools will help realize an unexplored regime of com-
pact cavities that push beyond traditional geometries where
analytical solutions apply.

Implementing this annulus protection scheme, we final-
ize the cavity design with a 10-mm-long ULE spacer
(CTE zero crossing: 45 ◦C ± 5 ◦C) to minimize thermal
sensitivity with fused silica mirror substrates to provide
sub-10−14 fractional frequency instability. The minimum
substrate thickness we could readily obtain with suitably
low roughness (for high finesse) and high surface figure
(for optical contact bonding) is 3 mm. This choice of sub-
strate thickness also provides a good compromise between
noise and CTE. The completed cavity design is assem-
bled by optical contact bonding the fused silica mirror
substrates (with dielectric coating reflectivity >99.999%)
to the ULE spacer, resulting in an overall volume of 8
ml, effective CTE of 1.5 × 10−7 K−1 at room tempera-
ture, thermal phase noise floor of −4.4/f 3 dBc/Hz, and
fractional frequency instability floor of 5 × 10−15.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Cavity finesse

For a compact cavity of short length, high finesse is par-
ticularly important to achieve a narrow cavity resonance,
which enables greater rejection of electronic noise sources
in the laser frequency lock [44] and improves rejection of
frequency instabilities due to residual amplitude modula-
tion [45]. The finesse is dependent on the mirror trans-
mission and excess loss due to scattering, absorption,
and beam clipping [46]. To maintain high finesse, it is

critical that the micromirror etching process does not
degrade the original angstrom-level roughness of the
superpolished substrate, as this could lead to excess scat-
tering losses. Furthermore, while scattering and absorption
are largely intrinsic to a given mirror, determined by the
roughness of the surface and quality of the dielectric
coating, significant additional beam-clipping loss can be
introduced when rigidly bonding a cavity. Due to the mm-
scale diameter of these micromirrors, even minor errors
in parallelism (greater than approximately 400 microra-
dians) between the end faces of the spacer can result in
significant finesse reduction due to beam clipping. Small
temperature gradients in the reflow chamber while forming
the micromirror shapes could also introduce asymmetries
and mirror tilt, which, once bonded to a rigid spacer, would
transversely shift the position of the cavity’s optical mode,
incurring clipping losses as the optical mode overlaps the
edge of the micromirror. Thus, while clipping losses are
ultimately dependent on the spacer parallelism as well as
the micromirror tilt, spacers machined with < 50 micro-
radian parallelism are commercially available, which we
calculate will contribute negligible (< 10−15) excess opti-
cal loss per round trip. With other losses expected to be
on the order of 10−6, we are therefore concerned only
with additional tilt that the micromirror fabrication process
might add.

In light of these considerations, we ensure that the
bonded cavity maintained consistently high finesse by
performing cavity ringdown (CRD) measurements on all
three micromirror cavities [47]. By measuring all three,
we confirm that the micromirrors exhibit pristine surface
quality and minimal tilt asymmetries with a high degree
of repeatability. To perform the CRD measurements, we
swept the frequency of a 1550-nm commercial fiber laser
through a TEM00 mode of the cavity while sending the
light through an acousto-optic modulator (AOM). When
a photodetector monitoring the transmission through the
cavity witnessed a spike in intensity, it triggered a high-
speed switch, which cut off the rf power to the AOM,
blocking the light incident on the cavity. We then monitor
the exponential decay of resonant light out of the cav-
ity using the transmission detector. With the exponential
decay time constant τ (equivalent to the photon lifetime)
and the cavity length L, we then determine the finesse as
F = πτc/L, with c the speed of light in vacuum. Figure
3(a) shows CRD data for all three micromirror cavities,
along with exponential fits, which are used to extract the
photon lifetime in each case. To assess the repeatabil-
ity of the measurement, we perform 20 CRD measure-
ments on each micromirror. The results are presented in
Fig. 3(b), with the average finesse of micromirrors 1, 2,
and 3 being 980 000, 900 000, and 920 000, respectively.
These correspond to linewidths of 15.3, 16.7, and 16.3
kHz. We separately measured the coating transmission to
be approximately equal to 1.9 ppm [36], indicating single
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(a)

(b)

FIG. 3. (a) Cavity ringdown measurements for each of the
three micromirror cavities (offset for clarity), including expo-
nential fits used to extract the photon lifetime τ . (b) Histogram
showing the repeatability of the cavity ringdown measurement
for each micromirror, with mean values of 900 000, 920 000, and
980 000. Corresponding quality factors are 11.6, 11.9, and 12.6
billion.

mirror loss of the contacted cavity of only approximately
1.3, 1.6, and 1.5 ppm for mirrors 1, 2, and 3, respectively.
In addition to the mirrors used to form this cavity assembly,
over a dozen other mirrors are tested without bonding to
spacers (allowing for optimal alignment), yielding a mean
finesse value near 1 million and below 1-ppm scattering
loss, with the highest finesse mirrors reaching 1.3 million
[36]. These results confirm that the etching process does
not introduce substantial scattering loss and rigid bonding
of the fabricated substrates in a cavity introduces signif-
icantly less than 1 ppm of additional clipping loss per
mirror. With finesse values consistently near 1 million, all
three micromirrors are suitable for locking a laser at the
thermal-noise limit.

B. Phase noise and frequency stability

Having established the high finesse of all three
micromirrors, we choose the cavity formed by micromirror
3 for the remaining measurements since it has the largest
ROC at 1.1 m, leading to the lowest thermal noise limit,
as discussed in Sec. II. However, this thermal-noise limit
in part depends on the high mechanical QM of the under-
lying fused silica used as a mirror substrate. While high
Q phonon resonances in quartz have been demonstrated
with a similar surface etch process [35], and the finesse
measurements confirmed that the micromirror fabrication
technique maintains the original surface quality of the sub-
strate, it was also necessary to measure the fundamental
thermal noise of the mirrors to confirm that the etch process
used in the micromirror fabrication did not significantly
degrade the QM of the substrates. For our cavity, the phase
noise sensitivity to changes in QM is limited by the coating
noise, estimated to be about 10 dB above the mirror-
substrate noise. Thus, a tenfold reduction in QM would
increase the total noise approximately 3 dB. Coatings with
lower thermal noise [48] or a cavity with a larger spot size
would reduce the separation between coating and substrate
noise and increase the sensitivity to small changes in QM
of the substrate.

Using the TEM00 mode of the cavity formed by this mir-
ror, we lock the output frequency of a 1550-nm fiber laser
to the cavity using the Pound-Drever-Hall (PDH) method
[49], depicted in Fig. 4(a). The output from a commercial
fiber laser is sent through an AOM and an electro-optic
modulator (EOM), which applies sidebands at 8 MHz. The
light is then coupled to the cavity. The cavity assembly
is housed in a rigid holding structure with a heat shield,
and is held in a vacuum enclosure at 10−5 Pa with active
temperature stabilization at 27 ◦C applied to the outside of
the vacuum enclosure. For further environmental isolation,
the entire apparatus is contained in an acoustic damping
box with active vibration cancellation. The reflected sig-
nal from the cavity is photodetected and demodulated with
a mixer to extract an error signal, which is filtered and
amplified to feed back to both the laser and the AOM.
Fast feedback is applied to the AOM via frequency mod-
ulation implemented with a voltage-controlled oscillator
(VCO), while low-pass filtered slow feedback is applied
to a piezoelectric tuning port on the laser. To measure the
stability of the locked laser, stabilized light is split off after
the AOM and divided into two channels for comparison
with two optical frequency combs stabilized to indepen-
dent ultrastable optical references [50]. Heterodyne beat
notes from each arm are digitally sampled with software-
defined radio (SDR) at 2 MSa/s and cross correlated to
remove noise not common to both channels, leaving just
the noise of the stabilized light [31,51]. As Fig. 4(b) shows,
the phase noise of the stabilized light follows the simu-
lated thermal-noise limit of the cavity out to around 1-kHz
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(a) (b)

(c)

FIG. 4. (a) Experimental setup for PDH locking and phase-noise measurement. PDH, Pound-Drever-Hall; VCO, voltage-controlled
oscillator; AOM, acousto-optic modulator; EOM, electro-optic modulator; SDR, software-defined radio. (b) Phase noise measurement
of the stabilized light. Rolloff above 400 kHz is a measurement artifact. (c) Fractional frequency instability with and without removal
of 1.3 Hz/s linear drift. The effective bandwidth of this measurement is 2 kHz.

offset, confirming that the micromirror fabrication process
does not substantially alter the high mechanical QM of the
fused silica substrate and demonstrating the utility of these
micromirrors for low-noise laser stabilization. The noise
at higher offset frequencies is dominated by unsuppressed
noise of the fiber laser, limited by the finite gain band-
width of the feedback control loop. Finally, to document
the longer-term stability of the cavity, the Allan devia-
tion is extracted from the phase record of one of the two
heterodyne beat notes sampled with SDR [Fig. 4(c)]. At
1 s, the Allan deviation is 7 × 10−15. Following removal
of a 1.3 Hz/s linear drift, the fractional frequency instabil-
ity is shown to be 10−14 or better out to 7 s of averaging,
after which nonlinear drift dominates. In future cavities,
this drift could be reduced by operating at a zero-crossing
temperature of the effective cavity CTE.

IV. CONCLUSION

These results demonstrate ultrastable laser performance
from a cm-scale compact cavity using lithographically fab-
ricated mirrors. Finite-element noise modeling indicates
that the volume can be reduced from the 8-ml volume used
here to 2 ml without sacrificing the noise performance by
simply reducing the cavity’s cross-section diameter. With
consistently high finesse across all three micromirrors, we

show that this scalable microfabrication technique main-
tains very high surface quality, with minimal excess losses
due to absorption, scattering, or clipping from poor align-
ment tolerances or micromirror shape. The finesse values
obtained for all three micromirrors are consistent with
total excess loss of less than 2 ppm per mirror. Similarly
high finesse and low loss (1–2 ppm) are also measured on
two other 10-mm-long bonded micromirror cavities, which
will be described in future publications. Furthermore, the
thermal-noise-limited performance out to approximately
1-kHz offset confirms that the mirror fabrication technique
does not significantly degrade the fused silica substrate’s
naturally high mechanical QM . Finally, the fractional fre-
quency instability reaches 6 × 10−15 between 0.1 and 1 s,
and remains below 10−14 out to several seconds of aver-
aging, making this cavity useful for portable optical clock
applications.

In order for a new generation of stable, portable fre-
quency references to proliferate to the wide range of field
applications that have long been dominated by quartz-
based oscillators, a path towards scalable manufacturing
is required. We envision fabricating many micromirror-
based Fabry-Perot cavities in parallel: by patterning a grid
of micromirrors onto a single substrate, bonding this with
a spacer possessing a matching grid of bore holes, and
capping the other end with a flat mirror substrate, we
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could simultaneously assemble a large number of refer-
ence cavities in a single bonded assembly. Along with the
demonstrated angstrom-level roughness of the mirror sub-
strates, recent work [52] suggests that bond strength can
be sufficient to then dice up the grid of reference cavities
into individual units. As with all ultrastable laser systems,
a small overall system size (including vacuum and tem-
perature stabilization) is essential for implementation in
portable applications. In future work, we aim to integrate
these compact reference cavities into fully engineered
compact housings to facilitate operation outside of labora-
tory environments. Here, we take a step towards the mass
manufacture of portable, ultrastable Fabry-Perot reference
cavities by demonstrating better than 10−14 instability and
thermally limited performance over several decades using
micromirrors fabricated in a highly repeatable lithographic
process.

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