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Abstract: Frequency conversion in nonlinear materials is

an extremely useful solution to the generation of new opti-

cal frequencies. Often, it is the only viable solution to real-

ize light sources highly relevant for applications in science

and industry. In particular, supercontinuum generation in

waveguides, defined as the extreme spectral broadening

of an input pulsed laser light, is a powerful technique to

bridge distant spectral regions based on single-pass geom-

etry, without requiring additional seed lasers or temporal

synchronization. Owing to the influence of dispersion on

the nonlinear broadening physics, supercontinuum gener-

ation had its breakthrough with the advent of photonic

crystal fibers, which permitted an advanced control of light

confinement, thereby greatly improving our understanding

of the underlying phenomena responsible for supercontin-

uum generation. More recently, maturing in fabrication of

photonic integrated waveguides has resulted in access to

supercontinuum generation platforms benefiting from pre-

cise lithographic control of dispersion, high yield, compact

footprint, and improved power consumption. This Review

aims to present a comprehensive overview of supercontin-

uum generation in chip-based platforms, from underlying

physics mechanisms up to the most recent and significant
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demonstrations. The diversity of integrated material plat-

forms, as well as specific features of waveguides, is opening

new opportunities, as will be discussed here.
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1 Introduction

Nonlinear optics encompasses a wide range of phenomena

that occur following the interaction of intense light with a

material. Since the first experimental observation of one of

those phenomena, second harmonic generation, by Franken

et al. in 1961 [1], the interest in the fundamentals of nonlin-

ear optics, as well as its practical implementation for the

development of novel technologies, have steadily grown.

Such constant evolution and flourishing of the field pri-

marily stems from the very rich physics and our improved

understanding of it. Most importantly, it also builds on

the maturing of available light sources, material platforms,

and nanofabrication technologies, and on the increasing

computing power for simulations. This combination con-

tinuously opens up new playgrounds and opportunities

for pushing the performance, control, understanding, and

applications of nonlinear optical effects.

The modification of the material properties in the

presence of a light field, namely the induced nonlinear

polarization, not only leads to many striking phenomena,

but also enables ultrafast versatile light manipulation as

well as generation of light in unconventional spectral win-

dows through nonlinear frequency conversion or extreme

spectral broadening. Supercontinuum generation (SCG), the

process through which a relatively intense input laser pulse

undergoes significant spectral broadening while main-

taining spatial coherence and high brightness, has been

investigated in a wide variety of nonlinear media and

has found applications such as imaging, optical coher-

ence tomography, spectroscopy, or optical frequency comb
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technologies. While SCG is a relatively easy phenomenon

to observe given the availability of a pulsed light source

with high peak power, the control of the spectral broadening

strongly depends on the linear and nonlinear properties

of the medium. In that context, waveguiding systems have

revolutionized SCG not only by offering enhanced light

field confinement along relatively long propagation dis-

tance compared to bulk systems, but also the possibility to

tailor the dispersion as to enhance and control the non-

linear interactions. State-of-the-art and commercially avail-

able supercontinuum (SC) sources are mostly based on sil-

ica glass photonic crystal fibers (PCFs), while fluoride-fiber-

based middle infrared (MIR) SC sources have also become

available [2–4].

In the early days of SCG, the dispersion engineering

capabilities of PCFs allowed for the demonstration of SCG

with enhanced performance compared to SC from bulk or

conventional silica fibers. Extensive research is still pur-

sued in fiber-based SCG and the broadest spectra are cur-

rently obtained in highly nonlinear chalcogenide fibers

[5, 6]. Integrated waveguides, with the promise to further

enhance light field confinement for more efficient devices,

to lower power consumption accordingly and to poten-

tially enable dense integration with additional functionali-

ties across compact chip-based platforms, quickly appeared

as a powerful and attractive approach for SCG. The recent

developments in fabrication technology have finally made

integrated SC sources available. The many successful recent

demonstrations, reviewed here, highlight the high potential

of this technology.

In this Review, we aim to not only cover state-of-the-art

results in integrated SCG, but also highlight the strengths

and weaknesses of the various platforms while presenting

a vision for future development, as illustrated in Figure 1.

The quest to achieve fully integrated SC sources requires

the co-development of several building blocks such as on-

chip lasers, to eliminate currently external OPAs or fiber-

based lasers, as well as on-chip pulse amplification and

compression to reach the required pump pulse charac-

teristics for efficient spectral broadening. Heterogeneous

integration of materials with distinct and complementary

properties could also be a valuable tool. Different materials

could be used at different stages along the propagation for

pulse amplification and compression, to fill different spec-

Figure 1: Necessary building blocks (top, green frames) for full integration of SC sources (center) and potential applications (bottom, red frames).
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tral regions and/or tailor the waveguide properties after

fabrication for more flexibility. Such developments would

open up exciting and unique opportunities for a number of

applications. As we will see in this Review, the potential of

SC sources for metrology, spectroscopy, imaging, and high

bit-rate telecommunication has been already demonstrated,

although with an external pump. Other types of applica-

tions could also be envisioned, like non-invasive medical

diagnosis or calibration of astronomical spectrographs for

exoplanets search.

The Review is organized as follows. We start by giv-

ing an overview of the theoretical background behind the

process of SCG, and highlight the important system param-

eters. We then focus on the use of integrated photonics

for SCG, giving a description and properties of the diverse

material platforms such as those based on silicon photonics,

chalcogenide, and materials possessing both second (𝜒 (2))

and third-order (𝜒 (3)) nonlinearities. In the second part,

we present some experimental benchmark demonstrations,

highlighting the progress, optimization, and state-of-the-art

results that have been obtained thus far. The main achieve-

ments are summarized in each chapter in the form of tables

including waveguide dimensions, pump wavelength, non-

linearity, linear and coupling losses, coupled (peak and aver-

age) pump power, and achieved SC bandwidth. In the third

part of the Review, we present applications of integrated

SC sources. Finally, we discuss fundamental open questions

and how to improve performances and functionalities in

order to move such sources from laboratory environments

into products that can eventually serve end-users.

2 Physics of SCG in waveguides

SCGoccurs upon the propagation of a relatively short optical

pulse in a nonlinearmedium that can exhibit both quadratic

and cubic nonlinearities, meaning that the total nonlinear

polarization developed by the material is written as:

PNL(r, t) = P
(2)
NL
(r, t)+ P

(3)
NL
(r, t)

= 𝜖0𝜒
(2):EE+ 𝜖0𝜒

(3)...EEE (1)

𝜒 (2) and 𝜒 (3) being the material second and third-order sus-

ceptibility, respectively. In Eq. (1) we have included just the

instantaneous electronic response, and we have neglected

the slower contributions fromnuclei andmolecularmotion.

Considering the envelope-based approach and a propaga-

tion in the z direction of the waveguide structure, the elec-

tric field E is expressed in the form:

E(r, t) = Re
[
A(z, t)F(x, y) exp

(
−i𝜔0t + i𝛽z

)]
(2)

where A(z, t) is the temporal envelope of the pulse and

F(x, y) is the transverse modal distribution. The carrier

wave has a propagation constant 𝛽 and angular frequency

𝜔0. Under the slowly varying envelope approximation, the

pulse propagation can be modeled using a reduced scalar

nonlinear envelope equation with both quadratic and cubic

nonlinearities [7, 8]:

𝜕A(z, t)

𝜕z
−
∑
n≥1

in+1

n! 𝛽n
(
𝜕nA(z, t)

𝜕tn

)
+ 𝛼

2
A(z, t)

= i

𝜔0

∞
∬
−∞

PNL(z, t)F
∗(x, y)dxdy

2n0c𝜖0

∞
∬
−∞

|F(x, y)|2dxdy
. (3)

On the left hand side of the equality, the dispersion coef-

ficients 𝛽n are defined by expanding 𝛽 as a Taylor series

around 𝜔0 and 𝛼 is the linear loss coefficient.

When considering solely cubic nonlinearities, as it

is the case for centro-symmetric and isotropic media,

we can rewrite the nonlinear polarization as PNL ≈
3∕4𝜖0𝜒 (3)|A(z)|2A(z)|F(x, y)|2F(x, y), where we neglected the
term oscillating at 3𝜔0 that is responsible for third har-

monic generation (THG), as it is usually phase mismatched

at the fundamental mode considered here (see Subsec-

tion 2.2). The nonlinear Schrödinger equation (NLSE) shown

in Eq. (4), written in a reference frame moving at the

pulse group velocity 𝑣g = 1∕𝛽1, is most routinely used [9].

It should be noted that while the physical validity of the

field decomposition into an envelope and a carrier can be

questioned as the light pulse bandwidth approaches the

carrier frequency, studies have shown that the envelope-

based propagation equation can still accurately describe

large spectral broadening such as in SCG.

𝜕A(z, t)

𝜕z
−
∑
n≥2

in+1

n! 𝛽n
(
𝜕nA(z, t)

𝜕tn

)
+ 𝛼

2
A(z, t)

= i𝛾|A(z, t)|2A(z), (4)

where

𝛾 = 3𝜒 (3)𝜔0

8n0c

∞
∬
−∞

|F(x, y)|4dxdy
∞
∬
−∞

|F(x, y)|2dxdy
(5)

is the waveguide nonlinear coefficient. Although in Eq. (2)

the field’s amplitude A(z, t) has units (V/m), it is often practi-

cal to normalize it such that |A(z, t)|2 corresponds to the total
transmitted power P, which is expressed inWatt and can be

obtained by integrating the Poynting vector over the cross-

section of the waveguide: P = 𝜖0n0c

2
|A(z)|2∬ ∞

−∞|F(x, y)|2. In
this way, we can define the effective area of the waveguide
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mode underlying the pulse propagation, which is typically

the fundamental mode, as

Aeff =

∞
∬
−∞

|F(x, y)|4dxdy
( ∞
∬
−∞

|F(x, y)|2dxdy
)2

. (6)

Also, the nonlinear coefficient canbe rewritten in terms

of the nonlinear refractive index n2 as 𝛾 = 𝜔0n2∕(cAeff),
with n2 being related to the diagonal element of the 𝜒 (3)

tensor through n2 = 3𝜒 (3)

4𝜖0cn
2
0

. It is also possible to include

nonlinear absorption and associated free-carrier absorp-

tion depending on the medium and pumping scheme used.

Eventually, Eq. (4) can be rewritten to include the delayed

Raman contribution [9] as:

𝜕A(z, t)

𝜕z
−
∑
n≥2

in+1

n! 𝛽n
(
𝜕nA(z, t)

𝜕tn

)
+ 𝛼

2
A(z, t)

= i𝛾

(
1+ i

𝜔0

𝜕

𝜕t

)

×
⎛⎜⎜⎝
A(z, t)

∞

∫
−∞

R(t′)|A(z, t − t′|2dt′⎞⎟⎟⎠
, (7)

with R(t) =
(
1− fr

)
𝛿(t)+ frhr(t), fr the fractional contribu-

tion and hr(t) the temporal response.

The dispersion and its interplay with the nonlineari-

ties strongly influence the spectral broadening as different

physical phenomena can occur. The dispersion of a propa-

gating mode results from material, waveguide, modal, and

polarization contributions. The latter two only come into

play for multi-mode transmission or transmission of differ-

ent polarizations, and can be, for most SCG, left aside. The

material dispersion comes from the frequency dependence

of the refractive index of the bulk material. For a given

material platform (composed of distinct core and cladding

materials), themode dispersion can be furthermodified and

controlled by the waveguide geometry, thereby potentially

counteracting the effect of material dispersion. Suchwaveg-

uide dispersion engineering allows obtaining a specific dis-

persion profile as illustrated in Figure 2, where the second

order dispersion coefficient 𝛽2, also called group velocity

dispersion (GVD), of silicon nitride (SiN) waveguides for

different waveguide core height and width are plotted. The

dispersion parameter D = −2𝜋c∕𝜆2 × 𝛽2 is also often used

as an alternative metric to the GVD. Such dispersion engi-

neering is crucial to control the underlying dynamics of SCG.

In particular, the GVD describes the relative group velocity

of the spectral components of the pulse. Practically, the GVD

induces a phase delay on each frequency component with

Figure 2: Group velocity dispersion (𝛽2) for the TE fundamental mode of

a standard silicon nitride waveguide with width × height cross-section

1.7 μm × 0.87 μm and the TM fundamental mode of 1.0 μm × 2.09 μm
and 1.15 μm × 2.17 μmwaveguides with dimension. The material GVD of

SiN (in its stoichiometric form) is shown as a dashed line. The insets show

the scanning electron microscope (SEM) images of the waveguide

cross-sections.

respect to that of the center frequency, leading to temporal

pulse broadening. The characteristic length of second-order

dispersion is given by LD = T2
0
∕|𝛽2| and corresponds to the

length after which an initially unchirped Gaussian pulse

with a 1/e half intensity width of T0 will have broadened by√
2. Depending on the sign of theGVD, two different regimes

can occur. In the normal dispersion regime, when 𝛽2 > 0

(or D < 0), high frequency components are slowed down

compared to low frequency ones. The opposite occurs in

the anomalous dispersion regime (𝛽2 < 0 or D > 0). Waveg-

uide dispersion engineering allows to shift the boundaries

between the normal/anomalous regions (which occur at

zero dispersion wavelengths – ZDW), to counterbalance

material dispersion, and, to a certain extent, to control the

value of dispersion so as to lower it or flatten it in a targeted

spectral region, as seen in Figure 2. It can be noted that, com-

pared to PCFs, the 𝛽2 values for waveguides are typically

larger and that, owing to the larger core/cladding index con-

trast, slight changes in the waveguide cross-section induce

a larger change in dispersion. While this advantageously

allows for high tunability of the dispersion curve, it remains

constrained by the fabrication tolerances and maturity.

The main driving nonlinear effect contributing to

SCG early during the propagation is self-phase modulation

(SPM), which results from the intensity (I) dependent refrac-

tive index also known as the optical Kerr effect: n(𝜔, I) =
n0(𝜔)+ n2I. SPM is characterized, in the frequency domain,

by the appearance of sidelobes around the central fre-

quency. The accumulated frequency-dependent phase leads

to a frequency chirp imposed on the pulse with red-shifted

components at the leading edge of the pulse and blue-shifted
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ones at the trailing edge. Similar to dispersion, a character-

istic length of SPM (i.e. nonlinearity) is defined by the fol-

lowing expression LNL = 1∕(𝛾P0). The nonlinear length LNL
corresponds to the propagation length required for a pulse

of input peak power P0 to accumulate 1 rad of nonlinear

phase shift in a waveguide with a nonlinear coefficient 𝛾 .

As will be shown below, the interaction between GVD and

SPM can lead to different SCG regimes, with both distinct

dynamics and resulting spectral and temporal properties.

Besides this interplay, another driving mechanism called

modulation instability (MI) can strongly affect the dynamics

and characteristics of the SC. In the anomalous dispersion

regime, small perturbations in the form of residual noise

signal spectrally detuned from the pump, can be amplified

through phase-matched four-wave mixing processes result-

ing in MI. As a noise seeded and highly stochastic process

[10], MI leads to significant phase and intensity fluctuations

which have an influence in the coherence property of the

SCG. We briefly describe, in the next two sections, the SCG

associated with the two distinct dispersion regimes, and

discuss, respectively, the resulting SC characteristics.

2.1 SCG in anomalous dispersion regime

A large majority of work on SCG relies on pumping in the

anomalous dispersion, since SC can then be readily gen-

erated by leveraging the opposite effects of SPM and GVD

that govern the generation of solitons and their dynamics.

Optical solitons are self-stabilized wave packets that arise

from the delicate balance between nonlinear and dispersive

effects. Physically, the soliton regime requires that LD ≥ LNL
and the pulses are then characterized by a soliton number

N given by:

N2 = LD
LNL

=
𝛾P0T

2
0|𝛽2| (8)

Fundamental solitons with undistorted pulse spectrum and

temporal envelope arise when LD = LNL. For higher-order

solitons, as typically involved in SCG, the initial spectral

broadening caused by SPM and subsequent temporal com-

pression are proportional to the soliton number. At the com-

pression point, when the spectrum is dramatically broad-

ened, the soliton of order N is generally perturbed, leading

to soliton fission such that the resulting N fundamental

solitons split in time and all-together cover a much broader

spectrum. The characteristic length at which compression

occurs is often given by:

Lfiss =
√
LDLNL =

LD
N

= T0√
𝛾P0|𝛽2| (9)

The main perturbing mechanisms causing soliton fis-

sion are higher-order dispersion (HOD) andnonlinear terms

such as stimulated Raman scattering. When the broad-

ened spectrum of the optical pulse overlaps the normal

dispersion regions, the soliton pulses will shed energy to

resonant dispersive waves (DW) spectrally shifted from the

pump on the other side of the ZDW(s), in a phenomenon

analogous to the emission of Cherenkov radiation. Typically,

only the main high power soliton created after the fission

can lead to the generation of DW. Efficient energy trans-

fer occurs at the frequency where the phase constant of

the main soliton pulse at frequency 𝜔s and peak power

Ps equals the one of the linear DW. This is given by the

phase-matching condition:

𝛽(𝜔)− 𝛽(𝜔s)− 𝑣−1
g
(𝜔−𝜔s)−

𝛾Ps
2

= 0 (10)

where the soliton has a group velocity 𝑣g. Neglecting the

nonlinear contribution (
𝛾Ps
2
), the left-hand side of Eq. (10) is

called integrated dispersion 𝛽 int, and can be rewritten as a

Taylor expansion:

𝛽int(𝜔) =
∑
k≥2

(𝜔−𝜔s)
k

k!
𝜕k𝛽

𝜕𝜔k
(11)

The GVD determines the location of the phasematching

points, and it has been shown that the generation of a phase

matched DW corresponds to the occurrence of a ZDW, as

the DW will be generated in the normal dispersion regions.

The engineering of waveguide dispersion, and thus control

of the waveguide geometry, allows designing SC sources

with DWs generated on both the short and long wavelength

side of the pump when the latter is positioned between

two ZDWs. Leveraging the generation of DWs allows for a

significant increase of the SC bandwidth. Additionally, HOD

terms (k > 2) affect the amount of power transfer to the

DW: even-order dispersion terms lead to twoDWswith sym-

metric intensity and frequency detuning with respect to the

pump,while positive or negative odd-order terms break this

symmetry favoring blue or red-shifted DW, respectively [11].

Simulations of different scenarios are shown in Figure 3 to

highlight the importance of DW engineering. In this figure,

the calculated 𝛽 int and simulated spectral evolution along

a 5 mm length together with the final output spectrum are

shown for 2 different waveguide geometries (1.75 μm ×
0.87 μm for Figure 3(a) and 1.1 μm × 2.15 μm for Figure 3(b)

and (c)) and two different pump wavelengths (1550 nm for

Figure 3(a) and (b) and 2100 nm for Figure 3(c)). One can

see an excellent agreement between the expected position

of the DWs provided by numerical simulations and the

wavelength satisfying the phasematching condition 𝛽 int = 0

when neglecting the nonlinear contribution from the 𝛽 int
calculation. It is also clear that due to varying GVD at the
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(a) (b) (c)

Figure 3: Illustration of dispersive wave engineering. Simulated spectrum on top (black – input, red – output), simulated spectral evolution along

propagation in the middle and calculated integrated dispersion at the bottom for: (a) 1.75 μm × 0.87 μmwaveguide pumped at 1550 nm in TE; (b) 1.1

μm × 2.15 μmwaveguide pumped at 1550 nm in TM; (c) 1.1 μm × 2.15 μmwaveguide pumped at 2100 nm in TM. The positions of the expected DWs

are indicated by black dots in the integrated dispersion (𝛽 int = 0) and align well with the spectrum simulation highlighted by the white dashed lines.

The regions of normal dispersion are identified in light blue in the bottom graphs. Numerical simulations are performed by solving the GNLSE for the

same peak pump power of 5 kW.

pump wavelength between the three scenarios, the wave-

length of the DW changes but also the total amount of accu-

mulated integrated dispersion at the red or blue detuned

side. For these particular examples, while the wavelength

of the red detuned DW does not significantly vary for the

1.75 μm × 0.87 μm pumped at 1550 nm (Figure 3(a)) and

the 1.1 μm × 2.15 μm waveguide pumped at 2100 nm

(Figure 3(c)), the accumulated dispersion towards the blue

side is significantly higher for the latter. One would there-

fore expect, for the larger cross-section waveguide, an

imbalance in the energy transfer (and in the bandwidth

of the generated DW owing to the different 𝛽 int slopes)

between the blue-detuned DW and the red-detuned DW

compared to the smaller cross-section waveguide. Addition-

ally, one should also consider the spectral overlap between

the soliton (roughly located around the pump wavelength)

and the DW to estimate the actual conversion efficiency

towards the DW.

The corresponding numerical simulations support the

correlation between symmetry breaking in 𝛽 int and imbal-

ance in the power transfer. In Figure 3(a), the amount of

energy transferred to the blue-detuned DW, compared to

the red-detuned one located near 3.5 μm, is significantly
higher since the 𝛽 int is almost symmetric around the pump

wavelength but the broadened soliton has a better spectral

overlapwith the blueDW. Instead, for the large cross-section

design, Figure 3(c), a significant improvement is observed

on the long wavelength DW, also located near 3.5 μm, since

it is closer to the 2.1 μm pump signal. As such the overlap

with the pump broadened spectrum is improved while the

asymmetry in 𝛽 int further strengthens the energy transfer

towards this red DW.When the 1.1 μm× 2.15 μmwaveguide

is pumped at 1550 nm (Figure 3(b)), the pump is nearer the

maximum value of GVD (i.e. in between the two ZDWs) and

the red DW is expected to be further detuned, reaching

4.6 μm (Figure 3(b)). However, despite a relatively low accu-

mulated dispersion on the red DW side, the large DW/pump

detuning results in poor conversion efficiency to the red

detuned DW, resulting in a poor MIR source.

The temporal evolution corresponding to the same

conditions used for the spectral evolution of Figure 3(a) is

shown in Figure 4. We clearly see that after the first com-

pression point (around 3 mm of propagation), the propa-

gating pulse, which is significantly compressed, splits while

DWs are emitted. The DWs rapidly walk off from the

pump temporal residue. The stronger visible DW can be

seen on the trailing edge of the temporal window owing

to the increased group-delay as compared to the pump

residue.

While pumping in the low anomalous dispersion allows

maximizing the soliton number, and therefore pulse com-

pression and spectral broadening, the competition of coher-

ent and incoherent spectral broadening dynamics, namely

soliton fission and MI, governs the coherence properties

of the resulting spectrum. For some applications, a high

degree of coherence may be required as to, for example,
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Figure 4: Simulated temporal envelope on top (black – input, red

– output), and temporal pump pulse evolution in the bottom,

corresponding to the same conditions as in Figure 3(a).

maintain the frequency comb nature of the pumping source

over the entire SC spectrum. Indeed if the pump source is a

frequency comb, characterized by its repetition rate frep and

offset frequency fCEO, both in the microwave range, such

that every comb line at optical frequency fn is expressed

as fn = fCEO + nf rep, coherent broadening will transfer the

comb properties to the entire SC spectrum. A quick assess-

ment of the expected coherence can be obtained through

the calculated complex degree of first-order coherence g(1)
12

is given by:

g(1)
12
(𝜆) = ⟨E∗

1
(𝜆)E2(𝜆)⟩√⟨|E1(𝜆)|2⟩⟨|E2(𝜆)|2⟩ , (12)

where the angle brackets denote an ensemble average over

independent supercontinuum complex spectral envelopes

E1 and E2 for different noise settings. It is possible to ensure

good coherence (i.e. phase stability at each wavelength

across the spectrum) of anomalous SCG, the main approach

being to maintain a low soliton number. Given the two

competing effects, the generation of a coherent spectrum

requires that soliton fission dominates, meaning that Lfiss
must be significantly shorter than the distance over which

MI impacts the evolution dynamics (LMI). It was estimated

that LMI ∼ 16LNL [12] meaning that a soliton numberN < 16

would ensure a high level of coherence. Froma system’s per-

spective, it is therefore preferable to use waveguides only

slightly longer than Lfiss, and pump them with ultrashort

pulses (in the fs scale) at high values of anomalous GVD.

All these are possible in integrated waveguides. As will be

discussed in the next section, another approach to guaran-

tee coherence is to pump in the normal dispersion regime,

since the distinct drivingmechanisms underpinning SCG do

naturally preserve coherence.

2.2 SCG in normal dispersion regime

When a pulse propagates in the normal dispersion regime,

the main mechanism behind spectral broadening is SPM.

Because the chirp imposed on the pulse spectrum by nor-

mal dispersion and by SPM has the same sign, the spectral

broadening obtained in such regime is relatively narrow.

Indeed, the dispersion-induced pulse temporal stretching

is no longer compensated by the counteracting Kerr effect,

as in the anomalous dispersion regime, leading to a fast

decrease of the pulse peak power. However, the interaction

between GVD and SPM in the normal dispersion regime

gives rise to other phenomena that help to increase the

spectral broadening, such as optical wave breaking (OWB).

In the first stages of propagation, the major physical effect

acting on a pulse is SPM which, as previously mentioned,

introduces a chirp with a typical S-shape across the pulse

duration. GVD leads to a further steepening at the edges of

the pulse spectrum such that, after a specific distance LWB:

LWB =
LD√

4N2exp(−3∕2)− 1
(13)

the red-shifted components near the pulse leading edge

travel faster and overtake the slower preceding tail, while

the opposite happens for the blue-shiftedwavelengths at the

trailing tail, resulting inOWB [13] and the further creation of

new frequencies frombeating and FWM. Interestingly, OWB

leads to a significant enhancement of the spectrum flat-

ness and a nearly linear distribution of the instantaneous

frequency across the pulse duration, which is particularly

interesting for pulse re-compression and lies in contrast to

the pulse splitting effect observed in the anomalous disper-

sion regime. Finally, because the dynamics of SPM and OWB

generation are much less susceptible to noise amplification

than soliton dynamics, the resulting SC possesses high phase

stability and coherence [14].

An example of the generation of all-normal dispersion

(ANDi) SC is shown in Figure 5 based on the waveguide used

in [15]. This air clad waveguide exhibits ANDi for the TM

mode (Figure 5(a)). The simulation of the spectral evolu-

tion along thewaveguide propagation, shown in Figure 5(b),

confirms the ANDi regime. The spectrum is flat and smooth,

with an expected high coherence. The chirp is found to

be quasi-linear along the pulse duration, while the pulse

maintains its integrity in the time-domain (Figure 5(c)). The

slight asymmetry observed between the short and long
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(a)

(b)

(c)

Figure 5: SCG in normal dispersion regime. (a) Simulated group velocity

dispersion (𝛽2) for the fundamental TM mode of a SiGe/Si waveguide.

The arrow indicates the position of the pump at around 4.15 μm. Inset:
schematic of the SiGe waveguide geometry. (b) Simulated normalized

spectral evolution (bottom) along the propagation direction, input (black)

and output (red) spectra (top) when 200 fs pulses with 3.1 kW peak

power are injected in the TM mode. (c) Corresponding temporal

evolution along the propagation direction (bottom), input (black) and

output (red) temporal envelope (top).

wavelength sides of the spectrum is due to the asymmet-

ric dispersion profile. We re-emphasize that the spectral

broadening of the resulting SCG tends to be significantly

narrower though, and typically requires larger peak power

than that needed in the anomalous dispersion regime. Apart

from these two distinct SCG dynamics, as governed by the

underlying waveguide dispersion sign, additional effects,

such as harmonic generation discussed next, can be helpful

and contribute to further broaden the SC spectrum.

2.3 Harmonic generation

Besides the broadening of the input spectrum, nonlinear

effects can also multiply the frequency of the input light

within harmonic generation (HG) processes such as second

harmonic generation (SHG) and THG. These can be particu-

larly significant in single or hybrid chip-basedmaterial plat-

forms that exhibit both a 𝜒 (2) and 𝜒 (3) nonlinear response.

HG becomes very apparent, for instance, in some nonlinear

waveguides, which often start to glow green when pumped

with intense pulses around 1550 nm. At the origin of this is

THG (hence near 520 nm), which is driven by the same Kerr

nonlinearity as that underlying many of the SCG processes

described above. HG oftenmanifests itself as the creation of

light signals at frequencies that are spectrally well defined

around the multiples of the pump frequency. Note that for

sufficient pump power, HG conversion efficiency can be

high and even occur earlier than SCG along the propagation

direction. In this case, it may be difficult to distinguish the

effects of HG and SCG at the harmonic frequencies, both

of them interacting to eventually broaden the overall spec-

trum even further. Indeed, when the efficiency of the two

processes is comparable, frequency mixing between differ-

ent SC spectral bands or broadband HG created from the SC

generated around the (fundamental) pump frequency can

be observed too. As for many nonlinear mechanisms, HG

processes can be enhanced by phase matching, which could

be achieved here by exploiting different spatialmodes in the

waveguide. Whereas most of the work in the Review, and in

particular the theory summarized above, assumes that the

light propagates in one of thewaveguide fundamental (TE or

TM) modes, waveguides generally are not truly single mode

at the pump wavelength. Moreover, at shorter wavelengths,

around the second and third harmonic of the pump, many

more modes exist for typical waveguide geometries used

for SCG [16]. Some of these higher-order modes can phase-

match a part of the pump spectrum propagating along the

fundamentalmode and therefore satisfy a condition leading

to an efficient nonlinear energy transfer to these shorter

frequency harmonic bands. Therefore, HG can be used to

substantially and coherently expand the spectral bandwidth

of SC towards shorter wavelengths, in particular for inte-

grated platforms combining 𝜒 (2) and 𝜒 (2) nonlinearities.

One important aspect to keep inmind is that broadband

spectra generated from a combination of coherent SCG and

HG does not usually represent a single proper frequency

comb, unless the fCEO of the pump is 0. Instead, the funda-

mental SC spectrum and the HG spectra represent different

frequency combs which are shifted one against the other

by the fCEO, a fact that is exploited in the f-to-2f scheme

that will be described in Section 7.1. However, for many

applications this detail is not relevant andHG can be used to

substantially expand the spectral bandwidth of SC towards

shorter wavelengths.
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After this description of the most common physi-

cal mechanisms underlying SCG, we will review some

specific features of integrated platforms that are rele-

vant for SCG and briefly discuss their potential for these

applications, in particular with respect to their SCG fiber

counterparts.

2.4 Nonlinear platforms for integrated SCG

Whether it be for SCG based on soliton dynamics or ANDi

broadening, integration offers interesting benefits following

the large achievable nonlinear coefficient 𝛾 . This comes

from both the typically reduced effective area compared to

fiber platforms but also from the wide range of integration-

compatible materials with high n2 (typically 10 to 100 times

higher with respect to that of silica) that can be heteroge-

neously integrated on the same chip-based platform. Table 1

summarizes some properties of the materials that have

been most commonly used for creating chip-based SCG

sources: silica (SiO2,) Hydex, silicon (Si), silicon nitride (SiN)

in its stoichiometric composition (Si3N4), silicon germanium

(SiGe), germanium (Ge), wide band-gap semiconductors

such as aluminumnitride (AlN), aluminumgalliumarsenide

(AlGaAs), indium gallium phosphide (InGaP), chalcogenide

glass (ChG), lithium niobate on insulator (LNOI), silicon car-

bide (SiC), and diamond.

It is interesting to note that the typical design rules for

broadband SCG in fiber platforms, which require a low GVD

at the pump wavelength and long length of propagation,

cannot be directly transferred to integrate waveguides, in

particular the ones with high values of 𝛾 . The low GVD

and long length requirements in fibers come from the fact

that the achievable spectral broadening increases with the

soliton number. For a finite pump power and a given pulse

duration, a low 𝛾 , which is typical of fiber platforms, implies

that the pumpmust be located at a low value of 𝛽2 (i.e. near

a ZDW) according to Eq. (8). As a consequence, only one

DW is typically excited even if the waveguide has 2 (distant)

ZDWs. Additionally, following Eq. (9), Lfiss is relatively long,

requiring in general cm to m propagation lengths. For inte-

grated waveguides with their enhanced 𝛾 (several orders

of magnitude larger than standard fibers), however, much

higher values of GVD can be tolerated without sacrificing

the soliton number. Consequently, pumping can be done

near the maximum GVD value for instance, allowing for

the generation of two spectrally distant and well-separated

DWs, as already depicted in Figure 3. The high value of GVD

also reduces the fission length, resulting in device lengths

of only a fewmm. Eventually, all of these considerations for

integrated waveguides, leading to a reduction of the main

physical length scales (LD, LNL and Lfiss) involved in SCG,

open up unique opportunities to generate SC in chip-based

miniaturized devices.

One way to benchmark the performance of various

platforms for SCG is to use a figure of merit (FOM) that con-

veys the typical need to obtain the broadest SC bandwidth

Table 1: Properties of materials used for optical integration. Values of refractive index n, and n2, are at 1.55 μm unless stated otherwise. The

transparency window is defined as the band where the absorption loss is below 2 dB/cm.

Material Transparency window (𝛍m) Bandgap (Eg) n n (cm
2/W) Ref.

SiO2 0.13–3.5 9 eV 1.46 ∼2.7 × 10−16 [17, 18]

Hydex 0.13–3.5 9 eV 1.7 ∼1.1 × 10−15 [19]

Si 1.1–9 1.12 eV 3.48 ∼6 × 10−14 [20]

Si3N4 0.35–7 5 eV 2 ∼2.4 × 10−15 [21]

SiGe (40% Ge) 1.5–11 ∼1.1 eV 3.6 (at 4 μm) ∼4 × 10−14 (at 4 μm) [15, 22, 23]

Ge 2–14 0.7 eV 4 (at 4 μm) 0.5–1 × 10−13 (in MIR) [23–27]

AlGaAs 0.574/0.872–>6.5 1.42–2.16 eV 2.86–3.5 ∼10−13 [28–31]

AlN 0.2–>5.5 6.2 eV 2.21(o), 2.26(e) ∼2.3 × 10−15 [32–35]

InGaP 0.65–MIR 1.9 eV 3.13 ∼10−13 [36–38]

ChG

Sulphides: VIS-11 Sulphides:∼2.5 eV
2–3 9 × 10−12 –9 × 10−14 [39–41]Selenides: NIR-15 Selenides:∼1.8 eV

Tellurides: NIR-20 Tellurides:∼1.5 eV
LNOI 0.35–5 ∼4 2.21 (o), 2.13 (e) ∼1.8 × 10−15 [42–44]

SiC 0.4–MIR 2.36–3.23 2.6 ∼1 × 10−14 [45, 46]

Diamond 0.22–MIR 5.5 eV 2.38 ∼0.8 × 10−15 [47]

Ta2O5 0.3–8 3.8 eV 2.05 ∼2 × 10−14 [48]

TiO2 0.4–5.9 3.4 eV 2.4 ∼2.4 × 10−14 [49]

TeO2 0.4–5 3.8 eV 2.1 ∼1.3 × 10−14 [50]
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for as low a power-device length budget as possible.We thus

define it as:

FOM = Δ𝜈
LPP

(14)

Our FOM therefore compares the SC broadening (Δ𝜈)
obtained at the output for a given pump peak power

(PP) and device length (L). The FOM can be calcu-

lated either considering the peak power required at the

input of the fiber/waveguide
(
Pin
P

)
or coupled inside the

fiber/waveguide
(
PC
P

)
. Since the latter does not consider

the coupling losses, it represents the actual power needed

to initiate the nonlinear effects in the waveguide, thereby

effectively increasing the inferred FOM, but giving a bet-

ter indication of the nonlinear potential of the platform

for sustaining SCG. Alternatively, considering the required

power at the input of the device (hence considering coupling

losses), gives an indication of the overall device require-

ments, also reflecting the presentmaturity of the technology

for one given material platform. Note that for waveguide-

based platforms, strategies have been developed tomitigate

the coupling loss issue, which tends to be more challenging

than in fibers. The FOM comparison results are summarized

in Table 2 (using Pin
P
). Accordingly, Figure 6 shows the broad-

ening obtained in THz as a function of the LPP product for

various experimental SCG demonstrations found in the lit-

erature, including fiber platforms (circles), made from SiO2

[51], heavy metal oxide glass [52], fluoride fibers (ZBLAN)

[53] and chalcogenide (ChG) [54], and integrated platforms

(square) from Hydex [55], Si3N4 [56], Si [57, 58], SiGe [59], Ge

[25], ChG [60], AlN [33, 61], AlGaAs [28], InGaP [38], and LNOI

[62]. The dashed lines represent constant FOM as guides for

the eye. The fullmarkers are obtained consideringPin
P
, while

the open data markers are inferred for PC
P
. Again, the latter

show the intrinsic nonlinear potential of one givenmaterial

platform for SCG after factoring out the coupling strategy

deployed for the related demonstration.

As evident from Table 2, the FOM of integrated plat-

forms can be several orders of magnitude higher than in

fiber platforms, even when the calculation is based on the

peak pump power required at the input of the device. This is

also seen in Figure 6. As expected, when using, alternatively,

the coupled peak power to estimate the FOM, integrated

platforms show an even greater performance than fibers

as they are typically characterized bymuch higher coupling

losses. This is particularly striking for less mature platforms

such as GaInP, AlGaAs, SiGe, or ChG. Overall, the gain in FOM

mostly comes from the significantly reduced required prop-

agation length× pumppower consumption budget afforded

by chip-based platforms to trigger SCGwith respect to fibers,

since the obtained broadening infiber platformshas close to

record values, especially in the near-IR. We can also notice

that the FOM of typical MIR integrated platforms, ChG, SiGe,

and Ge, tend to be lower and closer to the FOM of fiber

platforms. This can be partly explained by their waveguide

design rules,whichbecome similar to the ones of fiber based

systems when operating at longer wavelengths: pumping is

typically done at a wavelength of low GVD and already in

the MIR, while the waveguide cross-section becomes signifi-

cantly larger than for near-IR operation as to accommodate

MIR light, hence leading to an overall reduced waveguide

nonlinear coefficient 𝛾 , higher pump powers, and smaller

broadening.

Overall, it becomes clear that integrated waveguides

have a form factor very well adapted for SCG, enabling

the creation of both compact and low power consumption

sources that benefit from tight light confinement, advanced

dispersion control, and integration of highly nonlinear

materials. While the FOM of many of the presented inte-

grated platforms is similar, the choice of material is yet

critical. In particular, its transparency window and disper-

sion set the hard limitations to the SC achievable band-

width as well as the targeted spectral range window for

optimized operation. The material choice also dictates the

hierarchy of the physical effectswhich drive the SCGprocess

and affects all aspects and characteristics of the generated

spectrum. All of these specific features will be highlighted

Table 2: FOM for various material platforms as fibers (first 4 rows) or

integrated waveguides and the wavelength of the pump used (λpump).

Material 𝝀pump (nm) FOM (THz/(cm kW)

SiO2 PCF [51] 1064 3.49 × 10−2

Heavy metal oxyde

(HMO) glass PCF [52]

1580 6.6 × 10−2

ZBLAN fiber [53] 1553 1.1 × 10−1

ChG nanowire [54] 2874 1.29 × 100

Hydex [55] 1290 8.16 × 10−1

SiN [56] 1550 1.13 × 102

Si [57] 1950 4.39 × 102

Si [58] 3060 1.39 × 102

SiGe [59] 8500 3.84 × 100

Ge [25] 4600 2.1 × 100

ChG [60] 4184 3.56 × 100

AlN [61] 780 5.99 × 101

AlN [33] 1560 8.71 × 101

AlGaAs [28] 1555 3.15 × 102

InGaP [38] 1550 1.55 × 102

LNOI [62] 1550 9.13 × 101
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Figure 6: FOM and performance comparison. Spectral broadening (in THz) as a function of the product length × peak power. The squares are fiber

platforms while the circles are integrated platforms. Full markers are calculated based on the estimated peak power at the input waveguide
(
Pin
P

)
while the open markers are for the coupled peak power

(
PC
P

)
. If the pump wavelength is not in the near-IR (telecom band around 1550 nm), the

pumping band is indicated: it can be in the near visible (VIS) around 780 nm or in the middle infrared (MIR) between 3 and 8 μm. Dashed lines are
indication of constant FOM from 0.1 to 1000 (right to left).

in the performance summary tables included in the sub-

sequent sections, which aim to review the SCG demonstra-

tions that have been achieved in various integratedmaterial

platforms. It should be noted that the information in these

tables is either directly taken from the corresponding pub-

lication or inferred/calculated from available values. Also,

the definition of SC bandwidth, a key performance metric

of SC, as will be briefly discussed in the concluding chapter,

sometimes varies at −20 dB, −30 dB, or even −40 dB.

2.5 Fabrication of integrated nanophotonic
waveguides

This section gives a brief overview of the fabrication pro-

cess which is typically used to fabricate nanophotonic

waveguide samples. It is kept very generic on purpose

and should only provide enough details to be able to

understand some advantages and limitations of integrated

waveguides. While the exact process flow utilized to fab-

ricate a nanophotonic waveguide varies from one publi-

cation to another, and while every material has different

requirements and process steps and parameters, they

mostly adhere to the process flow described here and all

share the concept that the fabrication is done in cleanrooms

using micro- and nano-fabrication techniques as they are

known from the semiconductor industry. While these tech-

niques can be applied on the wafer scale (typical sizes in

research are 3 and 4 inches, or 75 and 100mm, respectively),

the process can also be done on the chip scale, if this seems

to be advantageous.

The process flow starts with a carrier wafer, which is

most commonly silicon (Figure 7(a), in grey). In order to

provide a bottom cladding layer below the waveguide later

on, a dielectric layer with low refractive index is required.

For a silicon substrate this can be easily obtained by oxi-

dizing the silicon of the wafer to silicon dioxide (red in

Figure 7). If the carrier is already a low-index material such

as sapphire or quartz, no additional layer is required. If it is

neither a low-refractive index material nor silicon, silicon

dioxide (or another cladding material) can be deposited via

different techniques such as chemical vapor deposition

(CVD) or physical vapor deposition (PVD). Onto this bottom

cladding the optically nonlinear material (green) has to be

deposited. As this layer will form the waveguide later on,

the quality of the deposition is key to the performance of the

device. Amorphousmaterials, such as silicondioxide, silicon

nitride, or silicon oxynitride, can be deposited with CVD

processes. PVD is in principle also an option but is rarely

used as it does not typically provide the required quality. If

the material of the waveguide layer should be crystalline,

different processes are employed. Most often these are vari-

ations of the crystal ion slicing (CIS, also known as Smart

Cut) process, which is in particular used to transfer single

crystalline layers of silicon and lithium niobate onto wafers

with amorphous dielectric layer on top (e.g. silicon dioxide).

In general, other processes to deposit high quality thin film

could also be used, such asmolecular beamepitaxy (MBE) or

atomic layer deposition (ALD). Beside of a high quality film,

the process used should also provide a good control over

the thickness and uniformity over the wafer. The thickness
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(a)

(b)
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(d)

(e)

(f)

(g)

(h)

Figure 7: Generic fabrication process for nanophotonic waveguides. (a)

The carrier wafer (grey), typically silicon. (b) Deposition of the bottom

cladding (red) and (c) deposition of the waveguide layer (green). (d) And

(e) lithography using a photoresist (blue). (f) Etching of the waveguide via

the patterned photoresist mask. Here the waveguide is only partially

etched. (g) Resist stripping and cleaning. (h) Top cladding deposition

(light red).

of the film defines the height of the waveguides fabricated

later and is therefore a critical parameter for the dispersion.

Typical thicknesses are generally given by the vertical single

mode criterion (∼ 𝜆∕2neff), which are in the range of 0.2–1
μm, even a few μm for certain MIR platforms.

Once the carrier wafer has the bottom cladding and

the waveguide layer is deposited, the waveguide layer has

to be structured. This is done via two steps, as for typ-

ical micro-fabrication processes. First, a lithography step

structures a layer of photoresist (blue in Figure 7(d) and

(e)). This photoresist acts as a protective layer where it

remains on the wafer. Second, an etch step follows, which

removes material from the waveguide layer where it is

not protected by the photoresist. The initial photoresist is

deposited onto the wafer via spin coating. The patterning

of the photoresist is done by exposing the photoresist to

either UV light or to an electron beam (ebeam) in dedicated

machines. Exposurewith an ebeam is typically very precise,

it can achieve resolutions of around 10 nm. However, it is

a serial process and the speed goes down with increasing

resolution. UV lithography exists in several variations and

can range from a simple contact lithography tool with a

resolution of approximately 1 μm to high-end stepper tools

with a resolution similar to that of an ebeam. The pattern,

which describes where the photoresist should be exposed,

is called a mask and is usually defined as a digital file con-

taining the required 2D patterns. As the most commonly

used file format is GDS or GDSII, the mask is sometimes also

referred to as a GDS. The 2D geometries that are contained

in themask can be arbitrarily complex and in particular the

waveguides can have bends, varying widths, and different

lengths.

Once the photoresist is patterned, the wafer contin-

ues to the etching process (Figure 7(f)). The duration of

the etching process determines how much of the unpro-

tected waveguide material is removed. If the etching pro-

cess lasts long enough, it will remove all the waveguide

material where no photoresist is protecting it. This there-

fore defines a fully etched waveguide with a width and

length that is described by the mask and a height which is

defined by the thickness of the waveguide layer. In Figure 7

the waveguide is only partially etched. In most publica-

tions today dry etching steps are used relying on reac-

tive ion etching (RIE) machines. Wet etching can be used

and can lead to very good quality results but the required

etchants are not available for all materials and wet etching

results in sidewalls with an angle substantially smaller than

90◦, whereas vertical sidewalls are mostly the preferred

option to enable precise dispersion engineering. The key

property of a good combination of lithography and etch-

ing step is a low sidewall roughness. Such low roughness

results in lower optical losses due to scattering inside the

waveguide.

After the etching step and some additional cleaning

steps, the waveguide is fully defined (Figure 7(g)) and could

already be used for SCG as the air on top of the waveguide

does provide a good mode confinement inside the waveg-

uide. However, the top of the waveguide is exposed to the

environment. Therefore, often an additional top cladding is

deposited, which is typically silicon dioxide but, similar as

for the bottomcladding, it could be anyothermaterialwith a

lower refractive index than thewaveguidematerial. Typical

processes are again CVD processes.

As a last step, the waveguide ends have to be made

accessible. In particular, if the waveguides are fabricated on

a wafer, the wafer has to be broken down to smaller chips

to work within the lab. Also here different processes exist.

Manual cleaving of the wafer or breaking of the wafer is a

simple but not very precise method. More common is the

dicing of the wafer using blade dicing or laser dicing. Other

processes rely on additional etching of the layers to define

the facets of the photonic chips.
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3 Supercontinuum generation in

Si-photonics

Silicon photonics has attracted a large research interest,

mainly motivated by the fact that it is based on the same

fabrication process flow as complementary-metal-oxide-

semiconductor (CMOS) electronics. In this sectionwe review

the SCG work based on the three main Si photonics plat-

forms: Si, SiN, and SiGe.

3.1 Silicon based devices

Silicon, with its very high nonlinear index n2 and large

refractive index, allowing for tight confinement of light in

nanometer scale structures, appears as an excellent mate-

rial choice for SCG. The waveguide geometry used in most

work is that of silicon on insulator (SOI) where the Si waveg-

uide is patterned on a buried oxide layer of SiO2, as seen

in Figure 8(a). Such common structure, with the waveguide

either fully clad in SiO2 or left uncladded, leverages the high

index contrast (∼ 2) between Si and SiO2 for creating tightly

light confining waveguides (Aeff of roughly 0.1 μm2) with

relatively low propagation losses in the few dB/cm. Hsieh

et al. [63] reported the first pulse spectral broadening in a

siliconwaveguide in 2007. The 0.52μm× 0.22μmwaveguide

had an expected high 𝛾 (6 × 104 W−1 m−1) and a predicted

ZDW near 1300 nm, where the pump was positioned. How-

ever, the measured broadening was limited to 3/10 of an

octave, severely limited by two-photon absorption (TPA) of

Si in the telecom band. As to eliminate this crippling effect,

the large majority of subsequent work has relied on pumps

in the short-wave infrared (near 2 μm, which falls in the

thulium emission band) or deeper in the MIR using OPOs.

Kuyken et al. [64] showed the first demonstration of an SC

going beyond the telecom band. Relative long pump pulses

(2 ps) were used such that MI was the main broadening

mechanism and the overall spectral span remained lim-

ited (Figure 8(b)). The first octave spanning SC was demon-

strated a few years later by Lau et al. [65]. The waveguide

was pumped very close to themaximumGVD using a 2.5 μm
pump in the fs regime. The broadening, there dominated by

soliton fission, showed clear DW on both the blue and red

detuned side of the pump. The phase coherence nature of

a part of such SCG, measured in the short-wave infrared

region, was confirmed in [66]. Some demonstrations also

proved that it is possible to generate SC in an SOI platform

operating up to the short wavelength edge of the SOI trans-

mission window, near 1 μm, while relying on fiber laser

(a) (c) (e)

(b) (d) (f)

Figure 8: SCG in Si platforms. (a) Calculated GVD as a function of wavelength, inset: schematic of the waveguide and (b) measured output spectrum

for coupled input peak power: 3.1 W (green), 4.3 W (blue), 7.9 W (red), and 12.7 W (black). The spectra are vertically offset by multiples of 20 dB for

clarity. (c) Calculated dispersion and effective index for SOS nanowire with a cross section of 2.4 μm by 0.48 μm shown in inset and (b) measured

output spectrum with input peak power ranging from 200 W to 2.5 kW. (e) Calculated dispersion for suspended SI waveguide of thickness (H) 2 μm, a
slab thickness (S) of 0.5 μm and various height (H), inset: schematic of the suspended silicon waveguide, and (f) measured output spectrum for two

widths. Panels (a) and (b) adapted from [64]. Panels (c) and (d) adapted from [67]. Panels (e) and (f) adapted from [68].



1212 — C.-S. Brès et al.: Supercontinuum in integrated photonics

pumping. A first attempt in a hydrogenated amorphous sili-

conwaveguide leveraged a commercially available Thulium

doped mode-locked fiber laser. The generated MI driven

SC was limited in bandwidth owing to the relatively long

1.24 ps pulses together with the low available peak power.

In [57], a 100 fs 1550 nm fiber laser Raman shifted in a

highly nonlinear fiber to 1.95 μm was used to pump a short

SOI waveguide whose dispersion was engineered as to have

the pump positioned close to the first ZDW located in the

near-IR. This work proved that an octave spanning near-IR

and fully coherent SC can be efficiently generated in SOI.

Despite these few near-IR works, the obstacle posed by

TPA has pushed octave-spanning SCG research in Si into

longer wavelength region (𝜆 ≥ 1950 nm). At this point, the

silica substrate starts being the limiting factor, owing to its

fast increasing absorption losses beyond 2.5 μm. To circum-
vent silica losses, twomain approaches are pursued: replac-

ing the silica substrate with sapphire or suspending the Si

waveguide. The first Si on sapphire (SOS) based waveguides

were reported in 2010 with propagation losses of 4.3 dB/cm

at 4.5 μm [69]. The nonlinear optical performance of SOS

was established by Singh et al. in 2015 [67]. The waveguides

were fabricated by epitaxially growing 0.5 μmof silicon on a

sapphire substrate. To smooth the surface of the waveguide

as to minimize scattering losses, the devices were treated

with repeated chemical oxidation and oxide stripping. The

waveguide was dispersion engineered as to achieve low

and anomalous dispersion near the 3.7 μm pump, which

required a large width (Figure 8(c)). With a coupled peak

power of 2.5 W, the continuous SC spanned 2–5.58 μm as

seen in Figure 8(d).

Similar broadening was experimentally obtained in a

suspended all-air-cladding structure a few years later. A

wet etching method was used to fabricate the suspended

waveguides shown in Figure 8(e) [68]. Holes of 1 μm ×
2 μm were made by e-beam lithography and reactive ion

etching (RIE) around the waveguide structure for wet etch-

ing. The oxide layer under the waveguide was removed by

dipping the substrate in a 5:1 buffered hydrofluoric acid.

The 0.5 μm slab was thick enough to avoid deflection of the

Si membrane and to guarantee mechanical stability as to

generate an SC spanning 2–5 μm from a 4 μm pump. This

wet etching technique allows for the necessary flexibility

in dimensions to tailor the dispersion. The performance of

such suspended structure was further improved by signif-

icantly lowering the coupling losses utilizing fork-shaped

couplers and lowering the propagation losses to 2 dB/cm

at the pump wavelength [58]. The 5 mm suspended waveg-

uides are fabricated based on 0.7 μm thick fusion bonded Si

membranes provided by an SOI wafer [70]. The air trenches

underneath the waveguides are etched in a blank Si wafer

prior to bonding and are designed to avoid leakage loss

of the generated light. The long wavelength ZDW can be

tailored from 3.5 to 5 μm by varying the waveguide width.

With a waveguide width of 3.25 μm and a height of 0.7 μm,
a continuous SC spanning 2–7.7 μm, the long wavelength
onset of Si absorption,was demonstrated,with a lowenough

soliton number to guarantee coherence.

More advanced designs have also been suggested, with

the primary goal to better control and shape the gener-

ated SC. A cascaded design based on the concatenation

of waveguides with different cross-sections as to vary the

dispersion along the length of the devices was proposed

and demonstrated in [71]. The authors showed that such

design can be used for selective spectral enhancement. They

also leveraged the strong birefringence of the design by

pumping simultaneously with both quasi transverse elec-

tric (TE) and transverse magnetic (TM) modes. Following a

similar trend, the SCG performance of fixed width, single

taper, or dispersion managed (i.e. varying width, here over

7 different sections) waveguides was compared in [72]. It

was shown that more complex designs such as dispersion

managed, can provide a significant advantage in terms of

broadening, reach andflatness as seen in Figure 9(a) and (b).

They explain this by the trapping of the blue emitted DW,

which is initially efficiently generated close to the pump,

and then a continuous blue shift as the DW and the main

compressed pulse propagate together in a tapered section

of the dispersion managed waveguide. This comes from the

optimization of the dispersion profile, which allows this

DW to be continuously group-velocity matched with the

pump. Note that while similar approaches for dispersion

management along the propagation direction were first

and advantageously developed in fiber-based SCG by con-

catenating fiber sections with varying dispersion profiles,

their implementation in chip-based waveguides provides

even more flexibility in the design and a refined control

of the dispersion properties during the lithography step.

A notched design for the SOS platform was proposed in

[73] as to provide an extra degree of freedom for disper-

sion engineering, which was used to experimentally show

a controlled SC (Figure 9(c)–(e)). Very recently, the use of

suspended silicon metamaterial waveguides was proposed

as a way to efficiently control the position of the DW [74].

The waveguide is composed of a central strip and a lateral

metamaterial-grating cladding. This cladding is not only

used to selectively remove the silica under-cladding, but

also for dispersion engineering. The optimization of the

metamaterialwaveguide geometrywasdemonstrated in the

context of independent control of the position of the short
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(a) (c)

(e)

(b)

(d)

Figure 9: Advanced designs in Si platforms for SCG. (a) Computed GVD of the fundamental quasi-TE mode of 0.22 μm thick SOI waveguides with

various fixed widths, inset: fundamental transverse mode in the 0.825 μmwide waveguide at 2200 nm. (b) Measured output spectra recorded for the

dispersion managed (DM), single taper (TP), and 0.825 μm fixed width (FW) waveguides and schematic geometry of the DM structure. (c) SEM images

and cross-section diagram of strip and notch SOS waveguides. (d) Calculated GVD profiles of the notch SOS designs. (e) Measured output spectra of

notch waveguides (top), and octave span broadening in a strip (blue) and notch (orange) waveguides (bottom). Experimental results are shown on the

left and simulations on the right together with calculated coherence. Panels (a) and (b) adapted from [72]. Panels (c)–(e) adapted from [73].

and long-wavelength DWs. To conclude this brief review of

SCG in Si based waveguides, the detailed geometry, linear

and nonlinear properties of the waveguides exploited in

the various works described above, as well as the resulting

SC performance obtained, are summarized in Table 3, also

highlighting, for comparison, both the corresponding peak

and averaged coupled pump powers
(
PA
P

)
, needed to gener-

ate the related SC.

3.2 Silicon nitride based devices

As mentioned in the previous section, TPA and relatively

high linear losses severely limit the use of Si in the near-IR

range. In recent years, SiN, particularly in its stoichiomet-

ric form, has appeared as a go-to platform for linear and

nonlinear integrated optics. It is well known as a dielectric

insulator and was initially used as a platform for integrated

linear optics [75]. High-confinement Si3N4 waveguides have

then been suggested as a nonlinear alternative to Si, since

Si3N4 is characterized by a large bandgap close to 5 eV and

a wide transparency window from 0.350 to 7 μm. However,
Si3N4 has a nonlinear refractive index an order of magni-

tude smaller than Si, as well as a lower refractive index.

While this results in reduced values of 𝛾 with respect to

that of SOI waveguides, the linear losses are also signifi-

cantly lower, and higher peak and average powers can be

coupled to Si3N4 waveguides, as seen in Table 4. But most

importantly, the particularly crippling effect of TPA and the

limiting absorption edge of Si at 1.1 μm do not apply.

Most of the work in Si3N4 relies on the use of standard

rectangular cross-section waveguide geometries, where the

core width and height are varied to shape the dispersion.

However, light confinement and dispersion engineering his-

torically proved difficult with Si3N4 due to the tensile film

stress which, for a long time, limited the achievable thick-

ness to less than 0.25 μm, i.e. not suited for nonlinear

operation beyond the telecom band nor to easily reach

anomalous dispersion regime underpinning straightfor-

ward SCG exploiting soliton dynamics. Recognizing the high

potential of the platform, significant efforts were put in

maturing fabrication processes as to allow the use of thick

films. Nowadays low loss layers thicker than 500 nm have

been achieved by both plasma-enhanced chemical vapor

deposition (PECVD) [21, 89, 90] and low-pressure chemi-

cal vapor deposition (LPCVD) [91–93], removing the final

barriers towards nonlinear optics in silicon nitride. While

high temperature annealing is necessary with LPCVD depo-

sition, extremely low propagation losses have been reached

and the large majority of nonlinear demonstrations rely on
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such fabrication method. Slightly higher losses are exhib-

ited from PECVD deposition, but the low temperature pro-

cessing is advantageously back-end of line (BEOL) process

compatibility.

In 2012, Halir et al. demonstrated what was at the time

the broadest SC in a CMOS fabrication compatible chip

[76]. Using a near-IR pump at 1335 nm from an OPO, they

generated a 1.6 octave spectrum in a 43 mm long Si3N4

waveguide. The pump was positioned in between the two

ZDWs of the waveguides such that the SC was bound by

two DWs, between 0.625 and 2.2025 μm. By optimizing the
dispersion and relying on thicker Si3N4 layer of 0.9μmwhile

maintaining low propagation losses, the long wavelength

ZDWcould be pushed deeper towards theMIR as thewaveg-

uide width was increased up to 1.3 μm [79] (Figure 10(a)). A

1560 nm pump was then well positioned close to the max-

imum value of GVD such that a 2 octave spanning SC was

generated. The total extent of the spectrum could however

not be fully determined due to the limited operating range

of the optical spectrum analyzer used (Figure 10(b)). Unlike

the work on Si reviewed in the previous section which was

restricted to exploiting anomalous dispersion waveguides,

Si3N4 also shows excellent performance in terms of ANDi

SCG, a less studied approach in waveguides since a low

and flat all-normal dispersion at telecom wavelengths is

typically more challenging to achieve in integrated designs.

In [80], ANDi SCG was demonstrated by engineering the

dispersion of the polarization modes in an air-clad Si3N4

waveguide (Figure 10(c)). The ANDi SC obtained frompump-

ing the TM mode showed the expected smooth spectrum

without the fine spectral structure or large dips that are

seen when pumping the TE mode in the anomalous disper-

sion regime, a typical signature of SCG driven by soliton

dynamics, as shown in Figure 10(d). However, the broaden-

ing for the ANDi SC was limited owing to the large value

of GVD at the pump wavelength, such that the fs pump

pulse quickly broadened along the propagation direction.

In [81], the authors fabricated an optimized ANDi Si3N4

waveguide, with a low and flat GVD value near 1550 nm

(Figure 10(e)), based on a subtractive processing method

[94]. Similar to [80], the cross-section of the waveguide is

relatively large resulting in a 𝛾 less than 1 m−1 W−1. How-

ever, as the propagation loss with such fabrication method

is extremely small (less than 3 dB/m), long waveguides can

be leveraged to compensate for this low nonlinearity. This

however imposes even more constraints on the value of

GVD. By balancing all these aspects, the achieved ultra-low

loss, 20 cm long three-spiral waveguide enabled coherent

broadening of ps pulses at high repetition rate. When using

pulses with higher energy and femtosecond duration, they

could observe optical wave breaking on chip, resulting in an

octave spanning ANDi SC, as seen in Figure 10(f).

Another attribute of silicon nitride is its transparency

from the visible to the MIR (near 5 μm). The SC extension

to the MIR is however made difficult by the large cross-

section required for MIR light propagation, but also disper-

sion engineering which plays a key role in extending the

long-wavelength portion of the SC. In order to allow effi-

cient light conversion over a large frequency-span, soliton-

induced DW generation is the most appropriate mecha-

nism. As previously mentioned, in this context, the emer-

gence of a ZDW at the longer wavelength side of the pump

source is required, which is also challenged by the strong

anomalous material dispersion. This implies an operation

approaching themode cut-off region of air-cladwaveguides,

or alternatively, in the absence of cut-off for fully clad

waveguides, some loss of confinement towards theMIR and,

consequently, significant absorption in the cladding. The

possibility to growhigh quality Si3N4 films thicker than 1μm
and improvement in the fabrication process of large cross-

section waveguides, led to the first direct generation of light

beyond 3 μm, from an erbium-doped fiber laser through

DW generation [56]. Using a waveguide with a width of

1.11 μm and a height of 2.3 μm together with a pump at

1550 nm, an SC spanning up to 4 μm was measured. The

MIR light showed high phase coherence and a frequency

comb nature. However, the outstanding problem in this first

demonstrationwas the low conversion efficiency andpower

beyond 3 μm. Indeed, reaching efficient DW generation

beyond 3 μm is still difficult in CMOS platforms directly

pumped by fiber lasers that have limited power. The larger

the spectral coverage, the lower thepower transferred in the

targeted region. Additionally, the SCG process can convert a

non-negligible portion of the pump energy over unwanted

spectral bands. In [82], by optimizing the waveguide geom-

etry (Figure 10(g)), and by leveraging the physics of DW

generation, the conversion efficiency within the 3–4 μm
wavelength improved significantly, reaching 35% at 3.05 μm
and 20% at 3.95 μm (Figure 10(h)). For this work, the pump

wavelength was shifted to the short-wave infrared near 2

μm, as to favor dispersion for targeted long wavelength

operation, while still relying on a commercial fiber laser.

The potential of the Si3N4 platform for operating in the

visible was confirmed in [77], with the demonstration of an

octave spanning SC covering 0.488–0.978 μmwhen pumped

at 795 nmas seen in Figure 11(a) and (b). In order to reach the

visible range, one of the main hurdles in Si3N4 is to achieve

the required dispersion for SCG: the strong normal mate-

rial dispersion at short wavelengths due to the proximity

of the bandgap has to be compensated in order to reach
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(a)

(b) (f) (h)

(d)(c)

(e) (g)

Figure 10: SCG in SiN platforms. (a) Simulated dispersion for the fundamental TM-mode in waveguides with a height of 900 nm and different widths,

inset: cross section, and (b) output spectrum from 1000 nm × 900 nm with pump wavelength indicated by the arrow. (c) Simulated GVD for the

fundamental TE and TM mode, dotted arrow indicates pump wavelength, inset: SEM image of the waveguide and (d) output spectra for TE

(anomalous) and TM (Andi) mode coupling and attenuated input pump pulse, photographs of the waveguide taken from the top showing red

scattered light for TM excitation (third harmonic of the pump initiated from intermodal phase matching right from the input of the waveguide), and

green scattered light for TE excitation (DW generated a few mm after the beginning of the propagation, following soliton fission). (e) Simulated GVD of

the waveguide with a geometry of 2700 nm × 690 nm showing all normal dispersion, inset: Simulated TE mode profile, and (f) measured output

spectrum using different energies for the input pulses. (g) Integrated dispersion for four waveguide geometries, inset: expected MIR phase matching

points, and (h) experimental output spectra (same color convention as for (g)). Panels (a) and (b) adapted from [79]. Panels (c) and (d) adapted from

[80]. Panels (e) and (f) adapted from [81]. Panels (g) and (h) adapted from [82].

anomalous dispersion regime sustaining efficient and broad

SC generation. A Si3N4 waveguide of small cross section was

fabricated, and the dispersion was significantly trimmed

following a previously proposed method of partially under-

etching the silicon oxide underneath the waveguide core

[95]. Waveguide loss over the spectral region of interest was

estimated around 11 dB/cm, compensated by the improved

𝛾 obtained through the reduced effective area as well as

the short operation wavelength. In [96], it was shown that

a waveguide with a height of 1 μm and width of 0.8 μm
resulted in shifting thefirst ZDW, enabling efficient SCGwith

a 1064 nm fiber laser pump. The SC extended from 470 to

2130 nm, with a significant improvement on the blue side of

the spectrum.

A last direction of research aimed at optimizing the

performance of silicon nitride for SCG, is to modify the

material composition. All the previously mentioned results

were obtained from Si3N4. An interesting feature of SixNy

films is that their composition can be adjusted during the

deposition process, such as to have a richer Si (for Si-rich

SiN) or richer N (for N-rich SiN) content. Some of the initial

investigation at increasing the Si content was motivated by

the reduction of the stress as to allow for thicker waveg-

uides [97]. For nonlinear optics, an increase in the Si con-

tent also results in an increased nonlinear index as well as

the possibility to bandgap engineer the material [98–101].

With 65% Si content, a refractive index of 2.1, bandgap

of 2.3 eV, and a nonlinear refractive index n2 = 1.4 × 10−14

cm2/W, about 5 times larger than Si3N4, were measured

while maintaining low propagation loss at around 1 dB/cm.

The first demonstration of SCG in Si-rich SiN used back-

end CMOS compatible PECVD deposition with a Si content

almost three times higher than stoichiometric silicon nitride

[102]. As such, the nonlinear parameter of the waveguide
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(a)

(b) (d)

(c)

Figure 11: Short wavelength SCG in silicon nitride platforms. (a) Simulated dispersion of the under etched waveguide for various values of the

waveguide under etching, inset: SEM picture of the waveguide cross-section, and (b) output spectra for various input coupled peak power coupled into

the waveguide. (c) Calculated dispersion in an N-rich SiNx waveguide for different widths, and (b) experimental spectra for the 8.6 mm long, 1.2 μm
wide spiral waveguide, and 3 mm straight waveguide, inset: optical images of the straight waveguide. Panels (a) and (b) adapted from [77]. Panels (c)

and (d) adapted from [85].

was extremely high (around 550 W−1 m−1) but the losses

were also significant (10 dB/cm). Using a 1550 nm pump in

a 7 mm long waveguide, the obtained SCG spanned from

1.3 to 1.7 μm, limited by the dispersion of the waveguide

and the loss on the short wavelength side. With a slightly

richer Si content, the performance was improved in [103],

and although the nonlinearity was not as high as in [102],

the lower losses and improved dispersion, with, at the time,

a much simpler fabrication procedure owing to the lower

tensile stress, allowed to obtain an octave spanning SC.

Finally, modifying the composition can also be employed

towards the end of avoiding the need for high temperature

annealing typically used for Si3N4 films. The work in [104]

put forward the true CMOS compatibility of their platform

as the silicon nitride films were deposited using inductively

coupled plasma chemical vapor deposition at a temperature

of 250 ◦C, which is compatible with back-end CMOS pro-

cesses that are limited to temperatures below 400 ◦C. PECVD

is indeed a straightforward processing technique with high

repeatability and low temperature requirements. However,

the losses of the deposited Si3N4 films are high due to the

N–H bonds, since the hydrogen content is significant in

un-annealed thin films. Reducing the N–H bonds content

has been pursued to reduce the losses. In [84], the authors

use isotopically substituted precursors during deposition to

modify the bond energy of the N–H overtone. More specifi-

cally, they employ deuterated silane (SiD) instead of conven-

tional silane (SiH) which shifts the absorption band from

1.5 μm to 2 μm. In such deuterated SiN waveguides

pumped at telecom wavelength, the loss was measured to

be as low as 0.31 dB/cm, enabling the demonstration of

an octave spanning SC. As the refractive index of silicon

nitride decreases with an increase of nitrogen [105], the

N-rich SiN appears well suited for operation in the O-band

(1260–1360 nm), also motivated by the fact that N–H bonds

do not affect the propagation loss in the O-band such that

low-temperature PECVD deposition is not detrimental in

this case. This was validated in [85], where low-linear loss

N-rich SiN films deposited through a simple back-end of

line-compatible process enabled the demonstration of two-

octave spanning SC covering the visible and the O-band

(Figure 11(c) and (d)).

It is evident that a large number of publications on

SCG in silicon nitride have been published in the last years,

pushed by the maturing of the fabrication techniques and

of the intrinsic material qualities, resulting in some of the

lowest propagation losses achievable in any integrated non-

linear platform. The most recent silicon nitride SCG devel-

opments have aimed, on the one hand, at extending the

wavelength coverage beyond the standard telecom wave-

lengths, either pushing towards the MIR or the visible by
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leveraging material composition and advanced dispersion

engineering, and on the other hand, at improving the com-

patibility with BEOL CMOS process flows.

3.3 Germanium and silicon germanium
based devices

The high nonlinear index [23], and the CMOS compatibility

of SiGe and Ge make Ge-based platforms ideal candidates

for integrated nonlinear photonics. In particular, because of

the wide transparency window of Ge in the MIR (from 3 to

15 μm) [24], Ge-based platforms are well suited for MIR SCG,
but not directly competing with the group IV material plat-

forms presented in the two previous sections (Si and silicon

nitride) that tend to operate at shorter wavelengths. So far,

in terms of SCG, most of the results have been obtained in

waveguides with a SiGe core, whereas pure Ge is lagging

behind, mainly because of fabrication challenges related to

the large lattice mismatch between Ge and Si.

After the first studies on the nonlinear properties of

SiGe waveguides [23, 106–108], their potential for SCG was

confirmed by the first experimental demonstration in 2015.

Ettabib et al. demonstrated SCG in the short wavelength

infrared, from 1.45 to 2.79 μm, in a dispersion-engineered

graded-index (from 0 to 42% Ge concentration) SiGe/Si

waveguide, by pumping in the anomalous dispersion with

90 fs pulses at 2.4μm[86]. The devicewas grownby reduced-

pressure chemical vapor deposition on an SOI wafer and

patterned by photolithography and etching. The authors

estimated a conversion efficiency of 16%. The dominant

loss mechanisms were attributed to linear losses (2 dB/cm)

and nonlinear losses given by three-photon absorption (3

PA) and free carrier effects. The same year, Carletti et al.

observed a drastic decrease of 3 PA beyond 3.8 μm for

Si0.6Ge0.4/Si waveguides [106, 107]. These studies paved the

way to the demonstration, in step-index SiGe/Si waveguides

pumped at ∼4 μm (i.e. beyond the 3 PA threshold), of the

first octave spanning SCG, up to 8.3 μm, by Sinobad et al.

[22]. The waveguides were fabricated on a 200 mm CMOS

pilot line, using regular processes. First, the SiGe layerswere

grown on top of a Si(001) substrate by reduced pressure-

chemical vapor deposition. The waveguides were then pat-

terned using deep ultraviolet photolithography followed by

a deep reactive ion etching process. The air-clad waveguide

geometry enabled to achieve single-mode operation and,

more critically, anomalous dispersion at the pump wave-

length. The use of a longer pump wavelength, along with

the lower propagation losses (below 0.6 dB/cm from 3.5 to 5

μm, and as low as 0.23 dB/cm at 4.15 μm), allowed obtaining
two major results. First, the experimental demonstration of

a 1.4 octave spanning SC, extending from 3 to 8.3 μm in a

large cross-section (6 μm wide and 4.2 μm high) waveguide

with up to 12.5 mW converted on-chip power, correspond-

ing to 50% conversion efficiency. The long wavelength limit

was attributed to the absorption from the silicon substrate,

which starts to be non-negligible beyond 8.3 μm. Second,
a slightly narrower but efficiently generated SC, extending

from 2.63 to 6.18 μm, was demonstrated in a smaller cross-
section waveguide (3.75 μm wide and 2.7 μm high). This

smaller cross-section provides a higher gamma parameter

of 0.63 m−1 W−1 compared to 0.3 m−1 W−1 for the large

cross-section waveguide, thereby boosting the conversion

efficiency. The waveguide was designed to exhibit a narrow

anomalous dispersion region enclosed between two normal

dispersion regions. This enabled the generation of an SC that

retained high coherence at the extreme parts of the spec-

trum, at frequencies distanced by one octave, with poten-

tial applications for f-to-2f frequency stabilization [109]. In

addition, the smaller cross-section made it possible to con-

trol the properties of the generated SC via post-processing

dispersion trimming by heterogeneous integration of coat-

ing materials [87].

The wide transparency window of SiGe compounds

was eventually fully leveraged in 2020 by the group of

Marris-Morini, with the demonstration, in a graded index

SiGe/Si platform, of SCG from 3 to 13 μm (Figure 12(a) and

(b)) [59]. The SiGe layer, with Ge fraction linearly increas-

ing from 0 to 0.79, was grown by low-energy PECVD, and

then patterned by laser lithography and inductively cou-

pled plasma-reactive ion etching for waveguide fabrication.

The graded index configuration mitigated the absorption

from the silicon substrate, resulting in extending the SC to

longerwavelengths. However, the on-chip SC powerwas not

reported. We note that this record bandwidth, showing the

full potential of the SiGe platform for SCG, was obtained

at the cost of increasing the pump wavelength to 7.5 μm,
which may hinder the development of a fully integrated

device, since pulsed lasers at shorter wavelengths are easier

to miniaturize.

These demonstrations proved that SiGe/Si is well-suited

for the generation of broadband SCs in the MIR, outper-

forming in this range other Si-based platforms, although

requiring a long wavelength pump. For many applications,

however, in addition to a wide spectral bandwidth, a high

degree of coherence and single pulse spectrumare required.

As previously described, these features can be obtained in

waveguides exhibiting an ANDi dispersion profile, at the

price of a reduced bandwidth. By adapting the waveguide’s

cross-section, Sinobad et al. achieved in 2020 ANDi opera-

tion in the step index Si0.6Ge0.4/Si platform (Figure 12(c)) [15].

The authors reported a fully coherent SC extending from 2.8
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to 5.7 μm for 39 mW coupled average power (Figure 12(d)).

The inferred on-chip SC power (∼15 mW) was comparable

to the one previously reported in the waveguides operating

in the anomalous dispersion regime [22]. In both dispersion

regimes, the spectral bandwidth saturated after a propaga-

tion distance of∼20mm, as a consequence of thewaveguide
dispersion, and of the linear and nonlinear losses. Recently,

the same group proposed a two-stage design (Figure 12(e)),

in order to combine the broad bandwidth provided by the

anomalous dispersionwith the flatter spectral shape typical

of SCG in the ANDi regime [88]. The authors demonstrated

a 40% increase in the SCG efficiency with such a dispersion-

managed waveguide, and harnessed the improved spectral

properties of the SC for the simultaneous detection of water

vapor and CO2 (Figure 12(f)).

Although the strong potential of the SiGe/Si platform

has been demonstrated for on-chip MIR SCG, this plat-

form exhibits a low index contrast between the SiGe core

and the Si substrate (∼0.12 at 4 μm). This represents

a shortcoming, since large waveguide cross-sections are

accordingly required, in turn lowering both 𝛾 and the SCG

conversion efficiency. To some extent, the characteristics

of these SiGe/Si waveguides make them more similar to

optical fibers, yet more robust and easier to dispersion

engineer. In addition, to go beyond 8.5 μm, graded index

SiGe is required, which leads to even larger modal area and

lower efficiency. In this context, pure germanium-on-silicon

(Ge/Si) waveguides have appeared as another promising

candidate to cover the longer 8–12 μm band. Firstly, Ge

outperforms every other group IV material in terms of

transparency window deeper in the MIR, since it transmits

light to beyond 12 μm. Secondly, the higher refractive index
difference between the Ge core and the Si substrate (∼0.7
between 3 μm and 10 μm) allows to design waveguides with
a smaller cross-section and tighter mode confinement in

the Ge core material. Combined with the ten times higher

Ge third-order nonlinearity than in Si, as is theoretically

expected [23], this should be beneficial for improving the

SCG performance. Until recently, however, no SCG had been

reported in pure Ge waveguides. This is mainly due to the

difficulty of growing high-quality thick Ge layers (because

of the large Ge/Si lattice mismatch), as required to obtain a

waveguide dispersion suitable for SCG in the MIR. Recently

developed Ge/Si waveguides have been shown to transmit

light with relatively low loss (a few dB/cm) up to 11–12 μm
[110, 111]. This less mature platform does not reach the

performance of the ultralow loss SiGe/Si waveguides dis-

cussed above yet, while its nonlinear properties are still

not well known. After the first theoretical studies showing

that Ge would be suitable for nonlinear devices (n2 = 2.55

× 10−17 m2/W, and no TPA beyond 3.2 μm [23]), the non-

linear properties of Ge have been experimentally inves-

tigated by means of z-scan measurements [26, 27]. There

is however significant discrepancies between the latter

two studies. In particular, ref. [27] reported a hundred

times higher value of 3 PA in the 3.7–5.2 μm wavelength

(a) (c) (e)

(f)(d)(b)

Figure 12: SCG in Ge based platforms. (a) Simulated dispersion in a graded index SiGe/Si waveguide, inset: waveguide schematic with mode profile at

7.5 μm. (b) SCG for different pump powers. (c) Simulated dispersion in a step index SiGe/Si waveguide, inset: SEM image. (d) SCG for different pump

powers showing ANDi regime. (e) Simulated dispersion in a two-stage SiGe/Si waveguide, inset: waveguide schematic. (f) SCG in the two-stage SiGe/Si

waveguide. The absorption dips from water vapor and CO2 are highlighted by the shaded areas. Panels (a) and (b) adapted from [59]. Panels (c) and

(d) adapted from [15]. Panels (e) and (f) adapted from [88].
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range as compared to ref. [26]. The single experimental

demonstration of SCG in a pure Ge waveguide reported to

date showed that the amount of 3 PA at 4.6 μm was indeed

particularly detrimental, thus preventing to fully exploit

the whole transparency window of Ge so far [25]. In this

work, the authors measured an SC extending from 3.53 to

5.83 μm in TE polarization, and from 3.33 to 5.55 μm in TM

polarization,withmilliwatt level on-chip average power in a

2.57 μm × 4.46 μm Ge/Si ridge waveguide operating in

the anomalous dispersion regime pumped at 4.6 μm. As
expected, the retrieved 𝛾 parameterwas around three times

higher than that of SiGe/Siwaveguides. The longwavelength

limit of the SC was attributed to the absorption from free-

carriers generated by 3 PA. Indeed, in the particular case of

Ge, free carrier absorption sharply increases beyond 6 μm.
To fully exploit the transparency window of Ge, it is thus

essential to limit the free carrier density by keeping 3 PA low.

Pumping at longer wavelengths to get rid of 3 PA, or using

shorter input pulses to mitigate the free-carrier penalty

represent some solutions that could make the most of this

platform, and eventually lead to SCG potentially covering

the whole MIR region. The main results reported in Ge and

SiGe based devices are summarized in Table 5.

Eventually, whether it be for covering the visible, near-

IR, or longer MIR band, Si-based waveguides have proved

to provide several viable routes for achieving efficient chip-

based SCG devices. While initially leveraging the Si photon-

ics manufacturing processes, specific fabrication strategies

have been further developed for the fabrication of these

devices, offering today some of the most mature platforms

for implementing SCG. In parallel to these continued efforts

devoted on Group IV materials, other integrated materials

have yet been investigated, as they offer either superior

intrinsic nonlinear characteristics or complementary non-

linear properties (combined 𝜒 (2) and 𝜒 (3) for instance) that

could be leveraged for SCG. We review these alternative

platforms in the next sections.

4 Supercontinuum generation in

chalcogenide waveguides

Chalcogenide (ChG) glasses are amorphous semiconduc-

tors. They contain one or more chalcogen elements (sulfur,

selenium, and tellurium) as major constituents, which are

covalently bonded to a network of atoms such as As, Ge,

Sb, Ga, Si, or P. Chalcogenides have unique electrical and

optical properties, and they have been widely studied for

electronic and photonic applications [41]. In the context of

reaching broadband SCG, their main advantage is the wide T
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transparency window that goes from the near-IR to beyond

11 μm and up to 20 μm, depending on their material com-

position (see Table 1). Nonlinear waveguides made of spe-

cific ChG compounds such as Ge11.5As24Se64.5 and As2S3 also

benefit from relatively high 𝛾 (0.1–10 m−1 W−1), negligible

TPA, even at telecom wavelengths and, consequently, no

resulting free-carrier penalty [41].

The first demonstration of SCG in a ChG waveguide

by Psaila et al. dates back to 2007, with the generation of

an SC spanning from 1320 to 1920 nm in a laser-inscribed

waveguide [112]. This kind of waveguide, however, typi-

cally presents low index contrast and a large effective area

(the waveguide had an elongated cross-section of around

40 μm × 100 μm), yielding a low nonlinear parameter,

hence relatively inefficient SCG. The following demonstra-

tions have then been reported in rib and ridge waveguides,

which allow for tighter mode confinement. A review of the

most common fabrication methods can be found in [41].

Typically, ChGfilms are grown by thermal evaporation [113],

sputtering [114], chemical vapor deposition [115], or pulsed

laser deposition [116], and the final waveguide is created

by structuring the film through lithography and etching.

In addition, strong efforts have been deployed to provide

specific ChG compounds (such as Ge11.5As24Se64.5 [117]) that

exhibited an optimized trade-off between well-suited non-

linear properties for chip-based applications and highmate-

rial stability, which tends to otherwise impede the perfor-

mance of ChG nonlinear devices. The improvement in the

fabrication techniques in the last fifteen years thus led

to the demonstration of low propagation loss waveguides

(0.03–0.5 dB/cm, see Table 6) and SCG both in the near-IR

[118–121] and in the MIR [60, 117, 122, 123]. Notably, Yu et al.

reported in 2016 SCG from 2.2 to 10.2 μm in a Ge11.5As24Se64.5
core rib waveguide with Ge11.5As24S64.5 upper and lower

cladding (Figure 13(a) and (b)) operating in TM polarization

[60]. This was the first result in any integrated platform that

could compete with fibers in terms of optical bandwidth

of the generated SC. As compared to previous results [117,

122], the symmetric nature of the waveguide (upper and

lower cladding of the same material) enabled to extend the

cutoff to beyond 10 μm, thereby widening the bandwidth
of the generated SC. Interestingly, in TE polarization the

waveguide operated in the ANDi regime, and a relatively

narrow SC extending from 2.4 to 6.5 μm was reported.

The waveguide also showed extremely low polarization

mode coupling, which allowed performing dual beam spec-

trophotometry of polystyrene even though the SC spec-

tra had intensity fluctuations in time. Another interesting

example is the generation of SC in GeSbSe zig-zag waveg-

uides pumped at telecomwavelength [118] and illustrated in T
a
b
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(a)

(b)

(c)

(d)

Figure 13: SCG in chalcogenide waveguides. (a) Schematic (top) and SEM image (bottom) of the Ge11.5As24Se64.5 buried-in Ge11.5As24S64.5 waveguide,

and calculated dispersion as a function of the wavelength and core film thickness for the fundamental TM at an etch depth of 50% and a fixed

waveguide width of 4 μm. (b) Experimental SC at the waveguide output for different pump powers for TM mode. (c) Simulated dispersion of GeSbSe

waveguides with varying widths and a fixed core thickness of 0.4 μm, and top-view optical microscope image and SEM cross-section image of the

GeSbSe waveguide. (d) SC generation of a 21 mm long GeSbSe waveguide with varying average input power. Panels (a) and (b) adapted from [60].

Panels (c) and (d) adapted from [118].

Figure 13(c) and (d). Leveraging the uncladded design, they

could usewaveguides of different lengths to quantify the CH

bond overtone absorption of chloroform at around 1.7 μm
wavelength.

These demonstrations showed that ChG waveguides

are well suited for chip-based ultra-broadband SCG. Their

main drawback still tends to be the relatively high material

photosensitivity [41]. Although this has been proved useful

as a tool for creating photo-written high-Q cavities [132],

or achieving device reconfigurability [133], this property

can translate for some ChG compounds into low temporal

stability of the SC source and material damaging at high

optical powers. In addition, despite their record high non-

linear performance, it remains hard for ChG waveguides

to compete with group IV (Si, SiN, SiGe, and Ge) platforms

that advantageously offer more straightforward solutions

for large-scale, low-cost fabrication of integrated optical

chips.

5 Supercontinuum generation in

𝝌 (2) – 𝝌 (3) waveguides

SC generation inmaterials exhibiting both𝜒 (2) and𝜒 (3) type

of optical nonlinearities has been increasingly investigated

driven by the potential to build an f-to-2f interferometer

(see Section 7.1) out of just one nanophotonic waveguide.

The main focus has been on realizing devices that can

accept pump light in the telecomwavelength range, a region

where most of the femtosecond fiber-lasers are developed

but where the technologically very mature silicon photonic

devices are limited by TPA, as discussed in Section 3.1.

Such application requires a high third order nonlinearity

to reach an octave-spanning SC, a sufficiently large band

gap to reduce nonlinear losses at the pump wavelength and

high second-order nonlinearity for efficient SHG. However,

more recently, the combination of 𝜒 (2) and 𝜒 (3) properties

within the same waveguide is also pursued to achieve a

spectral extension beyond what is normally possible by SCG

only, as stimulated three-wave mixing processes like SHG,

sum frequency generation (SFG) and difference frequency

generation (DFG) guarantee a coherent frequency conver-

sion (Figure 14(a)). These effects become particularly pow-

erful when combined with efficient phase matching using

the birefringence of the materials or quasi phase matching

via periodic poling, which is possible in several material

platforms. Moreover, cascaded 𝜒 (2)-based process can act

as an effective 𝜒 (3) process much larger than the intrinsic

𝜒 (3) of such device, leading to very efficient SPM and SCG.

Indeed, it can be shown [134] that in the case of phase mis-

matched SHG (Δ𝛽 > 0) and for |Δ𝛽| ≫ 4𝜋||Δ𝛽′∕𝜏||, with
Δ𝛽′ > 0 being the group velocity mismatch between the
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(a)

(b)

(d)

(c)

Figure 14: Simultaneous SCG and three wave mixing processes in waveguides based on semiconductor alloys. (a) Schematic representation of a

UV-to-MIR spectral spanning including SCG, SHG, and THG in an AlN waveguide. (b) Experimental spectra showing combined SCG, SHG, and DFG within

the same AlN waveguide. The spectral position of the different processes can be tuned by changing their phase-matching condition by changing the

width of the waveguide. (c) Example of highly coherent ANDi SCG and broadband frequency conversion towards UV via SHG in a chirp-modulated

tapered AlN waveguide. (d) TE and TM components of the output spectra from a suspended AlGaAs waveguide pumped by 61 fs pulses at 160 MHz at

1560 nm in TE polarization. The SCG is mostly generated with same polarization of the pump while SHG is generated in TM polarization, as expected

for waveguides along the [011] axis. Panel (a) adapted from [33]. Panel (b) adapted from [35]. Panel (c) adapted from [61]. Panel (d) adapted from [30].

pump and second harmonic and 𝜏 the transform-limited

pump pulse duration, the effective third order nonlinear-

ity scales as 1∕Δ𝛽 . Therefore, the possibility to dispersion
engineering integrated waveguides to reduce Δ𝛽′ allows
for a great enhancement of the spectral broadening. The

most promising candidates experimentally tested so far are

semiconductors alloys and LNOI waveguides. We review

them in the next two sections.

5.1 Devices based on material alloys

Material alloys made of group III and group V elements of

the periodic table naturally exhibit a non-centrosymmetric

crystalline structure and therefore a 𝜒 (2) optical nonlin-

earity. Among the different possible compounds, SCG has

been reported in InGaP, AlGaAs, and AlN. In particular, AlN

offers the largest available band gap (≃6.2 eV), a refractive

index of about 2.12 for the ordinary axis, and a nonlinear

refractive index n2 ≃ 2.3 × 10−15 cm2/W at 1550 nm, values

similar to Si3N4 (see Table 1). From2012, nanophotonic struc-

tures based on AlN have been fabricated from sputtered

AlN thin films on top of thermally grown SiO2, leading

to waveguides with low propagation losses in the telecom

range while maintaining low deposition temperatures com-

patible with CMOS processes [32]. In such devices, AlN is in

a poly-crystalline arrangement in which the z axis of the

crystal, which has the largest 𝜒 (2) tensor element (d33 = 3

pm/V), is perpendicular to the plane of the wafer for all the

domains, while the other axis are randomly oriented. There-

fore, the TM polarizationmakes full use of the large second-

order nonlinearity and the waveguides should be disper-

sion engineered to achieve SCG for the TM mode. In 2017,

Hickstein et al. [35] demonstrated accurate dispersion engi-

neering in fully SiO2-clad AlN-on-insulator waveguides by
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varying the waveguide width from 400 to 5100 nm, achiev-

ing SCG from 1400 nm to 2900 nm at −20 dB in the fun-

damental TE mode. An even broader spectrum is likely

to be limited in the long wavelength region by the strong

absorption of the weakly confined MIR mode caused by OH

bonds in the silica cladding above 2900 nm. When pumped

in the TM fundamental mode, the SCG spans the range

1400–2700 nm at −20 dB, however the optical spectrum is

extended at short wavelength by SHG and beyond 3500 nm

byDFG between the broadened pump and the DW in the red

part of the spectrum (Figure 14(b)). Despite the limited SC

power in the NIR/VIS available in the TMmode, the authors

could demonstrate fCEO detection by simultaneous SCG and

SHG.

Another strategy to fabricate AlN waveguides consists

in epitaxially growing single-crystalline AlN thin films on

sapphire. This approach promises low propagation losses

both at MIR, thanks to the transparency of the sapphire

substrate, and in the VIS/UV range, thanks to the reduced

scattering losses of the single-crystal structure [103]. Indeed,

in this platform Liu et al. have shown coherent frequency

comb generation in the UV by SHG of a near-IR/VIS comb

obtained by an all-normal-dispersion (ANDi) SCG pumped

at 780 nm [61] (Figure 14(c)). In this case, the authors lever-

aged on the spectral flatness and the high degree of coher-

ence of the ANDi SCG process in conjunction with a chirp-

modulated tapered waveguide to obtain a spectrally flat UV

comb spanning 128 THz around 390 nm. Ultraviolet to MIR

SCG has been obtained in similar waveguides. In particular,

the authors showed tunable VIS and MIR (up to 3500 nm)

DWG by pumping the TE fundamental mode at telecom

wavelength and UV generation by cascaded SHG on higher

order TM modes when the sample is pumped in the TM

fundamental mode.

In contrast to waveguides made of the insulator AlN,

nanophotonic waveguides based on other III-V semiconduc-

tors combine a large refractive index of the core (n > 3),

with very high optical nonlinearities. In particular, the n2 is

similar to or higher than that of Si while the second order

nonlinear coefficient (d14 = 80–120 pm/V) is much larger

than that of AlN. Also, their bandgap can be large enough to

avoid TPA at telecommunication wavelengths. Their main

limiting factor has been the difficulty of fabricating large

index contrast waveguides. In fact, the most commonly

used III–V compounds such as InGaP or AlxGa1−xAs are

epitaxially grown on a GaAs substrate with a high refractive

index of n = 2.86 leading to a weak index contrast (Δn ≃
0.2) and poorly confined modes, which result in low non-

linear coefficients as well as limited possibilities for dis-

persion engineering and dense integration. Alternatively,

suspended waveguides or thermally oxide layers have been

investigated to achieve large index contrast waveguides at

the expenses of higher propagation losses [135, 136]. Only

recently, heterogeneous integration of III–V semiconduc-

tors on SiO2 substrates via wafer bonding has proven to be

a reliable way to exploit the benefits of such alloys in loss

competitive platforms [29, 37, 38, 137, 138].

The first SCG in such III–V semiconductor waveguide

was demonstrated by Dave et al. in 2015 [38] using InGaP on

insulator. Notably, the authors achieved an octave of band-

width throughDWgeneration, pumping thewaveguidewith

a 1550 nm femtosecond laser. Besides InGaP, AlxGa1−xAs has

been investigated even earlier for nonlinear applications.

The band gap of such compound has the advantage that

it can be tuned by changing its Al content, also reducing

nonlinear losses. Octave spanning SCG has been achieved in

AlGaAs-on-insulator by Kuyken et al. in 2020 [28] leveraging

soliton compression and DW generation in a waveguide just

3 mm long. Such dynamics have been confirmed by system-

atic studies of SCG by May et al. in 2021 [126]. In 2019, Chiles

and co-authors demonstrated a multifunctional photonic

integrated circuit (PIC) in AlGaAs bonded on a Si substrate

[30]. The fabrication process was akin to the one used for

heterogeneous integration on oxide layers, however here

the hostmaterial is an etched Si substrate which allowed for

the fabrication of suspended waveguides, and hence long

wavelength operation. Indeed, the authors demonstrated

both an octave spanning SC pumped at telecom wavelength

and anMIRpumped SCGup to 6.5μm. Thewaveguides along
the [011] axis also exhibited SHG in TM polarization when

pumped at 1560 nm in TE polarization (Figure 14(d)).

Investigation of a promising and closely related wide

band-gap III–V semiconductor is currently pursued on GaP

materials that exhibit both a high 𝜒 (2) and 𝜒 (3) nonlin-

earity, no TPA, and an even broader transparency range

(0.55–11 μm) than InGaP. Although an actual SCG has not

been demonstrated yet, interesting and relevant develop-

ments of efficient nonlinear devices in the GaP on insulator

platform have been recently reported [139], which open up

new prospects for broadband chip-based SCG.

5.2 LNOI based devices

Similar to the III–V materials, lithium niobate (LN) is a

versatile optical material which has played an important

role in optics for many years. Its outstanding properties

are the comparably large𝜒 (2) nonlinearity and electro-optic

coefficient. The 𝜒 (2) nonlinearity combined with the ability

to pole, which means to locally change the sign of the 𝜒 (2)

nonlinearity along the extraordinary axis, has made LN
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one of the most commonly used nonlinear materials, espe-

cially at telecomwavelengths. It is used in applications such

as frequency doubling of lasers, optical parametric oscil-

lators, self-referencing of frequency combs, and difference

frequency generation. Furthermore, with its high electro-

optic coefficient, LN is the standard material for high-speed

electro-optic modulators as they are used in datacom and

many other applications.

In many of these applications, LN has been used in

some form of waveguide for several tens of years now

[140]. These waveguides have been made using different

technology such as proton exchange, ion diffusion, or blade

dicing. However, none of these technologies enabled the

small waveguide cross sections with high confinement and

the fine control of the waveguide dimensions which are

required for efficient SCG. The ability to make nanopho-

tonic waveguides only emerged in 2007 [141] and depended

crucially on the development of the thin film LNOI plat-

forms and their broader availability. The process to make

LNOI wafers is closely related to the crystal ion slicing (CIS

or also known as Smart Cut) technology, which was origi-

nally developed in 1994 to make silicon on insulator (SOI)

wafers. This process makes the transfer of mono-crystalline

thin films onto amorphous silicon dioxide and other sub-

strates possible. The invention of Smart Cut has enabled

silicon photonics to take off. Similarly, the availability of

commercial LNOI wafers was also the prerequisite for the

widespread development of LN integrated photonics. The

first reports of CIS LNOI chips were published in 2007 [141]

and reports on the wafer-scale followed soon after [142]. A

few years later, this promising material stack became com-

mercially available. Another important step forward was

the fabrication of low-losswaveguides using such substrates

for different wavelength ranges [143, 144]. Since then, LNOI

has been used to implement a very diverse set of optical

functionalities on PICs and represents a very promising

platform [42, 145].

The first published results of SCG in nanophotonic LNOI

waveguides were reported in 2019 [127] and are shown in

Figure 15. The work also included an analysis of the role of

phase matching with higher order modes in the generation

of the second harmonic light, which is clearly visible as a

peak at half the pump wavelength. First results including

the measurement of the self-referencing signal of a fem-

tosecond laser as an f-to-2f beatnote followed [128, 129, 134].

The generation of the SC and the SH in the same LNOI

waveguide (Figure 16(b)) does allow for a very simple and

direct detection of the self-referencing beatnote with con-

ventional photodiodes close to the end of the waveguide on

the chip. Despite the comparably low input powers, the com-

pact size, and the simple detection, this configuration can

achieve signal to noise ratios of beyond 50 dB and, as a con-

sequence, these PICs can realize very stable self-referenced

frequency combs [62]. Other demonstrations focused on the

extension of the SC towards the visible and blue by exploit-

ing the second-order nonlinearity to double the pump light

frequency [130]. In that work, the waveguide is pumped

with light at around 940 nm. A part of the pump light

is doubled in frequency, initiating an SCG process around

470 nm,which finally reaches down to 352 nm (Figure 16(a)).

While the resulting spectrum covers nearly two octaves, it

should be highlighted again that, as mentioned before, the

spectrum does most likely not represent a single, coher-

ent frequency comb due to different offset frequencies

Figure 15: SCG in LNOI waveguides. (a) Experimental spectra compiled for many different waveguide widths. (b) Experimental spectra (blue) including

simulated integrated dispersion (red) for two waveguide widths. (c) Effective refractive index for several modes for a waveguide width of 1.15 um.

(c) Simulated phase-matching wavelengths for higher order modes (TE30 as red triangles and TM20 as blue crosses) mapped onto experimental data

for different waveguide widths. Adapted from [127].
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(a) (b)

Figure 16: Evolution of SCG in LNOI waveguides for different pulse energies. (a) A waveguide with a top width of 700 nm and a height of 400 nm

pumped at 950 nm. (b) A waveguide with a top width of 1250 nm and a height of 800 nm pumped at around 1560 nm. Panels (b) and (a) adapted from

[129, 130] respectively.

in the different parts of the spectrum generated via SCG

and HG.

Both of these applications, the self-referencing and the

generation of broadband visible and blue light could bene-

fit from periodic poling of the waveguide. Several demon-

strations of periodic poling of LNOI have been published

and, for SHG, it has resulted in very high conversion effi-

ciencies [146, 147]. A first demonstration of SCG in a peri-

odically poled nanophotonic dispersion engineered LNOI

waveguide has been published in 2020 as well [134]. It

features an impressive demonstration of the power of the

cascaded second-order interactions compared to the usual

third-order interaction used in SCG. The authors claim an

effective third-order nonlinearity which is a factor of 200

higher compared to the intrinsic third-order nonlinearity

of LN. One promising route towards even more powerful

SCG could be the adaption ofmore sophisticated techniques,

which optimize the dispersion and the phase matching to

obtain broadband matching as reported for nanophotonic

optical parametric amplifiers [148, 149].

In contrast to some of the other platforms described

here, the waveguides in LNOI are often not fully etched.

Typical dimensions are a waveguide height of 600 nm of

which only around 300–400nmare etched. Therefore, there

is a substantial LN slab remaining, which affects the disper-

sion,mode shape, and losses of thewaveguide. In particular,

for the dispersion engineering and the input and output

coupling this slap has to be taken into account.

While LNOI is certainly a very promising material for

integrated photonics in general and SCG in particular, there

are a few known issues with this material platform today.

The first one is the photo-refractive effect. This effect is

already well known from bulk LN crystals [150] and it does

play a role for LNOI as well. How much it limits the opti-

cal power that LNOI waveguides can handle still has to

be determined. But in LNOI microresonators, very clear

effects attributed to the photo-refractive effect have been

observed [151]. Countermeasures include the use of doped

LNand it is generally understood that impurities play a large

role. The latter are a problem as the growth of LN is much

less mature than for e.g. silicon and on top of this LN is a

more complicated crystal to grow,with a difference between

congruent crystal and a stoichiometric one. The usual LN

crystals are congruent, which means that the crystal cannot

be perfect, in contrast to stoichiometric crystals. For the SC

waveguides there have been reports on damage at the input

facet [62, 130], but the reason for this is still not very well

studied. Simple solutions to this problem could be an appro-

priate top cladding and a better design of the input section.

Despite this, the combination of a maturing PIC platform,

its ability of quasi-phase matching via periodic poling, and

waveguide dispersion engineering offer significant oppor-

tunities for nonlinear integrated optics in general, and SCG

in particular. Themain SCG results presented inwaveguides

with both second and third order nonlinearity are summa-

rized in Table 7.

6 Supercontinuum generation in

other integrated platforms

In recent years, several other material platforms have

been suggested as potential interesting alternatives for SCG,

although at this time there are only a handful of demon-

strations and they remain less technologically mature. We

summarize in Table 8 the demonstrations of SCG in these

other platforms, namely in diamond, silicon carbide (SiC),

tellurium dioxide (TeO2), tantalum pentoxide (Ta2O5), and

titanium dioxide (TiO2).

Diamond combines a wide bandgap, a high refractive

index as well as good optical nonlinearity. It is a platform

already widely exploited for quantum applications since it



C.-S. Brès et al.: Supercontinuum in integrated photonics — 1227

T
a
b
le
7:
Su
m
m
a
ry
o
f
th
e
m
a
in
SC
G
re
su
lt
s
p
re
se
n
te
d
in
𝜒
(2
) /
𝜒
(3
)
d
e
vi
ce
s.

P
la
tf
o
rm

W
id
th

×
h
e
ig
h
t,
le
n
g
th

P
u
m
p
(n
m
)

𝜸
(m

W
)−

1
𝜶
(d
B
/c
m
)

C
o
u
p
li
n
g
lo
ss

P
C P
(W

)
(P

C A
(m

W
))

B
a
n
d
w
id
th

Y
e
a
r

In
G
a
P
/S
iO

2
[1
24
]

0
.7
μm

×
0
.2
5
μm

,2
m
m

15
5
0

4
5
0

12
27
d
B
/f
a
ce
t

10
(0
.1
4
)

1–
2.
0
9
7
μm

20
15

p
-A
lN
/S
iO

2
[3
5
]

0
.4
–
5
.1
μm

×
0
.8
μm

,1
0
m
m

15
6
0

N
.A
.

N
.A
.

4
d
B
/f
a
ce
t

4
0
0
0
(8
0
)

0
.5
1–
4
μm

20
17

c-
A
lN
/S
a
p
p
h
ir
e
[6
1]

0
.4
2
μm

×
0
.5
μm

,6
m
m

78
0

9
.5

>
6

4
d
B
/f
a
ce
t

23
70

(1
9
)

0
.6
–
1.
0
5
μm

20
19

Su
sp
e
n
d
e
d
A
lG
a
A
s
[3
0
]

0
.4
8
μm

×
0
.5
3
μm

,4
m
m

15
6
0

16
5

0
.5
4

4
.5
d
B
/f
a
ce
t

5
6
(0
.5
)

1.
15
–
2.
3
μm

20
19

Su
sp
e
n
d
e
d
A
lG
a
A
s
[3
0
]

2.
15

μm
×
0
.5
3
μm

,2
.3
–
10
.5
m
m

3
0
6
0

3
0

0
.5
4

4
.5
d
B
/f
a
ce
t

5
3
0
(4
.5
)

2.
3
–
6
.5
μm

20
19

A
lG
a
A
s/
Si
O
2
[2
8
]

0
.5
μm

×
0
.3
μm

,3
m
m

15
5
5

6
3
0

2
12
d
B
/f
a
ce
t

9
7
(0
.8
73
)

1.
0
5
5
–
2.
15
5
μm

20
20

c-
A
lN
/S
a
p
p
h
ir
e
[3
3
]

2.
6
μm

×
1
μm

,8
m
m

15
6
0

0
.4
7

0
.4
5

5
d
B
/f
a
ce
t

3
5
0
0
(5
6
)

0
.3
5
–
3
.5
μm

20
20

c-
A
lN
/S
a
p
p
h
ir
e
[1
25
]

1.
1
μm

×
1.
2
μm

,6
m
m

8
10

N
.A
.

20
8
.2
d
B
/f
a
ce
t

3
6
0
0
(3
0
)

0
.4
9
–
1.
1
μm

20
21

A
lG
a
A
s/
Si
O
2
[1
26
]

0
.7
μm

×
0
.2
7
μm

,3
m
m

15
6
0

N
.A
.

2
–
3

6
d
B
/f
a
ce
t

3
1
(0
.2
4
8
)

1.
3
–
1.
9
μm

20
21

LN
O
I/
Si
O
2
[1
27
]

0
.5
μm

×
0
.6
μm

–
3
μm

×
0
.8
μm

,1
0
m
m

15
6
0

0
.4

0
.1
6

6
.5
d
B
/f
a
ce
t

4
0
0
0
(6
4
)

0
.7
5
–
2.
25

μm
20
19

LN
O
I/
Si
O
2
[1
28
]

0
.8
μm

×
0
.8
μm

to
2.
3
μm

×
0
.8
μm

,5
m
m

15
0
6

N
.A
.

3
8
.5
d
B
/f
a
ce
t

11
70

(1
5
)

0
.4
–
2.
4
0
0
μm

20
19

LN
O
I/
Si
O
2
[1
29
]

1.
25

μm
×
0
.8
μm

,5
m
m

15
6
0

N
.A
.

N
.A
.

10
.3
d
B
/f
a
ce
t

12
0
0
(2
6
)

0
.5
8
–
>
1.
7
μm

20
20

LN
O
I/
Si
O
2
[1
3
0
]

0
.7
μm

×
0
.4
μm

,1
4
m
m

9
5
0

N
.A
.

N
.A
.

11
.2
d
B
/f
a
ce
t

26
6
(5
.4
)

0
.3
5
–
1.
3
5
μm

20
20

LN
O
I/
Si
O
2
[6
2]

1.
3
μm

×
0
.6
μm

,5
m
m

15
5
5

N
.A
.

N
.A
.

6
.2
d
B
/f
a
ce
t

9
5
0
(1
4
)

0
.6
6
–
>
2
μm

20
21

LN
/S
iN
/S
iO

2
[1
3
1]

N
.A
.,
10
m
m

15
6
0

N
.A
.

0
.0
8
5

5
d
B
/f
a
ce
t

3
4
0
0
(3
1)

0
.9
5
–
>
1.
7
μm

20
21

T
a
b
le
8
:
Su
m
m
a
ry
o
f
th
e
m
a
in
SC
G
re
su
lt
s
p
re
se
n
te
d
in
se
ct
io
n
6
.

P
la
tf
o
rm

W
id
th

×
h
e
ig
h
t,
le
n
g
th

P
u
m
p
(n
m
)

𝜸
(m

W
)−

1
𝜶
(d
B
/c
m
)

C
o
u
p
li
n
g
lo
ss

P
C P
(W

)
(P

C A
(m

W
))

B
a
n
d
w
id
th

Y
e
a
r

D
ia
m
o
n
d
[1
5
2]

0
.5
4
μm

(1
0
0
◦
a
p
e
x)
,5

m
m

8
10

N
.A
.

1.
5

10
d
B
/f
a
ce
t

21
0
(1
.7
)

0
.6
7
–
0
.9
2
μm

20
19

Si
C
[1
5
3
]

1.
0
6
5
μm

×
0
.5
μm

,9
m
m

15
5
8

N
.A
.

N
.A
.

3
.5
d
B
/f
a
ce
t

75
(4
0
)

1.
3
–
1.
7
μm

20
20

Te
O
2
[1
5
4
]

0
.3
7
μm

o
n
to
p
o
f
1.
2
μm

×
0
.2
μm

Si
N
,7
m
m

15
5
0

N
.A
.

0
.5

15
d
B
/f
a
ce
t

6
0
0
(9
.6
)

1.
3
5
–
1.
8
5
μm

20
20

Ta
2
O
5
[1
5
5
]

0
.8
μm

×
0
.7
μm

,5
m
m

10
5
6

3
4
.2

1.
5

18
d
B
/f
a
ce
t

3
9
6
(3
)

0
.5
8
–
1.
6
9
7
μm

20
19

Ta
2
O
5
[1
5
6
]

2.
6
μm

×
0
.7
μm

,1
8
m
m

10
0
0

N
.A
.

3
10
d
B
/f
a
ce
t

∼
14
0
0
(1
7.
5
)

0
.7
3
–
1.
3
μm

20
20

Ti
O
2
[1
5
7]

1.
4
μm

×
0
.4
5
μm

,2
2
m
m

16
4
0

1.
2

5
.5

11
d
B
/f
a
ce
t

13
0
0
(9
.4
)

1.
0
5
–
1.
9
1
μm

20
18



1228 — C.-S. Brès et al.: Supercontinuum in integrated photonics

hosts optically active color centers, but it is only emerging

for integrated nonlinear photonics [47]. It was shown that

the structure can be engineered as to reach anomalous dis-

persion at the pumpwavelength of interest, such as the tele-

comor visible band [158]. Diamond seems indeedwell suited

for visible SCG. It was shown in [159] that we can reach a

ZDW in the visible based on a diamond-on-insulator (DOI)

design. The simulations indicated that from a 720 nm input

pumpwith 230Wpeak power, an SC spanning 0.453μm–1.03

μm could be obtained in a 4 mm long waveguide. The only

experimental demonstration so far uses angle-etching of

diamond rather than DOI. One of the difficulties with DOI is

the low device yield as well as some thickness fluctuations

of the fabricated devices, which can be detrimental for the

dispersion engineering of nonlinear devices. The alterna-

tive to avoid such fluctuation is to angle-etch bulk diamond,

which results in free-standing structures, which also have

been used for quantum photonics and opto-mechanics [160,

161]. In waveguides with 540 nmwidth and 100◦ apex angle,

a pump at 810 nm resulted in an SC spanning from 0.67 μm
to 0.92 μm [152]. The performance was limited by sidewall

roughness and the coupling facet, which degraded at high

pump powers, resulting in a graphitization phenomenon

which extended along the waveguide. Improvement in the

waveguide and coupler design are the next steps in order

to allow operation with lower pulse energies to avoid any

damage and extend the SC further towards the UV.

Silicon carbide is another material platform that is

attracting a lot of attention from the quantum technology

but also the nonlinear photonic community. While SiC is

currently less established in the PIC area, this wide bandgap

compound, CMOS-compatible semiconductor combines a

large optical transparency up to the MIR, high second and

third order nonlinearities, and the crystalline form can

host quantum emitters with controllable electronic spins

due to the availability of different point defects. The amor-

phous and crystalline forms of SiC have been studied.While

amorphous SiC can be directly deposited by PECVD on a

lower indexmaterial, hence facilitating fabrication, it shows

compromised mechanical properties, lower nonlinearities

and some three-photon absorption [162]. Eventhough some

SPMwas observed in such a-SiC waveguide, the broadening

was extremely limited. Over the 200 polytypes of SiC, the

most common and advanced crystalline forms used for inte-

grated optics are the hexagonal 4H-SiC and 6H-SiC as well

as the common cubic form 3C-SiC. The latter is available as

an epitaxially grown layer on Si, but creates a challenge for

the design of waveguides since the 3C-SiC (index n = 2.6)

needs to be optically isolated from the underlying Si which

has a higher index. The structures have to be suspended. In

addition, the intrinsic loss of 3C-SiC is relatively high due to

electrically active stacking defects from the latticemismatch

between SiC and Si [163]. Significant work has therefore

been focused on the use of 4H-SiC. Both 4H and 6H-SiC are

only available at the moment as bulk materials but with

the highest purity and crystal quality. The required thin

SiC film with a low-index cladding thus requires processing

of the bulk material without compromising the quality. To

that end, the Smart Cut technique [164] or a wafer bonding

and thinning technique [165] have been used. While the

latter resulted in better quality waveguides and higher-Q

microresonators, up to now the only spectral broadening

beyond SPM has been demonstrated with a Smart Cut fab-

rication of 4H-SiC-on-insulator waveguides pumped at tele-

comwavelength [153]. While SPM broadening of only 97 nm

was obtained for a narrow waveguide exhibiting normal

dispersion at the pump wavelength, the waveguide with a

1065 nm width exhibited anomalous dispersion such that

a spectrum spanning 1.3–1.7 μm could be generated. This

first demonstration is encouraging, and further dispersion

engineering and optimization are necessary to push the

performance of the platform.

An SCG generated in TeO2 was presented in [154]. The

interest in exploiting the nonlinearity of TeO2, with a rel-

atively high nonlinear refractive index estimated close to

40 times that of silica, is in the possibility to combine these

functionalities with active properties. Tellurite glasses can

host various rare-earth ions for use in sources and ampli-

fiers [166]. However, difficulties in the fabrication of inte-

grated structures with low loss and high confinement have

limited the potential of the platform for nonlinear optics.

In [154], TeO2 is used as a thin 370 nm layer on top of a

SiN waveguide core. It is estimated that 70% of the total

mode energy is confined in the TeO2. The dispersion of the

structure, however, was normal and relatively high, such

that only 500 mn of broadening could be obtained around

the 1550 nm pump. Simulations show that the reach could

be extended by optimizing the dimension of the SiN core to

reach anomalous dispersion at telecom wavelength and 2

ZDWs for possible DW generation.

Similarly, Ta2O5 is another CMOS-fabrication compat-

ible material that can also host rare-earth ions showing

potential for lasingwhile exhibiting a high nonlinear refrac-

tive index. A wide SC spanning 1.5 octaves could be gen-

erated in a Ta2O5 waveguide, air-cladded as to reach the

desirable anomalous dispersion around 1 μm [155], with rel-

atively low input pump power, showing the potential of the

platform. In [156], the authors performed a detailed study

of the behavior of the spectral broadening in both air-clad

and silica clad Ta2O5 waveguides with large cross sections.
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They studied the influence of the pump wavelength and

polarization state. Thewaveguides under test having a large

cross-sections, it is shown that multimode behavior when

pumping at low wavelengths can be relatively well mod-

elled and leveraged to reach desirable dispersion regimes.

A last alternative platform considered for SCG is TiO2,

which shows very similar properties to the latter two oxide

materials. Still, little work has been done with this material

in terms of nonlinear optics, with one main SCG demon-

stration reported in [157]. The waveguides were fabricated

by depositing a 450 nm thick layer of TiO2 by DC mag-

netron sputtering, resulting in a polycrystalline anatase

phase. Waveguides with either rutile phase [167] or amor-

phous [168] can also be fabricated. While amorphous TiO2

shows lower propagation losses, anatasewaveguides have a

higher reported nonlinearity and require lower fabrication

temperatures than crystalline rutile waveguides. A soliton-

based SCG from 1640 nm input pulses is obtained, reaching

a spectral coverage from the visible up to 1.92 μm. The
propagation losses are however still relatively high and it

is speculated that using TiO2 in amorphous phase, together

with improvement in dispersion engineering, could push

the performance of this platform. Overall, TiO2 but also

TeO2 and Ta2O5, exhibit a wide transparency window, easily

reaching the MIR (between 5 and 8 μm) such that optimiza-
tion of the fabrication and control of the dispersion holds

a high potential for significantly extending the reach and

efficiency of the SCG, as has been done in more mature

chip-based platforms such as Si3N4.

7 Applications of chip-based

supercontinuum

Following these state-of-the art reviews of SCG demon-

strated in various integrated platforms, which highlighted,

for each of them, the currently achieved performance level

as well as the technological maturity and remaining chal-

lenges, we next attempt to draw an overview of the main

applications opened up by SCG. Indeed, the common and

intrinsic features of SC, whether it be their temporal or

spectral characteristics lend themselves to various fields of

applications, such as metrology, pulse compression, or spec-

troscopy. By providing some unique features, integrated SC

sources can be particularly relevant to them.

7.1 Metrology

One of the first applications of coherent, broadband

SCs was the self-referencing of frequency combs, which

requires measuring fCEO. In fact, SCG in optical fibers was

a prerequisite for a practical implementation of the com-

mon self-referencing via e.g. the f-to-2f scheme, and there-

fore it played an important role for the development of

frequency metrology via frequency combs which was also

honored with a Nobel Prize [169, 170]. Not surprisingly, SCG

in waveguides has been used for the self-referencing of

frequency combs, too.

To implement the f-to-2f scheme, a bandwidth of an

octave and a frequency doubling of the red part of the

spectrum are required (Figure 17(a), top). When beating the

frequency doubled red part of the SC with its blue part, the

offset frequency of the comb can be detected as a direct

beatnote between the two components, because 2( fCEO +
nf rep)− ( fCEO + 2nf rep) = fCEO. Other schemes, such as 2f–3f

and so on, require less optical bandwidth but higher order

frequency multiplication afterwards, which becomes ineffi-

cient. Therefore, the large majority of conventional imple-

mentations relies on the f-to-2f scheme. However, due to

the extremely efficient and broadband SCGs generated in

waveguides, the situation here is a bit different. In the

majority of cases, the bandwidth is larger than an octave,

such that doubling the pump itself and beating it with the

blue part of the SC spectrum is sufficient (Figure 17(a), cen-

ter). In somewaveguide platforms, even the f–3f schemehas

been demonstrated, where the pump is tripled inside the

waveguide via the Kerr nonlinearity (Figure 17(a), bottom).

Compared to other applications of SC spectra, there are

a few distinct characteristics of SCG that are specifically

relevant to this application. If the SC is only generated for

self-referencing via the f-to-2f scheme, only the power at f

and 2f components is important. The power of the spectrum

in between can be very low or highly modulated without

causing problems. Similarly, any bandwidth beyond the

octave is not useful. Therefore, effects like DWs and Raman

can be exploited to obtain an increase of power at the

desired frequencies. Furthermore, several demonstrations

have not only shown SCG inside the waveguide but have

obtained the required frequency doubling or tripling inside

the waveguide as well (Figure 17(d)), which is a substantial

advantage over fiber-based SCG where this frequency dou-

bling is usually implemented in a dedicate and subsequent

stage, often leveraging free-space optics.

Silicon nitride is one of the most mature integrated

platforms. As such, it has been exploited within several

demonstrations of self-referencing. The first experiments

only showed a bandwidth of an octave, sufficient for self-

referencing with external doubling as in the scheme of

Figure 17(a), top [78]. Later experiments showed also f–3f,

where the frequency tripling via the Kerr nonlinearity of
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(a)

(c) (d)

(b)

Figure 17: Nanophotonic waveguides for self-referencing applications. (a) A sketch showing different schemes to self-reference a mode-locked laser

(for illustration purposes here centered at 200 THz) using SC and nonlinear multiplication. The top scheme is the one usually used when generating

the SC in a fiber. The bottom two are mostly used in waveguides due to the very high efficiency of the SCG and the ability to efficiently double the

pump. (b) Example of a fCEO beatnote with a very high SNR detected right after an LNOI waveguide for a pump at around 1560 nm. (c) The full setup of

a self-referenced fiber laser, here using a silicon nitride waveguide and external doubling in a periodically-poled KTP crystal (ppKTP). The components

required for self-referencing are marked with a green box. (d) Thanks to the intrinsic 𝜒 (2) nonlinearity of LN, all components of the green box can be

integrated into a volume of around 1 cm3. This configuration was used to generate the signal of (b). Both (c) and (d) use the center scheme of (a) in the

two indicated variations for the doubling. Panels (b) and (d) adapted from [62], panel (c) adapted from [171].

Si3N4 leads to the detection of 2 fCEO at usually triple the

pump frequency (e.g. near 520 nm in the first demonstration

with a pump laser in the telecom range) [174, 175]. Later

work on Si3N4 made use of an optical poling effect [176, 177],

that had been observed to introduce an effective second-

order nonlinearity in Si3N4 [178]. This allows for somewhat

efficient f-to-2f implementations also without any external

doubling. With Si3N4, the SNR for the detection of fCEO can

reach above 30 dB. In a different demonstration, the SC from

a Si3N4 waveguide was used to stabilize amode-locked laser

to two optical reference lasers [179]. Such configurations

can be used to generate ultra-stable RF frequencies or as a

part of an optical atomic lock. The potential of using inte-

grated optics, again with a Si3N4 waveguide, instead of fiber

optics for self-referencingwas nicely demonstrated by a full,

self-referenced laser system which draws less than 5W of

power as illustrated in Figure 17(c) [171]. The progress in

this technology is very fast, and optical components relying

on integrated photonics for efficient self-referencing, are by

now commercially available [180].

Direct doubling in the SCGwaveguide canbe also imple-

mented using material platforms with intrinsic second-

order nonlinearity, such as LN and AlN. Demonstrations

with these platforms have indeed shown the potential for

very compact and power efficient, yet high-performance

self-referencing stages. First demonstrations in AlN [35] and

LN [128, 129, 134, 181] showed SNRs for the electric self-

referencing signal of already 37 dB and up to 39 dB, respec-

tively. Recent demonstrations using regular LNOI waveg-

uides on the other hand even reached SNR levels above 55

dB using standard photodiodes [62] (Figure 17(b) and (d)),

which is on par with some of the best systems built from

bulk components.

7.2 Pulse compression

Although temporal narrowing rather than spectral broad-

ening is the main goal of pulse compression, it is intimately

linked to SCG. In fact, both processes require precise control

of nonlinearity and dispersion. Moreover, recent advances

in the miniaturization of mode-locked lasers [182], as will

be further discussed in Section 8, suggest the capability to

build a chip-scale electrically driven SC source in the near

future. However, such lasers still emit pulses longer than 1 ps

so that pulse compression will therefore be of paramount

importance for triggering subsequent SCG on-chip, as the

latter mostly require sub-ps pump pulses. Whether it be
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to drive higher-order soliton dynamics in the anomalous

dispersion regime, or to enable broadband SC in the SPM

driven normal dispersion one, shorter pulses can indeed

more readily trigger SCG than longer pulses. More gener-

ally, shorter pulses can deliver higher peak power and can

maintain the coherence of SCG.While on the onehand, pulse

compression represents a nice functionality for developing

fully integrated on-chip systems in the long run, on the other

hand, spectral broadeningmechanismunderlying SCG, such

as high order soliton dynamics and SPM, are involved in the

compression of optical pulses, as will be discussed below.

Finally, beyond its use for and linkwith SCG, pulse compres-

sion finds applications in many fields like metrology [170,

183], biology [184], optical communication [185] and high

harmonic generation toward UV or soft X-ray frequency

[186, 187], and to study physical mechanisms at the attosec-

ond time-scale.

Traditionally, pulse compression mechanisms include

two stages: a first one where the spectrum is broadened

by optical nonlinear effects, and a second one in which the

pulse is re-compressed. Usually, SPM in nonlinear bulk crys-

tals, HNLFs, or PCFs with normal dispersion are used in the

first stage as one can obtain linear frequency chirp. This can

be compensated in the second stage bydifferent optical com-

ponents such as diffraction gratings, prism pairs, chirped

mirrors, or Bragg gratings. As a result of spectral broaden-

ing and chirp compensation, the pulse duration is reduced

after the second stage. Although leading to good quality

pulses with low pedestals, the pulse temporal stretching in

the first stage decreases the pulse peak power, reducing

consequently the nonlinear phase shift and spectral broad-

ening and therefore the temporal compression which can

be obtained. Another technique relies on high-order soli-

ton dynamics to compress optical pulses in a single stage.

When a pulse is injected in a nonlinear waveguide with LD
> LNL, it propagates in a high soliton state and undergoes

a periodic evolution, exhibiting local temporal compres-

sion, proportional to the soliton number. By appropriately

choosing the power, dispersion and length parameters, the

pulse can reach its minimum temporal duration at the end

of the waveguide. With this technique higher compression

factors can be achieved, at the expenses of a pedestal in the

temporal profile of the pulse, due to the uncompensated

nonlinear frequency chirp. Finally, self-similar compres-

sion has been investigated theoretically and experimen-

tally in optical fibers [188–191]. In this case, temporal com-

pression can be achieved employing varying nonlinearity

and/or dispersion profiles along the propagation direction

of the pulse. The possibility to precisely engineer, along the

propagation direction, the dispersion and the nonlinear

parameters of integrated photonic waveguides is a valuable

tool for bringing the different compression schemes to a

chip-scale device operating at low power levels. A compre-

hensive review of on-chip pulse compression can be found

in [192].

A first demonstration of an on-chip pulse compressor

was reported by Tan et al. [172] using a dual stage scheme

(Figure 18(a)–(c)). The authors achieved a compression fac-

tor as high as 7, resulting in final pulse duration of about

1 ps, in a 6 mm long device. In the first stage, SPM was

generated in an SOI waveguide and a subsequent on chip

Bragg grating was implemented as a dispersive element for

the second stage. More recently, a compression factor of

11, leading to 550 fs compressed pulse duration, has been

demonstrated in a similar design by using a 5.5 mm long

ultra-silicon-rich nitride on insulator waveguide [193]. The

most investigated on-chip pulse compression is based on

high order soliton dynamics. One of the first demonstrations

achieved sub-picosecond pulse duration in a 45 mm long

Hydex waveguide [194] with a compression factor of 2. Such

approach recently led to much higher compression factors

[173, 195] (Figure 18(d) and (e)) and pulses in the few cycle

regimes [196].

An interesting advantage of nanophotonic waveguides

is that they can be precisely varied or structured along

the direction of the pulse propagation. For instance, waveg-

uide tapers have been proposed for self-similar pulse com-

pression [190, 191]. Also, waveguide-based Bragg gratings

and photonic crystals can dramatically increase the non-

linear interaction via slow-light phenomena, and offer an

enhanced dispersion variation close to the photonic band-

edge. These properties have been exploited to reduce the

length of the pulse compressor in the sub-millimeter scale

and the energy of the required input pulses (down to the

10 pJ level) within a single slow-light engineered photonic

crystal waveguide [36, 197–199].

7.3 Spectroscopy

SC sources can provide spectra with relatively large power

spectral densities combinedwith ultrahigh bandwidth. Such

spectra appear as great candidates for spectroscopic appli-

cations, especially when the bandwidth is pushed further

towards longerwavelengths as to enter thefield ofMIR spec-

troscopy and sensing. For many molecules, the MIR spectral

region contains strong absorption lines, induced by vari-

ous vibrational modes, resulting in an optical absorption

fingerprint for these molecules. One way to measure this

fingerprint is to record spectra of the interaction of the

molecules of interest with a broadband MIR light. The

analysis of the measured spectra allows for the detection,
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Figure 18: On-chip pulse compression. (a) Schematic of a two-stage pulse compression, calculated quasi-TE mode profile for silicon nanowire

waveguide used for SPM (right, top) and SEM of dispersive grating (right, bottom). (b) Spectral output (top) and autocorrelation (bottom) as a function

of input peak power. (c) Measured and calculated (red line) FWHM of the output pulse (top) and ratio of output peak power to input peak power,

normalized to coupling and propagation losses as a function of input peak power. (d) Sequence of autocorrelation traces at the output of a 40 cm SiN

waveguide while varying the input pulse peak power. (e) Experimental input and output spectra. Panels (a)–(c) adapted from [172]. Panels (d) and (e)

adapted from [173].

identification, and quantification of a variety of molecules.

While direct MIR light generation is possible with, for

example, quantum cascade lasers (QCLs) and interband cas-

cade lasers, nonlinear wavelength conversion has always

been considered as a particularly interesting option to gen-

erate MIR light as it has the potential to cover parts of

the spectrum not easily reachable with other means. Estab-

lished ways include optical parametric oscillators (OPOs)

and difference-frequency generation between two strong

continuous wave lasers to provide efficient conversion

towards the MIR. In contrast to these approaches, SCG can

provide broader and tunable emission, with the added ben-

efit of a single pass geometric without the need for either

additional seed or temporal synchronization.

SC sources based on optical fibers have already

attracted a lot of attention for spectroscopy applications, as

confirmed by a large body of work [200], and integrated

SC is also showing great potential in that respect. Various

platforms have shown potential for direct absorption spec-

troscopy. In [118], a ChG waveguide was used as to combine

both SCG and chemical detection by evanescent field sens-

ing. From a compact 1560 nm femtosecond pump source,

the SC is generated in an unclad ChG with up to 21 mm

in length. For a waveguide with a cross section of 950 nm

× 400 nm, the SC extended between 1380 and 2050 nm.

By immersing the waveguide in chloroform solutions, the

overtone absorption peak centered at 1695 nm was used to

quantify the performance of the device, providing a proof-

of-principle of such combined platform, albeit with limited

performance at this point owing to the high loss of the

waveguide and the weak evanescent field. The potential

of MIR SCG in SiGe waveguides for direct absorption spec-

troscopy was also demonstrated with a proof-of-principle

experiment [88]. Using 2.5–5 μm light directly emitted by

SCG in dispersion engineered SiGe waveguides, the absorp-

tion fingerprint of bothwater and CO2 could be detected and

identified in parallel.

But the largest body of spectroscopy applications, not

only for direct absorption but also dual-comb techniques,

has been carried in Si and Si3N4 waveguides. Nader et al.

demonstrated in [73] dual-comb spectroscopy at 5 μm. They
generated two coherently broadened spectra from a pump

at 3.06 μm (obtained from DFG in a periodically poled

lithium niobate crystal – PPLN): one in an SOS waveguide
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and another one directly from a PPLN. As the pump source

of the dual-comb system originated from DFG, the two MIR

combswere offset free such that only the stabilization of the

repetition rate was required. The two combs were locked

and stabilized with a slight Δ f difference in repetition rate

using a microwave circuit. The dual-comb system was then

benchmarked to detect carbonyl sulfide with ro-vibrational

lines from 4.7 to 5 μm. Because of the sapphire absorption,
which limits operation to 6 μm, a suspended SOI structure
was used in [58] in order to push the operation deeper in the

MIR. Similar to [73], one comb came from the suspended SOI

waveguide pumped at 3.06 μmwhile the second was gener-

ated from intrapulse DFG in an orientation patterned GaP

(OP-GaP) bulk crystal. The dual-comb spectroscopy setup

was used for gas and liquid phase sensing: using various

waveguide dimensions as to control the generation of the

DW, the measurements could be carried out between 4.9

and 8.8 μm with 100 MHz resolution and mW level average

power, hence obtainingperformance equivalent to other, yet

bulkier MIR dual-comb systems.

Several proof-of-principle demonstrations using Si3N4

waveguides also established their high potential for such

application. The efficient generation of a 3.05 μm DW in

a large cross-section Si3N4 waveguide pumped by a 2 μm
fiber laser was leveraged for MIR absorption spectroscopy

of acetylene [82]. The light from the Si3N4 waveguide

was directly coupled into a gas cell and the transmitted

spectrum was collected by an optical spectrum analyzer

where clear dips showing an excellent agreement with

the HITRAN database were measured. In [201], this source

was further optimized by controlling the pump wavelength

and the waveguide geometry. The spectral coverage of a

single DW could be significantly enhanced, reaching a

10 dB bandwidth of 1000 nm around 3.5 μm, without sac-
rificing efficiency. As such the MIR source from one Si3N4

waveguide was used for simultaneous and discrete detec-

tion of multiple gas-phase molecules in a single gas cell:

acetylene,methane, and ethanewere detectedwith a simple

direct-absorption spectroscopy setup (Figure 19(a)–(c)). The

coherence of a DW generated in Si3N4 was also exploited

in a dual-comb experiment, where both combs were gen-

erated in integrated waveguides, the dispersion of which

was engineered based on a coupled structure to flatten

and extend the integrated dispersion on the long wave-

length side [202]. The two waveguides were pumped by two

ultralow noise carrier-offset frequency locked femtosecond

lasers at 1550 nm with a small repetition frequency dif-

ference of 320 Hz. As the used MIR part of the SC is the

spectral extension of the original pump source obtained by

soliton dynamics with a low soliton number (N around 5), it

inherits the properties of the input source comb. The work

demonstrated a phase-resolved MIR dual-comb spectrom-

eter with a performance competitive to DFG-based dual-

comb spectrometers (Figure 19(d) and (e)).

7.4 Other

Optical coherence tomography (OCT) is one of the most

successful optical imaging techniques, thanks to its ability to

provide real-time, non-invasive, label-free, and noncontact

three-dimensional sample visualization. The axial resolu-

tion of OCT systems is proportional to the square of the

central wavelength of the light source, and inversely pro-

portional to its bandwidth [203]. Using short wavelength

(a) (b)

(c)
(e)

(d)

Figure 19: Spectroscopy applications of on-chip SCG. (a) Experimental setup for absorption spectroscopy. (b) Experimental SCG generation in a SiN

waveguide pumped at 2.1 μm and different pump powers. (c) Normalized experimental gas absorbance (blue) and the HITRAN database (red) for

C2H2, CH4, and C2H6. (d) Schematic of dual-comb setup where the two combs are generated in SiN waveguides. (e) Retrieved MIR spectrum from the

detected and coherent averaged (52 s) interferogram trace. (g) Measured gas absorbance (blue), CH4 (left) and C2H2 (right), fitted and compared with

the HITRAN database. Panels (a)–(c) adapted from [201], panels (d) and (e) adapted from [202].
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sources improves the resolution, but it might reduce the

penetration length due to absorption and scattering of light

in some types of samples, such as composite paint samples,

intralipids, rubber, and ceramic materials [204]. A more

generally valid approach to improve the resolution is to use

a broadband source, such as a SC. Fiber–based SC sources

are nowwidely used in commercially available OCT systems

[203]. The main disadvantage of SC sources for OCT is the

high intensity noise and pulse-to-pulse fluctuations that are

typical of SC generation in the anomalous dispersion regime

(the common regime for commercial SC sources), which

limits the sensitivity of the system. Recently, it has been

shown that using a low noise ANDi fiber-based SC source

improves the contrast, sensitivity and penetration depth of

the OCT system [203]. Regardless of the dispersion regime,

optical fibers require high power to generate the SC, and

the spectrum needs to be shaped and attenuated with bulk

optical filters to be safely used for imaging. On the contrary,

on-chip SC generation can be achieved at low input powers,

thanks to the highmode confinement in thewaveguide core.

Recently, Ji and coworkers reported the first OCT system

using a millimeter-scale chip-based SC source [205]. The

authors harnessed a low noise spectrum generated mainly

by SPM in a Si3N4 chip with pump pulse energy of 25 pJ.

As compared to systems based on a commercial fiber-based

SC source, they demonstrated higher sensitivity without the

need for any post filtering. Integrated SC sources are there-

fore promising for compact and high performance OCT sys-

tems. The use of SC sources for imaging is not limited to OCT,

and fiber-based sources have been successfully employed

for MIR reflectance microspectroscopy [206], coherent anti-

Stokes Raman scatteringmicroscopy [207], chromatic confo-

cal microscopy [208], spectroscopic photoacoustic imaging

[209], and various other imaging techniques [210].

Another area of application is telecommunication.

There is an undeniable and evident growth in traffic

demand, pushing to the limit the bandwidth of optical

systems. Current commercial systems rely on wavelength

division multiplexing (WDM), polarization-division multi-

plexing (PDM), while space division multiplexing exploit-

ing multi-core or multi-mode fibers is an active area of

research. Regardless of the approach, massive paralleliza-

tion is required, such that arrays of discrete wavelength

sources become an essential element to optimize, in par-

ticular to reduce energy consumption and size. Optical fre-

quency combs therefore appear as an excellent alterna-

tive to common laser arrays, with each comb line replac-

ing one individual laser. Coherent SCG, which can achieve

large spectral broadening with good conversion efficiency

while being more robust, is an interesting chip-based alter-

native to approaches that make use of either integrated

mode-locked lasers [211] or soliton Kerr comb generation

in integrated microresonators [212–214]. The SCG approach

was initially validated using spectral broadening in highly

nonlinear fibers of an initially narrow frequency combwith

GHz repetition rate [215]. A difficulty for the integrated

approach comes from the fact that most nanophotonic SC

sources rely on the use of pulses with high peak power,

owing to the short waveguide lengths and high dispersion.

The typically used femtosecond pulse trains with low rep-

etition rates (<GHz) do not satisfy the requirements for

telecommunication as the pulse repetition rate determines

the frequency spacing of the possible WDM channels. Given

that the rate should be in the tens of GHz, this leads to a

much reduced peak to average power ratio of the pump

pulses and as a result efficient broadening is challenging to

reach. Solutions lie in the use of a platformwith a very high

nonlinearity, or with low and flat dispersion together with

low loss as to enable long propagation distances. By lever-

aging the very high nonlinearity of AlGaAs on insulator, the

authors in [138] showed the broadening of a 10 GHz picosec-

ond pulse in a 5 mm long waveguide. The frequency comb

was broadened to efficiently cover the entire telecom band

while maintaining a narrow linewidth on the extended

comb lines. The source was then investigated as a potential

multichannel array in a multidimensional modulation and

multiplexing scheme, proving that it could sustain several

hundreds of Tb/s and potentially replace hundreds of par-

allel lasers [138]. The potential of long and low dispersion

waveguides was also recently validated for the controlled

broadening of GHz pulses. In [81], the authors relied on a

20 cm long spiral Si3N4 waveguide with low ANDi to coher-

ently broaden a spectrum centered at 1550 nm. A span from

1525 to 1575 nm could be generated from a 0.5 ps pump

pulse with a 25 GHz repetition rate, initially generated from

simple electro-optic modulation. The generated comb has

however not yet been used as a source for WDM systems.

After this review of the various demonstrations that

showed how SCG in chip-based devices could be efficiently

leveraged within diverse application areas, we end by dis-

cussing next some prospects for this emerging technology

and the related challenges that still need to be addressed.

8 Perspectives and conclusions

The work done on the generation of SC in integrated pho-

tonic platforms is, as evident from this Review, plenti-

ful with many already groundbreaking demonstrations.

However, the road towards end-users of these integrated
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Figure 20: Peak power and pulse width for various demonstrations of octave spanning SC in chip-based platforms. The colors indicate the wavelength

of the pump while the size of the marker indicates the magnitude of the nonlinear coefficient 𝛾 of the used platform.

systems is still very long. Fiber-based SC sources are, on the

other hand, already commercially available. Sowhat are the

advantages and perspectives for integrated SCG, as to take

this approach from a scientific (laboratory) curiosity to the

market?

A significant limiting factor is the required pump

source. Even though the broadening waveguiding medium

is integrated, and requires only very short propagation

length in the mm range, the benefit of size, weight, cost, and

energy reduction is not there yet. This is because all work

is still being conducted with expensive and specialty short

pulse laser sources, even in the platforms with the highest

nonlinearities. To move the technology forward, it is proba-

bly necessary to think as the pump source and the broaden-

ing section as a whole, with a global goal of being compact,

portable, and cost effective. In the last few years, we have

seen some steps taken in that direction, with the demon-

strations of telecomfiber-laser driven extremely broad SCG.

However, as evident from Figure 20, where the pump power

and pulse width used for octave spanning demonstrations

in chip-based platforms are plotted, we are quite far from

electrically driven SCG. Indeed, lifting the constraints on

both the peak power and pulse duration for generating SC

out of these platforms, so as to get closer to the capabilities

of compact semiconductor pulsed lasers, appears quite dif-

ficult to reach from the current state-of-the-art. One trend

is obvious though: in order to lower the pump require-

ments (and move towards the lower right hand corner of

the graph), materials with high values of 𝛾 (represented as

bigger dots on Figure 20) are necessary.While an electrically

driven SCG might therefore seem, at this moment, difficult

to envision, the rapid progress in several other key domains

gives a new impulse for fulfilling this goal. First, there is

constant progress in integration, pushing the development

of monolithic III–V and heterogeneous III–V-on-silicon on

chipmode-locked lasers [216, 217]. On chip passive extended

waveguide cavities, both in III–V or silicon, can also be used

to realize low-noise, narrow-linewidth mode-locked lasers

[218, 219]. With such extended cavities, the pulse repetition

rate can, at themoment, reach down to the GHz [220]. When

leveraging Si3N4 low linear and nonlinear losses, and small

thermo-optic coefficient, the pulse energy can be scaled

up. In [182] a III–V-on-SiN electrically pumped mode-locked

laser emitting at 1600 nmwith a repetition rate of 3 GHzwas

demonstrated, having an expected transform-limited pulse

width of 1.4 ps, and an on-chip pulse energy of 2 pJ (corre-

sponding to 1.4 W peak power). While such characteristics

already satisfy resonant SCG [221], the peak powers of such

sources are still too low considering the typical kW peak

power required (see Figure 20). Another way of generating

on-chip pulsed sources without mode-locking is by using

integrated electro-optic (EO) modulation. Sub-picosecond

pulses from a CW single-frequency laser are obtained by a

cascade of EO modulators, in a robust and frequency-agile

method. However, in such table-top systems, many discrete

EO modulators and RF amplifiers are required, due to the

relatively high V𝜋 of themodulators. Chip-scale versions are

becoming popular, driven by the fast progress on LNOI [222].

Very recent works reported 520 fs pulse source at 30 GHz

with 0.54 pJ pulse energy formed by a full on-chip time-lens

system, using cascaded low-loss EO amplitude and phase

modulators and chirpedBragg grating [223],whereas a 336 fs

pulse sourcewas demonstratedwith a 30.925 GHz repetition

rate and about 1Wpeak fromamutually coupled resonators

structure [224]. Again, the peak powers remain rather low

for SCG such that amplification would be needed, which

at the moment is still done off-chip with table-top fiber

doped amplifiers, when operating at such telecom wave-

length. High power integrated erbium (Er) amplifiers seem
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to be a missing link, with their realization particularly chal-

lenging owing to constraints in gain from achievable dop-

ing concentration. There have been demonstrations of Er

dopedwaveguide amplifiers (EDWA)with net gain, using for

example Er doped Al2O3 [225–227], or TeO2 [228, 229], but the

achievable output powers are below what can be achieved

with heterogeneous integration [230] and far from the levels

necessary for SCG. Recently, a 30 dB small signal gain, with

145 mW of output power, was reported in an integrated

erbium-implanted Si3N4 1 m long waveguide [231]. The high

performance of the device comes from the large overlap

between the embedded ions, obtained through three succes-

sive implantation steps directly at the wafer-scale, and the

optical waveguide mode.

Beyond the integration of the SCG section together with

the pump source, we can look at other added functionalities,

which can also be directly implemented at the chip scale,

andmight help towards the realization of efficient and fully

integrated SC sources. It is indeed possible to engineer dif-

ferent sections of the device as to carry specific tasks, for

example by cascading sections of waveguides with differ-

ent dispersion properties for extending and/or shaping the

output SC, as covered in previous chapters. As presented in

Section 7, one could, for instance, consider pulse compres-

sion as a desirable additional building block of a complete

SCG system. Indeed, combining pulse compression, ideally

with amplification, so as to feed a nonlinear waveguide

stage could be a way towards fully integrated octave span-

ning SCG. As we previously discussed, pulse compression

can be achieved both in standard waveguides and in highly

compact PhC waveguides. The interest in PhC waveguides

as a building block of an on-chip SCG system is not lim-

ited to temporal pulse compression. The ability to strongly

engineer the dispersion of PhC waveguides enables to spa-

tially compress the pulse in the so called slow-light regime.

Thanks to the increased light–matter interaction, slow-light

can significantly enhance nonlinear effects, thereby reduc-

ing the pump peak power requirements [232, 233]. While

the fundamental limit in the delay-bandwidth product [232]

afforded by PhC waveguides, however, makes slow-light an

impractical way to directly enhance the efficiency of ultra-

broadband effects such as SCG, they can locally boost non-

linear processes and be effectively interfaced with and be

helpful to other (broadband) integrated nonlinear devices.

For instance, PhCwaveguides have been used for theminia-

turization of optical parametric oscillators (OPO) [234]. The

difficulty of integrating pulsed MIR lasers for the genera-

tion of MIR SC could be overcome by using an integrated

OPO as an additional building block of the SCG system,

although integrated OPOs reaching the MIR are yet to be

demonstrated. Besides the integration of several nonlinear

functions, the heterogeneous integration of materials with

spectrally distinct linear and nonlinear properties could be

an interesting alternative for the generation of an MIR SC

without the requirement of MIR pump sources. Cascaded

sections of different materials could be employed to first

generate an SC at shorterwavelengths fromanear-IR pump,

and then extend the spectrum towards longer wavelengths

in the subsequent sections. This approach has been success-

fully employed for the generation of anMIR SC in a cascaded

fiber system [235].

While dispersion engineering, either of simple single

waveguide structures or more complex cascaded/coupled

ones, is a powerful way to shape and tailor the SC, more fine

control of the nonlinear dynamics are sometimes required.

To that end, it is possible to use machine learning meth-

ods in order to have some additional control of the coher-

ent dynamics. For example, genetic algorithms were used

to prepare custom pulse-trains with an integrated pulse-

splitter as to maximise the spectral density in defined wave-

length ranges of the SC [236, 237]. It was also shown that

Gaussian-like peaks can be intentionally positioned in the

spectrum of the generated SC, by changing the spectral

phase of the incoming pulse with a genetic algorithm [238].

While at the moment all the work using maching learn-

ing to tailor SCG was carried out for systems using optical

fibers, it should be possible to apply the same approaches to

integrated systems and further push the performance and

applications of these sources.

In conclusion, since the first demonstrations at the

beginning of the years 2010s, on-chip SCG has seen a fast

growth, fuelled by the development in the fabrication of

photonic integrated waveguides, and is now starting to quit

scientific laboratories and become commercially available,

although with off-chip pump sources at the moment. As we

showed in this Review, SCG has been demonstrated in a

number of integrated platforms, eachwith its own strengths

and weaknesses. The number of meaningful properties (e.g.

spectral bandwidth, power, and coherence), the importance

of one property or the other depending on the envisioned

application, as well as the different experimental conditions

in each demonstration (e.g. pump pulses duration and rep-

etition rate), make the comparison between different plat-

forms non trivial. In Figure 21 we try to highlight the main

features of selected SCG demonstrations in the most com-

mon and developed platforms. For SCG, the most obvious

thing is to compare the bandwidth, which in the figure is

represented by the width of the colored bands. However,

as we mentioned in Section 2, the definition of SC band-

width in different publications is not univocal. Most often,
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Figure 21: Comparison of selected demonstrations of SCG in integrated platforms (Refs. from top to bottom of the figure: [15, 25, 28, 35, 55–60, 81,

82, 129]). For each result, the width of the colored band indicates the bandwidth of the generated SC, the color indicates the type of platform, and PC
P

the coupled peak power. Unpatterned bands indicate coherent SCG. The black lines represent the pump wavelength/frequency. The bandwidth of the

pump was inferred from the pump pulse duration considering transform limited Gaussian pulses.

the −30 dB level is considered, but it is not unusual to

define it at the −20 or −40 dB level, or even just the

spectral region in which the signal rises above the noise

floor of the spectrometer. In addition, SCG in the anoma-

lous dispersion regime often results in uneven and mod-

ulated spectra, and wide low-signal spectral regions might

be present between the central part of the spectrum and

the DW or SH at the extremes. Again, the importance

of having a flat spectrum strongly depends on the envi-

sioned application. Despite everything, it is evident from the

figure that each platform is well suited to cover a certain

wavelength range, mostly due to the transparency of the

materials. Phase coherence is also an important feature

for applications like dual-comb spectroscopy. In the figure,

we represented coherent SCs with unpatterned bands. We

considered an SC to be coherent when it was experimen-

tally demonstrated or inferred through self-referencing or

dual–comb spectroscopy, or when no decoherence mech-

anism is involved in the SCG process, like in the ANDi

regime. Finally, the required coupled peak power PC
P
is indi-

cated next to each demonstration. The power tends to be

higher in the MIR because larger cross-sections are needed

to accommodate MIR light, leading to a lower nonlinear

coefficient. As we tried to highlight throughout this Review,

the single ideal platform does not exist, at least not yet.

However, the large choice of platforms, along with the pos-

sibility to tailor the dispersion regime of operation as well

as, in the long term, to heterogeneously integrate them,

offers ample opportunities to match the needs of a given

application.
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