CHAL

UNIVERSITY OF TECHNOLOGY

Integrated, Ultra-Compact High-Q Silicon Nitride Microresonators for
Low-Repetition-Rate Soliton Microcombs

Downloaded from: https://research.chalmers.se, 2025-12-05 01:50 UTC

Citation for the original published paper (version of record):

Ye, Z., Lei, F., Twayana, K. et al (2022). Integrated, Ultra-Compact High-Q Silicon Nitride
Microresonators for Low-Repetition-Rate
Soliton Microcombs. Laser and Photonics Reviews, 16(3). http://dx.doi.org/10.1002/lpor.202100147

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




RESEARCH ARTICLE

www.lpr-journal.org

Integrated, Ultra-Compact High-Q Silicon Nitride
Microresonators for Low-Repetition-Rate Soliton

Microcombs

Zhichao Ye, Fuchuan Lei, Krishna Twayana, Marcello Girardi, Peter A. Andrekson,

and Victor Torres-Company*

Multiple applications of relevance in photonics, such as spectrally efficient
coherent communications, microwave synthesis or the calibration of
astronomical spectrographs, would benefit from soliton microcombs
operating at repetition rates <50GHz. However, attaining soliton microcombs
with low repetition rates using photonic integration technologies represents a
formidable challenge. Expanding the cavity volume results in a drop of
intracavity intensity that can only be offset by an encompassing rise in quality
factor. In addition, reducing the footprint of the microresonator on an
integrated circuit requires race-track designs that typically result into modal
coupling losses and disruptions into the dispersion, preventing the
generation of the dissipative single soliton state. Here, we report the
generation of sub-50GHz soliton microcombs in dispersion-engineered silicon
nitride microresonators. In contrast to other approaches, the authors’ devices
feature an optimized racetrack design that minimizes the coupling to
higher-order modes and reduces the footprint size by an order of magnitude
to ~1mm?. The statistical intrinsic Q reaches 19 million, and soliton
microcombs at 20.5 and 14.0 GHz repetition rates are successfully generated.
Importantly, the fabrication process is entirely subtractive, meaning that the
devices can be directly patterned on the silicon nitride film.

1. Introduction

Dissipative Kerr soliton (DKS) microcombs!!! with THz repeti-
tion rates can be readily obtained in lithographically patterned
structures thanks to the small bending radii attainable with
large-index-contrast structures. Such THz-rate microcombs can
be very broad>*! — even span an octave.>””] DKS microcombs
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operating at smaller repetition rates,
that is, comparable to the electronics
bandwidth,#111 also find their unique set
of applications in high-spectral-efficiency
optical transimission,['>"1*] the synthesis
of microwave signals,*1>1% or the read-
out of THz microcombs.['”] The calibra-
tion of astronomical spectrographs also
relies on frequency combs with repeti-
tion rates ~10-30 GHz,!['819 as this cor-
responds to a line spacing matched to
the resolving power of the spectrograph.
Notwithstanding, generating and main-
taining low-repetition-rate DKS micro-
combs is extremely challenging. Since
the intensity buildup in a microresonator
is proportional to Q/V,[?] where Q is
quality factor and V is cavity volume, op-
erating with large cavity volumes V re-
quires microresonators with large quality
factors (Q).

DKS microcombs with low repetition
rates have been achieved in whispering
gallery mode resonators, which display
extremely large quality factors/®21:22]
but their planar integration is very
challenging.?*?*) In integrated platforms, the high index con-
trast between core and cladding materials results in an increased
susceptibility to scattering losses arising from nanometer-level
roughness, thus limiting the achievable Q values. Indeed, suc-
cessful generation of <50 GHz DKS integrated microcombs
has only been reported in planar silicon nitride devices fabri-
cated with the Damascene reflow process,”?! with statistical
Qs about 30 million. Very recently, this technique was com-
bined with heterogeneous integration with III-V laser to achieve
a fully integrated laser soliton at 100 GHz,(%! in a turnkey
operation.') In Damascene technique,!?”?8] the SiO, substrate is
pre-patterned and reflowed prior to Si;N, deposition. Thick Si;N,
waveguides with ultra-smooth sidewalls can be readily achieved,
but this technique results in a nonuniform waveguide height
across the wafer due to an aspect ratio dependent etching.[2%30]
Alternatively, Si;N, waveguides can be fabricated using tra-
ditional subtractive processing methods,*!l where the Si,N,
film is lithographically patterned. The height of the waveguides
is precisely controlled by thin-film deposition. LPCVD Si;N,
thin films feature thickness variations of ~2% depending on

23,24
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Figure 1. Overview of the repetition rate of DKS microcomb achieved in
different platforms and their corresponding device footprint. The dashed
blue line indicates how the footprint of Si;N, microring resonator scales
with the soliton repetition rate. The references for the comparison arel??]
for Si0,,[1>21] for MgF, and [%#7] for Si;N,.

deposition conditions.? The aspect ratio dependent etching can
be simply overcome by applying extra etching time during the
dry etching process, thus facilitating the co-integration with other
devices and components.*!] High-Q Si,N, microresonators fab-
ricated by subtractive processing were demonstrated as early as
2014131 using a low-confinement factor waveguide geometry, that
is less sensitive to the sidewall roughness. Recently, dark pulse
microcombs with repetition rate of 5 GHz were achieved by injec-
tion locking the microresonator to an external laser.** However,
low confinement Si;N, waveguides feature normal dispersion
thus limiting access to DKS microcombs. Dispersion-engineered
high-confinement silicon nitride microresonators with Qs ex-
ceeding ten million fabricated via subtractive processing have
been reported by different groups,**’] but demonstration of
DKS microcombs operating at sub 50 GHz has remained elusive.

An additional crucial aspect of sub 50 GHz DKS microcombs
is the dramatically increased footprint of the microresonator. An
overview of low-repetition-rate DKS microcombs based on differ-
ent material platforms and their device footprint are summarized
in Figure 1. The footprint of a microring resonator increases with
1/FSR?, and for a 10 GHz DKS microcomb based on Si;N,, the
real-state area exceeds 20 mm?. Such a large footprint is one of
the key drawbacks of photonics integration when co-integrating
with electronic circuits.®¥] Alternatively, a microring resonator
can be wrapped to form a compact racetrack-shaped microres-
onator to reduce the footprint.*®! Here, coupling from the fun-
damental transverse mode to higher-order modes (HOMs) can
Dbe easily introduced by the discontinuity or abrupt change of the
curvature along the waveguide length. The coupling results in
avoided mode crossings which can prevent soliton formation. "]
In order to filter out the HOMs, a microresonator with tapering
to single mode section was introduced.[*!*?] Unfortunately, since
a narrow waveguide width is required at the single-mode section,
the intrinsic Q drops to below 10 million. In addition, the taper-
ing modifies the dispersion along the length of the resonators,
making it difficult to access the single soliton state.l*?] In the field
of photonic integration, there is a bulk of research that focuses
on adiabatic bend designs in order to dramatically reduce bend-
ing radius, bending loss and coupling to HOMs.[**-%5] Recently,
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low-loss adiabatic bends were implemented in high Q microres-
onators which enable DKS microcombs with repetition rates >
100 GHz!**!.,

In this work, we designed “finger”- and “snail”-shaped mi-
croresonators to dramatically reduce the footprint by an order
of magnitude, see Figure 1. By properly designing bends in mi-
croresonators, the coupling from fundamental mode to HOMs
is significantly suppressed, and the statistical intrinsic Q reaches
19 million. Here, DKS microcombs with repetition rates below
50 GHz (down to 14 GHz) are achieved for the first time in Si;N,
microresonators fabricated by a subtractive processing method.
Preliminary results of this work were presented in Ref. [46]. We
provide a more detailed study including radio frequency (RF)
beatnote measurement and single-sideband (SSB) phase noise
characterization of the photodetected repetition rate, and present
more advanced results including higher Q; and more compact
microresonator designs.

2. Microresonators Design, Fabrication and
Characterization

We designed three racetrack-shaped microresonators: 1) a finger-
shaped microresonator “A” using circular arc bends to connect
straight waveguides; 2) a finger-shaped microresonator “B” us-
ing adiabatic bends to connect straight waveguides; 3) a snail-
shaped microresonator “C” consisting of Archimedean spiral
waveguides and adiabatic bends. The footprint of each microres-
onators is limited within 1 mm?. The Si;N, microresonators were
fabricated on a 3 in. wafer using a subtractive process method
described in Ref. [36]. The waveguide height and width are ~740
and 1900 nm, respectively. An identical geometry was used for
both bus and ring waveguides, and a straight bus waveguide
was adopted. In order to further improve coupling ideality,*?]
a weakly tapered gap coupler should be included.®*! Compared
with %, a multipass (fixing stage and writing the pattern twice
in each writing field) electron beam lithography (EBL) was intro-
duced to further reduce the propagation loss,[*! and Si;N, sam-
ples were annealed at 1200 °C in argon ambient to drive out the
residual N-H bonds. The transmission spectra of the fabricated
devices were obtained using frequency-comb-assisted diode-laser
spectroscopy.*%!

An optical microscopy image of microresonator A is depicted
in Figure 2a. Here, circular arc bends connecting straight waveg-
uides feature bending radii larger than 160 pm, that is, large
enough to neglect bending losses. The measured integrated dis-
persion (defined as Dy, = @, — @, - uD; = D,u*/2 + Dy’ /6
+ ... where w, is the angular frequency of the u-th resonance
relative to the reference resonance w,, and D,/2x is the FSR)
of the fundamental transverse-electric (TE,,) mode is shown in
Figure 2b. As can be seen, mode crossings appear in most of
the resonances, indicating severe coupling from the fundamen-
tal mode to HOMs. The coupling mainly results from the mode
mismatch between straight and bent waveguides, even though
the bent waveguides have very large bending radii. These avoided
mode crossings not only introduce distortion in the soliton spec-
trum but also potentially prohibit DKS microcomb generation.[*!

These design issues are corrected in microresonator B, which
also uses a finger shape, see Figure 2c. The adiabatic bends con-
necting straight waveguides are highlighted with red color. The
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Figure 2. The designs and characterization of microresonators. a) Optical microscopy image of an incorrectly designed finger-shaped microresonator
A, used as benchmark. The integrated dispersion of the TEy; mode is shown in (b). ), d) and e), f) idem to a), b) but for properly designed finger-
shaped microresonator B and snail-shaped microresonator C, respectively. g) Histogram of intrinsic linewidth from five properly designed finger-shaped
microresonators B, and a representative resonance shown in (h). i) The histogram of intrinsic linewidth values from five snail-shaped microresonators

C.

adiabatic bends follow an algorithm to minimize the variation
of the curvature, and consequently minimize the coupling to
HOMs.[®¥] The curvature is defined as k(s) = a, + a; X s+ a, X s* +
a; X s>, where k is the curvature and s is the arc length. Boundary
conditions based on the physical position, tangent, curvature, and
differential of the curvature at the start and end points are used
to determine the polynomial coefficients. The minimum bend-
ing radius in the adiabatic bends was ~80 ym. The measured
integrated dispersion of TE, mode is shown in Figure 2d. The re-
trieved values from the fitting are D, /27 = 20.48 GHz and D, /2%
= 30.0 kHz. The converted f, is —78.0 + 0.2 ps? km™!. Compared
with the integrated dispersion of microresonator A, the avoided
mode crossings of microresonator B are significantly reduced in
spite of the much smaller bending radii. This indicates that the
adiabatic bends successfully minimize the coupling to HOMs.
Although some weak mode crossings can still be observed, they
are likely caused by random sidewall roughness introduced from
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electron beam lithography and reactive ion etching. Figure 2g
shows the histogram of intrinsic linewidth of TE;, mode fam-
ily from five devices. The most probable intrinsic linewidth (k)
is between 10 and 11 MHz, which corresponds to Q; of #19 mil-
lion. A representative resonance with intrinsic linewidth k; =9.1
MHz is shown in Figure 2h. The achieved intrinsic Q is much
smaller than the estimated material absorption level of 2 x 108,1°]
indicating the Q is still limited by the sidewall roughness of the
waveguides.

The microresonator C is snail-shaped, and consists of
Archimedean spiral waveguides and adiabatic bends. The
Archimedean spiral waveguides were defined as R = R, + A®
in polar coordinate, where R, = 200 ym is the radius at the start
point of Archimedean in the center, A = 130/2z um is a coeffi-
cient and @ is angle with units of radian. Here, the coefficient A
leads to a gap of 65 um between adjacent waveguides. The gap
should be large enough so that the coupling between adjacent

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Single soliton microcombs with repetition rates of 20.5 and 14.0 GHz. a) The optical spectrum of single soliton comb with a repetition rate
of 20.5 GHz. The inset figures show a zoomed in optical spectrum and corresponding RF beat note measured with a resolution bandwidth of 1 kHz. b)

idem to (a) but for a single soliton with a repetition rate of 14.0 GHz.

waveguides is negligible. The optical microscopy image of mi-
croresonator C with adiabatic bends highlighted in red is shown
in Figure 2e. The measured integrated dispersion is shown in
Figure 2f. As can be seen, only weak mode crossings are ob-
served, indicating the success of the microresonator design. The
D,/2x and D,/2x values are 14.02 GHz and 16.5 kHz, respec-
tively. The converted f, is -93.6 = 0.1 ps? km~!. The footprint of
this snail-shaped microresonator is only 1 mm?. In fact, the pro-
posed snail-shaped microresonator design is more universal than
the finger-shaped microresonator since even smaller FSRs can be
obtained by simply adding more cycles in the Archimedean spi-
ral section. The transmission spectra of TE polarization of five
devices were measured, and the histogram of intrinsic linewidth
from TE, mode family is shown in Figure 2i. The most probable
intrinsic linewidth is between 11 and 12 MHz, corresponding to
a Q; of 17 million.

3. Low Repetition Rate Soliton Comb Generation

We implemented soliton comb experiments based on the afore-
mentioned three microresonators. While a soliton microcomb
was unattainable from microresonator A, likely due to strong
mode crossings,[*)) DKS microcombs were successfully gener-
ated based on microresonators B and C.

We pumped microresonator B at 1553.6 nm with an on-chip
(off-chip) pump power of 224 mW (400 mW). The pump power
was chosen to obtain relatively long soliton steps and wide soli-
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ton existence range, which significantly reduce the complexity
of the experiment. The laser frequency was fixed, and a micro-
heater was used to initialize the DKS microcomb.*!l The ob-
tained single soliton spectrum with the pump wave suppressed
by a fiber Bragg grating is presented in Figure 3a, with an inset
figure showing the photodetected RF beat note. The repetition
rate (20.5 GHz) of the soliton comb was directly measured by a
high-speed electrical spectrum analyzer (ESA). A relatively strong
Raman self-frequency shift of about ~#11 nm was observed due to
the small D, and large detuning between laser frequency and cav-
ity resonance.l’?] The snail-shaped micoresonator was pumped
at 1551.2 nm with an on-chip pump power of 310 mW. A micro-
heater was used to initialize the soliton comb, and the obtained
single soliton spectrum is shown in Figure 3b. The repetition rate
was measured to be 14.0 GHz. The Raman self-frequency shift is
much weaker than that of microresonator B due to slightly larger
p, and smaller detuning between laser frequency and cavity res-
onance.

4, Phase-Noise Characterization

In order to investigate how the stability of the soliton microcombs
was affected by the racetrack-shaped microresonators, we char-
acterized the phase noise of the photodected repetition rate mi-
crowave signal. We used the setup shown in Figure 4a. Here, the
RF clock was set in the range from 300 to 400 MHz to determine
the detuning between the laser frequency and cavity resonance.

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. SSB phase-noise measurements of soliton microcombs. a) Ex-
perimental setup of phase noise measurement of soliton comb with PDH
locking. EOM, electro-optic modulator; EDFA, erbium-doped fiber ampli-
fier; BPF, optical bandpass filter; FBG, fiber Bragg grating; OSA, optical
spectrum analyzer; PD, photodiode; ESA, electrical spectrum analyzer. b)
SSB phase noise of microwave signals generated by soliton combs with
different values of detuning.

Since the frequency of RF clock is much larger than the mea-
sured offset frequency of the single-sideband (SSB) phase noise
of the microwave generated by the DKS microcomb and is much
smaller than the repetition rate of the DKS microcomb, the RF
clock does not affect the SSB phase noise measurement. We only
characterized the soliton comb with a repetition rate of 20.5 GHz
since the soliton comb with 14.0 GHz repetition rate has strong
pump power due to the limited suppression of the tunable fiber
Bragg grating.

The frequency drift of the tunable external cavity laser and the
thermal drift of microresonator can result in undesired drift of
detuning between the pump laser and cavity resonance, which
consequently affects the repetition rate stability due to Raman
self-frequency shift.’?l Therefore, we implemented a Pound-
Drever-Hall (PDH) locking to control the detuning parameter.
The PDH error signal was sent into a servo locking box, with the
feedback signal set to actively control the current of the pump
laser. The SSB phase noise of the microwave signal generated by
the soliton microcomb was measured when the comb was op-
erated at the detuning values 297, 323, 349, 375, and 399 MHz.
The obtained SSB phase noise curves are shown in Figure 4b.
The peak at 3 kHz is consistent with that observed in Ref. [9], and
originates from the Toptica laser used in this experiment. A ‘quiet
point’ %3 was found at detuning of 323 MHz (marked in red in
Figure 4). When operating at the ‘quiet point’, the phase noise in
the offset frequency range between 100 Hz and 10 kHz was sig-
nificantly reduced. At offset frequency of 2 kHz, the phase noise
was successfully suppressed from —65 to -83 dBc Hz™!. The SSB
phase noise at offset frequency > 200 kHz reaches a shot noise
limited floor, which was estimated to be —119.5 dBc Hz 1.116] A
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summary of low-repetition-rate DKS microcombs with their cor-
responding SSB phase noise is provided in Supporting Informa-
tion. Purer microwave signals could be obtained by microwave
injection locking and directly repetition rate locking!>*>*] or with
the use of higher power handling photodiodes.*®! The quality of
the generated microwave signal indicates that the properly de-
signed racetrack-shaped microresonator is feasible for stable soli-
ton comb generation at sub-50 GHz while dramatically reducing
the device footprint.

5. Conclusion

In summary, we have demonstrated low repetition rate (down to
14 GHz) soliton microcombs based on Si;N, racetrack-shaped
microresonators. These microresonators are fabricated using a
more standard subtractive processing method, while statistical
intrinsic Q reaches 19 x 10, sufficiently high to offset the drop
of intracavity power when operating with large cavity volumes.
With adiabatically designed microresonators, the coupling from
fundamental mode to HOMs is significantly reduced, enabling
the access to the single soliton regime. The footprint of the mi-
croresonator is an order of magnitude smaller than previously
reported microring resonators with same FSR. Our compact mi-
croresonator design is compatible with the writing field (1 x 1
mm?) of electron beam lithography which enables ~#10 nm fea-
tures that are unattainable by DUV stepper lithography. The repe-
tition rate is sufficiently stable to enable applications in high spec-
tral efficient coherent optical transmission, frequency synthesis
and microwave photonics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

Z.Y and F.L contributed equally to this work. The Si;N, samples were fab-
ricated at Myfab Chalmers. The authors acknowledge supports from The
European Research Council (CoG 771410), the Swedish Research Coun-
cil (2015-00535, 2016-03960, 2016-06077, 2020-00453) and the H2020
Marie Curie Innovative Training Network Microcomb (812818).

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are openly available in Zen-
odo at https://doi.org/10.5281/zenodo.5536992, reference number [57].

Keywords

high Q microresonators, soliton microcombs, ultra-compact

Received: March 15, 2021
Revised: September 29, 2021
Published online:

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org
https://doi.org/10.5281/zenodo.5536992

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(1]

(2]

(3]
(4]
(3]
(6]

7]
(8]

9]

(1]

(1]

(12]

(13]

(14]

[15]
[16]

[17]

(18]

[19]

(20]
(21]

(22]
(23]

(24]

(25]

Laser Photonics Rev. 2021, 2100147

T. ). Kippenberg, A. L. Gaeta, M. Lipson, M. L. Gorodetsky, Science
2018, 367, 6402.

C. Bao, L. Zhang, A. Matsko, Y. Yan, Z. Zhao, G. Xie, A. M. Agarwal,
L. C. Kimerling, ). Michel, L. Maleki, A. E. Willner, Opt. Lett. 2014, 39,
6126.

V. Brasch, M. Geiselmann, T. Herr, G. Lihachev, M. H. P. Pfeiffer, M.
L. Gorodetsky, T. J. Kippenberg, Science 2016, 351, 357.

H. Weng, ). Liu, A. A. Afridi, J. Li, J. Dai, X. Ma, Y. Zhang, Q. Lu, J. F.
Donegan, W. Guo, Photon. Res. 2020, 9, 1351.

Q. Li, T. C. Briles, D. A. Westly, T. E. Drake, . R. Stone, B. R. llic, S. A.
Diddams, S. B. Papp, K. Srinivasan, Optica 2017, 4, 193.

M. H. P. Pfeiffer, C. Herkommer, ). Liu, H. Guo, M. Karpoyv, E. Lucas,
M. Zervas, T. ). Kippenberg, Optica 2017, 4, 684.

Z. Gong, X. Liu, Y. Xu, H. X. Tang, Optica 2020, 7, 1275.

X. Yi, Q.-F. Yang, K. Y. Yang, M.-G. Suh, K. Vahala, Optica 2015, 2,
1078.

J. Liu, E. Lucas, A. S. Raja, J. He, J. Riemensberger, R. N. Wang, M.
Karpov, H. Guo, R. Bouchand, T. J. Kippenberg, Nat. Photonics 2020,
14, 486.

B. Shen, L. Chang, J. Liu, H. Wang, Q. F. Yang, C. Xiang, R. N. Wang, J.
He, T. Liu, W. Xie, J. Guo, D. Kinghorn, L. Wu, Q. X. Ji, T. ). Kippenberg,
K. Vahala, J. E. Bowers, Nature 2020, 582, 365.

M. G. Suh, Q. F. Yang, K. Y. Yang, X. Yi, K. J. Vahala, Science 2016, 354,
600.

P. Marin-Palomo, J. N. Kemal, M. Karpov, A. Kordts, ). Pfeifle, M. H.
P. Pfeiffer, P. Trocha, S. Wolf, V. Brasch, M. H. Anderson, R. Rosen-
berger, K. Vijayan, W. Freude, T. . Kippenberg, C. Koos, Nature 2017,
546, 274.

M. Mazur, M.-G. Suh, A. Fiilép, |. Schréder, V. Torres-Company, M.
Karlsson, K. J. Vahala, P. A. Andrekson, arXiv:1812.11046 2018.

B. Corcoran, M. Tan, X. Xu, A. Boes, J. Wu, T. G. Nguyen, S. T. Chu, B.
E. Little, R. Morandotti, A. Mitchell, D. ). Moss, Nat. Commun. 2020,
11, 2568.

E. Lucas, P. Brochard, R. Bouchand, S. Schilt, T. Sidmeyer, T. ). Kip-
penberg, Nat. Commun. 2020, 11, 374

W. Liang, D. Eliyahu, V. S. llchenko, A. A. Savchenkov, A. B. Matsko,
D. Seidel, L. Maleki, Nat. Commun. 2015, 6, 7957.

D.T. Spencer, T. Drake, T. C. Briles, ). Stone, L. C. Sinclair, C. Fredrick,
Q. Li, D. Westly, B. R. llic, A. Bluestone, N. Volet, T. Komljenovic, L.
Chang, S. H. Lee, D. Y. Oh, M. G. Suh, K. Y. Yang, M. H. P. Pfeiffer, T.
J. Kippenberg, E. Norberg, L. Theogarajan, K. Vahala, N. R. Newbury,
K. Srinivasan, ). E. Bowers, S. A. Diddams, S. B. Papp, Nature 2018,
557, 81.

E. Obrzud, M. Rainer, A. Harutyunyan, M. H. Anderson, . Liu, M.
Geiselmann, B. Chazelas, S. Kundermann, S. Lecomte, M. Cecconi,
A. Ghedina, E. Molinari, F. Pepe, F. Wildi, F. Bouchy, T. J. Kippenberg,
T. Herr, Nat. Photonics 2019, 13, 31.

M. G. Suh, X. Yi, Y. H. Lai, S. Leifer, I. S. Grudinin, G. Vasisht, E.
C. Martin, M. P. Fitzgerald, G. Doppmann, |. Wang, D. Mawet, S. B.
Papp, S. A. Diddams, C. Beichman, K. Vahala, Nat. Photonics 2019,
13, 25.

K. J. Vahala, Nature 2003, 424, 839.

T. Herr, V. Brasch, ). D. Jost, C. Y. Wang, N. M. Kondratiev, M. L.
Gorodetsky, T. J. Kippenberg, Nat. Photonics 2014, 8, 145.

M.-G. Suh, K. Vahala, Optica 2018, 5, 65.

K.Y.Yang, D.Y. Oh, S. H. Lee, Q. F. Yang, X. Yi, B. Shen, H. Wang, K.
Vahala, Nat. Photonics 2018, 12, 297.

G. Liu, V. S. lichenko, T. Su, Y.-C. Ling, S. Feng, K. Shang, Y. Zhang,
W. Liang, A. A. Savchenkov, A. B. Matsko, L. Maleki, S. J. Ben Yoo,
Optica 2018, 5, 219.

J. Liu, G. Huang, R. N. Wang, J. He, A. S. Raja, T. Liu, N. J. Engelsen,
T. ). Kippenberg, Nat. Commun. 2021, 12, 2236.

2100147 (6 of 6)

[26]

(27]
(28]

(29]
(3]

(31]

(32]
(33]

(34]

35]
36]

(37]

(38]
(39]

(40]
[41]
[42]

[43]
[44]

[45]
[46]
(47]
(48]
(49]
(5]
(51]
(52]
(53]
(54]
53]
(56]

[57]

www.lpr-journal.org

C. Xiang, . Liu, J. Guo, L. Chang, R. N. Wang, W. Weng, ]. Peters,
W. Xie, Z. Zhang, |. Riemensberger, |. Selvidge, T. |. Kippenberg, J. E.
Bowers, Science 2021, 373, 99.

M. H. P. Pfeiffer, A. Kordts, V. Brasch, M. Zervas, M. Geiselmann, |.
D. Jost, T. ). Kippenberg, Optica 2016, 3, 20.

M. H. P. Pfeiffer, ). Liu, A. S. Raja, T. Morais, B. Ghadiani, T. . Kippen-
berg, Optica 2018, 5, 884.

R. A. Gottscho, C. W. Jurgensen, J. Vac. Sci. Technol. B1992, 10, 2133.
J. Liu, A. S. Raja, M. H. P. Pfeiffer, C. Herkommer, H. Guo, M. Zervas,
M. Geiselmann, T. J. Kippenberg, Opt. Lett. 2018, 43, 3200.

R. Fatemi, C. Ives, A. Khachaturian, A. Hajimiri, Opt. Express 2021, 29,
877.

J. M. Olson, Mater. Sci. Semicond. Process. 2002, 5, 51.

D. T. Spencer, J. F. Bauters, M. J. R. Heck, . E. Bowers, Optica 2014,
1, 153.

W. Jin, Q.-F. Yang, L. Chang, B. Shen, H. Wang, M. A. Leal, L. Wu, M.
Gao, A. Feshali, M. Paniccia, K. J. Vahala, ). E. Bowers, Nat. Photonics
2021, 15, 346.

X.Ji,J. K. Jang, U. D. Dave, M. Corato-Zanarella, C. Joshi, A. L. Gaeta,
M. Lipson, Laser Photonics Rev. 2021, 15, 2000353.

Z. Ye, K. Twayana, P. A. Andrekson, V. Torres-Company, Opt. Express
2019, 27, 35719.

Y. Xuan, Y. Liu, L. T. Varghese, A. |. Metcalf, X. Xue, P-H. Wang, K.
Han, J. A. Jaramillo-Villegas, A. Al Noman, C. Wang, S. Kim, M. Teng,
Y. ]. Lee, B. Niu, L. Fan, J. Wang, D. E. Leaird, A. M. Weiner, M. Qj,
Optica 2016, 3, 1171.

M. Smit, K. Williams, J. Van Der Tol, APL Photonics 2019, 4, 050901.
A.R.Johnson, Y. Okawachi, . S. Levy, J. Cardenas, K. Saha, M. Lipson,
A. L. Gaeta, Opt. Lett. 2012, 37, 875.

T. Herr, V. Brasch, J. D. Jost, I. Mirgorodskiy, G. Lihachev, M. L.
Gorodetsky, T. J. Kippenberg, Phys. Rev. Lett. 2014, 113, 123901.

A. Kordts, M. H. P. Pfeiffer, H. Guo, V. Brasch, T. ]. Kippenberg, Opt.
Lett. 2016, 41, 452.

S. W. Huang, H. Liu, ). Yang, M. Yu, D. L. Kwong, C. W. Wong, Sci.
Rep. 2016, 6, 26255

T. Chen, H. Lee, J. Li, K. ). Vahala, Opt. Express 2012, 20, 22819.

M. Cherchi, S. Ylinen, M. Harjanne, M. Kapulainen, T. Aalto, Opt.
Express 2013, 21, 17814.

X. Jiang, H. Wu, D. Dai, Opt. Express 2018, 26, 17680.

Z. Ye, F. Lei, K. Twayana, M. Girardi, P. A. Andrekson, V. Torres-
Company Conference on Lasers Electro-Optics,Washington, DC
United States, Optical Society of America, 2020.

J. Liu, A. S. Raja, M. Karpov, B. Ghadiani, M. H. P. Pfeiffer, B. Du, N. .
Engelsen, H. Guo, M. Zervas, T. ). Kippenberg, Optica 2018, 5, 1347.
M. H. P. Pfeiffer, J. Liu, M. Geiselmann, T. J. Kippenberg, Phys. Rev.
Appl. 2017, 7, 024026.

R. J. Bojko, J. Li, L. He, T. Baehr-Jones, M. Hochberg, Y. Aida, J. Vac.
Sci. Technol. B 2011, 29, 06F309.

P. Del'Haye, O. Arcizet, M. L. Gorodetsky, R. Holzwarth, T. J. Kippen-
berg, Nat. Photonics 2009, 3, 529.

C. Joshi, J. K. Jang, K. Luke, X. Ji, S. A. Miller, A. Klenner, Y. Okawachi,
M. Lipson, A. L. Gaeta, Opt. Lett. 2016, 41, 2565.

M. Karpov, H. Guo, A. Kordts, V. Brasch, M. H. P. Pfeiffer, M. Zervas,
M. Geiselmann, T. J. Kippenberg, Phys. Rev. Lett. 2016, 116, 103902.
X.Yi, Q. F. Yang, X. Zhang, K. Y. Yang, X. Li, K. Vahala, Nat. Commun.
2017, 8, 1.

J. R. Stone, T. C. Briles, T. E. Drake, D. T. Spencer, D. R. Carlson, S. A.
Diddams, S. B. Papp, Phys. Rev. Lett. 2018, 121, 63902.

W. Weng, E. Lucas, G. Lihachev, V. E. Lobanov, H. Guo, M. L. Gorodet-
sky, T. ). Kippenberg, Phys. Rev. Lett. 2019, 122, 013902.

T. M. Fortier, F. Quinlan, C. W. Nelson, A. Hati, Y. Fu, J. C. Campbell,
S. A. Diddams, Opt. Lett. 2013, 38, 1712.
https://doi.org/10.5281/zenodo.5536992 (accessed: March, 2021).

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.lpr-journal.org
https://doi.org/10.5281/zenodo.5536992

