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Abstract. Kerr frequency combs have been attracting significant interest due to their rich physics and broad
applications in metrology, microwave photonics, and telecommunications. In this review, we first introduce the
fundamental physics, master equations, simulation methods, and dynamic process of Kerr frequency combs.
We then analyze the most promising material platform for realizing Kerr frequency combs—silicon nitride on
insulator (SNOI) in comparison with other material platforms. Moreover, we discuss the fabrication methods,
process optimization as well as tuning and measurement schemes of SNOI-based Kerr frequency combs.
Furthermore, we highlight several emerging applications of Kerr frequency combs in metrology, including
spectroscopy, ranging, and timing. Finally, we summarize this review and envision the future development
of chip-scale Kerr frequency combs from the viewpoint of theory, material platforms, and tuning methods.
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1 Introduction
As one of the most fundamental technologies, metrology has
been widely used in daily life, defense, healthcare, astronomy,
and fundamental science. Conventional metrology methods
such as atomic clocks usually involve complicated and bulky
systems for a particular measurement target. Utilizations of
frequency combs in metrology enable simple, compact, and
multifunctional instruments. Figure 1 shows applications of
microcombs in ultrafast ranging, astronomical spectrograph
calibration, spectroscopy, timing, communications, and ultralow
noise frequency synthesis.1–6 Frequency combs refer to a series
of equally spaced spectral lines in the frequency domain,
corresponding to a series of equally spaced pulses in the time
domain. Kerr frequency combs can be described by the comb
equation with the help of the Fourier series:7

EðtÞ ¼ AðtÞeiωt ¼
XNj

N¼Ni

ANeiωNt; (1)

where ωN is the angular frequency of one of the modes in the
comb pulses and N is the mode number corresponding to ωN .
Assuming the radius of the microresonator is R, the round-trip
time is τ ¼ 2πngR

c , where ng is the group index. In the comb gen-
eration process, it is ideal to achieve a steady state, such as a
single soliton state, in which there is only one pulse in a round
trip and there is only one pulse coupling out in one round trip.
Hence, the time interval of the impulse sequence coupling out of
the resonator is equal to the round-trip time, corresponding to
the repetition rate fr ¼ 1

τ ¼ c
2πngR

. The repetition rate is equal to

the free spectral range (FSR) of the microresonator. However,
the frequency of the cavity modes is not necessary for the in-
teger times of fr. To lock the cavity modes, we also need the
offset frequency f0 to determine the cavity mode frequency fN :

fN ¼ f0 þ Nfr; (2)

which is the comb equation and fN ¼ ωN
2π , where ωN is the

angular frequency in Eq. (1). Additionally, f0 is related to the
carrier-envelope offset phase φceo, which is used to characterize
the phase locking:

*Address all correspondence to Yang Li, yli9003@mail.tsinghua.edu.cn; Benfeng
Bai, baibenfeng@tsinghua.edu.cn; Hongbo Sun, hbsun@tsinghua.edu.cn

Review Article

Advanced Photonics 064001-1 Nov∕Dec 2022 • Vol. 4(6)

https://doi.org/10.1117/1.AP.4.6.064001
https://doi.org/10.1117/1.AP.4.6.064001
https://doi.org/10.1117/1.AP.4.6.064001
https://doi.org/10.1117/1.AP.4.6.064001
https://doi.org/10.1117/1.AP.4.6.064001
https://doi.org/10.1117/1.AP.4.6.064001
mailto:yli9003@mail.tsinghua.edu.cn
mailto:yli9003@mail.tsinghua.edu.cn
mailto:yli9003@mail.tsinghua.edu.cn
mailto:yli9003@mail.tsinghua.edu.cn
mailto:baibenfeng@tsinghua.edu.cn
mailto:hbsun@tsinghua.edu.cn


f0 ¼
1

2π

dφceo

dt
: (3)

This basic knowledge is applicable to all types of Kerr
frequency combs including mode-locked lasers, fiber-based
frequency combs, and microcavity-based frequency combs.

In recent years, the fast development of chip-scale frequency
combs leads to the miniaturization of metrology instruments.
Among these dissipative Kerr frequency combs stand out be-
cause its soliton states have an ultralow phase noise.8 For exam-
ple, microcomb-based microwave synthesis can realize a much
lower noise level than that based on a Brillouin oscillator.9,10 The
combs’ nonlinear dynamic evolution and stabilization process
can be well described by the Lgiato–Lefever equation (LLE).11

Moreover, mode-crossing induced spectrum jump and broaden-
ing can help us in designing better cavities.12,13 The development
of material platforms and fabrication techniques facilitates a
low-power pump.14,15 Arising new tuning methods enables us
to simply access the soliton states.16 Chip-scale turnkey soliton
combs pumped by a DFB laser were achieved recently,17 paving
the avenue of integrating various metrology instruments in a
cellphone chip.

This review is organized as follows. Section 2 focuses on
the underlying physics and LLE-based simulations of Kerr fre-
quency combs. Section 3 introduces the material platforms and
fabrication techniques. The Damascene process is emphasized
because it dramatically reduces losses and cracks induced by
stress. Section 4 presents the measurement setups and tuning

methods. To access the soliton states easily, the dynamic tuning
process in balancing the thermal effect and the nonlinearity is
introduced in detail. Section 5 illustrates the applications of Kerr
frequency combs in spectroscopy, ranging, and timing. Finally,
we summarize this review and envision the future development
of silicon nitride-based Kerr frequency combs.

2 Theory
A frequency comb is a series of equidistant discrete spectral
lines in the frequency domain, corresponding to a train of pulses
in the time domain. It can be well described and predicted by
the LLE, which was proposed in 198718 to describe the pattern
formation in nonlinear optics. After 20 years, Del’Haye et al.19
demonstrated the first Kerr frequency comb using a continuous
wave (CW) pump in a silica toroidal microcavity. In 2016,
Brasch et al.13 realized two-third of an octave by using soliton-
induced Cherenkov radiation, and in the following year, Li
et al.20 achieved octave-spanning combs on the silicon nitride
platform. At present, microresonators are attracting a lot of in-
terest in the community of frequency combs. Along with the
development of microresonator-based frequency combs, LLE
evolved from the original form to the common style,11,21–27 be-
coming a powerful tool to describe and predict the light-micro-
resonator interaction. This section first briefly introduces the
generation of frequency combs from the physical point of view.
Then, the mathematical description and solutions are given.
Finally, an example is given to interpret how to couple a sys-
tem’s unneglectable side effects with LLE.

Fig. 1 Chip-scale frequency comb and its applications. (a) Under a continuous wave (CW) pump,
a microring resonator generates a Kerr frequency comb. (b) Dual-comb for ultrafast ranging.
© 2018 American Association for the Advancement of Science (AAAS). (c) Kerr frequency comb
for astronomical spectrograph calibration. © 2019 Nature Publishing Group. (d) Dual-comb spec-
troscopy. © 2014 Nature Publishing Group. (e) Two interlocked combs for timing. © 2019 Optica
Publishing Group. (f) Frequency combs for communications. © 2017 Nature Publishing Group.
(g) Frequency combs for ultralow noise frequency synthesis. © 2018 Nature Publishing Group.
Reproduced with permission.1–6
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2.1 Generation of Combs

The response of a material to the applied light wave can be char-
acterized by the dielectric tensor when the magnetic response is
neglectable. In the dielectric tensor, each element ϵij represents
the effect of the electric field in the i direction on the material in
the j direction. If ϵij is a complex number, its imaginary part
represents the gain or loss of the material. Furthermore, the
higher-order nonlinear tensors can be added to consider the
nonlinear response of the material to in turn better model
the interaction process.

Any electromagnetic phenomenon is governed by Maxwell
equations. If we neglect the magnetic response, an applied har-
monic electrical field induces the polarization of the material in
which the electric dipoles are aligned with the direction of the
applied electric field. Because different materials have different
intrinsic oscillation frequencies, dipoles cannot follow the
applied electrical field at all frequencies, leading to dispersion.
Therefore, the elements in the dielectric tensor ϵðωÞij are eigen
functions of frequency. Because the polarization process indu-
ces both linear and nonlinear responses, the polarization can be
expanded according to the Taylor series, leading to the nonlinear
polarization tensor.

The nonlinear polarization term can be treated as a perturba-
tion due to the fact that the nonlinear coefficient is much smaller
than the linear coefficient. Because polarization is the eigen
function in the frequency domain, the effect of polarization can
be expressed in epsilon in the form of ϵðr;ω; kEk2Þ. Using the
model expansion approach and normalization condition, we can
derive the coupled mode equations from the passive Maxwell
equations:25,28,29

∂aμ
∂τ ¼−ð1þiζμÞaμþi

X
μ0<μ″

ð2−δμ0μ″Þaμ0aμ″a�μ0þμ0−μþδ0μf; (4)

where aμ is the normalized slowly varying amplitude of the
mode at ωμ, f is the normalized pump power, and ζμ is the de-
tuning factor. This coupled mode equation can be the governing
equation for the Kerr frequency comb generation process with
several modes.30 Although it is difficult to solve this equation
analytically, the numerical simulations can provide satisfactory
solutions, showing a good agreement with the experimental re-
sults. Numerical simulations can give solutions to the threshold
problem and generation of primary combs. However, because
the computation time increases cubically with the number of
modes,29 the numerical simulation is not efficient in dealing with
a large number of modes interacting with each other.

From the viewpoint of physics, the comb generation requires
the balance between nonlinearity and dispersion as well as the
balance between gain and loss.31 The nonlinearity gives rise to
all the comb lines except the pump while the dispersion limits
the span of the comb spectrum. From the engineering point of
view, we need a microcavity whose internal boundary can in-
duce constructive interference of multiple round trips of light.
This cavity’s geometry can be a sphere, a cylinder, a toroid, a
wedge, a disk, a ring, or any other circular shape. Then, we need
to couple a pump light into the microcavity and couple out the
generated comb. Usually, evanescent coupling is achieved with
a prism,32,33 fiber,34,35 and waveguide.36,37 To achieve critical cou-
pling, we need to optimize the structural parameters.38 Inside
the microresonator, we need to satisfy the conditions of phase
matching and low loss. The total losses Qtot include material

loss, scattering loss, and coupling loss. Once the intracavity
power exceeds a certain threshold, we can observe the nonlinear
response. The conservation of energy and momentum of a Kerr
nonlinear process can be expressed as

ℏω1 þ ℏω2 ¼ ℏω3 þ ℏω4; (5)

ℏk1 þ ℏk2 ¼ ℏk3 þ ℏk4: (6)

Due to the dispersion, it is challenging to achieve the
conservations of both energy and momentum simultaneously
over the entire comb spectrum. For the resonant modes of
the microcavity, the conservation of momentum is always
satisfied:39

mλ ¼ 2πRnðλÞ; (7)

k ¼ 2πnðλÞ
λ

¼ m
R
: (8)

As long as the mode number satisfies nþm ¼ qþ p, the
momentum is conserved. On the other hand, the mode
frequency

ω ¼ 2πc
λ

¼ mc
nðλÞR (9)

is determined by the dispersion, the thermal effect nðλ; TÞ, and
the nonlinear refractive index n ¼ n0 þ n2I. Considering all
these effects, the comb lines are not exactly equally spaced.
Without considering the high-order dispersion terms, it is rea-
sonable to approximate all the comb lines with an equal spacing
using the perturbation approximation.

After the satisfaction of the following conditions: light cou-
pling to the resonant mode of the cavity, the intracavity power
exceeding the threshold, and the phase matching condition, non-
linear effects govern the physical process with dispersion, lead-
ing to the degenerate four-wave mixing (FWM) process. In this
process, two photons with the same frequency ω0 transfer to
another two photons with different frequencies ω1 and ω2, sat-
isfying 2ω0 ¼ ω1 þ ω2 (Fig. 2). Here, ω0 is the pump frequency
while the seed frequencies ω1 and ω2 are determined by the vac-
uum fluctuation. FWM results in the redistribution of energy
from the pump mode to the two primary sidemodes. When this
process reaches a certain threshold, the cascaded FWM process
appears. In this process, any two of the pump mode and two
sidemodes with frequencies ωm and ωn transfer to another
two modes with frequencies ωp and ωq, satisfying ωm þ ωn ¼
ωp þ ωq in which the frequencies ωp and ωq are determined by
the vacuum fluctuation. This process cascades until reaching
an equilibrium state, generating all the resonant modes of the
cavity—the comb lines. For non-resonant modes, even if they
are generated by the cascaded FWM process, they will disap-
pear quickly because of the phase mismatching.

The microcavity-based Kerr frequency combs require the
anomalous dispersion to broaden the comb spectrum range,
which is limited by the contraction of pulses due to nonlinearity.
In a microcavity, dispersion of the waveguide is determined not
only by the material dispersion but also by the mode dispersion,
coupling dispersion, and bending dispersion. An ideal material
for microcavity-based Kerr frequency combs needs to meet the

Sun et al.: Silicon nitride-based Kerr frequency combs and applications in metrology

Advanced Photonics 064001-3 Nov∕Dec 2022 • Vol. 4(6)



following conditions. First, the material needs to show low ab-
sorption losses in the comb spectrum to achieve an ultrahigh Q.
Second, the material’s laser damage threshold needs to be
higher than the threshold for generating the Kerr frequency
comb. Third, the material needs to show anomalous dispersion
in the comb spectral regime. With such a material, an ultrahigh
Q can be achieved by improving the manufacturing techniques.
We usually select inorganic materials to provide a higher
laser damage threshold. Furthermore, the flat dispersion regime
of the material can be used to achieve anomalous modal
dispersion via structural engineering of the waveguide,41,42 in-
creasing the total anomalous dispersion regime of the wave-
guide. Figure 3 illustrates the dispersion engineering with
different parameters. Through structural optimization, the
anomalous dispersion range can be broadened. Moreover, when
high-order dispersion engineering is introduced, an octave comb
can even be achieved.

Normal dispersion can also support the Kerr comb genera-
tion. Compared with anomalous dispersion, normal dispersion
can only support dark solitons with the opposite chirp to balance
the dispersion and nonlinearity. In the dark soliton case, the
combs are related to interlocked switching waves between
two homogeneous states.44 Recently, normal dispersion combs
were used in soliton spectrum broadening via cross-phase
modulation.45 Compared with combs generated in the anoma-
lous dispersion regime, the comb existing area is much smaller
in the normal dispersion regime (Fig. 4).

This review focuses on the anomalous dispersion case, in
which the comb spectra only appear in the anomalous region.
To obtain a broader spectrum, a wider anomalous dispersion re-
gion is desired. For a given material, we can engineer the geo-
metric parameters of the waveguide’s cross section to achieve
the desired anomalous modal dispersion. Additionally, the total
dispersion can be further adjusted by engineering the ring
curvature, coupling distance, and crossing between different
modes.

2.2 LLE and Solutions

Although coupled wave equations can predict the experimental
results via numerical simulations using an adaptive stepsize
Runge–Kutta integrator, the efficiency is not very high, espe-
cially for multimode cases. On the other hand, LLE can describe
Kerr frequency combs. Chembo et al.11 demonstrated that
coupled wave equations are equivalent to a variant of LLE.
Compared with coupled wave equations, LLE has a more con-
cise formalization and a faster solving speed because of utilizing
a split-step Fourier transform (SSFT). It was first proposed by
Lugiato and Lefever18 to describe the spontaneously formed
stationary spatial dissipative structure in the nonlinear optical
field, just like Turing patterns in zoology.47 After over 30 years
of development, LLE can be presented in the form of a driven,
detuned, and damped nonlinear Schrodinger equation (NLS).48

The typical LLE for Kerr frequency combs is11,24,49

∂E
∂t ¼ −ð1þ iαÞEþ ijEj2E − i

β

2

∂2E
∂θ2 þ F: (10)

In this expression, E is the normalized intracavity field
envelope; F is the normalized input field amplitude; the azimuth
angular variable θ is defined as θ ¼ z

R ∈ ð−π; π�, where R is the
radius of the cavity, z is propagation direction along which there
is a periodic boundary condition; α is the detuning parameter
and can be expressed as α ¼ −2Q0

Ω0−ω0

ω0
, where Q0 is the

loaded quality factor for mode frequency ω0, Ω0 is the input
field frequency, and ω0 is the resonant mode frequency the clos-
est to Ω0; β is the dispersion parameter and can be expressed as

β ¼ 2Q0c
ω0R2

∂vg
∂ω jω¼ω0

, where vg is the group velocity and c is the
speed of light in a vacuum. All the amplitude terms can be in-
terpreted as photon numbers after normalization with respect to
ℏω. LLE’s analytical solution is available in the case of zero
dispersion50 and an approximate solution can be found by using
the Lagrangian perturbation approach.51,52 Solving LLE numeri-
cally by using an FFT can give an accurate solution with an
efficiency much higher than that of solving coupled mode equa-
tions by using an R–K integral.

To numerically solve Eq. (13), we define the differential op-
erator D̂ and nonlinear operator N̂:

D̂ ¼ −
�
1þ i

β

2

∂2

∂θ2
�
; (11)

N̂ ¼ ijEj2 − iα: (12)

Combining with the split-step Fourier method and R–K
integration, we can easily derive53

EðT; θÞ ¼
�
FT−1

h
Ẽðt0Þeh

2D̂
i
þ h

2
F

�
e
h
2N̂ : (13)

With such a solution, we can simulate the physical process in
both dynamic and stable states and in turn tune the parameters to
optimize the results.11,26,46

In addition to the numerical simulation, an analytical soliton
solution can also be derived from LLE. Treating the pump
and dissipation as perturbations, via the Lagrangian variation

Fig. 2 The generation process of Kerr frequency combs. When
the pump power couples into the resonator, the primary comb
lines arise by MI first. Along the tuning process, cascaded FWM
is generated, resulting in more comb lines. Finally, the comb
is formed after further tuning. © 2016 De Gruyter. Reproduced
with permission.40
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Fig. 4 Simulations and steady solutions of LLE with the corresponding experimental results.
(a) Experimental (top) and simulation (bottom) results under different detuning. © 2015 John
Wiley & Sons. Steady curves in the (b) anomalous and (c) normal dispersion regions. © 2014
American Physical Society (APS). Reproduced with permission.26,46

Fig. 3 Dispersion engineering broadens the comb spectrum. (a) The anomalous dispersion re-
gimes correspond to waveguides with different cross-section dimensions. (b) Dispersive waves
induce spectrum broadening. (c) Dispersive waves of waveguides with different cross-section
dimensions. © 2017 Optica Publishing Group. Reproduced with permission.43
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method,25,54 a dissipated Kerr cavity soliton solution can be
derived as follows:55

Ecavity ¼ B sech
ϕ

ϕτ
eiϕ − if

δω
; (14)

where Ecavity is the overall optical field in the cavity, B is the
soliton amplitude, ϕτ is the pulse width in the ϕ coordinate,
f is the pump power, and δω is the cavity-laser detuning.

Based on LLE, we can easily predict the performance of Kerr
frequency comb with the dispersion management of the micro-
resonator. Figure 4(a) depicts the simulation results of LLE,
showing good agreement with the corresponding experimental
results. However, even when we have the ideal dispersion curve,
we still need to tune the pump laser parameters to generate the
comb. Chembo et al. extensively studied the dynamic and steady
states of frequency combs,11,28,29 presenting a concise and intui-
tive diagram for understanding the effect of different parame-
ters. Figures 4(b) and 4(c) show various comb-state areas in
F2 − α parameter space with anomalous and normal disper-
sions, respectively. In the anomalous dispersion regime, for a
certain pump power when the pump frequency is tuned from
blue detuning to red detuning relative to the resonant frequency
of the microresonator (Sec. 4.1), the states of the microresonator
will change from Turing rolls to chaos and then to solitons or
from Turing rolls to solitons. This theoretical prediction agrees
well with the experimental results. In the normal dispersion
regime, with different pump laser parameters and tuning proc-
esses, we can get the Turing patterns, breathers, and dark
soliton states. Thus, we could easily obtain the tuning param-
eters from the diagram to achieve the desired comb states
(Fig. 4).

2.3 Coupling with Other Equations

Based on the discussion of the basic governing parameters and
their effects, we can have an intuitive understanding of the
physical process relative to the different parameters of the mi-
crocavity-based Kerr frequency comb. To consider the effect of
other parameters, such as cross modulation of different modes,
second-order nonlinearity, and temperature, on the comb’s evo-
lution process, we take the turnkey soliton combs simulation17

as an example to show the detailed process. Compared with
coupled mode equations that can simply add the effect terms
to the equations, it is more complicated for LLE to consider
other effects because of the re-derivation of LLE and coupling
of LLE with other equations.

For the light coupling from the waveguide to the microreso-
nator and back to the waveguide again, it will be ideal that light
only propagate in the forward direction. However, in practice,
light propagates in both clockwise and anticlockwise directions
in the resonator. If an optical insulator is used in-between the
microresonator and the pump laser, the back propagating wave
will not affect the laser. On the other hand, the back scattering
waves interfere with the generated combs, leading to more sta-
ble soliton combs. To determine the back scattering wave am-
plitude and feedback phase, we couple LLE with another two
equations as follows:

∂As

∂t ¼ − κ

2
As − iδωAs þ i

D2

2

∂2As

∂θ2 þ i
κ

2

jAsj2 þ 2jABj2
Eth

As

þ iβ
κ

2
AB − ffiffiffiffiffiffiffiffiffiffi

κRκL
p

eiϕBAL; (15)

dAB

dt
¼ − κ

2
AB − iδωAB þ i

κ

2

jABj2 þ 2
R
2π
0 jAsj2dθ∕ð2πÞ
Eth

As

þ iβ
κ

2
As; (16)

dAL

dt
¼ iδωLAL − iδωAL þ gðjA2

LjÞ
2

ð1þ iαgÞAL

− ffiffiffiffiffiffiffiffiffiffi
κRκL

p
eiϕBAB. (17)

With the normalization condition and a reasonable approxima-
tion that the light traveling time in the resonator is the same as
that before coupling to the resonator, Eqs. (21)–(23) can be
simplified to LLE formalism as follows:

∂ψ
∂τ ¼ −ð1þ iαÞψ þ i

D2

κ

∂2ψ

∂θ2 þ iðjψ j2 þ 2jρBj2Þψ
þ iβ�ρB þ zF; (18)

dρB
dτ

¼ −ð1þ iα − 2iP − ijρBj2ÞρB þ iβρ; (19)

1

iz
dz
dτ

¼ αL − αþ K Im

�
eiϕ

ρB
iβzF

�
; jzj ¼ 1; (20)

where ψ is the normalized soliton field amplitude, ρB is the nor-
malized backscattering amplitude, z is the pump phase variable,
τ is the normalized evolution time, ρ is the average of ψ , and P is
the total intracavity power; other parameters can be set accord-
ing to the particular experiment. Equation (25) is similar to LLE
and can be solved by a split-step Fourier transform as well. For
more details, readers can refer to the Supplementary Material
of Ref. 17.

The coupled LLEs can help us to explore the following com-
plex phenomena in generating Kerr frequency combs: jumping
in each shape spectrum induced by avoiding mode crossing,12

spectrum broadening induced by dispersive wave,13,43 influence
of second-order nonlinearity,56 combs generated by cross-phase
modulation (XPM),45,57,58 soliton crystals,59–63 self-injection
locking.64,65 All these fascinating phenomena can be well
explained and predicted by coupled LLEs.

3 Selection of Materials and Fabrication
To explore the rich physics and potential applications of Kerr
frequency combs, they have been realized based on many differ-
ent material platforms in various structures. In general, crystal-
line resonators made of low-index materials such as fluoride
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usually use air as cladding to confine light. Crystalline resona-
tors are fabricated by polishing and reflow process,66 showingQ
factors as high as 109 (Table 1). However, crystalline resonators
typically have large sizes and hence can support several modes,
making the excitation of a certain mode difficult. Microdisk res-
onators also use air as cladding, showing Q factors as high as
108. Microdisk resonators’ floating structures that are fabricated
by wet etching usually show poor stability.90,91 Furthermore,
it is challenging to couple to floating structures. Compared with
crystalline resonators and microdisk resonators, microring res-
onators can be fabricated by using a standard planar process92

with silicon dioxide as cladding, showing slightly lower Q fac-
tors (Table 1). Without the floating waveguide coupling, micro-
ring resonators can seamlessly couple to integrated photonics,
enabling numerous applications in integrated photonics.

3.1 Potential Materials

As an ideal material to generate frequency combs, silicon nitride
has a wide transparent window and anomalous dispersion
regime that can be adjusted from the visible to midinfrared.
Compared with other alternative materials such as lithium nio-
bate and aluminum nitride, silicon nitride shows a more mature
fabrication technique even though it does not have an electro-
optic coefficient for fast soliton locking and frequency modula-
tion. Compared with silicon oxynitride, silicon nitride has a
broader transparent window, a flatter dispersion, and a larger
mode volume, leading to a wider anomalous dispersion regime
and a smaller size. Moreover, silicon nitride has many other
attractive properties including ultrahigh hardness, excellent anti-
corrosive quality, high temperature resistance, and chemical
stability.

Silicon nitride was first used to achieve a low-loss waveguide
in 198793 and then has been used to realize microring resonators
with Q factors up to 16 million,17 leading to Kerr frequency
combs. Early works focus on the high-quality thin film with

stoichiometric Si3N4. Such a film is deposited by using
low-pressure chemical vapor deposition (LPCVD) and has a
high tensile stress exceeding 1 GPa, resulting in cracks spread-
ing over the wafer.94 These cracks could reduce the yield of
devices drastically. Subsequently, plasma enhanced chemical
vapor deposition (PECVD)95 and silicon-rich silicon nitride96

were used to decrease the stress. The PECVD introduces
residual hydrogen, resulting in a lower Q factor. Then, crack
block structure94 and stress release structure97 were realized.
Most recently, the photonic Damascene process with preform
and reflow was used to balance the stress and hence achieve
crack elimination and ultrahigh Q factors simultaneously,14

paving the avenue of silicon-nitride nonlinear devices toward
industry applications.

3.2 Fabrication Methods

Stoichiometric silicon nitride with a low content of hydrogen is
an ideal material platform to realize octave frequency combs
ranging from the visible to midinfrared.20 The film is deposited
in an LPCVD oven at around 800°C and 0.1 mTorr.98

Commonly used gases are dichlorosilane and ammonia via
the reaction 3SiH2Cl2ðgÞ þ 4NH3ðgÞ → Si3N4ðsÞ þ 6HClðgÞþ
6H2ðgÞ with or without nitrogen as the carrier gas. The multiple
steps of deposition can achieve a stoichiometric silicon nitride
film with a thickness of around 1 μm.98 Once the silicon-nitride
film with the desired thickness is obtained, patterns can be made
by spin coating, exposing, developing, etching, and finally de-
posing a silicon-dioxide cladding for protection (Fig. 5). During
the etching process, fluorine gases are used. By adjusting the
proportion of carbon, hydrogen, oxygen, and fluorine with or
without a pause, which is determined by the etching rate and
time, satisfactory results can be obtained. However, the etching
process usually results in the periodic streaks, increasing the
scattering loss and hence reducing the quality factor. Even
though the reflow process is used, the stripe fluctuation still ex-
ists. In the process of the cladding deposition, bubbles may ap-
pear in the coupling gap,14 introducing a jump of the refractive
index to in turn affect the coupling [Fig. 5(a)].

Subtractive process is a standard micro-nano fabrication
technique. It first deposits a thick layer of Si3N4 on a substrate.
During this deposition process, the multistep method and stress-
releasing trenches are commonly used to prevent the crack
generation.94 After each deposition step, an annealing process
is implemented to remove the residual hydrogen.100 Then, the
structures are patterned in resist and transferred to the Si3N4

layer by reactive ion etching (RIE). Finally, a SiO2 cladding
layer is deposited by high temperature oxide (HTO), PECVD
or TEOS.101,102 These different processes have distinct perfor-
mances in filling narrow gaps [Fig. 5(c)]. An annealing process
can be used to densify the cladding layer. To obtain an ultrahigh
Q factor, the subtractive process has to be optimized in the
following ways. Multipass lithography,103,104 resist annealing,99

and better etch recipe104 can be used to reduce the sidewall
roughness. Chemical mechanical polishing (CMP) can be used
to acquire an ultrasmooth surface.100 To date, the subtractive pro-
cess achieved a microresonator with a 3.7 × 107 Q factor for
soliton generation.104

The photonic Damascene process significantly increases the
quality of silicon-nitride Kerr frequency combs. Damascene
structures are fabricated with the reflow and CMP process to
obtain an ultrasmooth sidewall and surface, decreasing the

Table 1 Different materials for generating Kerr frequency combs.

Material Refractive index n2 (m2 W−1) Q factor

MgF2
67–69 1.37 ð7 − 9Þ × 10−21 1 × 109

CaF2
70–72 1.43 1.2 × 10−20 1 × 1011

BaF2
73 1.47 2.85 × 10−20 5 × 108

SrF2
74 1.43 1.76 × 10−20 1 × 109

Silica16,66,75 1.45 3 × 10−20 6.7 × 108

Hydex76 1.7 1.15 × 10−19 1 × 106

SiOxNy
77 1.5 1.3 × 108

SiOxCy
76,78 1.7 1.15 × 10−19 1.2 × 106

Si3N4
79 2.0 2.5 × 10−19 3.7 × 107

Diamond80 2.38 1.3 × 10−19 1 × 106

Silicon81,82 3.47 5 × 10−18 5.9 × 105

Ta2O5
83 2.05 6.2 × 10−19 3.2 × 106

AlN84 2.12 2.3 × 10−19 9.3 × 105

LiNbO3
85–87 2.21 1.8 × 10−19 2.2 × 106

AlGaAs88,89 3.3 2.7 × 10−17 1.5 × 106

GaP41 3.05 7.8 × 10−19 3 × 105
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scattering loss and increasing theQ factor dramatically. Inspired
by the additive patterning process, the Damascene process first
fabricates the pattern grooves by lithography and etching,
followed by the reflow process to smooth the sidewall,99

and then deposits the stoichiometric silicon nitride to form
the waveguide [Fig. 5(b)]. Distinct from depositing on flat sur-
faces, the top surface of the stoichiometric silicon nitride shows
sags and crests with groove deposition. So, fumed SiO2 particle
slurry-based CMP is used to obtain a smooth surface. Both the
subtractive and Damascene processes can acquire ultrahigh Q
factors beyond 107,104–106 while the Damascene process can pro-
vide a better control of stress and a higher yield,105 enabling vari-
ous applications of silicon nitride-based Kerr frequency
combs.

4 Measurement Equipment and Access to
Soliton

To generate a Kerr frequency comb, we need a dynamic tuning
process—adjusting the frequency of a pump laser from blue
detuning to red detuning relative to the resonant frequency of
the cavity in the consideration of the thermal effect.25,107 During
the tuning process, various states will occur with different
properties.108,109 After generating the soliton comb, the stabiliza-
tion of the repetition rate and offset frequency is challenging
as well. Distinct from the modulation instability (MI) combs
whose comb lines’ phases are unstable to each other, resulting
in a high phase noise, the soliton state indicates that all the comb
lines’ phases vary as a function of time in the same rate, result-
ing in a low phase noise (Fig. 6). That is, the output of soliton
state is a train of pulses; however, that of MI is not. In this sec-
tion, we discuss the typical measurement setups and stabiliza-
tion methods for Kerr frequency combs.

4.1 Measurement Setups

Similar to a femtosecond laser, a Kerr frequency comb in the
soliton state is a train of pulses in the time domain, and a series
of equally spaced spectral lines in the frequency domain. To
characterize the features of Kerr frequency combs in both time
domain and frequency domain, we need to conduct a series of
measurements.

First, we need to measure the transmitted power by using two
photodetectors and an oscilloscope. The output fiber from the
microcavity connects to a power splitter whose outputs connect
to a photodetector and a fiber Bragg grating to filter out the
pump, respectively [Fig. 7(II)]. Hence, the variation of the total
power and the power generated by nonlinear gain can be ob-
served in the oscilloscope. When we turn the pump wavelength
from wavelengths shorter than the resonance to that longer than
the resonance, the output power will decrease first due to the fact
that more power couples to the microcavity at the resonance.
When the pump wavelength passes through the resonance peak,
the output power will increase. This is a typical phenomenon in
the weak pump regime.

To generate the nonlinear response, the pump must be above
a threshold considering the thermal effect in the microcavity.
Before the pump wavelength reaches the resonance peak, more
power couples to the resonator, heating the resonator and in turn
resulting in the redshift of the resonance peak. Such a regime is
called thermally stable region because both the pump and res-
onance peak move toward longer wavelengths. In this region,
MI combs and the breather state usually appear. Once the pump
wavelength crosses the resonance peak, the power coupling to
the resonator decreases, resulting in the cooling of the resonator
and hence the blueshift of the resonant wavelength. This region
is called thermally unstable region in which soliton state appears
(Fig. 6). The soliton state is featured by several consecutive

Fig. 5 Different fabrication methods for SiN microrings. (a) Subtractive process. (b) Photonic
Damascene process. (c) Formation of cracks and bubbles. (d) Comparison between the devices
fabricated by (a) (left) and (b) (right). © 2018 IEEE. (e) Analysis of sidewall roughness with and
without the reflow technique. © 2018 Optica Publishing Group. Reproduced with permission.14,99
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“steps” that include multi-soliton states and single soliton state.
If multisoliton states appear, we can always reach a single sol-
iton state by further tuning. However, because the pump wave-
length and resonant wavelength shift in opposite directions in
the thermally unstable regime, it is very challenging to reach
the soliton state. In many cases, the measurement result shows
the thermal triangle shape resonance peak [inset of Fig. 6(a)].

To measure the spectral features of different comb states, we
can split one fiber from the output to an optical spectrum ana-
lyzer (OSA) [Fig. 7(I)]. To observe the optical phase properties,
we can obtain the RF beat signal by using a local oscillator (LO)
and an electrical spectrum analyzer (ESA) [Fig. 7(III)]. As
shown in Fig. 6(c), in the tuning process, an MI comb appears
first with a high phase noise corresponding to the random phases
between different comb lines. Such a noise is chaotic along the
tuning process until reaching the soliton states. In this process,
the breath state may appear or not, depending on the relationship
between the pump power and detuning. Further careful tuning
leads to the soliton states in which the RF beat signal shows an
extremely narrow bandwidth [Fig. 6(c)], indicating a tiny optical
phase noise as well as stable phases of different comb lines. At

the soliton states, the output light of the microcavity is a series of
femtosecond pulses. To characterize these pulses in the time do-
main, we need either an autocorrelation or frequency-resolved
optical grating (FROG) experiment [Fig. 7(IV)]. Compared to
autocorrelation, the FROG experiment can provide more infor-
mation about the pulses such as the phase of the carrier wave.25

By detecting in both the time and frequency domains, we can
clearly observe the evolution of the comb along which the pulse
width, repetition rate, and RF linewidth can be characterized for
further applications. However, it is still challenging to access the
soliton state via simple tuning methods.

4.2 Accessing Soliton State

Measurement of the dispersion and Q factor is necessary for
comb generation. On one hand, this measurement can check
the design and fabrication. On the other hand, evaluating the
quality of the microresonator and searching for the tuning region
are the basics for further measurement. A conventional setup is
shown in Fig. 8(a). Light from the tunable continuous wave
(CW) laser couples into the device. The output wave divides

Fig. 6 Measurement setups for Kerr frequency combs. I, OSA for spectrum measurement; II,
oscilloscope for transmission power monitoring; III, ESA for RF noise monitoring; IV, auto corre-
lation or FROG for pulse measurement.

Fig. 7 Characteristics of Kerr frequency combs. (a) Transmission spectrum along the tuning of the
pump laser. (b) Spectra corresponding to different regions in (a). (c) RF noise spectra correspond-
ing to different regions in (a). © 2014 Nature Publishing Group. Reproduced with permission.25
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into three paths: one connects to a photodetector for monitoring
the transmitted power, one connects to a Mach–Zehnder inter-
ferometer (MZI) followed by a photodetector, and the last one
connects to an atomic vapor cell followed by a photodetector.
The MZI is used as a ruler and the atomic vapor cell is used to
calibrate the wavelength [Fig. 8(b)]. As another simpler scheme,
a low repetition-rate fiber comb can be used to directly calibrate
the pump laser with a high precision [Fig. 8(aI)]. Such a fiber
comb can measure the Q factor and dispersion that induces the
nonuniform FSR. This measurement is based on the relation13

ωμ ¼ ω0 þ
X
j¼1

Djμ
j

j!
; (21)

where ω0 is the resonant frequency and μ ∈ Z is the relative
mode number.D1∕2π is the FSR andD2 ¼ −ðc∕nÞD2

1β2 relates
to the group velocity dispersion (GVD), and D3; D4… relate to
the higher-order dispersion. Conventionally,D2 is obtained via a
two-order fitting, determining the anomalous dispersion regime.
Using a higher-order fitting, dispersive wave and other interest-
ing phenomena may arise, leading to a deeper understanding
and a better design.

To generate the comb after measuring the dispersion and res-
onant frequency, we first tune the pump laser wavelength to the
expected resonant peak. Then, we increase the pump power
above the threshold. Finally, we tune the laser wavelength
from the blue detuning regime to the red detuning regime of
the resonant peak. Due to the thermal effect, it is very challeng-
ing to access the soliton states. Many schemes have been pro-
posed to overcome the thermal effects. One direct method is
accelerating the tuning speed of the pump laser so that we can
access the soliton states before the cavity cools down.109,110 A
similar method is tuning the pump power and wavelength
simultaneously.111 Once the pump wavelength crosses the reso-
nant wavelength, we increase the pump power to heat up the
microcavity, leading to soliton states. Another method uses
two pump lasers for pump and temperature control,16,108,112

respectively. The wavelength of one laser is tuned from blue
detuning to red detuning relative to the resonant frequency while
that of the auxiliary light is fixed, leading to a stationary total
power in the resonator and a stable temperature. In another
method, once the tuning frequency passes the resonant fre-
quency, we can immediately tune back to shorter wavelengths,

instantaneously following the movement direction of the reso-
nant frequency.113 The soliton states can even be accessed via
thermal tuning.114,115 By using a temperature control circuit to
control the temperature of the resonator, we can fix the pump
frequency at a wavelength shorter than the resonant frequency
and then blueshift the resonant frequency by thermal tuning,
achieving a stable soliton state. Parametric seeding116 and laser
self-injection locking64 can also be used to access the soliton
states. Finally, a turnkey soliton state can be achieved by taking
advantage of backscattering waves17 (Sec. 2.3).

For conventional tuning methods, the key point is stabilizing
the thermal effects. Furthermore, using auxiliary light along
with the pump can extend the soliton step significantly,108 facili-
tating the access of the soliton state. Moreover, in addition to the
thermal stabilization, auxiliary light’s different modes can also
excite XPM combs whose repetition rate is the same as that of
the main comb,45 extending the comb spectrum.45 The thermal
noise has been studied in addition to controlling the thermal
effects.117 To completely alleviate the complicated tuning pro-
cess for accessing the soliton state, we will need to improve
the quality of silicon-nitride film to realize an ultralow thermo-
optical effect.

5 Emerging Applications in Metrology
In precision metrology, noise plays an important role because it
directly determines the highest precision. For microresonator-
based Kerr frequency combs, the phase noise originates from
the pump laser drift, thermal effect, nonlinear effect, high-order
dispersion effect, and mode crossing. MI combs featuring a
high noise state are innately inappropriate for metrology, thus
making the soliton state a better choice. To minimize the influ-
ence of noise, various methods are proposed. Employing an
ultrastable pump laser10 and utilizing the self-injection locking
mechanism64,65 can decrease the influence of the pump laser line-
width. Setting the laser-cavity detuning to a quiet operation
point can balance the dispersive wave recoil and Raman self-
frequency shift, leading to a much lower phase noise.118 The noise
limitation of Kerr combs is determined by thermal fluctuation,
relative intensity noise of pump laser, and shot noise.10,118

Comb equation fN ¼ f0 þ Nfr shows that f0 also plays an
important role in metrology applications. Microcombs usually
have a large repetition rate that is difficult to be directly de-
tected. To detect and stabilize f0, the f − 2f self-reference

(a) (b)

Fig. 8 Measurement of dispersion. (a) Calibration schemes based on fiber comb (I) and MZI (II).
(b) Measurement results of MZI-based calibration scheme [(II) in (a)]; red line shows the MZI’s
interference while green line shows resonance. © 2017 Xu Yi PHD thesis. Reproduced with
permission.55
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method1,119,120 is used (f0 ¼ 2fN − f2N). An interlocking
scheme is employed to detect the repetition rate. Furthermore,
the dual comb beating method is more practical because of its
simple configuration.2,121 In this method, two combs with a small
repetition rate difference Δfr are pumped by the same laser. The
beating between those two combs can eliminate the influence of
f0’s drift and transfer fr to Δfr, making the signal stable and
easy to be detected.

In the early stage of microcavity-based Kerr frequency
combs, the community focuses on principles of genera-
tion,11,21–27 underlying physics,28,29 accessing meth-
ods,16,111,113,114,122 and fabrication techniques.14,94,97–99,123 Along
the development of Kerr frequency combs,124 the community
also explores its applications including calibration of astro-
nomical spectrographs,4,125 spectrum detection,3,126–129 ultrafast
ranging with high precision,2,121 microwave photonics,130–136

terahertz generation,137,138 telecommunications,5,5,139–142 computa-
tions,143 and quantum optics.144–154 In this section, we mainly
discuss the applications of chip-scale Kerr frequency combs in
metrology due to its significance in both fundamental science
and commercial applications.

5.1 Spectral Measurement

Applications of optical frequency combs in metrology have
been growing rapidly due to optical frequency combs’ broad
spectral range, high resolution, high sensitivity, and fast mea-
surement speed. Among these applications, the most significant
one may be dual-comb spectroscopy, which was first demon-
strated in 2004.155 Dual-comb spectroscopy uses two comb
sources with a small difference in repetition rate Δfr: comb
1 as the detecting source while comb 2 as a sampling source
(Fig. 9). When these two light beams interfere with each other
in both spatial domain and time domain, an interference pattern
is generated, enabling the detection by using a regular photo-
detector. By detecting this interference pattern with and without
the sample, we can demodulate the absorption spectrum of the
sample.

In the frequency domain, the interference between the output
spectra of two different combs results in an interferogram
[Figs. 9(b) and 9(c)]. Such a process is also known as beating,
in which two high-frequency sinusoidal waves interfere with
each other, leading to a high-frequency sinusoidal wave whose
amplitude is modulated by a low-frequency sinusoidal wave.

The low-frequency sinusoidal wave can be detected by the
photodetector whose operating bandwidth is limited in the
RF domain. That is, in the optical frequency domain, the output
spectra of the two combs are

f1N ¼ f0 þ Nfr; (22)

f2N ¼ f0 þ Nðfr þ δfrÞ: (23)

Then the output of the photodetector (usually in the RF
domain) is

fN ¼ Nδfr: (24)

The RF spectrum and the comb spectrum show one-to-one
correspondence. By detecting the RF spectra with and without
a sample, we can obtain the absorption spectrum in the RF
regime, which corresponds to the absorption spectrum in the
optical regime.

Compared with Fourier transform spectrographs, dual-comb
spectroscopy gets rid of a large-area beam splitter and a lift arm
for scanning. Despite the compactness of chip-scale dual-comb
spectrographs, a smaller comb corresponds to a larger FSR, and
results in a lower resolution. This resolution can be improved by
certain sampling and modulation that usually require a long
measurement time. Hence, chip-scale dual comb spectrographs
can be designed to either measure a certain matter by matching
the comb lines with this matter’s absorption peaks or achieve a
high resolution by increasing the measurement time. Based on
dual-comb spectroscopy, Suh et al.126 demonstrated the detec-
tion of gas molecules by testing H13CN 2υ3 band. And,
Ideguchi et al.3 showed that high-quality molecular spectra with
a resolution below the Doppler limit can be detected by using
the adaptive sample method.

5.2 Ranging and LIDAR

Frequency combs can be used for ranging via asynchronous
optical sampling.156 In theory, the spatial resolution δL of fre-
quency comb-based ranging is limited by the width of the pulse
(Tp). In practice, because the response time of photodetector
Tresp is much longer than the pulse width (Tresp ≫ Tp), the
spatial resolution is limited by Tresp. Such a limitation can be

(b) (c)(a)

Fig. 9 Dual-comb spectroscopy. (a) Schematic of dual-comb spectroscopy. (b) Time-domain
interference. (c) Beating of two frequency combs, corresponding to (b).
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circumvented by dual-comb ranging, which generates an inter-
ferogram via the beating of two combs with slightly different
repetition rates [Fig. 10(a)]. The interferogram’s low-frequency
envelope can be detected by a photodetector. The distance in-
formation can be retrieved from the low-frequency envelope —
the radio-frequency comb [Fig. 10(b)]. Dual-comb ranging can
achieve a 200-nm precision with chip-scale Kerr frequency
combs.121 In practical applications, dual-comb ranging also
needs a reference object for standardization, extraction, and
postprocessing of the interferogram as well as computing the
Allan deviation [Fig. 10(c)].

Recently, parallel LIDAR based on chip-scale Kerr combs
achieved fast development [Fig. 10(d)]. The basic principle is
frequency modulated continuous wave (FMCW). In Kerr comb
generation, the single sideband modulation imposed on a pump
is transferred to every comb line, leading to multiple channels

for distance and velocity measurement via FMCW [Fig. 10(d)].
Then, parallel LIDAR can be achieved by splitting the comb
lines to distinct directions via a diffractive optical element.157

Compared with the local oscillation signal, the corresponding
received comb line shows a phase difference and a frequency
shift, which can be used to retrieve the distance and velocity,
respectively [Fig. 10(e)]. To simplify the detection hardware,
another Kerr comb with a slightly different repetition rate can
be used to achieve a multiheterodyne detection.158 To increase
the number of comb lines for LIDAR, a chaotic Kerr comb can
be used with an auto-correlation technique.159

Compared with conventional laser ranging, which measures
either a relative distance with a high precision or an absolute
distance with a low precision, dual-comb ranging can measure
an absolute distance with a high precision. Moreover, dual-
comb ranging can achieve ultrafast measurement. Recently,

Fig. 10 Dual-comb ranging. (a) Schematic and principle of dual-comb ranging. (b) Distance mea-
sured experimentally. (c) Allan deviation of measurement. © 2018 American Association for the
Advancement of Science (AAAS). (d) Schematic of parallel LIDAR. (e) Principle of FMCW. © 2020
Nature Publishing Group. Reproduced with permission.121,157
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Kippenberg group demonstrated a dual-comb-based ultrafast
ranging with an Allan deviation down to 12 nm.2 Suh et al.121

showed a time of flight measurement with 200-nm precision
with dual chip-scale Kerr combs. Based on a chip-scale Kerr
comb, Riemensberger et al.157 achieved a frequency-modulated
continuous-wave LIDAR for distance and velocity measure-
ment at an equivalent rate of 3 megapixels per second. As
chip-scale broadband highly coherent sources, Kerr frequency
combs have a bright future in fast and precise ranging, as good
as LIDAR, enabling applications in mechanical manufacture,
autonomous vehicles, robotics, and defense industry.

5.3 Timekeeping

Considering the frequency stability of optical clocks δf
f , a higher

transition frequency will lead to an optical clock with a higher
resolution and a greater robustness against environmental
noises. Compared with atomic clocks, optical clocks have been
attracting extensive interest due to their ultrahigh frequency
stability and relatively simple structure. Frequency combs can
generate RF signals with an ultralow phase noise from optical
signals via Eq. (2), enabling ultrastable optical clocks. To
achieve optical clocks, a frequency comb’s offset frequency
needs to be locked via self-referencing, necessitating the octave
frequency comb. However, it is challenging to achieve an octave
frequency comb with a small FSR that can be detected by elec-
tronics. Newman et al.1 proposed a new architecture that uses
two interlocked combs with one for self-referencing and the
other for generating an electronically detectable signal, realizing
the 10−13 s short-term stability. To date, Drake et al.160 have
achieved a 10−17 absolute frequency noise based on silicon
nitride microresonator.

6 Conclusion
As an ultralow phase noise, high-coherence, broadband femto-
second pulse source, Kerr frequency combs dramatically boost
the performance of various metrology techniques including
ranging, spectroscopy, and timing. Most chip-scale Kerr fre-
quency combs are realized based on silicon nitride due to its
ultralow loss and mature craft. These combs achieve the balance
between dispersion and nonlinearity under the guidance of LLE.
The dynamic evolution and tuning process of combs are simu-
lated and measured to fully understand the nonlinear interaction
between light and microcavity, facilitating the access to soliton
states. So far, state-of-the-art silicon nitride-based Kerr fre-
quency combs with turnkey solitons have already been achieved
in a butterfly package or heterogeneously integrated with DFB
lasers.17,161

For the future development of chip-scale Kerr frequency
combs, LLE can be expanded to consider the effect of high-
order terms of nonlinearity and dispersion. Coupled LLEs can
be used to explore more complicated physics including electro-
optics, acousto-optics, magneto-optics, thermo-optics and opti-
cal-optics (different modes, directions, polarizations, etc.) as
well as limitations imposed by second-order nonlinearity and
mode crossing. In addition to the well-developed silicon nitride,
several other promising material platforms also show great po-
tential in realizing high-performance Kerr frequency combs.
Due to AlGaAs’s high third-order nonlinearity, it could access
the soliton state with an ultralow pump power. By taking advan-
tage of LiNbO3 ’s large electro-optic coefficient, we may
achieve Kerr-frequency combs that can be tuned electrically

in an ultrafast speed.162,163 As the development of films with
a lower thermal optical coefficient, we could discover more
simple and stable tuning methods to achieve the soliton states.
With the development of all these techniques, we could get turn-
key solitons easily, paving the way for various applications of
chip-scale Kerr frequency combs.
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