SCIENCE ADVANCES | RESEARCH ARTICLE

OPTICS

Chip-based laser with 1-hertz integrated linewidth

Joel Guo't, Charles A. McLemore®>t, Chao Xiang', Dahyeon Lee*?, Lue Wu*, Warren Jin',
Megan Kelleher®?, Naijun Jin’>, David Mason®, Lin Chang’, Avi Feshali®, Mario Paniccia®,
Peter T. Rakich’, Kerry J. Vahala®, Scott A. Diddams**’, Franklyn Quinlan®#, John E. Bowers'*

Lasers with hertz linewidths at time scales of seconds are critical for metrology, timekeeping, and manipulation of
quantum systems. Such frequency stability relies on bulk-optic lasers and reference cavities, where increased size
is leveraged to reduce noise but with the trade-off of cost, hand assembly, and limited applications. Alternatively,
planar waveguide-based lasers enjoy complementary metal-oxide semiconductor scalability yet are fundamentally

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

limited from achieving hertz linewidths by stochastic noise and thermal sensitivity. In this work, we demonstrate
a laser system with a 1-s linewidth of 1.1 Hz and fractional frequency instability below 10'* to 1 s. This low-noise
performance leverages integrated lasers together with an 8-ml vacuum-gap cavity using microfabricated mirrors.
All critical components are lithographically defined on planar substrates, holding potential for high-volume
manufacturing. Consequently, this work provides an important advance toward compact lasers with hertz
linewidths for portable optical clocks, radio frequency photonic oscillators, and related communication and

navigation systems.

INTRODUCTION

Narrow-linewidth, frequency-stable lasers are essential in precision
photonic microwave oscillators and atomic systems including
atomic clocks, gyroscopes, and sensors. In particular, for atomic
clocks, they are necessary for cooling, trapping, and probing an
atomic species (I, 2). In this arena, the state of the art has demon-
strated laser linewidth below 10 mHz and instability as low as 4 x
1077 (3). However, such remarkable performance requires systems
of considerable size, complexity, and even cryogenic temperatures,
all of which restrict their application to laboratory settings. As the
application space evolves, there is increasing interest in, and need
for, field deployment of atom-based systems (4-6). Similarly, state-
of-the-art low-noise microwave oscillators based on cryogenic
sapphire resonators take advantage of their higher quality factor (Q)
at ultralow temperatures (7) but at the cost of restricting the range
of operational environments. An alternative method of generating
low-noise microwaves at room temperature is by optical frequency
division (OFD) (8). OFD takes advantage of higher Q’s of optical
resonators and converts stability in the optical domain down to the
radio frequency (RF) domain via photodetection of a frequency
comb. By stabilizing the comb to a narrow-linewidth laser, the
stability of the optical reference is transferred to the photodetected
microwave signal, and the phase noise is divided down significantly
below what commercially available microwave oscillators can pro-
duce. However, the best OFD systems also rely on bulk-optic lasers
and cavities (9), impeding the advancement of field applications
requiring extraordinarily low microwave phase noise.
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As the need for ultrastable optical and microwave sources and
atomic systems grows, integrated lasers and photonic circuits pro-
vide a compelling path toward a system-level integration. This vi-
sion combines active (lasers, modulators, and detectors), passive
(filters and off-chip coupling), and nonlinear elements (frequency
combs and frequency converters) while maintaining small overall
volume (10-17). In addition, heterogeneous silicon photonics offers
a path toward realizing ultrastable, high-precision laser performance
in a compact and mobile platform and has demonstrated tremendous
scalability with 300-mm wafer-scale fabrication of photonic trans-
ceivers at terabits per second for data center applications (18-20).
Silicon nitride (Si3Ny4) photonics adds even more functionality, taking
advantage of complementary metal-oxide semiconductor (CMOS)
compatibility, wide bandgap, and low-loss integrated waveguides
(21, 22). Si3Ny-based lasers have especially leveraged low loss (10, 23-25)
and have demonstrated coherence on par with commercial fiber
lasers (26). However, they are ultimately limited by thermo-refractive
noise (TRN), which has kept the fractional frequency instability of
planar waveguide and solid dielectric resonators above the 107"
level typical of quartz oscillators (27).

In the experiments reported here, we demonstrate a laser using
planar microfabricated critical components and exhibiting an inte-
grated linewidth at the 1-Hz level—a value compatible with the
performance requirements of compact optical clocks and low-noise
RF photonic oscillators. The frequency noise at 1-Hz offset is sup-
pressed by 11 orders of magnitude from that of the free-running
diode laser down to the cavity thermal noise limit near 1 Hz*/Hz,
decreasing to 10 Hz*/Hz at 4-kHz offset. The corresponding fre-
quency instability of the laser is below 1 x 10™"* for averaging times
between 1 ms and 1 s, which is significantly below that of the best
quartz oscillators (28). We overcome TRN limits inherent in planar
and other solid dielectric reference cavities by joining a microfabricated
laser and vacuum-gap Fabry-Perot (FP) reference cavity. We lock
our integrated self-injection locked (SIL) laser with the Pound-
Drever-Hall (PDH) technique to an 8-ml vacuum-gap cavity (29)
formed from lithographically fabricated micromirrors with large,
user-defined radius of curvature, pristine surface quality, and high
finesse (30). In contrast to planar waveguide and solid dielectric
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resonators, the optical mode in a vacuum-gap cavity only interacts
with matter at the coated dielectric mirror surfaces; by limiting this
interaction to the mirrors, we reduce the influence of stochastic
fluctuations and thermal sensitivity inherent to all matter at finite
temperatures and achieve an extremely low thermal noise floor.
Similarly, compact reference cavities have demonstrated excellent
frequency stability but lack a path to scalability and integration
(31-36). On the other hand, integrated planar waveguide devices
have demonstrated a clear path to efficient scalability but suffer
from higher frequency noise inherent to the waveguide medium
(25). By using lithographically fabricated micromirrors in our cavity,
we capitalize on the noise performance of vacuum-gap systems while
introducing parallel manufacturability previously reserved for
planar waveguide systems. The performance of our cavity-stabilized
laser is therefore unprecedented in chip-based devices, yielding a
1.1-Hz linewidth at 1 s, frequency noise following the cavity noise
floor down to 107> Hz*/Hz at kilohertz offsets, and Allan deviation
better than 107'* averaged out to 1 s. With such scalable compo-
nents, we bridge the gap between silicon photonics and the laser
performance required to provide new opportunities for applications
in high-precision GPS-free positioning, navigation, and timing;
next-generation radar; and commercial 5G communications.
Figure 1A shows images of the critical components used for the
experiment. The pump source is a fully integrated and electrically
driven heterogeneous III-V/Si/SizNy laser, fabricated via wafer bond-
ing on a 100-mm wafer (23, 37). With a 20-mm-long Si;N, extended
distributed Bragg reflector (E-DBR) fully integrated into the laser
cavity, the laser exhibits an instantaneous linewidth of 400 Hz with
an on-chip output power over 10 mW (23). Because of the narrow-
band feedback of the E-DBR, the instantaneous linewidth corre-
sponding to the white frequency noise floor is significantly reduced

u-FP cavity

Micromirrors

3cm

(Fig. 1B1) compared to that of a solitary gain section laser typical of
monolithic ITII-V distributed feedback (DFB) lasers (38).

For further noise suppression, the E-DBR laser was edge-coupled
and self-injection-locked to a high-Q SizNy spiral resonator on a
separate chip (23, 26). In this scheme, resonant backward Rayleigh
scattering is fed back to the laser, which suppresses the frequency
noise at offset frequencies within the resonance linewidth (Fig. 1B2)
(39-41). The noise reduction is proportional to Q* up to the TRN
limit, which depends on the modal volume (27). With a measured
loaded Q of 126 million and free spectral range (FSR) of 135 MHz,
the resonator used for this experiment provides frequency noise
superior to that of a commercial fiber laser (26). Subsequently, our
experiment also demonstrates the viability and advantage of using
integrated lasers over fiber lasers in terms of size, integration, and
noise performance. These resonators were fabricated on a 200-mm
substrate in a CMOS foundry and feature the same cross-sectional
waveguide geometry as the SisN4 waveguide in the laser, yielding
high modal overlap (10, 23).

The final component to improve noise suppression is a vacuum-
gap microfabricated FP (u-FP) cavity (29) constructed with a litho-
graphically defined micromirror (30). Microfabrication allowed
curved mirrors to be etched on a fused silica substrate that was then
optical contact-bonded to a 10-mm-long, 25.4-mm-diameter-wide
ultralow expansion (ULE) glass spacer; a fused silica flat mirror was
bonded on the opposite side of the ULE spacer. Both mirrors are
coated with a highly reflective (>99.999%) dielectric stack. The re-
sultant cavity features a finesse of 920,000 (Q of 11.8 billion) and a
linewidth of 16 kHz. High finesse is essential for stabilizing light at
the thermal noise floor of the cavity, as finesse directly constrains
the maximum achievable discriminator slope used in PDH locking
(42). The overall cavity volume is 8 ml; while a small cavity volume
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Fig. 1. Critical components and frequency noise reduction concept of our cavity-stabilized laser. (A) Images of the chip-scale components used in this work, including
the laser, spiral resonator, and cavity micromirrors. (B) Concept frequency noise and linewidth reduction from each stage of feedback. The laser source consists of an
electrically driven, heterogeneous III-V/Si/SisNg4 laser (1), featuring a narrowband integrated SizN4 extended distributed Bragg reflector (E-DBR), which significantly reduces
its white frequency noise floor from that of a monolithic Ill-V DFB (23). Self-injection locking to a high-Q SizN,4 spiral resonator further suppresses the frequency noise (2),
ultimately limited by TRN (70, 26). Subsequent PDH locking to a high-finesse, microfabricated vacuum-gap cavity (29, 30) overcomes these limits, markedly reducing the
noise down to the cavity thermal noise floor at offsets within the servo bandwidth (3). In contrast to bulk-optic lasers and cavities, our laser’s critical components are

lithographically defined, showing great promise for wafer-level scalability.
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is essential for integrated systems, it has the additional benefit of
reducing the cavity’s sensitivity to external vibrations (43). With care-
ful cavity design and isolation (details in Materials and Methods),
we simulate a frequency noise floor of 0.72/f Hz*/Hz (phase noise
floor of —4.4/f dBc/Hz) and observe a cavity drift of a few hertz per
second or better over multiple hours.

RESULTS

To stabilize the laser frequency, the E-DBR laser wavelength is first
tuned by current and temperature to match the nearest u-FP reso-
nance. Figure 2 displays a tuning map of the E-DBR laser frequency
with drive current and temperature. Once the laser and pu-FP are
aligned, the spiral resonator is also thermally tuned to self-injection
lock the E-DBR laser at the same frequency and to passively stabi-
lize the laser. For further PDH locking, the SIL laser is fiber-coupled
and stabilized to the u-FP with an acousto-optic modulator (AOM)
as the frequency actuator. Figure 3A shows the laser stabilization
and measurement setup. Further details are presented in Materials
and Methods.

Frequency noise measurements are taken to compare self-injection
locking to resonators with different Q’s and to compare with servo
locking (details in Materials and Methods). Figure 3B shows the
frequency noise power spectral density (PSD) of the E-DBR laser
free-running and self-injection locked to resonators with measured
Q’s and FSRs of 30 million at 5 GHz and 151 million at 135 MHz.
Dependence of the TRN floor on modal volume (inversely propor-
tional to FSR) of these resonators has been previously shown, as
well as greater noise reduction with higher Q (10, 26). 1/f Noise
dominates at low offsets (44). The SIL laser using the 135-MHz FSR
spiral resonator exhibits a hertz-level instantaneous linewidth and
is used for subsequent PDH locking. Its frequency noise is shown as
the bottom trace in Fig. 3B and the top trace in Fig. 3C.
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Fig. 2. E-DBR laser frequency tuning map. The laser current and temperature are
tuned across single- and multimode regimes. The laser is tuned to ~232 mA
and 22.5°C so that it operates in a single mode at a p-FP cavity resonance. Laser
frequency tuning over half the 15-GHz pu-FP FSR ensures that a u-FP resonance can
always be reached, given arbitrary frequency alignment of the laser and pu-FP cavity.
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Figure 3C shows the frequency noise of the SIL laser PDH-locked
to the u-FP cavity. The measured noise follows the simulated cavity
thermal floor closely out to kilohertz offsets, where the PDH-lock
residual noise begins to take over (taken from the PDH servo in-
loop error signal PSD). This diagnostic indicates that, below kilohertz
offsets, due to the stability of the SIL laser, the feedback loop can
provide sufficient gain to lock to cavities with even lower noise
floors. However, at offsets above 10 kHz, the feedback gain and phase
begin to roll off. The phase roll-off is likely limited by the voltage
controlled oscillator (VCO) that drives the AOM, and a servo bump
of 222 kHz is confirmed by turning up the servo proportional gain
until oscillations are induced in the PDH signal. At even higher offset
frequencies, the cross-spectrum data start to become average-limited.

A distinct benefit of using our integrated SIL laser over a commer-
cial fiber laser (besides the >10x smaller volume) is the lower fre-
quency noise at high offsets. In atomic clock applications, the high
offset noise can manifest via aliasing, which becomes increasingly crit-
ical at longer atom interrogation times (I, 2). In the case of PDH locking
to our u-FP with our SIL laser versus with a low-noise commercial
fiber laser, there is up to a 10-dB difference in frequency noise at
offset frequencies between 1 kHz to 1 MHz, despite the feedback
loop roll-off (29). Even lower high offset frequency noise can be ob-
tained by using the drop port of the spiral resonator, which itself acts
as a low-pass filter (10, 26). Thus, these results demonstrate that
our SIL laser can replace fiber lasers in high-finesse cavity locks, with
even better performance at high offset frequencies.

To preserve the hertz-level instantaneous linewidth of the SIL
laser, greater feedback loop bandwidth is necessary. An electro-optic
modulator (EOM) can be used as a frequency actuator with high
derivative gain to enable frequency noise suppression out to multi-
megahertz offsets (45). Regardless, by PDH locking the SIL laser,
the frequency noise is reduced over six, six, and three orders of
magnitude at 1-Hz, 100-Hz, and 10-kHz offsets, respectively.
The corresponding phase noise at 100-Hz and 10-kHz offsets is
about —65 and —106 dBc/Hz, respectively, with a phase noise floor
below —115 dBc/Hz. In a self-referenced OFD scheme, our laser can
support 10-GHz microwave generation with phase noise of ~150 dBc/Hz
at 100-Hz offset; we note, however, that the microwave phase noise
floor is likely to be limited by photodetection rather than the laser
phase noise floor (46).

In addition to frequency noise, the integrated laser linewidth is
an important performance metric, particularly for spectroscopy of
narrow atomic transitions. Estimating linewidth from frequency
noise typically hinges on simplified assumptions of the PSD shape.
We use two common definitions to estimate the integrated line-
width. The first estimation defines a B-separation line to separate
high- and low-modulation index areas in the frequency noise PSD,
which distinguishes contributions to the linewidth versus the wings
of the lineshape (47). In our calculation, the frequency noise is inte-
grated from 1 Hz out to the intersection with the B-separation line,
yielding an integrated linewidth of 2.5 Hz on the time scale of 1 s.
This likely represents an upper limit given the sparse sampling of the
frequency noise spectrum near 1 Hz. Using this same method, the
calculated integrated linewidths from the SIL laser and free-running
E-DBR are 8.7 kHz and 1.4 MHz, respectively.

Another method for estimating linewidth integrates the phase
noise from high offset frequencies (short time scales) down to lower
offset frequencies (up to longer time scales) until the integral exceeds
1/m rad® (41, 48). The corresponding offset frequency is defined as
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Fig. 3. Setup and frequency noise. (A) The SIL laser output is split for optical spectrum analyzer (OSA) and frequency noise measurement with the optical phase noise
analyzer (OPNA). Frequency and amplitude modulation (FM and AM) signals from the PDH and relative intensity noise (RIN) lock servos, respectively, drive the acousto-optic
modulator (AOM) to stabilize the SIL laser light. The resulting frequency noise, spectral lineshape, and Allan deviation are measured via heterodyne with a stabilized
frequency comb. Two beat notes via separately stabilized combs are sampled for cross-correlation, providing greater measurement sensitivity above 1-kHz offset.
(B) Frequency noise spectrum of the E-DBR laser free-running and SIL, showing higher noise reduction by locking to a resonator with higher Q. (C) frequency noise spectrum
of the best SIL and PDH-locked laser, revealing limits of the cavity thermal floor and residual PDH noise. The B-separation line shows the intersection with the frequency

noise, used to estimate the integrated linewidth.

the linewidth. Cutoffs of 1 or n* rad” have also been previously
defined, corresponding to an accumulated root mean square phase
deviation exceeding 1 radian or half a cycle, respectively (3). In our
case, all give values on the same order. Using a cutoff of 1/r rad?, we
obtain linewidths of 8.9 kHz (free-running), 620 Hz (SIL), and
1.3 Hz (PDH). The disagreement between the B-separation line and
phase integration methods in the free-running and SIL laser cases
highlights the estimation oversimplification for nontrivial frequency
noise PSD (25, 49). However, in the case of our cavity-locked laser,
these estimations agree on hertz-level linewidth. Yet, another way
to estimate linewidth is by measuring the width and shape of the
power spectrum via heterodyne with a source having narrower line-
width. Figure 4A shows an RF beat spectrum measured with 500-mHz
resolution bandwidth on the vector spectrum analyzer (VSA). Fitting
the data and integrating the power reveal that 79% of the power falls
within a Gaussian with a full width at half maximum of 1.1 Hz.
The Allan deviation is a measure of fractional frequency stability
8f/f as a function of averaging time. This is shown in Fig. 4B, calcu-
lated for short averaging times by integrating the cross-spectrum
frequency noise from 250 mHz to 10 kHz (41). For longer averaging
times, frequency counter data (0.1-s gate time) are converted into
Allan deviation with and without removal of a linear drift of 2.8 Hz/s.
Comparison of these two datasets around 200-ms averaging time
shows good agreement, yielding a fractional frequency instability
better than 107" from 1 ms to 1 s of averaging after drift removal.

Guo etal., Sci. Adv. 8, eabp9006 (2022) 28 October 2022

The result is an order of magnitude lower than what has been re-
ported for the best integrated planar waveguide, fiber, and compact
solid dielectric cavities (25, 31, 32, 41, 50, 51), illustrating the clear
advantage of our miniaturized vacuum-gap approach (29). With a
1-s fractional frequency instability of 10™'* and 1.1-Hz linewidth,
our cavity-stabilized laser is capable of probing comparable 1-Hz
atomic lines on the 1-s time scale and faster (I, 2).

DISCUSSION

In summary, we report a cavity-stabilized laser using a planar semi-
conductor laser and lithographically formed micromirrors, with a
linewidth of 1.1 Hz on time scales of 1 s, a frequency noise floor of
107 Hz*/Hz at kilohertz offsets, and a fractional frequency instability
of sub-10""* averaged out to 1 s. Compared to the free-running
laser, the PDH-locked SIL laser exhibits 11 orders of magnitude
frequency noise reduction at 1-Hz offset. All critical components
are lithographically manufactured devices with wafer-level scalability.
The microfabricated mirrors used in this u-FP cavity highlight a
path toward parallel fabrication of high-finesse reference cavities,
and the small size of the micromirrors also allows for greater minia-
turization of cavities in the future. In addition, because our pump laser
and spiral resonator share the same Si3Ny cross-sectional geometry,
full integration of a heterogeneous SIL laser is straightforward. Full
integration not only reduces the laser-resonator coupling loss but
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Fig. 4. RF spectrum and Allan deviation. (A) A 500-mHz resolution bandwidth (RBW)
RF spectrum of the laser heterodyne beat. A Gaussian fit reveals a 1.1-Hz full width at
half maximum, with 79% of the power falling within the Gaussian. a.u., arbitrary units.
(B) Allan deviation taken by converting cross-spectrum frequency noise (integrated
from 250 mHz to 10 kHz) for shorter averaging times and by frequency counter (0.1-s
gate time) for longer averaging times. Frequency counter data with removal of a linear
drift of 2.8 Hz/s reveal a fractional frequency stability of 107'* averaged out to 1s.

also provides flexibility for on-chip semiconductor optical amplifier
(SOA) integration to reach the output powers necessary for the
aforementioned applications (52). Adjusting the laser grating strength
can also increase the output power (23). Last, integrated heaters can
be deposited above the spiral resonator cladding, such that the SIL
laser is made frequency agile (53).

While these results were obtained with the pu-FP cavity separately
housed, with our use of planar fabrication for key components, we
foresee a path toward full integration. The AOM used in the PDH
frequency lock may be eliminated in favor of thermal tuning of the
SIL laser for slow, large dynamic range feedback and EOM actua-
tion for high-speed control (45). The flexibility of the heterogeneous
silicon photonics platform is well established, and future fully inte-
grated III-V/Si/Si3N4 photonic circuits can include modulators and
detectors to enable integrated PDH lock capabilities (54). Passively
held high vacuum in millimeter-scale laser-cooled atomic systems
has been demonstrated (55), and we believe that this can be adapted
for vacuum-gap u-FP cavities. The laser and spiral resonator now
require a packaging volume of less than 50 ml, and we envision a
customized heat shield and vacuum housing for the u-FP cavity of
less than 100 ml; these are both over an order of magnitude smaller
in volume compared to the previously discussed 900-ml commercial
fiber laser (29) and a 2.5-liter aluminum vacuum chamber housing
for a comparable 52 ml compact cavity with an Allan deviation of

Guo etal., Sci. Adv. 8, eabp9006 (2022) 28 October 2022

7.5 x 107" out to 1 s (34), respectively. As with all such ultrastable
lasers, compact and robust vibration suppression is critical for
operation outside a laboratory environment (56) and will require
further investigation. Real-time feedforward cancellation of inertial
forces has been demonstrated using accelerometers and gyroscopes
positioned around the cavity and could be similarly applied to
replace our vibration isolation table in a compact form factor (57).
For further integration, coupling to the p-FP cavity from a planar
waveguide circuit via bonding could be achieved with metasurfaces
and grating couplers, similar to those used successfully in atomic
systems (16, 17); alternatively, the cavity could be edge-coupled to
the photonic circuit with a gradient index lens.

In conclusion, with recent advances in wafer-scale heterogeneously
integrated SizNy4-based lasers and compact chip-based p-FP cavities,
extremely narrow integrated linewidth lasers can be demonstrated
with small size and weight and with the capability to scale to mass
production using CMOS fabrication facilities. Together with re-
markable progress in photonic integration, our work illustrates a
path to a compact hybrid-integrated, cavity-stabilized laser package
with 1-Hz integrated linewidth for use in compact atomic clocks
and low-noise RF photonic oscillators.

MATERIALS AND METHODS

E-DBR laser

The heterogeneous I1I-V/Si/SizN4 E-DBR laser was fabricated using
sequential wafer bonding and processing of silicon-on-insulator
(SOI) and InP onto a 100-mm preprocessed SizN4 wafer, with the
lithographic alignment capabilities of a 248-nm-deep ultraviolet
stepper (23). Ninety-nanometer-thick low-pressure chemical vapor
deposition SizN4 was etched and cladded with deuterated SiO, to
form low-loss Si3N, waveguides and gratings (58). After planariza-
tion of the oxide cladding by chemical-mechanical polishing, a
60 mm-by-60 mm SOI piece is then bonded, followed by substrate
removal and Si processing to form the Si circuits. Cleaved InP-based
multi-quantum well gain chiplets (grown on a 2-inch InP substrate)
are then bonded, followed by substrate removal, III-V processing,
oxide passivation, and metallization. The hybrid III-V/Si gain sec-
tion is 1.5 mm long, and the 20-mm Si3N4 E-DBR is designed with
a normalized grating strength kL; of 1.75, resulting in a measured
~5-GHz reflection bandwidth and laser oscillation at 1548 nm. The
E-DBR feedback strength necessary for laser oscillation is enabled
by low-loss intracavity III-V/Si and Si/SisN4 mode converters as well
as the low-loss Si3Ny grating (37). This laser was diced and packaged
together with a thermistor and thermoelectric cooler for edge
coupling to the resonator chip.

Spiral resonator

The planar SizNy4 resonators are fabricated on 200-mm wafers at a
CMOS foundry. The round-trip length of the spiral used for subse-
quent PDH locking is 1.41 m, taking up an area of 9.2 mm by
7.2 mm, limited by a 2-mm design minimum bend radius and
40-pm waveguide pitch for a 100-nm-thick waveguide core (26).
The loaded (intrinsic) Q is measured to be 126 (164) million, yielding
an average propagation loss of 0.17 dB/m. These loss values are
achieved by annealing at high temperatures over 1000°C to drive out
residual hydrogen (10). After self-injection locking, the TRN-limited
frequency noise is on par with that of commercial fiber lasers, which
are typically necessary for PDH locking to ultrahigh-finesse cavities.
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In the experiment, the spiral resonator is placed on a thermally
controlled stage to shift the resonance frequencies, and the phase is
controlled via piezoelectric control of the gap between chips.

p-FP cavity

The micromirror fabrication process consisted of patterning three
disks of photoresist onto a superpolished glass substrate, which was
then exposed to a solvent vapor reflow. As the solvent vapor was
absorbed into the photoresist, the photoresist disks were reshaped,
producing a small dimple on the top of each. The parabolic shape of
this dimple served as a template for a concave mirror, which was
then transferred to the substrate through reactive ion etch (30). A
single fused silica flat mirror forms the opposite mirror. After coating
both mirror substrates with a highly reflective (> 99.999% at 1550 nm)
dielectric stack, they are optical contact-bonded to opposite sides
of a 10-mm-long, 25.4-mm-diameter-wide ULE glass spacer. With
three concave micromirrors etched on one side, three distinct optical
cavities were formed within a single test structure. For the locking
experiment discussed here, only one optical mode is needed, so we
use the micromirror with a 1.1-m radius of curvature, a finesse of
920,000 (Q of 11.8 billion), and a linewidth of 16 kHz (29). While
the overall cavity volume is 8 ml, the cavity volume can be greatly
reduced when constructed with only a single micromirror. Further-
more, the capability to fabricate multiple mirrors simultaneously on
the same substrate could allow for the parallel manufacture of many
single-micromirror cavities by bonding a substrate with an array of
micromirrors, a spacer disk with a matching array of holes, and a
flat mirror, then dicing the bonded stack.

The length stability of the cavity is dominated by Brownian fluctua-
tions in the dielectric mirror coatings at short time scales and thermal
drift at longer time scales, which we minimize through cavity design
and environmental isolation. Leveraging the versatility of the micro-
mirror fabrication technique, we maximize the micromirror radius
of curvature, leading to a large spot size on both end mirrors and
effectively averaging stochastic cavity length fluctuations over a greater
area. Fused silica for the mirror substrates contributes to a low noise
floor through the material’s high mechanical Q, while the ULE spacer
reduces temperature sensitivity of the cavity mode. To further suppress
thermal-induced drifts, the u-FP cavity is mounted in a custom heat
shield inside a vacuum enclosure at 107 torr, while temperature
feedback is applied to the outside of the vacuum enclosure to ensure
stability over long time periods. The result of these design and isola-
tion considerations is a fundamental frequency noise floor of roughly
0.72/f Hz*/Hz (phase noise floor of —4.4/f dBc/Hz) and long-term
cavity drift of a few hertz or better over hour-long time periods.

Laser and spiral resonator tuning

As shown in Fig. 2, the laser frequency is tuned by varying the laser
gain current and stage temperature. Single-mode and multimode
states typical of DBR lasers are shown in each mode-hop tuning
cycle, which were resolved with a high-resolution Apex optical
spectrum analyzer (23). For multimode states, only the strongest
lasing mode is shown. To achieve stable locks, the laser is tuned to a
single-mode state. We operated the laser at ~232 mA and 22.5°C due
to the high single-mode output power at a frequency overlapping
the nearest p-FP resonance. Sufficient tuning to cover over half the
15-GHz u-FP FSR via temperature control is shown, ensuring that,
given arbitrary frequency alignment of the laser and u-FP cavity, a
u-FP resonance can always be reached. Once the laser frequency is
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tuned to the p-FP, the spiral resonator is cooled to ~20.13°C such
that the resulting SIL laser frequency is centered on the pu-FP cavity
resonance. With an FSR of 135 MHz and tuning rate of ~GHz/K,
only modest thermal tuning is necessary (10, 26). By placing the SIL
laser setup in an enclosed box to shield from air currents, the SIL
state is held for hours at a time.

Stabilization setup

As Fig. 3A depicts, the SIL laser is fiber-coupled, isolated, amplified
from 1 to 12 mW with an SOA and filtered with a 1-nm optical
band-pass filter. An AOM serves as the frequency actuator in the
feedback loop, and PDH sidebands are added with an EOM. To
interface the cavity, the EOM feeds to a free-space circulator and
mode matching lens. After the AOM, the stabilized light is split off
for measurement, leaving ~500-pW incident on the cavity for locking.
To reduce environmental noise, the cavity in its vacuum housing is
mounted on an active vibration isolation platform inside a thermal
and acoustic dampening enclosure. As in a typical PDH locking
scheme, the sidebands mix with the carrier upon reflection from the
cavity such that the optical phase is photodetected (42). An error signal
is retrieved after demodulating with a mixer, which is then filtered
by a proportional-integral-derivative (PID) control servo and
fed back to a voltage-controlled oscillator to drive the AOM frequency.
To further reduce frequency fluctuations below 1-kHz offsets, a rela-
tive intensity noise (RIN) servo is added to correct variations in the
intracavity power. Optical intensity fluctuations in the cavity cause
small shifts in the resonance frequency via local photothermal
expansion in the mirrors, which have a small but finite absorption
coefficient. Using the transmission detector to generate an error
signal, the RIN servo applies amplitude modulation to the AOM RF
power to stabilize the transmitted optical power.

Frequency noise measurement

Two separately verified methods for frequency noise measurement
are used and shown in Fig. 3A. Frequency noise of the free-running
and SIL laser were taken using an OE waves OE4000 optical phase
noise analyzer, based on a fiber Mach-Zehnder inteferometer fre-
quency discriminator. After PDH locking to the p-FP cavity, a hetero-
dyne beat is taken between the laser and a home-built optical frequency
comb (9), which is stabilized to a ytterbium lattice clock laser from
an adjacent laboratory (59). The phase is extracted by in-phase/
quadrature (IQ) demodulation using an Agilent HP 89441A VSA.
The beat note is also used for frequency counter and spectral line-
shape measurements. To enable higher measurement sensitivity at
offset frequencies above 1 kHz, the stabilized light is split, sent along
two physically separated fibers, and mixed with two independently
stabilized frequency combs (9) so as to remove uncorrelated environ-
mental and measurement noise, i.e., noise from the fibers or combs.
The time-domain phase records of the two beat notes are simulta-
neously sampled at 2 megasamples per second by software-defined
radio (SDR) and digitally cross-correlated (XCorr) to extract the
common laser noise. In Fig. 3C, the VSA and cross-spectrum SDR
data are stitched together at 100-Hz offset frequency.
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