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Recent developments in chip-based nonlinear photonics offer the tantalizing prospect of realizing many applications that can
use optical frequency comb devices that have form factors smaller than 1 cm3 and that require less than 1 W of power. A key
feature that enables such technology is the tight confinement of light due to the high refractive index contrast between the core
and the cladding. This simultaneously produces high optical nonlinearities and allows for dispersion engineering to realize and
phase match parametric nonlinear processes with laser-pointer powers across large spectral bandwidths. In this Review, we
summarize the developments, applications and underlying physics of optical frequency comb generation in photonic-chip waveguides via supercontinuum generation and in microresonators via Kerr-comb generation that enable comb technology from the
near-ultraviolet to the mid-infrared regime.

O

ver the past decade, applications of optical frequency combs
(OFCs) have rapidly grown across diverse areas of science
and engineering, including chemical sensing, timekeeping,
distance ranging, searching for exoplanets and as a source for wavelength-division multiplexing in photonic communications1. While
most of these demonstrations were initially performed using tabletop systems, recent developments in chip-based nonlinear photonics offer the prospect of realizing comb devices in highly compact,
portable, robust and fully integrated form factors that could make
their use ubiquitous for a broad range of environments. For many
applications in spectroscopy, and time and frequency metrology it is desirable that the comb bandwidth be extremely broad
(for example, octave spanning for self-referencing via f–2f interferometry1), which can only be achieved through nonlinear optical
interactions that generate a broad range of new optical frequencies
significantly beyond those in the initial laser field incident on the
nonlinear medium. Two of the most remarkable examples that can
produce such broad spectra are the processes of supercontinuum
generation (SCG) in optical waveguides2 and Kerr-comb generation
(KCG) in microresonators3.
In SCG4, the pump field consists of a train of ultrashort pulses
from a mode-locked laser, which is itself a frequency comb. The
pulses are then passed through a waveguide and undergo a thirdorder (that is, χ(3)) nonlinear interaction in which the spectrum
is extended via parametric four-wave mixing (FWM) processes
(Fig. 1, left). For a sufficiently strong interaction and with suitable
dispersion in the waveguide, the bandwidth of the comb can exceed
an octave with a spacing that is determined by the pulse repetition
rate of the mode-locked pump laser. In the process of KCG (Fig. 1,
right), a passive microresonator is pumped near a cavity mode by
a single-frequency, continuous-wave laser that produces gain via
FWM at other cavity modes5,6, and for sufficiently strong nonlinearity and with appropriate dispersion, a comb is generated with a
spacing given by the free spectral range (FSR) of the microresonator. This process defied the notion that comb generation required
a pulsed input and has been shown to allow for the generation of
coherent OFCs3 with a total spectral width that can also extend
more than an octave.
Key underlying physics is shared by both SCG and KCG that
results in fully coherent combs. Both rely on the formation of dissipative cavity solitons7 for which nonlinearity is balanced by dispersion and gain compensates for loss, resulting in a stable pulse
circulating within the cavity. In the case of SCG, a cavity soliton

or solitary wave is formed within the mode-locked laser cavity
that pumps the waveguide, and under suitable conditions can be
described by the master equation8, whereas in KCG the cavity soliton is formed in the microresonator and is described by the Lugiato–
Lefever equation9,10. Both processes require careful control of the
dispersion within the nonlinear medium to achieve phase matching
of the parametric FWM processes that produces the extreme spectral broadening.
Chip-based platforms offer several key features for performing
SCG and KCG compared with fibre-based platforms, which include
high effective nonlinearities and the ability to perform strong dispersion engineering over a broad range of pump wavelengths that
allows for phase matching of parametric processes over extremely
broad bandwidths11. Table 1 shows a summary of the linear and
nonlinear properties of various platforms that have been used to
perform nonlinear photonics on a chip and whether KCG or SCG
has been observed. Critical properties of these chip-based materials
are the strong nonlinearity and the high refractive index contrast
between the core waveguide and the cladding layer. For example,
materials such as silicon and silicon nitride (Si3N4) have refractive indices of 3.4 and 2, respectively, at 1.55 μm and are typically
covered by a silicon oxide cladding layer with an index of 1.46.
This large index contrast allows for light with a wavelength λ to be
strongly confined to an area smaller than λ2, which further enhances
the nonlinear interaction. More importantly, this tight confinement
allows for dispersion engineering that offers control of the interaction to enhance and/or tailor the comb spectrum.
For some applications it may be desirable for the waveguide
material to possess an intrinsic second-order nonlinearity χ(2) that
can be used to extend KCG to shorter wavelengths via second-harmonic and sum-frequency generation, for f–2f interferometry, or to
tune/modulate the microresonator resonance. The last column in
Table 1 indicates whether the bulk material possesses intrinsic χ(2).
While bulk amorphous materials such as silica and silicon nitride
do not possess an intrinsic χ(2), in a waveguide geometry it is possible to induce an effective χ(2) via the core/cladding interface12, via
stress13 through material growth or via ion migration14.
Figure 2a shows a plot of the refractive index of Si3N4 both as
bulk and as a waveguide clad with silicon oxide, and Fig. 2b corresponds to the associated group-velocity dispersion (GVD). The
origin of this dispersion engineering that results in the waveguide
is due to the change in the effective index as the spatial extent
of the waveguide mode increases from being tightly confined in
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Fig. 1 | Chip-based frequency comb generation. Left: SCG via injection of a train of ultrashort pulses into a waveguide with a cross-section dispersion
engineered to produce a broad optical frequency comb with a spacing determined by the inverse of the pulse repetition rate. Right: KCG via pumping
with a single-frequency laser of a microresonator that is dispersion engineered to produce a broad spectrum with a comb spacing given by the FSR of the
microresonator. CW, continuous wave.

Table 1 | Linear and nonlinear optical properties of various materials suitable for chip-based nonlinear photonics
Material

Refractive index

Nonlinear index (m2 W–1)

Transparency (µm)

KCG observed

SCG observed

χ(2)

Silica

1.45

3 × 10–20

0.2–4

Y

Y

N

Si

3.47

5 × 10

1.2–8

Y

Y

N

α-Si-H

3.73

1.7 × 10–17

0.78–4

N

Y

N

Si3N4

2.0

2.5 × 10–19

0.4–4.6

Y

Y

Nc

Hydex

1.7

1.15 × 10–19

0.29–7

Y

Y

N

AlN

2.12

2.3 × 10

0.2–13.6

Y

Y

Y

GaN

2.31

7.8 × 10–19

0.36–13.6

N

N

Y

GaP

3.05

6 × 10–18

0.54–10.5

Y

N

Y

Diamond

2.38

8 × 10–20

0.22–>50

Y

Y

N

AlGaAs

3.3

2.6 × 10–17

0.7–17

Y

Y

Y

SiGe

3.59

2.7 × 10

1.2–9.3

N

Y

N

Geb

4.33

4.4 × 10–17

1.8–15

N

N

N

LiNbO3

2.21

1.8 × 10–19

0.35–5

Y

Y

Y

As2S3

2.43

3.8 × 10–18

0.6–11

N

Y

N

As2Se3

2.81

2.4 × 10

1–14

N

Y

N

a

–18

–19

–18

–17

Columns 5 and 6 correspond to whether KCG and SCG, respectively, have been observed. Column 7 indicates whether the material possesses a second-order optical nonlinearity. Y, yes; N, no. All parameters
are values at 1.55 µm except for aat 4 µm and bat 3.2 µm. cAlthough bulk silicon nitride does not have an intrinsic χ(2), an effective χ(2) response can be induced via stress or the photogalvanic effect.

the high-index core at short wavelengths to primarily residing in
the low-index oxide at longer wavelengths; this can yield an effective GVD that offers little resemblance to the intrinsic GVD of the
bulk material11.
In addition to phase matching the parametric FWM gain process, this dispersion engineering enables expansion of the comb
bandwidth through the controllable generation of dispersive waves
(DWs), also known as Cerenkov radiation15. Dispersive waves are a
result of a phase-matched process in the presence of dispersion that
is of a higher order than the GVD that can result in the transfer of
energy from the region near the pump wave to spectral components
that can be as far as an octave away. The frequencies at which DWs
are generated are determined by the dispersion function
D (δ ) =

∑

n − 2,3, …

βn
n!

δn

(1)

where δ is the frequency detuning from the frequency ω0 of the
pump wave and β = ∂ nk∕∂ω n ∣ ω=ω is the nth-order dispersion
n

0
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parameter, and k(ω) = n(ω)ω/c and n(ω) are the propagation constant and effective refractive index, respectively, for the waveguide
mode and include dispersion contributions that are both intrinsic to
the material and from waveguide confinement. Since the nonlinear
contribution to the index change is typically small, the location of
the peaks of the DWs are nearly given by frequencies corresponding
to the zeros of the dispersion function D(δ), which in the absence
of dispersion higher than third-order dispersion consists of a single DW located at the frequency δDW ~ 3|β2|/ β3 from the pump.
Example spectra produced via SCG (Fig. 2c) and KCG (Fig. 2d)
with the Si3N4 waveguide cross-section in Fig. 2a,b both show signatures of DWs located at the corresponding zeros of D in Fig. 2b.

Comb generation based on supercontinuum generation

The demonstration2 that pulses from a mode-locked oscillator
could be spectrally broadened to beyond an octave of bandwidth
using photonic crystal fibre represented a revolution in OFCs and
led to the realization of self-referenced combs in which the frequency of the comb components could be determined to extremely
high precision (<10–15) (ref. 1). While the resulting nonlinear pulse
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Fig. 2 | Dispersion engineering for comb generation. a, Effective index
for bulk Si3N4 (dashed line) and that predicted for a 730 × 2,580 nm
Si3N4 waveguide with oxide cladding (solid green). The images show the
theoretically predicted intensity distributions for the fundamental mode
at different wavelengths. b, Corresponding GVD of bulk Si3N4 (dashed red)
and waveguide (solid red) and dispersion function D (solid blue).
c,d, Spectra produced via SCG in the 5-cm-long waveguide (c) and via
KCG in a microresonator (d), both with waveguide cross-sections as
in a. The vertical grey lines show zeros of D that are in close agreement
with the DWs generated in both spectra.

propagation dynamics that produces such broadening is complex
and depends on numerous factors, the key aspect is that dispersion engineering allows for the pulses to undergo significant
self-phase modulation before undergoing dispersive broadening
and enhancing various FWM processes and DW generation. The
spatiotemporal nonlinear dynamics for the amplitude A(z, t) of
the field inside the waveguide is well modelled by the 1D non
linear envelope equation16
m

β  ∂
∂A
= i ∑ m i 
∂z
 m≥ 2 m!  ∂τ 

∞


i∂  
  R(τ′)∣A(z , τ−τ′)∣ 2 dτ′  A
+iγ 1 +
 
ω0∂τ  

 
−∞

∫

(2)

where z is the propagation distance inside the waveguide, τ = t – z/vg
is the retarded time for the pulse travelling at the group velocity vg,
γ = ω0n2/Aeffc is the nonlinear parameter, n2 is the nonlinear index
coefficient, Aeff is the effective area of the waveguide and R(τ) is
the Raman response function. This equation enables modelling
of the supercontinuum process for spectral bandwidths up to an
octave. Extensive modelling of SCG in photonic crystal fibres has
led to a relatively complete understanding of the resulting features
and shapes of the resulting spectra and the coherence properties4.
The resulting spectra depend sensitively on the characteristics of the
160

input pulse, the dispersive, electronic and nuclear contributions to
the nonlinear refractive index, and effects such as self-phase modulation, self-steepening, soliton compression and fission, DW generation and stimulated Raman scattering typically all occur, and their
interplay results in complex dynamics that can be well described by
the nonlinear envelope equation4,17.
A key property of the generated comb for many applications
is the optical coherence across the generated spectrum. The
coherence can be quantified by calculating the first-order degree
of coherence

where the angle brackets denote an ensemble average for independently generated pairs (i ≠ j) of spectra Ai(ω) (ref. 4). The
function varies between 0 and 1 for fully incoherent and coherent
spectra, respectively. High coherence is essential, for example,
to stabilize the comb through f–2f interferometry1 in which the
frequency-doubled red components of the spectrum interfere
with the blue part of the spectrum separated by an octave or to
perform dual-comb spectroscopy (DCS) that requires heterodyning of two separately generated frequency combs18. Most of the
early experiments investigating spectral broadening and SCG
in chip-based waveguides focused on generating broad spectra
without determining the resulting coherence. Typically, to produce coherent spectra it is necessary to operate in the regime in
which coherence of the initial mode-locked ultrashort pulse train
is preserved and self-phase modulation is the dominant mechanism that produces the initial broadening rather than through
the growth of spectral components from noise via parametric
FWM gain (that is, modulational instability)4. As such, it has been
desirable to operate with pulses that are relatively short (that is,
<100 fs) with soliton numbers N < 10 or in the slightly normalGVD regime, the latter of which requires higher pulse energies
than in the anomalous-GVD regime. Dispersive wave generation,
which can be fully coherent, can be tuned via dispersion engineering and can be applied to enhance either the long- or shortwavelength side (Fig. 3), and is essential, for example, for f–2f
interferometry to stabilize the comb.
Material platforms for SCG. Silicon. Initial experiments19 in Si (that
is, crystalline) waveguides observed frequency broadening of ultrashort pulses at 1.3 μm. By using ultrashort pulses at wavelengths
beyond 2.1 μm to minimize two-photon and free-carrier absorption
effects20, broader spectra and DW generation could be achieved21,
including octave-spanning spectra22. A key demonstration23 showed
that by pumping an air-clad Si nanowaveguide with 2,290-nm
pulses with only 16 pJ of energy, a coherent octave-spanning supercontinuum spectra could be generated that produced coherent beat
notes in an f–2f interferometer. More recently, experiments have
focused on extending SCG further into the mid-infrared. For example, using silicon-on-sapphire waveguides, SCG from 1.9–6 μm
was observed using 3.7-μm pumping24 and spectra from 2–5 μm
were achieved in an air-clad geometry25. Hydrogenated amorphous
Si (a-Si-H) is a particularly attractive nonlinear material for nonlinear photonics due to its large nonlinear refractive index and ease of
fabrication for photonic devices, although at the expense of higher
linear and nonlinear losses. Early experiments in a-Si-H waveguides
observed large spectral broadening of an octave26,27, and ensuing
experiments pumping at 1,550 nm (ref. 28) showed good coherence29
for 180-fs input pulses, and also observed degradation in the performance in terms of loss and nonlinearity as higher powers were
injected into the waveguide for picosecond pulses but not for femtosecond pulses28.
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Fig. 3 | Coherent comb SCG spectra generated in chip-based platforms with DW generation via dispersion engineering. a, Top: SCG in Si3N4 waveguide.
Bottom: measured coherence illustrating that the strong DW near 700 nm is fully coherent35. b, DW generation in Si3N4 a full octave away towards the
mid-infrared from the pump field at 1,550 nm (ref. 39). c, The input (red) and output (black) spectra generated in a Si nanowaveguide. The arrows indicate
the wavelength position where the phase coherence measurements were performed23. d, DWs generated in Si3N4 near the third-harmonic that allows for
efficient f–3f self-referencing41. e, DW generation (blue) in silica rib waveguides an octave from the initial pump wave (black dashed)58. Figure adapted
from: a, ref. 35, OSA; b, ref. 39, Springer Nature Limited; c, ref. 23, under a Creative Commons licence (https://creativecommons.org/licenses/by/4.0/);
d, ref. 41, OSA; e, ref. 58, under a Creative Commons licence (https://creativecommons.org/licenses/by/4.0/).

Silicon nitride. The first studies30 investigating SCG in silicon nitride
waveguides with 1.3 μm pulses illustrated a number of its features
as an excellent nonlinear platform for SCG, including large effective nonlinearity and low linear and nonlinear losses, and the ability
to generate spectra that could be far broader than an octave with
the potential for generating light from the visible to the mid-infrared using near-infrared or telecom sources. Further experiments
showed even broader spectra with bandwidths as high as 495 THz
(ref. 31) and deep into the visible regime with pumping at 795 nm
(ref. 32). Silicon-rich nitride waveguides have also shown promise
for SCG33 with high nonlinearity, and coherent octave-spanning
combs have been generated34. Spectral interferometric measurements35 confirmed theoretical simulations that spectra generated
in Si3N4 were highly coherent across these bandwidths, which was
also supported in experiments that demonstrated f–2f interferometry, carrier–envelope offset detection36 and stabilization37. Through
appropriate dispersion engineering, coherent DWs can be generated either to shorter wavelengths38 or into the mid-infrared39 from
the pump. Further work has shown that octave-spanning OFCs
based on Si3N4 can be used to perform optical clock comparisons
with a calcium atomic clock laser at 657 nm and a 1,550-nm cavity-stabilized laser40. Observation of simultaneous third-harmonic
generation and SCG41 allows for self-referencing via f–3f in a single
waveguide (Fig. 3d). Although bulk Si3N4 is amorphous, secondharmonic generation may also be simultaneously observed with
SCG in waveguides due to an effective χ(2) created via stress during
Nature Photonics | VOL 13 | MARCH 2019 | 158–169 | www.nature.com/naturephotonics

the thin-film growth process13,42 or due to electromigration43, which
via f–2f would also allow for self-referencing of the resulting comb
without the need for an additional doubling crystal.
Chalcogenides. Owing to their relatively high refractive index
and high nonlinear index chalcogenide glasses offer the ability
to engineer the dispersion for telecom44 and mid-infrared operation45–47 with very high values of the nonlinear parameter γ. The
first experiment demonstrating octave-spanning SCG on a chip
utilized dispersion-engineered, ridge As2S3 waveguides clad with a
polymer glass and 610-fs input pulses48. While various demonstrations of octave-spanning spectra have been made with 1,550-nm
pump pulses49, particularly exceptional performance has been
exhibited in the mid-infrared47. While coherent frequency combs
have been predicted for chip-based systems49, to date, no coherent
OFC has been experimentally confirmed using chalcogenide chipbased waveguides.
Other materials. A number of other materials, which include titanium dioxide50 and InGaP (ref. 51), have shown to be promising for
SCG within a chip-based platform. Impressive on-chip SCG performance in the mid-infrared regime has also been shown with SiGe
(refs. 52,53) and germanium54. Materials such as aluminium nitride55
and lithium niobate56 are promising for SCG since they possess χ(2)
nonlinearities that allow for f–2f interferometry within the same
waveguide. In silica ridge waveguides57,58, DWs were generated
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down to the ultraviolet, which could prove useful for spectroscopic
applications in this regime.
Applications. While numerous applications in spectroscopy59, and
time and frequency metrology have already been demonstrated
with combs produced via SCG using microstructured fibres or
highly nonlinear fibres, with commercial systems now available,
fewer demonstrations of such applications have used chip-based
SCG to date since these applications are implemented using a fibre
setting. We expect that as mode-locked lasers are further miniaturized and eventually integrated on a photonic chip that applications
with on-chip SCG devices will rapidly multiply.
Spectroscopy. A chalcogenide-based SCG system was exploited to
perform optical absorption measurements of microfluidic solutions60.
Telecommunications. For communications based on wavelength-division multiplexing, OFCs based on SCG offer the prospect of producing many single-frequency sources that will all be highly stabilized to
a frequency grid via stabilization of the mode-locked pump laser. By
performing SCG in an AlGaAsOI-chip waveguide, up to 661 Tb s−1
data rates could be supported using a single-mode, 30-core fibre61.

Microresonator-based comb generation

Generation of OFCs3 and soliton mode-locking in microresonators
are based on pumping a microresonator with a single-frequency
pump field, and through appropriate tuning of the frequency
and/or the amplitude of the pump field it is possible to excite
dissipative Kerr solitons (DKSs)62, which has unlocked the full
potential for creating broadband, fully coherent combs. Since the
early work on KCG63, researchers have shown that the system can
show rich and complex nonlinear behaviour64, including bistability, chaos, single- and multiple-soliton formation, soliton crystals65
and breather instabilities66–68.
The dynamics of comb generation in microresonators is well
described by the Lugiato–Lefever equation69–71 in which higherorder GVD terms and stimulated Raman scattering are included72,73
TR

∂A
=
∂t

 α κ
β  ∂ m
κ A p + − − −iδ0 + iL ∑ m i 
m!  ∂τ 
 2 2
m≥ 2

∞


+ iγL ∫ R(τ ′) A(z , τ −τ ′) 2 dτ ′A



−∞

(4)

where A is the intracavity field, Ap is the amplitude of the incident
pump field in the bus waveguide just before the coupling region to
the microresonator, TR is the microresonator round-trip time, t is the
‘slow’ (compared with TR) time variable, and τ is the ‘fast’ time that
corresponds to the local time within the cavity, L is the cavity length,
δ0 is the detuning of the cavity resonance from the pump frequency,
α is the round-trip loss, κ is the coupling coefficient between the bus
waveguide and the microresonator, and R(τ) is the Raman response
function. An example of the predicted dynamical behaviour as the
frequency of the pump laser is passed through the cavity resonance
of a silicon microresonator to excite the single-soliton mode-locked
state is shown in Fig. 4 (ref. 74). As the pump detuning varies, the
system evolves from the generation of mini-combs75, to a chaotic
(that is, high-noise state) regime, and eventually into multiple- and
single-cavity-soliton states. Higher-order dispersion that governs
the formation of DWs also facilitates in reaching the soliton-modelocked state76.
The bandwidth of the mode-locked comb can be estimated by the
soliton condition within the microresonator, which represents a balance between the nonlinear length Lnl = 1/γ |A0|2 and the dispersion
162

length L ds = τp2 ∕ ∣β2 ∣ , where A0 is the peak amplitude and τp is the
pulse duration of the soliton. For the case of critical coupling (that
is, α = κ), the 3-dB comb bandwidth can be estimated to be62,77
Δωcomb ~ 0.63

2πPinFc
β2

(5)

where Fc = π/α is the cavity finesse and Pin is the power of the pump
field in the bus waveguide just before the coupling region to the
microresonator. Thus, to produce the broadest soliton-modelocked combs, it is desirable to operate in the slightly anomalousGVD regime (that is, small β2). However, higher-order dispersion
can significantly determine the resulting shape and bandwidth of
the comb78,79. As discussed above, DWs can significantly extend the
generated spectrum and produce significant enhancements near the
peaks that can be useful for f–2f interferometry and stabilization of
the comb spectrum.
The first experimental observation of KCG was in silica microtoroids3 and the equidistant nature of the comb was demonstrated
by comparing it to a mode-locked femtosecond laser comb. Soon
after, KCG was also observed in crystalline CaF2 whispering-gallery-mode microresonators80,81. Since such systems rely on tapered
fibres for coupling, making such systems robust and immune to
environmental perturbations is challenging due to the nature of the
evanescent coupling of the nanotapered fibre and the microresonator. Kerr combs in a monolithic chip-based platform were soon
after observed in Si3N4 (ref. 82) and Hydex glass83. Since then, KCG
has been demonstrated in many different chip-based platforms and
exhibits universal behaviour. In the early stages of development, a
complete understanding of the complex and rich dynamical behaviour of this system had not been formulated and in nearly all cases
the observed combs were not coherent and thus were characterized
by high noise and lacked the high-precision comb spacing that is
desirable for many applications. Nevertheless, there are conditions
for which it is possible to observe low-noise combs without exciting
the soliton-mode-locked states. For example, for the case in which
the parametric gain condition favours excitation of the closest pair
of modes one FSR from the pump mode, the resulting comb is
known as a ‘natively spaced comb’75 and creates what are known as
Turing rolls, which exhibit low noise but typically have bandwidths
that are relatively narrow.
Evidence of soliton-mode-locked combs was observed in terms
of low radio-frequency (RF) noise, pulsed output84 and high-precision comb spacing85, and a comprehensive understanding of the
cavity soliton and multi-soliton formation processes was established by Herr et al.62 in MgF2 and then in Si3N4 structures86. Since
then DKSs have been observed in a number of platforms10, and the
key signatures of cavity soliton formation include: (1) the observation of steps in the transmitted power of the pump wave in the
bus waveguide as it is tuned through the cavity resonance, which is
undergoing shifts both to thermal effects and the nonlinear refractive index such that solitons are generated on the ‘red’ side of the
cavity resonance; (2) the spectral shape of the central region of the
comb spectrum has the functional form of a sech for a single soliton,
consistent with that of the predicted cavity soliton; (3) the output
consists of ultrashort pulses with a period of the round-trip time
or a subharmonic thereof; and (4) low RF noise. Figure 5a shows
an example of the soliton steps observed as the field is tuned into
resonance, leading to steps in the transmission that represent different soliton states87. A more detailed evolution is shown in Fig. 5b
that goes through various regimes including modulation instability, chaos, and multiple- and single-soliton states88. It is important
to note that the generated output frequency comb consists of a
strong continuous-wave component at the pump frequency with a
relatively weak underlying comb. For the case of excitation of the
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steps shown in a. Figure adapted from ref. 74, OSA.

single-soliton state, the ratio of the power in the comb to the input
pump power is typically 1–3%. This efficiency can be increased
roughly linearly with the number of cavity solitons that are excited
within the microresonator.
In addition to tuning the pump frequency, a number of
approaches have been developed to reach the soliton-mode-locked
state, such as rapidly varying the microresonator resonance thermally89, the pump power90 or the pump phase91. Figure 5c shows an
example of the resulting spectra achieved via different rapid thermal tuning of the microresonator to achieve N = 1, 2 and 4 soliton
states89. These techniques may prove to be particularly important
for implementation in real-world systems, since it can be challenging to tune the pump laser by tens of gigahertz or there may be
applications in which it is desirable to use the same pump field to
soliton-mode-lock two separate microresonators such as for DCS92
or for synchronization of different microresonator combs93.
KCG can also occur in the normal-GVD regime. Under suitable conditions, dark94,95 or bright pulses96 can be excited with low
noise, which can be interpreted as the interlocked switching waves
where the falling edge of one wave associated with one bistable state
and the rising edge of the second wave corresponding to the other
state combine to produce a pulse97. Generation of such localized
pulses, termed a ‘platicon’98, can be assisted by mode coupling96 that
gives rise to an intracavity modulational instability99 such that the
strength of the coupling determines the bandwidth of the comb.
Such normal-GVD combs offer a number of advantages over soliton-mode-locked combs including higher conversion efficiency
from the pump to the comb and flatter comb spectra, which could
be important for applications such as telecommunications98.
Mode coupling can play a critical role in the KCG process100. This
coupling can occur from frequency degeneracy of different spatial
Nature Photonics | VOL 13 | MARCH 2019 | 158–169 | www.nature.com/naturephotonics

modes100, polarization modes101 or dual-cavity modes96. The resulting
avoided crossings leads to a localized disturbance in the dispersion,
which can be inferred as a relatively narrow dispersive shape in the
comb spectrum that can be well modelled and can disrupt the formation of cavity solitons100. However, as mentioned above, mode coupling
can facilitate the generation of combs in the normal-GVD regime96.
The generation of Kerr combs and the dissipative soliton formation process can be strongly influenced by the presence of Raman
scattering102,103, which may set fundamental limits on the bandwidth
and comb spacing. For the case in which the Raman linewidth is
broad in comparison to the soliton bandwidth and extends down to
the pump field, the Raman effect is predicted to lead to red-shifted
solitons104,105 in which the peak of the soliton spectrum is shifted to
a wavelength longer than that of the pump frequency. Further theoretical analysis106 has shown that the Raman effect in this regime
can limit the comb bandwidth and the lower limit of the soliton
duration. More complex behaviour can result in a ‘trapped’ Stokes
soliton that coexists with the fundamental DKS by travelling in a
higher-order mode as observed in a the silica wedge microresonator107. In the opposite limit in which the Raman linewidth is narrow
compared with the comb spacing, Raman oscillation (that is, lasing)
can compete with and disrupt comb formation108 and cavity-soliton
formation. This can be overcome by suppressing the Raman gain
by operating with a sufficiently large FSR such that the Raman gain
peak is located between two microresonator modes, which results in
the following condition on the FSR to achieve Kerr-comb formation
and mode-locking108:
Γ
FSR > R
2π

 1∕2
g
 R −1

 g
 K 

(6)
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where gR and gK = 2γ are the Raman and Kerr gain coefficients,
respectively. If gK ≥ gR, then pure KCG is always possible for any FSR,
as is the case for CaF2, for example, for which gK / gR ~ 1. However, in
the opposite limit, Raman oscillation will dominate unless the FSR
can be made sufficiently large. For example, in diamond at 1,560 nm,
164

gR = 6 cm GW–1 and gK = 0.2 cm GW–1, which indicates that solitonmode-locked combs are only possible with an FSR > 454 GHz and is
consistent with experimental observations108. Since for many crystalline materials, the Raman linewidth ΓR/2π is relatively narrow,
where ΓR is the round-trip time, and the gain is large, the Raman
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effect may ultimately limit how small the comb spacing can be for
mode-locked Kerr combs based on these platforms.
Material platforms. Silicon nitride. As with SCG in waveguides,
silicon nitride has proven to be an exceptional platform for generating microresonator combs due to its relatively high index
contrast and nonlinearity109 and the highest quality (Q) factors
(>10 million) (refs. 110–112) demonstrated in a non-silica-based
chip platform. Since the first observation82, numerous key demonstrations of OFCs in this platform have been realized, including
octave-spanning combs113–115, very low threshold power for soliton
generation111,116, thermally controlled mode-locking89, and the ability to produce combs out in the mid-infrared117. Key advances in
fabrication include reducing surface roughness to the sub-ångström
level via chemical–mechanical polishing to achieve Q > 37 million
(ref. 111) and the development of the photonic Damascene process
that allows for large waveguide sizes and ultrasmooth preform
reflow112 to produce high Q. Arguably, this platform represents the
one, to date, that has shown the greatest promise in realizing ultrabroadband devices that are fully integrated while potentially being
CMOS-compatible.
Nature Photonics | VOL 13 | MARCH 2019 | 158–169 | www.nature.com/naturephotonics

Silica. Despite the low nonlinearity of silica glass, its extremely low
loss allows for ultra-high microresonator Q (>875 million) (ref. 118)
that can produce strong nonlinear interactions and operation at low
pump powers. Silica microwedge resonators have been developed
that allow for significant dispersion control119 and chip-compatible
design via Si3N4–bus coupling while maintaining high Q, and, more
recently, a fabrication process has been developed that allows for
chip-based integration through use of a Si3N4–bus waveguide120. As
a result of the very low loss and high transparency associated with
silica, soliton combs have been generated with spacings in the gigahertz range121 and down to the near-visible regime with the potential to go to even shorter wavelengths122.
Silicon. Although silicon has relatively high loss compared with
silica or silicon nitride, the relatively large nonlinearity allows for
modest pump powers to produce broad combs, and its high transmission to wavelengths up to 8 μm make it ideally suited for KCG
in the mid-infrared. For pump wavelengths below 2.2 μm, achieving parametric oscillation and comb generation is not possible due
to two-photon absorption123, but by suitable shortening of the freecarrier lifetime or operating above 3.2 μm, broadband combs124 that
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can be mode-locked are possible125. Both thermal and electrical
injection can be used to tune and mode-lock the comb74.
Other materials. Kerr-comb generation has been observed in a number of other chip-based platforms including diamond126, aluminium
nitride127,128, aluminium gallium arsenide129, gallium phosphide130
and lithium niobate131. Of these platforms, only in aluminium
nitride have DKSs been demonstrated128. Since a number of these
materials exhibit an intrinsic χ(2) nonlinearity, they offer the possibility of shifting the combs into the visible regime through secondharmonic and sum-frequency generation130,132, allowing for f–2f
interferometry in a single element and rapid tuning of the properties of the generated comb via the electro-optic effect133.
Applications. The promise of microresonator-based combs offers
the potential for low-power operation in a fully integrated structure.
A number of key demonstrations of microresonator-based combs
for a wide variety of applications in spectroscopy, telecommunications, pulse shaping, frequency synthesis, distance ranging, astronomy and biological imaging have been realized.
Spectral measurements. A powerful approach to obtain optical spectra
rapidly and with high precision is DCS18. Chip-based platforms offer
an intrinsically straightforward approach to producing two microresonators that generate nearly identical combs due to the inherent precision of the photonic nanofabrication processes. Sources for DCS based
on KCG have been achieved in the telecommunications band92,134,135
and in the mid-infrared136. One promising implementation to further simplify DCS is to use a single microresonator and use counterpropagating pump waves to produce counter-rotating solitons137,138
that can have slightly different round-trip times due to non-reciprocal
nonlinear phase shifts for pump fields with different powers. Another
approach is to simultaneously excite different spatial modes that
have slightly different comb spacings139. It is possible to utilize scanning comb techniques to achieve higher resolution and resolve spectral features associated with gas-phase transitions using a dual-cavity
scheme140. An important application in which the relatively large comb
spacing of microresonator combs can be useful is for the calibration of
telescope spectrometers for use in the search for exoplanets141,142.
Telecommunications. For communications based on wavelengthdivision multiplexing, KCG offers the prospect of producing many
single-frequency sources that all will be highly stabilized to a frequency grid via stabilization of only the single-frequency pump
laser and the microresonator82,143. Soliton-mode-locked combs were
used to realize very high data transmission rates (50 Tb s–1) via
wavelength-division multiplexing using a Si3N4 microresonator over
179 comb lines144. Normal-GVD combs also offer the potential as a
wavelength-division multiplexing source for long-distance communication98. Additional functionalities for telecommunications that
have been demonstrated with Si3N4 microresonators include multicasting145 and reconfigurable optical tapped-delay-lines146.
Distance ranging. A soliton-mode-locked dual-comb source can be
used to perform high-precision distance ranging down to submicrometre resolution147 and at very high speeds148.
Timing and clocks. A particularly useful application for microresonator combs is their use in creating highly compact all-optical
clocks that link the microwave and optical domains. While no
octave-spanning combs with electronically detectable FSRs have
been generated to date, there have been demonstrations of locking
to Rb resonance lines149 and 2–f to 3–f self-referencing using additional lasers86. Recent work has shown that it is possible to synchronize two soliton-mode-locked combs via weak photonic coupling
separated by more than 20 m of fibre93.
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Frequency synthesis. The use of OFCs to provide a high-precision
frequency ‘ruler’ allows for a frequency-stabilized laser to be locked
to the comb and tuned to very high precision, realizing a source in
which the absolute frequency can be specified to very high accuracy. Recent tour-de-force work114 has shown that such frequency
synthesis is possible using integrated components including two
interlaced microresonator combs, one of which is octave-spanning
with a 1-THz comb spacing and a second that has a much narrower
bandwidth but has a 22-GHz FSR that can be easily detected electronically through direct detection.
Microwave generation and pulse synthesis. Chip-based Kerr combs
offer the potential for creating highly compact and high-precision
integrated RF and microwave devices150. A number of important
functionalities based on chip-based microresonators include RF
filters151, a Hilbert transformer152, intensity differentiator153, optical
true time delay154 and wave shaping155.

Future outlook

The initial promise of realizing chip-based comb devices that can
be highly compact, portable and operate with low powers is coming to fruition156–158, including the demonstration of an integrated
comb generator that draws less than 100 mW of electrical power
and can be operated with an AAA battery156 (Fig. 6a,b). We expect
rapid progress towards devices that fully integrate both photonics
and control electronics on-chip. Realizing fully integrated modelocked pump-lasers with waveguide SCG devices has proven to be
challenging due to the difficulties in creating chip-based modelocked lasers with subpicosecond laser pulses that are electrically
pumped. However, recent work159–161 indicates that such sources
will be realized in the not-too-distant future and could allow for
octave-spanning comb spectra with comb spacings that can be
detected electronically. Overall, over the next decade, we foresee
wide adoption of these chip-comb technologies across a broad
range of environments, with applications in chemical sensing,
LIDAR, telecommunications, photonic frequency synthesis, temporal metrology, astronomy, biological imaging, and microwave
synthesis and generation.
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