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Harnessing micro-Fabry–Pérot reference 
cavities in photonic integrated circuits
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Matthew Heyrich4,5, Yifan Liu    5,6, Jonathan Peters2, Qing-Xin Ji    7, 
Yishu Zhou    1, Kerry J. Vahala    7, Franklyn Quinlan    4,6, Scott A. Diddams    4,5,6, 
John E. Bowers    2 & Peter T. Rakich    1 

Compact photonic systems that offer high frequency stability and low 
noise are of increasing importance to applications in precision metrology, 
quantum computing, communication and advanced sensing technologies. 
However, on-chip resonators comprising dielectrics cannot match the 
frequency stability and noise characteristics of Fabry–Pérot cavities, 
whose electromagnetic modes live almost entirely in vacuum. Here we 
present a novel strategy to interface microfabricated Fabry–Pérot cavities 
with photonic integrated circuits to realize compact, high-performance 
integrated systems. Using this new integration approach, we demonstrate 
the self-injection locking of an on-chip laser to a millimetre-scale vacuum-gap 
Fabry–Pérot cavity using a circuit interface that transforms the reflected 
cavity response to enable efficient feedback to the laser. This system 
achieves a phase noise of –97 dBc Hz–1 at 10-kHz offset frequency, a fractional 
frequency stability of 5 × 10−13 at 10 ms, a 150-Hz 1/π integral linewidth and a 
35-mHz fundamental linewidth. We also present a complementary integration 
strategy that utilizes a vertical-emission grating coupler and a back-reflection 
cancellation circuit to realize a fully co-integrated module that effectively 
redirects the reflected signals and isolates back-reflections with a 10-dB 
suppression ratio, serving as a key for on-chip Pound–Drever–Hall locking. 
Together, these results highlight how vacuum-gap Fabry–Pérot reference 
cavities can be harnessed for ultrastable, low-noise photonic systems.

Fabry–Pérot (FP) resonators have many unique properties that make 
them indispensable for applications ranging from ultrastable lasers1,2, 
optical clocks3 and microwave signal generators4,5 to quantum net-
works6. Since they host electromagnetic modes that live almost 
entirely in vacuum, vacuum-gap FP cavities exhibit greatly reduced 
frequency instabilities relative to dielectric resonators1,7,8. To enable 
next-generation quantum communications, computation and time-
keeping technologies, it will be necessary to bring the performance 

advantages of FP resonators to compact, integrated platforms5 
(Fig. 1a). As the basis for integrated technologies, new techniques for 
the wafer-scale fabrication of vacuum-gap micro-FP (μFP) cavities have 
produced compact reference cavities with ultrahigh quality (Q) factors 
(>109) and excellent frequency stability9,10. However, before we can 
harness these performance advantages in next-generation integrated 
photonic systems, new strategies are needed to interface μFP reference 
cavities with photonic integrated circuits (PICs).
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SIL of a waveguide-integrated laser to an in-vacuum-bonded μFP refer-
ence cavity that was fabricated using a wafer-scale process. Through 
self-injection locking of the distributed-feedback (DFB) laser to the 
μFP reference cavity, we achieve a single side-band phase noise of 
–97 dBc Hz–1 at a 10-kHz offset frequency, 5 × 10−13 fractional frequency 
stability at 10 ms, with a 150-Hz 1/π integral linewidth and a 35-mHz 
fundamental linewidth, corresponding to an ultralow-noise operation 
of a self-injection-locked laser within a waveguide-integrated system. 
To harness the frequency stability of μFP reference cavities using PDH 
locking schemes, we demonstrate a fully co-integrated μFP cavity 
through a complementary RTC11. This co-integrated μFP is used to 
demonstrate an isolator-free circuit interface for PDH locking, consist-
ing of a circuit-based two-port interferometer that cancels unwanted 
back-reflections and mapping the cavity’s reflection response to a 
separate optical port. Looking ahead, these approaches to harness 
reference cavities within integrated circuits open new avenues for 
ultrahigh-performance portable photonic microwave systems5, inte-
grated optical gyroscopes21 and enhanced quantum systems22, with the 
continued advancement of such μFP reference cavity technologies.

Results
Photonic interface for SIL
To realize the SIL of waveguide-integrated semiconductor lasers 
through co-integration with vacuum-gap μFP reference cavities, 
we present a novel circuit interface that reshapes the cavity’s reflec-
tion spectrum, producing the resonant response necessary for 
self-injection-based feedback and laser control. In general, the reflec-
tion response of the FP cavity appears as antiresonances (dips) atop 
a high-reflectivity background, which are unsuitable for SIL. Note 
that such antiresonances result from interference between light that 
is resonantly scattered by the cavity modes and a broadband back-
ground reflection produced by the mirrors. To utilize the μFP for SIL, 
it is crucial to eliminate the high-reflectivity background, leaving only 
resonant scattering (or cavity leakage field) to produce feedback; this 
is because broadband mirror reflections can produce parasitic reso-
nances that destabilize the laser23. If the wideband mirror reflection 

The most challenging obstacle to the integration of such μFP cavi-
ties with PICs is the near-unity reflectivity produced by FP cavities in the 
off-resonance condition. Due to the lack of on-chip circulators, such a 
strong reflection will destabilize and even damage on-chip lasers and 
amplifiers. Moreover, the efficient utilization of μFP cavities as on-chip 
frequency references requires efficient access to the resonator modes 
and methods to transform the cavity reflection response for various 
applications. For instance, electrical feedback can be used to actively 
stabilize a laser to the modes of an FP cavity by detecting its reflection 
response using Pound–Drever–Hall (PDH)-based feedback control. 
However, such schemes require strategies to protect the on-chip laser 
from unwanted back-reflections as well as the efficient redirection of 
the reflected laser light to a detector. To address this challenge, a novel 
reflection cancellation circuit has been developed that adapts conven-
tional schemes for a poor man’s isolator into the circuit architecture11. 
However, the fully co-integrated module proposed in another work5 
has not been demonstrated.

Alternatively, the frequency stability of a μFP reference cavity 
can be transferred to a laser oscillator using optical feedback through 
self-injection locking (SIL)12. This method eliminates complex feedback 
control and producing noise suppression at higher bandwidths using 
a simpler system architecture. However, unlike dielectric ring resona-
tors that utilize Rayleigh backscattering to generate the necessary 
resonant feedback2,13–15, the mirror-like, broadband reflection of an 
FP cavity poses challenges for SIL. Conventional remedies have relied 
on free-space circulators16 or on the partial excitation of higher-order 
modes by tilting the cavity17–20, but these solutions are hard to imple-
ment in integrated photonic platforms. Consequently, new strategies 
to reshape and control the FP cavity’s reflection response are required 
to achieve efficient and stable SIL with integrated lasers.

In this paper, we introduce novel reflection transformation circuits 
(RTC) that enables compact and ultrahigh-performance lasers and 
oscillators through the co-integration of vacuum-gap μFP reference 
cavities with PICs. To harness μFP cavities for SIL, we demonstrate a 
new RTC that transforms the reflection response of the μFP to produce 
the requisite resonant feedback; using this system, we demonstrate the 
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Fig. 1 | Integration of μFP cavity with PICs. a, Survey of the resonator thermal 
noise limit at 10 kHz and Q factor for on-chip ring cavity, whispering-gallery-
mode (WGM) cavity and vacuum FP cavity. Ring resonator data are obtained 
from refs. 13,24,30–32; WGM resonator data, from refs. 7,33,34; and vacuum FP 
resonator data, from this work and refs. 1,2. Note that our cavity has more than 
104 times smaller form factor than that in other work1 and does not require a 
vacuum enclosure. b, Schematic of the in-vacuum-bonded μFP cavity (i). ROC, 

radius of curvature. Photograph of the μFP cavity (ii). c, Optical ring-down 
measurement of the μFP cavity, yielding a Q factor of 4.26 billion. d, Schematic 
of the integration architecture. An RTC is required to transform mirror-like 
reflection to the response desired by the application. For SIL, a resonant optical 
feedback is required. For other applications, like PDH locking, a complete 
reflection suppression is required. e, Schematic of the mode-matching approach 
from PIC to μFP with an end-fire (i) and a grating (ii) coupler.
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can be eliminated, leaving only resonant backscatter from the cavity 
modes, efficient resonant feedback can be achieved. When resonant 
feedback is realized, the sudden phase shift produced by resonant 
backscattering about the cavity resonance provides the optimal feed-
back mechanism for SIL.

The circuit interface that we use to produce resonant feedback 
into a waveguide-based DFB laser is shown in Fig. 2a. An on-chip direc-
tional coupler divides the incoming light, directing a portion of light 
into an on-chip loop mirror that introduces an additional broadband 
mirror reflection. The remaining light travels to the chip facet, where 
it is collimated by a gradient refractive index (GRIN) lens to match the 
mode of the co-integrated μFP cavity. These two reflections interfere on 
recombination at the directional coupler. With the correct phase ϕ2, the 
loop-mirror reflection destructively interferes with the μFP cavity reflec-
tion, cancelling the broadband mirror reflections and preserving only 
the resonant backscattered light. This results in a resonant (Lorenzian) 
feedback spectrum, facilitating SIL by adjusting the feedback phase ϕ1.

The vacuum-gap μFP reference cavity used in this study 
(Fig. 1b(i),(ii)) is created from ultralow-expansion (ULE) glass using 
a wafer-scale microfabrication process. To produce these cavities, an 
array of concave micromirrors (35-cm radius of curvature) are pat-
terned on a super-polished 2-inch ULE glass wafer using a reflow-based 

fabrication process8. A ULE spacer is then used to bond a flat mirror 
with the microfabricated mirror array together in a vacuum, creating 
an array of vacuum-gap cavities that can be diced into individual units. 
The fabricated vacuum-gap μFP cavity measures 9 × 9 × 7 mm3 (<0.6-ml 
volume) and supports a fundamental Gaussian mode with a 240-μm 
mode field diameter and a Q factor of 4.26 × 109 (45-kHz linewidth) as 
measured through optical ring-down spectroscopy. The vacuum-gap 
cavity design virtually eliminates thermorefractive noise and the ULE 
cavity material greatly reduces frequency drift, producing unrivalled 
phase noise and frequency stability within a millimetre-scale device, 
as validated through independent measurements10.

A GRIN lens is used to expand and collimate the beam of light 
emitted from the waveguide end-facet to match the μFP cavity mode. 
To accomplish this mode transformation using our circuit interface, we 
use an inverse taper at the output facet of a Si3N4 waveguide, producing 
a mode diameter of approximately 3 μm. A GRIN lens with an effec-
tive focal length of 0.46 mm is then used to expand this from 3 μm to 
240 μm, matching the mode field diameter of the μFP cavity, permitting 
a mode-matching efficiency as high as 95%. Hence, this simple and com-
pact photonic interfacing technique (Fig. 2b) offers a practical means 
of co-integrating the μFP cavity with PICs, to enable high-performance 
oscillators and lasers for next-generation photonic systems.
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Fig. 2 | On-chip laser directly self-injection locked to the co-integrated 
μFP cavity. a, Schematic of the on-chip circuit design enabling SIL to the co-
integrated μFP cavity. b, Photograph of the DFB laser self-injection locked to the 
μFP cavity through an interface chip. c, Schematic of the experimental setup for 
noise measurement. The black lines indicate electrical control, and the red lines 
indicate optical circuits. PD, photodetector; ESA, electrical spectrum analyser; 
AOM, acousto-optical modulator. The output of the self-injection-locked laser 
either beats with another stable laser or performs self-heterodyne with an 800-m 
delay line for the ESA to measure the phase noise. d, Phase noise spectra for the 

self-injection-locked and free-running lasers. The phase noise of the free-running 
laser is measured using self-heterodyne. The faded curve indicates that the 
noise is limited by the measurement noise floor. e, RF beat-note spectrum of 
the self-injection-locked laser and a stable laser revels linewidth compression 
when locked. A zoomed-in view of (i) is shown in (ii). Free-running beat note is 
taken with 91-kHz RBW, and the locked beat note is taken with 3-kHz RBW. f, Allan 
deviation of the self-injection-locked laser measured from the frequency counter 
(FC) with and without linear drift removal.
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The circuit interface shown in Fig. 2c is used to control the optical 
feedback parameters of this system, as necessary to obtain a stable 
SIL. The interface circuit includes integrated heaters that allow for 
adjusting the coupler splitting ratio, feedback phase ϕ1 and interfer-
ometer phase ϕ2. Piezo actuators on both DFB laser and μFP cavity 
are also used for fine-tuning ϕ1 and ϕ2 by modulating their separation 
from the photonic circuit. When ϕ1 and ϕ2 are adjusted to produce a 
self-injection-locked state, the frequency of the laser emission becomes 
resonant with the μFP cavity, producing an increase in the light intensity 
within the μFP cavity. Light transmitted from the μFP cavity is collected 
through free space and monitored using a photodetector to observe 
the onset of the SIL process. The output from the self-injection-locked 
laser is then coupled into the fibre-based apparatus of Fig. 2c for phase 
noise measurements.

Two complementary techniques are used to quantify the phase 
noise of the self-injection-locked laser. To measure the phase noise 
at low offset frequencies, we analyse the beat note between the inte-
grated self-injection-locked laser and another frequency-stabilized 
reference laser using a phase noise analyser (Fig. 2c(i)). The stable 
laser comprises a fibre laser that is PDH-locked to a 10-cm-long 
table-top FP reference cavity housed in a vacuum chamber; this sta-
bilized reference laser has low phase noise at a low offset frequency 
(0 dBc Hz–1 at a 1-Hz offset frequency). However, since the PDH feed-
back loop introduces excess noise, seen as a servo bump at offset 
frequencies above 10 kHz, a complementary measurement method 
is required to analyse the phase noise of the self-injection-locked 
laser at higher offset frequencies. Here we use the fibre interferom-
eter with an 800-m delay (Fig. 2c(ii)) to perform self-heterodyne 
measurements. This complementary approach is ideal for phase 
noise measurements at high offset frequencies since the fibre inter-
ferometer is essentially free of technical noise for frequencies above 
5 kHz. Combining these two techniques, we obtain a complete picture 
of the phase noise spectrum of the self-injection-locked laser from 
1 Hz to 1 MHz (Fig. 2d).

The measurements shown in Fig. 2d reveal a dramatic reduction 
in the phase noise of the DFB laser when it is injection locked to the 
μFP cavity. SIL is shown to reduce the phase noise of the DFB laser 
by eight, seven and six orders of magnitude at offset frequencies of 
1 kHz, 10 kHz and 100 kHz, corresponding to phase noise levels of 
–65 dBc Hz–1, –97 dBc Hz–1 and –122 dBc Hz–1, respectively. Further 
analysis of the phase noise spectrum reveals a fundamental linewidth 
of 35 mHz and a 1/π integral linewidth of 150 Hz. The reduction in 
laser linewidth produced by SIL is further demonstrated in the direct 
RF beat-note spectrum between the self-injection-locked laser and a 
stable reference laser (Fig. 2e). It is important to note that the linewidth 
shown in Fig. 2e(ii) is constrained by the resolution bandwidth (RBW) 
of the electronic spectrum analyser. Note that these measurements 
were performed with a relatively large resolution bandwidth (>3 kHz) 
to ensure a stable beat-note spectrum within the acquisition time. The 
Allan deviation, which is indicative of fractional frequency stability 
for different averaging times (Fig. 2f), is 5 × 10−13 at 10-ms averaging 
time. After removing a linear drift of 109 Hz s–1, the system exhibits 
a fractional frequency stability better than 5 × 10−12 from 1-ms to 50-s 
averaging times.

Note that these measurements correspond to an ultralow phase 
noise performance among state-of-the-art chip-integrated systems24 
and were obtained without tight environmental controls. The meas-
urements described above were obtained without active temperature 
stabilization of the cavity, illustrating the temperature insensitivity 
and robustness of such in-vacuum-bonded μFP reference cavities. 
Deviations from the thermal noise limit at low offset frequencies are 
attributed to mechanical noise from the translation stages used to 
position the cavity and DFB laser. Hence, the low offset phase noise 
and frequency drift are likely to greatly improve when this system is 
fully co-integrated.

We also analyse the dynamics of the SIL by slowly modulating 
the DFB laser current to observe shifts in the RF beat-note spectrum 
with a stable reference laser (Fig. 3a). This system enters and exits 
the self-injection locked state at points b to b′ and f to f′ (Fig. 3a,b), 
respectively, demonstrating a locking range of 265 MHz. Comparison 
with a theoretical model (Supplementary Section II) of the SIL process 
suggests that the onset of SIL occurs earlier than expected (point b in 
Fig. 3b rather than the end of the curve); this is probably due to laser 
relaxation oscillations produced by the semiconductor gain medium15. 
The asymmetric feature for two directions of SIL is due to the fact that 
ϕ1 is not ideal (Supplementary Fig. 2c). It is also notable that away from 
the μFP resonance, the relationship between the output frequency and 
DFB laser frequency diverges from the identity line, indicating that 
mirror reflections are not entirely cancelled, leaving a small amount of 
residual broadband feedback (Supplementary Fig. 2e). Nevertheless, 
provided that this feedback remains sufficiently weak to avoid desta-
bilizing the laser, it appears to have little impact on the performance 
of the self-injection-locked laser.

Photonic interface to enable electrical control
Beyond SIL, new circuit interfaces for the efficient interrogation of 
μFP cavity modes can enable complementary applications involving 
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on-chip frequency metrology and microwave photonic signal pro-
cessing. For example, PDH locking provides a very versatile means of 
harnessing reference cavities with many practical advantages. Since 
PDH locking can be implemented with low incident optical powers 
(~10 μW) relative to the SIL (>1 mW), photothermal noise is greatly 
reduced, permitting us to more readily reach the thermal noise limit 
(Fig. 2d). Additionally, PDH locking enables frequency tunability and 
lower phase noise at low offset frequencies, making it indispensable 
for the most demanding applications requiring precise frequency 
control5,10 (for a more detailed comparison with SIL, see Supplemen-
tary Section III). Alternatively, such ultrahigh-Q-factor μFP cavities 
can be used for microwave photonic filtering and signal processing25. 
Applications such as PDH locking and microwave photonic signal pro-
cessing require a photonic interface for the efficient interrogation of 
μFP cavities and protecting on-chip lasers from strong feedback and 
reflections. Optical circulators are often used for redirecting reflected 
light for such applications26,27, but circulators and isolators are not yet 
widely available in integrated photonics due to the incompatibility of 
magnetic media with complementary metal–oxide–semiconductor 
fabrication processes.

To address this challenge, we implement a distinct reflection 
cancellation circuit based on the concept of a ‘poor man’s isolator’11, 
thereby demonstrating a fully co-integrated μFP cavity with PICs. This 
second strategy for interfacing and integrating the μFP cavity uses a 
silicon photonic circuit fabricated from a silicon-on-insulator platform, 
which is favourable for an efficient grating coupler. This circuit com-
prises a two-port interferometer that connects to an inverse-designed 
two-port polarization-splitting grating coupler (PSGC), as described in 
ref. 11. By fine-tuning the on-chip phase shifter, this vertical-emission 
PSGC efficiently couples circularly polarized light into the μFP cavity, 
permitting the interrogation of the reflection response of the cavity. 
Making use of the fact that the chirality of circularly polarized light is 
reversed on reflection from the μFP cavity, this circuit achieves a func-
tion very similar to that of a circulator11.

Efficient coupling into the μFP is achieved by using a GRIN lens 
to expand the beam produced by the PSGC. The PSGC is designed to 
produce vertical emission of a 10.4-μm mode field diameter. This beam 
is expanded using an off-the-shelf GRIN lens with an effective focal 
length of 0.94 mm. The collimated beam couples to the fundamental 

mode of the μFP cavity with a 91% mode overlap. The GRIN lens and 
μFP cavity are then co-integrated with the PIC using a custom spacer 
that provides mechanical stability for the bonded assembly (Fig. 4b; 
Methods provides the mode details). Using this integration method, 
light can be coupled from the silicon circuit into the μFP cavity with an 
efficiency of –2.8 dB, corresponding to an insertion loss of –5.6 dB. Fur-
ther optimization can be achieved using a back-side mirror to achieve 
near-unity efficiency28. Alternatively, such an interface circuit can 
also be achieved through an edge coupler with transverse-electric 
and transverse-magnetic modes for circularly polarized light, which 
is widely used in industry for low-loss (<1.5-dB) coupling29.

Figure 4c shows the optical reflection from port A and the transmis-
sion to port B as a function of laser detuning from the cavity resonance. 
As shown in Fig. 4c, this circuit maps the μFP cavity reflection response 
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free-space optics are used for PDH locking to a vacuum-gap 9.6-ml FP cavity. In 
ref. 35, fibre optics are used for PDH locking to a vacuum-gap 2-ml FP cavity. In 
ref. 16, free-space optics are used for SIL to an air-gap 0.5-ml FP cavity. Here we 
demonstrate SIL to a vacuum-gap 0.56-ml FP cavity on an integrated platform 
(solid green). Additionally5,11, we propose PDH locking to a vacuum-gap 0.56-ml 
FP cavity on an integrated platform. A fully co-integrated μFP is presented in this 
work. The dashed green circle indicates the envisioned noise performance of on-
chip PDH locking in this platform.
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with a visibility of 35% at the output port and simultaneously suppress-
ing back-reflections from the input port. The relative magnitudes of 
transmission and reflection reveal a 10-dB back-reflection suppression, 
to aid in protecting an on-chip laser from unwanted feedback. This fully 
integrated μFP is readily suitable for an on-chip PDH locking system 
(Fig. 4d), as proposed in ref. 5. Together with many other applications 
such as photonic RF filtering25 and microwave signal generators5, the 
co-integration of vacuum-gap μFP cavities paves the way for the next 
generation of compact, high-performance RF photonic systems.

Discussion and conclusion
We have demonstrated complementary approaches for the integration 
of high-performance vacuum-gap μFP reference cavities with PICs, 
to enable both electrical and optical feedback for next-generation 
lasers, oscillators and sensors. We achieve table-top-level stability 
in an integrated platform, miniaturized to a millilitre-scale form fac-
tor. Using a new circuit interface to transform the response of the μFP 
resonator, we have created resonant optical feedback necessary for 
self-injection locking a waveguide-based laser with the reference cavity. 
This strategy produces an integrated laser with a fundamental linewidth 
of 35 mHz and an integrated 1/π linewidth of 150 Hz, corresponding to 
an ultralow-noise performance. Phase noise measurements represent 
a 19-dB (17-dB) improvement in phase noise at a 1-kHz (10-kHz) off-
set frequency relative to prior studies that have utilized 1.4-m spiral 
waveguide resonators24. As shown by the comparison plot (Fig. 5), the 
co-integration of such μFP vacuum-gap cavities produces a system with 
an unrivalled combination of size and performance.

Since the electromagnetic energy is stored almost entirely in vac-
uum, this vacuum-gap μFP cavity overcomes numerous limitations 
imposed by dielectric-induced thermorefractive noise. Moving from 
stage-controlled pieces to a fully packaged and on-chip electro-optically 
controlled system, we anticipate that the low offset frequency noise will 
be further improved and long-term locking robustness will be extended 
from several hours to longer durations. Such low phase noise levels make 
this system highly suitable for photonic microwave signal generators 
through the use of optical frequency division, potentially eliminating 
the need for more complex PDH locking schemes5.

Through a complementary approach, we have shown that the 
reflection response of such vacuum-gap μFP cavities can be inter-
rogated using a circuit interface, to enable on-chip PDH locking and 
microwave photonic signal processing. Co-integration of the cavity 
with a silicon photonic circuit is achieved by attaching the cavity to a 
multiport vertical-emission grating coupler. Using this grating inter-
face, the cavity is placed within an optical interferometer that cancels 
unwanted back-reflections, eliminating the need for on-chip circulators 
and isolators. This same interferometer maps the reflection response 
to a separate optical port, permitting an efficient interrogation of the 
reflection response required for PDH locking and microwave photonic 
signal processing. Hence, this complementary interfacing method 
provides access to an ultranarrow-linewidth, stable reference cavity 
that becomes a versatile resource for advanced microwave photonic 
filtering, on-chip PDH locking and sensing applications.

Looking beyond these specific demonstrations, the co-integration 
of such high-performance vacuum-gap reference cavities with pho-
tonic circuits presents numerous advantages. By storing electromag-
netic field mostly in vacuum, it mitigates the limitations associated with 
thermorefractive noise and enables high performance across various 
photonic integrated systems. Additionally, with sealed vacuum and 
athermal material, these cavities greatly reduce environmental con-
straints, thereby broadening the operating conditions. Furthermore, 
such reference cavities can achieve substantially higher performance 
with larger mode volumes, increased cavity lengths and improved pack-
aging. Hence, these innovative techniques provide crucial capabilities 
that are essential for the development of next-generation integrated 
lasers, oscillators and sensors.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41566-025-01701-5.
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Methods
Process of co-packaging
For the SIL demonstration with the end-fire-based coupling scheme, 
the inverse taper in the PIC expands the waveguide mode to a 3-μm 
mode field diameter. For a single-lens collimator, the collimated beam 
diameter D can be calculated as

D = 4λf
πϕf

, (1)

where λ is the optical wavelength, f is the focal length of the lens and 
ϕf is the mode field diameter at the focal point. To achieve a 240-μm 
mode field diameter, the focal length should be 0.36 mm. Here we used 
an off-the-shelf GRIN lens with a 0.46-mm focal length to collimate the 
beam, giving 95% mode matching. To minimize parasitic etalon, we 
used an antireflection-coated GRIN lens.

For the potential electrical feedback interface with the 
grating-coupler-based scheme, we used a GRIN lens with a focal length 
of 0.94 mm. Using the equation above with a 10.4-μm mode field diam-
eter from the PSGC, we can calculate that the mode overlap is approxi-
mately 91%. It is noteworthy that this overlap efficiency will only impact 
the visibility of the cavity. After the coupling in and coupling out to the 
circuit, we can still preserve 35% of visibility, which is enough for PDH 
locking. To co-package the parts with PIC, first we glued the GRIN lens 
with a three-dimensionally printed spacer. Then, we align the GRIN lens 
to the PSGC, and observe the collimated beam using a beam profiler. 
After alignment, the GRIN lens–spacer assembly is glued to the PIC. 
Then, the μFP cavity is aligned and glued to the spacer.
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