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Recent Progress of Supercontinuum Generation in
Nanophotonic Waveguides

Yuxi Fang, Changjing Bao, Si-Ao Li, Zhi Wang, Wenpu Geng, Yingning Wang, Xu Han,
Jicong Jiang, Weigang Zhang, Zhongqi Pan, Zhaohui Li, and Yang Yue*

Supercontinuum (SC) has opened up possibilities for numerous applications
in optical communications, signal processing, metrology, and spectroscopy.
Supercontinuum generation (SCG) in the integrated nonlinear platforms has
attracted much interest recently, due to its fundamental advantages in terms
of complementary metal oxide semiconductor compatibility, low power
consumption, compact size, and cost-effectiveness. In this paper, the latest
progress on various types of nanophotonic waveguides for SCG is reviewed.
The material properties of silicon, germanium, silicon–germanium alloy,
silicon nitride, silica, chalcogenide, III–V materials, lithium niobate, and other
materials, which are used as nonlinear media for SCG are discussed. The
wavelength-dependent nonlinear Kerr index, material, and nonlinear loss of
the waveguides are taken into account. This review mainly focuses on the
SCG resulting from the cubic 𝝌 (3) nonlinearity processes pumped by the
femtosecond pulse. The recent representative SCG works based on the
integrated optical waveguides are summarized, and further classified
according to the dispersion characteristics. Furthermore, different types of
spectra broadening mechanisms in details according to the classifications are
analyzed. Perspectives on the SC spectral coverage, the realization of various
dispersion curves, and the novel materials, which are the key aspects of the
SCG in nanophotonic waveguides are provided.

1. Introduction

Optical nonlinear effects including second-harmonic gener-
ation (SHG),[1–3] third-harmonic generation (THG),[4–7] self-
phase modulation (SPM),[8–12] cross-phase modulation,[13–15]

stimulated Raman scattering (SRS),[16–20] and four-wave mixing
(FWM),[18,21–24] have been discovered and explored over the past
century, and they are widely used for various applications. All of

Y. Fang, S.-A. Li, Z. Wang, W. Geng, Y. Wang, X. Han, J. Jiang, W. Zhang
Institute of Modern Optics
Nankai University
Tianjin 300350, China
C. Bao
Department of Electrical Engineering
University of Southern California
Los Angeles 90089, USA

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/lpor.202200205

DOI: 10.1002/lpor.202200205

these nonlinear effects are being explored
to realize a variety of optical applications
on the chip scale.[25,26] The optical non-
linear functions, such as the wavelength
conversion,[27–31] parametric gain,[32,33]

soliton and pulse compression,[34–37] su-
percontinuum generation (SCG),[38] and
frequency comb generation[39–41] have
been widely demonstrated in recent
years. In particular, SCG is one of the
most important nonlinear optical phe-
nomena. Due to the interaction of the
nonlinear effects and chromatic disper-
sion (CD), the optical spectrum of an in-
put pulse could be broadened over a fre-
quency range exceeding 100 THz.[42] This
extremely spectral broadening is referred
as SCG. In other words, as an optical
pulse propagates through a highly non-
linearmedia, new frequency components
can be generated during the nonlinear
process, which is also affected by the dis-
persion and loss properties of the media.
Choosing media with large nonlinearity
and small loss, engineering its overall CD
bywaveguide dispersion adjustment, and
selecting a suitable injection pulse are the

critical directions for SCG. In addition, the bandwidth, coher-
ence, and flatness are the key factors to characterize the super-
continuum (SC) source, which could be seen as a criterion to
evaluate the SC.
SCG has been demonstrated as a key enabling tech-

nology for many potential applications,[43,44] optical coher-
ence tomography,[43–46] high-precision frequency metrology,[47]

molecular spectroscopy,[48–50] and biological,[51–53] chemical,[54,55]
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environmental[56,57] sensing. Furthermore, the sliced SC spectra
could be used for wavelength division multiplexing applications
in optical communications systems.[58–60] Some emerging appli-
cations, such as Lidar, also consider to utilize the SC source to
reflect the spectral intensity information of the target.[61] Some
applications also demonstrate the importance of the spectrum co-
herence. For example, precision frequency metrology or molec-
ular spectroscopy require highly coherent SC source, which fea-
tures little pulse-to-pulse variations and timing jitter.[62]

SC was first reported in bulk glass in 1970s,[63,62] and the
SC generation in photonic crystal fibers attracted widespread
interests in the late 1990s,[64] and still has been an area of ac-
tive research over the past decade.[65] Broadband SCG has been
demonstrated in microstructure fibers[59,66–70] and high nonlin-
ear fibers.[71–73] Compared with fibers, the integrated nonlinear
platforms offer the desirable features for the SCG, which in-
clude the advantages of high effective nonlinearities, small foot-
print, and low energy consumption. In some application scenar-
ios, it is highly desirable to achieve coherent SC in a compact
cost-effective and power efficientmanner. Integrated photonics is
one of the most promising solutions. Silicon (Si),[25,74–78] germa-
nium (Ge),[79–82] the silicon germanium (SiGe) alloy,[83–86] silicon
nitride (Si3N4),

[87–92] silica (SiO2),
[93–97] chalcogenide,[98–103] III–

V materials,[104–107] lithium niobate (LiNbO3),
[108–110] and other

materials[111–114] play the important roles in chip-scale nonlinear
applications. Among the above waveguide materials, silicon-on-
insulator (SOI) has led this field for several years due to its high
refractive index and high Kerr nonlinearity inherently.[115–120]

However, Si suffers from the two-photon absorption (TPA) in-
duced significant nonlinear absorption in the telecommunica-
tion band,[116,121–124] which further limits its applications. This
requirement provides the opportunity for other nonlinear plat-
forms, which have significantly low nonlinear loss and could be
potential for future all-optical photonic chip applications.
In addition to the nonlinearity, dispersion engineering is

another key factor to achieve the broadband nonlinear func-
tions. The material dispersion of the typical materials used in
the nanophotonic waveguides is given in Section 2.2, and the
waveguide dispersion is determined by the geometric parame-
ters of the waveguides. Specially, compared with the strip waveg-
uide, novel waveguiding structures[125–134] including the slot
waveguide[25,128–134] could provide more freedoms for waveguide
dispersion engineering. There are several main design targets
for the overall CD engineering: CDwithmultiple zero-dispersion
wavelengths (ZDWs), which could provide ideal phase-matching
condition and large conversion efficiency in the nonlinear para-
metric processes;[42,127,128,135–138] broadband flattened CD, which
could be used to realize the dispersion compensation over a broad
band in the communication systems.
In this paper, we review the SCG in various existing integrated

photonics platforms and classify these demonstrations according
to the spectral broadening mechanisms. The rest of the paper is
organized as follows: In Section 2, we discuss and compare the
material characteristics including loss, dispersion, and nonlin-
earity, which determine the performance of SCG. This section
provides the reference for material choices in nonlinear photon-
ics applications. In Section 3, the fundamental equations of the
nonlinear propagation and the spectral coherence are discussed.
Section 5 reviews the SCG from the third-order nonlinearity pro-

cess in details and is grouped into two categories in terms of
the injected pulse duration, the regime using longer picosecond
or continuous-wave (CW) pump and the femtosecond regime
pump. We introduce the femtosecond regime in more details be-
cause it forms the particularly dynamic mechanism in the SCG
processes, which is the basis of spectral broadening in most re-
searches. We summarize various waveguide structures and the
material combination between the high-index core and the low-
index cladding, and discuss the features of multi-stage waveg-
uides. We also review the existing SC experimental results based
on different integrated materials, and further compare them in
order to obtain the commonly used experiment method in prac-
tice and the corresponding broadband spectra. In order to illus-
trate the physical mechanisms involved in SCG, we attempt to
classify the SCG process in terms of the key factor, that is, the
dispersion characteristics. We classify the SC reports in three
types: convex anomalous dispersion (Type I), all-normal disper-
sion (Type II), and dispersion withmultiple ZDWs (Type III). Dif-
ferent dispersion types have different mechanisms, and the de-
tailed analyses of the spectral broadening mechanisms are pre-
sented. According to our classifications, the representative works
of various materials are displayed. Specifically, our recent work
on a Si3N4 horizontal slot waveguide features Type II dispersion
and three-octave coherent SC ranging from 504 to 4229 nm can
be obtained. Moreover, the SCG based on the second-order non-
linearity is also introduced briefly and discussed Section 6. Fi-
nally, we provide perspectives on the SC spectral coverage, the
realization of various dispersion curves, and the novel materials,
which are the key aspects of the SCG in nanophotonic waveg-
uides.

2. Materials

2.1. Basic Characteristics

Since the SCG typically utilizes the nonlinear optical processes,
a comprehensive survey on various nonlinear materials is nec-
essary. Table 1 provides the summary of the common nonlin-
ear waveguide media for SCG. The basic material characteristic
parameters of SCG process, involving the semiconductor band
gap, the corresponding band gap wavelengths, and the transpar-
ent window of these materials are given in the table. Moreover,
some media need to consider the TPA and the subsequent free
carrier absorption (FCA) and free carrier dispersion (FCD). TPA,
FCA, and FCD result in the optical loss, which decreases the peak
power and therefore suppresses the spectral broadening in the
SCG progress.
As one example, aluminum nitride (AlN) is the non-

centrosymmetric media, thus both the quadratic 𝜒 (2) and the cu-
bic 𝜒 (3) nonlinear processes play the role in the nonlinear pro-
cess. The direct band gap of AlN is >6 eV[139] and AlN has
wide transparent window from ultraviolet (UV) (200 nm)[140] to
middle infrared (mid-IR) wavelengths (10 μm).[141] The loss of
AlN waveguide can achieve as low as 0.6 dB cm−1 at telecom
wavelengths.[142,170–171] LiNbO3 is also a platform with strong 𝜒 (2)

and moderate 𝜒 (3) nonlinearity, together with a transparent win-
dow from 350 nm to 4.5 μm.[144] The band gap of LiNbO3 is
4.9 eV.[143] The fabricated LiNbO3 waveguides has a low propa-
gation loss of 0.16 dB cm−1 at 1560 nm.[145]
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Table 1. The basic performance of waveguide platforms for SCG.

Material Band gap energy [eV] Band gap wavelength [μm] Transparent window [μm] TPA wavelength [μm] FCA Experimental loss [dB cm−1]

AlN 6.1[139] 0.203 0.2[140]–10[141] 0.406 × 0.6[142]

LiNbO3 4.9[143] 0.253 0.35–4.5[144] 0.506 × 0.16[145]

Si (indirect) 1.12[139] 1.107 1.1[79]–8[146] 2.214 √ 0.1[147]

SiO2 8.9[148] 0.1 0.2[149]–3.5[150] 0.279 × 7 × 10−4[151]

Si3N4 5.3[152] 0.234 0.4–4.5[87] 0.468 × 0.001[153]

Ge (direct) 0.82[146] 1.512 1.8[80]–14[146] 3.024 √ 2.5[154]

SiGe (SixGe1-x) 0.82–1.11[139] 1.060–1.5 <8–14[146] 2.120–3.024 √ 1[155]

As2S3 2.4[156] 0.517 0.6[149]–12[157] 1.033 × 0.05[102]

As2Se3 1.77[139] 0.701 1[149]–15[157] 1.401 × 7.6 × 10−4[158]

GeAsSe (GexAsyGe1-x -y) 1.7–1.96[159] 0.633–0.729 0.7–33[160] 1.265–1.459 × 0.5[161]

GeSbS (GexSbyS1-x -y) 1.8–2.3[101] 0.539–0.775 >12[101] 1.078–1.550 × 0.56[162]

InGaP 1.9[105] 0.653 0.69–24.8[163] 1.305 √ 12[105]

AlGaAs (AlxGa1-xAs) 1.6–1.79[24] 0.693–0.775 0.7–17[149] 1.385–1.550 × 1[164]

a-Si:H 1.7–1.8[139] 0.689–0.729 0.78–4[149] 1.378–1.459 × 2.21[114]

Ta2O5 4.2[112] 0.295 0.35–10[165] 0.590 × 2.4[8]

TiO2 3.2[166] 0.388 8–13[167,168] 0.775 × 2.2[169]

Si photonics platform is one of the most common and mature
integrated optical platforms. The Kerr nonlinear-index coefficient
(n2) of Si is 400 times higher than silica. Si optical waveguide has
the characteristics of high index contrast and low cost. The en-
ergy gap of Si is 1.12 eV[139] and the corresponding wavelength is
1.1 μm. The transparent window of Si is from 1.1 to 8.5 μm,[79,146]

and it has a strong absorption band around 9 μm.[146] Meanwhile,
Si suffers from the high nonlinear absorption due to the TPA,[121]

and thus the optical power is limited significantly in nonlinear
applications. The TPA of Si has to be considered in the wave-
length range from1.1 to 2.2 μm,when the launched optical power
is high. However, for the wavelength beyond 2.2 μm, the effect
of TPA becomes weak enough.[137] The propagation loss of Si
is below 0.1 dB cm−1 from 2 to 5 μm.[147] Ge is also the group
IV element, featuring the direct band gap energy of 0.82 eV[146]

and a wider transparent window up to 14 μm.[80,146] The propaga-
tion loss is on the level of 2.5 dB cm−1 in the mid-IR wavelength
range.[154] As alloy materials, the band gap of SiGe is determined
by the material composition.[139] The material properties of SiGe
can be controlled by balancing the Ge concentration. Its transpar-
ent window can usually achieve up to 8 μm, and it is possible to
be further extended to 14 μm with lower Si concentration. Prop-
agation losses of SiGe are measured as low as 1 dB cm−1 in the
mid-infrared (MIR) wavelength range.[155] Group IV photonics
materials have the compatibility with the complementary metal
oxide semiconductors (CMOS) process. A few other Si-related
platforms also offer CMOS compatibility. Moreover, they provide
negligible nonlinear loss at telecommunication wavelengths due
to their inherent large band gap. The band gap of SiO2 is 8.95
+ 0.05 eV,[148] and the absorption loss of SiO2 increases rapidly
for wavelength longer than 3.5 μm,[150] and the low loss window
is from 0.2[149] to 3.5 μm. The loss of silica waveguide is mea-
sured to be 0.07 dB m−1[151] in the telecommunications window
by using backscatter reflectometry. Finally, the energy band gap
of Si3N4 is large and has a negligible TPA coefficient.[87,152] Si3N4
features a wide transparent window from the visible (0.4 μm) to

the mid-IR (4.5 μm) range,[39,87] and the loss of Si3N4 waveguides
can be as low as 0.1 dB m−1 at 1550 nm.[153]

Table 1 also lists the alloy of complex composition, such as the
III–V materials and the chalcogenide glasses. These materials
provide more flexibility in terms of adjusting the concentration
ratio of the components. The band gap can also be engineered by
changing the concentration ratio of the material to avoid the TPA
in some particular wavelengths. III-Vmaterials offer the possibil-
ity to overcome the TPA of Si and they also have large third order
nonlinearities. For example, InGaP or AlxGa1-xAs (both grown on
a GaAs substrate) have the efficient nonlinear optical processes
in the telecommunication wavelength range. When InGaP lat-
tice matched to GaAs, the corresponding band gap is 1.9 eV,[105]

which is larger than the TPA energy at 1550 nm. This is also an
alternative platform for on-chip nonlinear applications at com-
munication bands.[172] The reported loss of InGaP waveguide is
12 dB cm−1 at 1540 nm, which is relatively high.[105] Conven-
tional AlxGa1−xAs waveguides are also grown on the GaAs sub-
strate. The band gap of AlxGa1−xAs is from 1.60 to 1.79 eV,[24]

and it can be adjusted by controlling the composition of the
aluminum. The propagation loss of the fabricated AlGaAs-on-
insulator (AlGaAsOI) waveguides is as low as 1 dB cm−1 at tele-
com wavelengths.[164]

Chalcogenide glasses contain the chalcogenide elements, sul-
phide, selenides or tellurides, which are usually the dominant
constituent, combined with some other materials such as Ge, ar-
senic (As), phosphorus (P), antimony (Sb) or Si. Chalcogenide
glasses have wide transparent spectral range. The transparent
windows for Sulfur (S), selenium (Se), and tellurium (Te) are up
to about 12 μm, up to around 16 μm, and beyond 20 μm,[173]

respectively. Specifically, the transparent window of As2S3 is
0.6[149]–12 μm,[157] while it is 1[149]–15 μm[157] for As2Se3. The
band gap energy and loss also impact the SCG process in
these nonlinear chalcogenide glasses. The band gap of As2S3 is
2.4 eV,[139,156] and As2Se3 has a smaller band gap of 1.77 eV.[139]

The optical loss of As2S3 chalcogenide waveguides is as low as
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Figure 1. Refractive index of the materials used for SCG in the nanophotonic waveguides.

0.05 dB cm−1 at 1550 nm.[102] The optical losses of the best re-
ported sample for As2Se3 chalcogenide glass is 7.6 × 10−5 dB
mm−1 from 1 to 10 μm,[158] which is the lowest loss among the
summarized waveguides over different material platforms. For
the Ge glass, the band gap of GeAsSe depends on the concentra-
tion of Ge, and the value increases from 1.7 to 1.96 eV with the
content of Ge.[159] The band gap energy of GeSbS glasses also cor-
responds to the percentage of different materials, which is from
1.8 to 2.3 eV.[101] Specifically, Ge23Sb7S70 is the representative con-
centration and its band gap is 2.3 eV.[174] The complete transpar-
ent window of GeAsSe glass is spanning from 0.7 to 33 μm,[160]

and the window of GeSbS is beyond 12 μm.[101] Moreover, the
measured loss of GeAsSe glass is 0.5 dB cm−1 in SCG applica-
tions between 3 and 7 μm.[161] GeSbS waveguide with low prop-
agation loss has been fabricated, and the corresponding loss is
reduced to 0.56 dB cm−1 at 1550 nm.[162]

The summary also includes some seldom used materials in
the SCG researches. A-Si:H has a higher band gap,[139] thus its
transparent window at short wavelength regime is wider than
that of Si. Its loss is 2.21 dB cm−1, which is measured by the cut-
back method at 1950 nm.[114] Tantalum pentoxide (Ta2O5) is also
the CMOS-compatible material. Its band gap is 4.2 eV and it has
small extinction and thermal-optical coefficients.[112] The trans-
parent window of Ta2O5 spans from 0.35 to 10 μm,[165] and the
propagation loss of the Ta2O5 channel waveguide is 2.4 dB cm−1

at 800 nm.[8] Moreover, Titanium dioxide (TiO2) has attracted lots
of interest recently. The transparent window of TiO2 covers from
8 to 13 μm,[167,168] and its band gap is relatively high at 3.2 eV.[166]

The propagation losses of TiO2 strip waveguides could achieve
2.2 dB cm−1 at 1.55 μm.[169]

2.2. Material Dispersion

The bandwidth of broadened spectrum is mainly determined by
the interaction between CD and nonlinearity. The overall CD in-
cludesmaterial dispersion andwaveguide dispersion. Thewaveg-
uide dispersion depends on the geometric parameters of the
waveguiding structure, while the material dispersion is mainly
affected by the refractive index of the material. Figure 1 shows
the refractive index of commonly used waveguide materials. Si,
as the most mature platform, has high index contrast with good
light confinement, and also supports various novel structures.
Thematerial refractive index of Si is given by ref. [175]. Compared
with Si, the material refractive index of silica is relatively low,[176]

which is unfavorable for tight mode confinement at small foot-
print. SiO2 is always used as the cladding material for integrated
waveguides.[89, 177–180] Recently, some reports introduced high-
index doped silica waveguide for higher refractive index.[181] The
material refractive index of Si3N4 (about 1.98)

[182] is higher than
that of silica. Si3N4 is also an attractive material of non-silicon
platform for dispersion engineering. Although as a relatively new
CMOS platform, various structures of Si3N4 waveguides have al-
ready been reported in refs. [87, 183–186]. Ge[187] exhibits higher
material refractive index than Si, and thus the refractive index of
the SiGe alloy is also higher than the one of Si. The measured re-
fractive index of SiGe is determined by the atomic fraction of Ge.
The material refractive index increases when the alloy composi-
tion is heavily doped Ge. We enumerate two types of mole frac-
tion for SiGe alloy. As2S3 and As2Se3 are the chalcogenide glasses
with relatively simple composition. Their material refractive in-
dices are larger than Si3N4,

[79,188] which facilitates the stronger
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Figure 2. a) Nonlinear-index coefficient of the materials considered for SCG. b) TPA coefficient 𝛽TPA of the materials considered for SCG.

mode confinement. The material refractive indices of III–V ma-
terials are also shown in Figure 1. AlxGa1-xAs with x = 0.198 for
Al[189] and InxGa1-xP with x ≈ 0.5 for In[190] matched to GaAs
are the typical concentrations. The information given in Figure 1
can properly provide the basis for choosing waveguide core and
cladding materials.

2.3. Nonlinearity Characteristics

The second-order nonlinearity effects are governed by the
second-order susceptibility 𝜒 (2), including SHG and sum fre-
quency generation (SFG). Specially,𝜒 (2) is zero for themedia with
inversion symmetry. SiO2 is the symmetric molecule, which nor-
mally lacks the second-order nonlinearity effects.[42] Meanwhile,
the THG and the FWM originate from third-order susceptibility
𝜒 (3), and most of the SCG processes are formed by the intrinsic
𝜒 (3) susceptibilities of meida. In addition to the dispersion effect,
high nonlinearity is required for the effective SCG at low peak
power of the input pulse. The nonlinear phenomenon is associ-
ated with the nonlinear part of the refractive index, that is, the
wavelength-dependent n2. Figure 2a depicts the n2 of the com-
mon waveguide media. If the conventional fiber material (e.g.,
SiO2) is considered as a baseline for comparison with the other
materials, themeasured n2 of Si is about two orders ofmagnitude
higher than that of SiO2

[121] and Si3N4 also offers one order of
magnitude higher n2 than the one of SiO2.

[94] Ge hasmuch larger
n2 (about 2800 times) than SiO2.

[191] The n2 of SiGe alloy is be-
tween the ones of its compositedmaterials Si andGe. The slightly
doped Si0.6Ge0.4 and the heavily doped Si0.2Ge0.8 are two types
of representative concentrations.[191] Based on ref. [191], Si and
lightly doped SiGe alloy are treated with the indirect model, while
Ge and heavily doped SiGe alloy can be applied with the direct
model. Chalcogenide glass has high linear and nonlinear refrac-
tive indices, which allows stronger nonlinear interaction within
short propagation distance. The strong n2 of As2S3 glass is about
2 orders of magnitude larger than the one of SiO2.

[192] As2Se3

glass possesses high third-order Kerr nonlinearity, and the or-
der of magnitude is close to Ge (about 1200 times higher than
SiO2).

[193] For III–V material systems, the theoretical nonlinear-
index coefficient of InxGa1-xP (x ≈ 0.5) is two orders of mag-
nitude higher than the one of SiO2.

[194] The measured value of
AlxGa1-xAs with the Al concentration of x = 0.18 is about three
orders of magnitude higher than that of SiO2.

[195] Higher nonlin-
earity makes these waveguides as good candidates for effective
SCG with shorter waveguide length.
The nonlinear loss due to TPA, has impeded the potential ap-

plication of some nonlinear platforms in the telecom window.
TPAmeans the energy vanishes within the wavelength range that
the energy of two photons is enough for energy level transition.
TPA decreases the optical power nonlinearly, further weakens the
spectral broadening associated with SCG, and clamps the band-
width. TPA acts as the significant factor to impact the SCG for
the media with large TPA coefficient when the optical intensity
is strong. For example, Si,[79] Ge, and SiGe alloy[191] of different
concentration are the typical materials that possess TPA in the
telecommunication bands. The TPA coefficient 𝛽TPA as a func-
tion of wavelength is showed in Figure 2b. III–V materials[194,195]

and the chalcogenide glasses[192,196] are also included in Fig-
ure 2b. The 𝛽TPA of Ge is the largest among the mentioned mate-
rial and the measured value can achieve close to 1500 cm GW−1,
which is almost three orders of magnitude higher than that of
Si. The maximum 𝛽TPA of Si is >1.3 cm GW−1. The TPA coeffi-
cient of As2Se3 is 7 cmGW−1 at 1.064 μm, and the corresponding
value of As2S3 is 0.08 cm GW−1 at 1.064 μm. The experimental
data of Al0.18Ga0.82As is 1.15 cmGW−1 at 1.4875 μm. and the 𝛽TPA
of In0.5Ga0.5P is 3 cm GW−1 at 1.2 μm. For SiO2, the measured
TPA coefficients are all concentrated at short wavelengths[197] and
the maximum values is 0.8 cm GW−1 at 220 nm. Additionally,
there is no nonlinear absorption that has been observed in the
Si3N4 waveguides, and thus its TPA coefficient is negligible.[87]

The low nonlinear losses are critical in integrated platforms for
nonlinear applications, which is beneficial to attain the smaller
footprint and lower energy consumption.
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3. Fundamental Equations

3.1. Nonlinear Propagation Equation

The generalized nonlinear Schrodinger equation (GNLSE)
is used to describe the evolution of pulse propagation in
simulations,[42] which is expressed as:

𝜕A
𝜕z

+ 1
2

(
𝛼
(
𝜔0

)
+ i𝛼1

𝜕

𝜕t

)
A − i

∞∑
n=1

in𝛽n
n!

𝜕nA
𝜕tn

= i
(
𝛾
(
𝜔0

)
+ i𝛾1

𝜕

𝜕t

)(
A (z, t)

∞
∫
0
R
(
t′
) |||A (

z, t − t′
)|||2dt′

)
(1)

where A is the electric field envelope. The frequency dependence
of Kerr nonlinear coefficient 𝛾 and the optical loss 𝛼 needs to be
considered for SCG, that is,

𝛾(𝜔) = 𝛾(𝜔0) + 𝛾1(𝜔 − 𝜔0) (2)

𝛼(𝜔) = 𝛼(𝜔0) + 𝛼1(𝜔 − 𝜔0) (3)

The first order derivative over frequency 𝛾1 = d𝛾/d𝜔 term
makes the group velocity dependent on the optical intensity,
which results in the self-steepening phenomenon, 𝜔0 is the car-
rier frequency. Commonly, one can calculate the nonlinear coeffi-
cient 𝛾 with the nonlinear Kerr index n2 (units of m

2 W−1), 𝛾(𝜔0)
= 𝜔0n2/cAeff, and Aeff represents the effective mode area of the
waveguide. The n2 of various waveguide core materials can be
obtained through Figure 2a. Specifically, when the waveguides
are with inhomogeneous transverse structure, such as the slot
waveguide, the generalized full vectorial model of the nonlinear
coefficient 𝛾 and effective mode area Aeff should be used in the
equations,[184] which considers the modal distribution into dif-
ferent materials. The n2 is replaced by n̄2, and n̄2 represents
the weighted average nonlinear-index coefficient according to
the field distribution over an inhomogeneous cross-section. The
multi-order summation term of 𝛽 represents the effects of CD,
and 𝛽n is the n-th order Taylor series expansion of the mode-
propagation constant. The second-order dispersion parameter 𝛽2
is usually used to describe the dispersion of the group velocity,
which is responsible for pulse broadening.When the pulse width
of the input pulse is shorter than 5 ps, that is, the fs pulse we fo-
cus in Section 5.2, higher-order nonlinear and dispersive effects
should be considered in the GNLSE. The third-order dispersion
(TOD), self-steepening, and intrapulse Raman scattering should
be taken into consideration. To model the nonlinear process over
ultra-broad band, such as SCG, more higher-order or even all-
order dispersion terms need to be included. The integral of R(t)
represents the energy transfer resulting from intrapulse Raman
scattering, and R(t) is the Raman response function,[42] which is
usually expressed as:

R (t) =
(
1 − fR

)
𝛿 (t) + fR

𝜏21 + 𝜏22

𝜏1𝜏
2
2

exp
(
− t
𝜏2

)
sin( t

𝜏1
) (4)

𝛿(t) is the instantaneous electronic contribution, where fR rep-
resents the contribution of the delayed Raman response. In prac-

tice, 𝜏1 and 𝜏2 are the parameters to fit the actual Raman gain
spectrum.
Depending on the input pulse width T0 and its peak power P0,

the dispersion length LD and the nonlinear length LNL could be
obtained:

LD =
T2
0||𝛽2|| (5)

LNL =
1
𝛾P0

(6)

According to the relativemagnitudes of the propagation length
L, LD, and LNL, the propagation behavior can be classified into
four categories.When the propagation length L is close to both LD
and LNL, dispersion and nonlinearity act together along the pulse
propagation, and this is the most common condition. Based on
the aforementioned case, split step Fourier method is usually
used to solve the nonlinear equation. The core technique of this
method is to divide the propagation length into many small seg-
ments, and then to assume that the dispersion and nonlinear ef-
fects act independently in each segment. For example, only the
nonlinearity acts in the odd steps, while merely the dispersion
exists in the even steps.

3.2. Coherence Equation

The coherence of the SC can be calculated by the modulus of the
complex degree of first-order coherence:[42]

g12 (𝜔) =
⟨Ã1

∗
(L,𝜔) Ã2 (L,𝜔)⟩[⟨|||Ã1 (L,𝜔)
|||2⟩⟨|||Ã2 (L,𝜔)

|||2⟩
] 1

2

(7)

where Ã1 and Ã2 are the Fourier transforms of two neighbor-
ing pulses, and the angular brackets represent an ensemble aver-
age over independently generated pairs of the SC spectra. More-
over, the formula is a function of frequency. The coherence is
numerically calculated by adding random noise to the input
pulse.[198] Quantum noise model (one photon per mode noise
model)[62,67,199] can be chosen and solved repeatedly in the simu-
lations. The experimental measurements of the coherence can be
obtained by observing the interference fringes generated through
two successive pulses.[200–203]

4. Waveguide Structure and Properties

4.1. Various Types of Uniform Waveguides for Supercontinuum
Generation

Figure 3 illustrates the cross section of different integrated
waveguides for SCG. First, one can see that how to choose dif-
ferent material combinations of the core, substrate, and cladding
for the appropriate index contrast. The SOI waveguide is widely
used due to its tight light confinement, low cost, and CMOS
technology compatibility. The material absorption from the ox-
ide cladding and substrate causes these extra losses when the

Laser Photonics Rev. 2023, 17, 2200205 © 2022 Wiley-VCH GmbH2200205 (6 of 28)
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Figure 3. Cross sections of different integrated waveguide types for SCG.

operating wavelength is beyond the transparent window for the
cladding and substrate materials. For example, the SiO2 cladding
or substrate could result in large energy consumption as the
wavelength is beyond 3.5 μm.[204–206] However, The air-cladded
Si waveguide can avoid extra losses due to the limited transpar-
ent window of the external cladding materials.[125,207] The trans-
parency of sapphire substrate is up to 5 μm, which could be used
to further extend the low-loss operating window.[208–211] For sil-
ica waveguide, in addition to considering the transparent win-
dow, how to achieve enough index contrast between the waveg-
uiding core and the substrate is the main issue. The high-index
doped silica glass is the typical solution to provide the high in-
dex contrast (compared to silica fibers).[181] SixGe1-x waveguide
could be obtained by growing Ge on the SOI layer with differ-
ent Ge mass flow during the growth process. SiGe waveguides
on a Si substrate with air or chalcogenide cladding were also
demonstrated.[84,212–214] SCG in the SiGe waveguide is still lim-
ited at wavelengths larger than 8.5 μm owing to the presence
of Si, thus germanium-on-silicon platform has been investigated
for SCG. Moreover, the III–V materials have been proven to be

an attractive nonlinear material platform for SCG. Many III–V
material compositions such as InGaP and AlxGa1-xAs are usu-
ally grown on a GaAs substrate. However, in order to achieve
high index contrast, which is similar to the requirement in the
SOI platform, removing the GaAs substrate for the growth of
the InGaP layer is the commonly used processingmethod.[105,164]

Meanwhile, the relatively high index contrast may produce large
scattering loss due to the roughness at the material interface.[215]

Second, we summarize various waveguide shapes includ-
ing both the theoretical and experimental structures, and
introduce various fabrication methods of these structures.
Different structures have been applied in the SCG, such
as, the wire waveguide,[101,111,112,114,125,181,212,216–221] buried
waveguide,[39,222–225] rib waveguide,[173,162,226–232] suspended
waveguide,[232,233] waveguide being over-etched into the buried
oxide,[206] waveguide with buried silicon oxide layer being under-
etched,[234] waveguide with a round-shaped core at the bottom
side,[235,236] and the waveguide with sidewall angle.[214,223,237,238]

The dotted box in Figure 3 denotes the waveguide structures
used for the SCG modelling only, and the remaining ones are

Laser Photonics Rev. 2023, 17, 2200205 © 2022 Wiley-VCH GmbH2200205 (7 of 28)
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the fabricated structures that have been used in the SCG exper-
iments. The suspended waveguide design can solve the oxide
absorption in the traditional SOI structure. The device layer can
be grown and written with the pattern by e-beam lithography
and reactive ion etching. After that, the substrate was dipped
in the solution to remove the oxide layer below the waveguide.
Some waveguides have double inverse taper mode converters
at both ends with improved coupling efficiency.[222,224,239] The
SC generated by the side-slotted waveguide,[225] the horizontal
single-slot,[128,240,241] double-slot waveguide,[242] vertical slot
waveguide,[127] the upright T and inverted L waveguide,[126] and
chalcogenide glasses with special substrate or cladding remains
in the stage of numerical simulation. Furthermore, similar
slot structure can be fabricated in previous reports for low-loss
investigation,[243] which is based on low-pressure chemical vapor
deposition, plasma enhances chemical vapor deposition, dry
etch, and other fabrication steps.

4.2. Dispersion Engineering

The overall CD of the guided mode contains the material dis-
persion mentioned above and the waveguide dispersion. It can
be calculated by a full vector mode solver, considering the
wavelength-dependent material refractive index n(𝜆). The disper-
sion parameter (D) can be expressed as the following:[42]

D = −𝜆

c

(
d2real

(
neff

)
d𝜆2

)
(8)

where 𝜆 is the wavelength, and c is the speed of light in vacuum.
The mode-propagation constant 𝛽 can be obtained through the
relations of effective index and wavelength:[42]

𝛽 = neff (𝜔) 𝜔
c

(9)

Also, 𝛽 can be expended as a Taylor series about the center
frequency 𝜔0:

[42]

𝛽 (𝜔) = 𝛽0 + 𝛽1
(
𝜔 − 𝜔0

)
+ 1
2
𝛽2
(
𝜔 − 𝜔0

)2 +⋯ (10)

where 𝛽2 represents the group velocity dispersion (GVD) and is
responsible for the pulse broadening. Higher-order or all-order
dispersion terms are always included in the GNLSE. The CD can
be tailored for various applications. One can tune the waveguide
dimensions when the material combinations are determined.
Some novel structures can greatly enhance the mode confine-
ment and the capability of dispersion engineering. Strip waveg-
uide is the simplest structure, of which only the waveguide height
and width are variable. Its corresponding dispersion profile is
convex, and the position and number of ZDW can be tailored by
changing the waveguide dimension. On the basis of strip waveg-
uide, the rib waveguide provides more adjustable structural pa-
rameters to tailor the CD.[173,162,226–231] Rib waveguide usually has
larger mode field distribution, and it is easier to leak into the
substrate in the long wavelength range. Furthermore, adding the
overlayer of the strip or rib waveguide makes the index contrast
relatively small between the core and cladding. The relatively low

index contrast may suppress the strong and fast-changing waveg-
uide dispersion, which could increase the dispersion flatness.
Through these methods, the tip of the convex dispersion pro-
file could be relatively flattened within the limited range. Further
flattening the dispersion in a broader wavelength range needs to
introduce additional waveguide dispersion to balance the convex
profile. A low index layer can be sandwiched between two high-
index layers, that is, which forms a slot waveguide. Due to the
abrupt refractive index between two media, the electric field has
the discontinuity at the high-refractive-index-contrast interfaces
and the mode with a polarization normal to the interfaces is sig-
nificantly enhanced within the slot region. A large fraction of the
light can be confined in the slot layer, and this enables a dra-
matic field enhancement in the slot to control the nonlinearity.
Furthermore, the slot layer provides more freedom to tailor the
CD. Slot waveguides have been utilized to tailor the dispersion
over broadbandmore precisely, and more ZDWs can be achieved
in the dispersion profile. At short wavelength, the low-index slot
layer serves as a barrier to confine most of the field within the
upper/lower high-index region, and the mode shape is similar to
a stripmode. As the wavelength increases, the overall modal field
moves downward/upward and the light is enhanced by the slot
layer to form a slot mode.
The coupled-mode theory could be used to explain the mecha-

nism of flattened dispersion engineering. When the effective in-
dices of the two modes are close to each other, an anti-crossing
effect occurs due to the relatively strong mode coupling between
the strip mode and slot mode, which would form the symmet-
ric and anti-symmetric modes.[244,245] From the symmetric mode,
at the crossing wavelength, the additional strong negative con-
cave dispersion is formed, which could be used to compensate
for the existent convex dispersion profile. As a result, the overall
CD can be flattened over broadband range. Based on this mech-
anism, the dispersion curve with three or four ZDWs can be
formed.[126–128,136,137,246,247] The characteristic of dispersion profile
is no longer convex but saddle-shaped. The flattened dispersion
with four ZDWs could also be formed by the bilayer structure
in ref. [135]. A new type of waveguide with 5 or even 6 ZDWs
is also proposed recently by combining these two structures.[248]

Themode experiences two transitions across different layers. The
first process is the mode transition from the strip mode to the
slotmode in the inner trilayer waveguide. The inner part together
with the coating can be seen as the waveguide core, and themode
shifts from the upper core toward the slab part, which performs
as the bilayer waveguide.[135] These two transitions form two sad-
dles in the dispersion profile and it features the most ZDWs ever
reported.

4.3. Multi-Stage Waveguides for Supercontinuum Generation

Generally, the effective refractive index profile of the guidedmode
is determined by the material platform and waveguiding struc-
ture (Figure 4). However, only adjusting the cross section of the
waveguide would limit the flexibility on effective refractive in-
dex tailoring. Some studies reported SCG in cascaded waveg-
uides or waveguides with variable cross sections.[140,249–253] The
varying geometry of a waveguide could provide more possibili-
ties to tailor the SC properties. For instance, varying the shape

Laser Photonics Rev. 2023, 17, 2200205 © 2022 Wiley-VCH GmbH2200205 (8 of 28)
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Figure 4. Schematic diagram of different waveguide structures for the dispersion engineering.

of a waveguide along the propagation direction is utilized to do
the dispersion management, and then enhance the SC and its
coherence.[249,251,252] Periodic structures are widely used to sup-
port the quasi-phase-matching (QPM) condition. Such as period-
ically poled lithium niobate (PPLN),[254] the SHG induced by 𝜒 (2)

nonlinearities could broaden the SC bandwidth. In addition, the
phase matching condition between soliton and dispersive wave
(DW) could be satisfied through periodic modulations of mate-
rial nonlinearity.[255] For instance, Bragg grating could realize the
signal enhancement at certain wavelengths where DWs are weak,
or provide larger anomalous dispersion.[253] Therefore, themulti-
stage waveguides provide more freedom of dispersion engineer-
ing and nonlinear effects, even though the fabrication process of
these structures is relatively complicated.

5. Supercontinuum Generation Based on
Third-Order Nonlinearity

The majority of the SCG still relies on the 𝜒 (3) process. In this
section, we present the results to illustrate the SCG process based
on third-order nonlinearity 𝜒 (3). We first discuss the SC dynam-
ics for long pulses, that is, picosecond even the CW in Section
5.1. The mechanisms and the recent works of SCG depend on
femtosecond pulse are discussed in Section 5.2. The SCG using
the femtosecond pulse is the scenario we focus on.

5.1. Pump in the Picosecond to the Continuous-Wave Regime

The mechanisms of broadband SCG using longer pulses, that
is, the picosecond, nanosecond, and even the CW are relatively
different from the femtosecond dynamics mentioned above. The
FWM, modulation instability (MI), SPM, and Raman scattering
are often the dominant mechanism when pumping in anoma-
lous dispersion.[62,204,256,257] The soliton order N determines the
competition of fission against MI. There are the generally ac-
cepted conditions.WhenN< 15, the dominantmechanism tends
to be the soliton fission. However, if N >> 15, MI dominates in

the SCG.[42,258–260] MI results in the breakup of the long pulse ra-
diation into a series of ultrashort pulses. Nomatter which process
mentioned above requires anomalous dispersion. The spectrum
generated by MI usually has the broad sidebands and the nar-
rowband peaks.[114,204,228,261] All of the generated peaks satisfy the
phase matching condition,[204] and theMI can be interpreted as a
FWMprocess that is phase-matched by the SPM. Even if theMI is
themainmechanism for SCG, DWs can also be generated.[262,263]

Furthermore, the SRS can generate new frequency components,
but the spectrum broadening is asymmetric due to the Stokes
band on the long-wavelength side. If the input peak power is
larger than the Raman threshold, the SRS results in the red-
shifted spectrum.[42]

5.2. Pump in the Femtosecond Regime

Figure 5 represents the graphical summary of the most relevant
experimental results on SCG inwaveguides with commonly used
materials. Vertical color shading represents various types of the
laser source and the position of multi-colored dots mark pump
wavelengths: optical parametric amplifier (OPA), optical para-
metric oscillator (OPO), and others (through a high nonlinear
fiber, etc.). The lineswith different colors denote the corematerial
of the waveguide, and the SC with −30 dB spectral bandwidth is
represented by the spanning range of the lines. The experimental
details are provided below. The solid lines show the experimen-
tal SC generation results based on common convex anomalous
dispersion (Type I), and the dashed lines indicate the SC results
based on all-normal dispersion (Type II). The finer lines express
the further spectral broadening in the following reports by the
same team.
In Figure 5, we can see that Si and Si3N4 are the commonly

used waveguide materials for SCG experimental reports. The
broadest spectrum generated in the SOI platformwas from a sus-
pended waveguide,[233] and a continuous broad spectrum of 1.32
octave (2–5 μm) was observed with a pump pulse wavelength of
4 μm. The silicon-on-sapphire (SOS) platform is a more suitable
for MIR SC generation beyond 4 μm. A SOS nanowire was re-

Laser Photonics Rev. 2023, 17, 2200205 © 2022 Wiley-VCH GmbH2200205 (9 of 28)
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Figure 5. Overview of the experimental results on SCG using the most prevalent waveguide materials.

ported by N. Singh et al., which could cover a spectral range from
1.9 to beyond 5.5 μmby pumping at 3.7 μm.[207] For Si3N4 waveg-
uide, the widest experimental results of spectra were pumped
by an erbium-fiber based femtosecond laser at 1.55 μm in the
telecommunication band.[39,264] The SC spanned from 0.56 to
3.6 μm through mid-IR DWs generation of the TE mode. The
bandwidth can be further broadened to 4.2 μm by using the
thicker waveguides for the TM mode. The covering range of SC
generated by SiO2 waveguide was less than 1 μm, due to the rel-
atively low Kerr nonlinearity of SiO2 and the weak confinement.
Based on Section 2.3, the Kerr nonlinearity of Ge is higher com-
pared with the one of Si. In a low-loss Ge-on-Si waveguide,[265]

a broadband SC covering from 3.33 to 5.55 μm was experimen-
tally generated. Thus compositing Ge to Si also can enhance the
optical nonlinearity, the Si0.6Ge0.4 on Si waveguides with a top
air-cladding had the anomalous dispersion profile, and the SC
spanned from 2.63 to 6.18 μm with a bandwidth of 3.55 μm.[212]

After the deposition of chalcogenide cladding, the all-normal dis-
persionwas obtainedwith the SC covering from 3.1 to 5.5 μm.[213]

The SC results can also be broadened by larger Si0.6Ge0.4 waveg-
uides with air-cladding, which has all-normal dispersion. The SC
can be expanded from 2.8 to 5.7 μm.[212] The broadest SC in SiGe
alloy was ranging from 3 to 13 μm, which was based on Si0.2Ge0.8
waveguide.[266]

The waveguide based on III–V materials, such as AlGaAsOI
waveguide and InGaP membrane waveguides, have the high-
index-contrast and high effective Kerr nonlinearity. These inte-
grated photonic platforms have not been widely used for SCG,
moreover, the bandwidth of the existing SC results was just over
1 μm.[172,267]

Chalcogenide waveguides can produce the broader SC range
among the materials mentioned, which could be over 10 μm due
to the strong third-order nonlinearity, low nonlinear absorption,
and good transparency in the MIR. The generation of a broad-
band SC spanning from 1.8 μm to beyond 7.5 μmwas reported in
2014.[173] It was based on a low-loss rib chalcogenide glass waveg-

uide with a Ge11.5As24Se64.5 (GeAsSe) core and a Ge11.5As24S64.5
(GeAsS) lower cladding, and the pump was in the anomalous
dispersion regime. In 2016, the demonstrated spectrum was ex-
tended beyond 10 μm covering from 2.2 to 10.2 μm at a dynamic
range of−30 dB by using the same structure.[229] The input pulse
was centered at 4.184 μm. The spectrum was also measured by
pumping the TE mode in the all-normal dispersion, and a nar-
rower spectrum spanning from 2.4 to 6.5 μm was obtained with
significant spectral intensity fluctuation.
Recently, CMOS-compatible materials, such as a-Si:H waveg-

uides, Ta2O5, and TiO2 platforms have been utilized in
SCG.[111,112,114,268,269] The broadest SC was generated in a Ta2O5
waveguide with SiO2 cladding covering 1740 nm.[269] Neverthe-
less, the bandwidth is not prominent compared with the others.
LiNbO3 and AlN have also opened alternative possibilities for

broadband light sources, due to their strong 𝜒 (2) and 𝜒 (3) non-
linearity simultaneously.[140,145,237,238,256] For AlN photonic-chip
waveguides, the SCG from the visible region (0.7 μm) to the MIR
(4 μm) relied on short wavelength dispersive wave (SWDW) and
long wavelength dispersive wave (LWDW) generation. Among
these media, 𝜒 (2) processes attract more attention.[239] Utilizing
PPLN is also an effective approach to obtain a broadband SC. The
SC started from phase mismatched SHG, and further enhanced
by 𝜒 (3) nonlinearities. The bandwidth of SC is 2.2 μm.[254]

In the next part, we survey the preferable experimental results
based on waveguides with different materials for SCG, and we
classify the researches by their mechanisms between dispersion
and nonlinearity. As shown in Figure 6, there are three main
types to distinguish and summarize for SCG. First, Type I is
the convex anomalous dispersion case. When pumping in the
anomalous GVD regime, the spectral broadening effects are
dominated by soliton-related dynamics. Meanwhile, the profile
of dispersion curve is convex without complicated engineering.
Next, Type II is the all-normal dispersion case. Soliton fission
and DW generation do not occur, and the spectrum broadening
is mainly due to the SPM, optical wave-breaking (OWB), and

Laser Photonics Rev. 2023, 17, 2200205 © 2022 Wiley-VCH GmbH2200205 (10 of 28)
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Figure 6. Three typical types of dispersion curves used in the SCG processes.

self-steepening. Finally, Type III is the case for the dispersion
curve with multiple ZDWs.

5.2.1. Convex Anomalous Dispersion (Type I)

We first simulate the convex dispersion curve based on sample
strip Si3N4 waveguide (1000 nm× 690 nm) as shown in Figure 6a.
When pumping in the anomalous GVD regime, the SCG is dom-
inated by soliton-related propagation effects, including soliton
fission, DW generation, and intrapulse Raman scattering. These
phenomena play important roles when femtosecond pulses prop-
agate through highly nonlinear media.
Soliton Fission: In this condition, the MI occurred when 𝛽2 <

0, and the periodic evolution pattern would appear along propa-
gation length, which forms the optical soliton.[42] The parameter
N represents the order of soliton, and the expression is given by:

N2 =
𝛾P0T

2
0||𝛽2|| (11)

whereT0 is thewidth andP0 is the peak power of the input pulses.
The condition of N > 1.5 means a second- or higher-order soli-
ton. Some higher-order effects perturb solitons for femtosecond
pulses, including the parameters 𝛿3, s, and 𝜏R, represent TOD,
self-steepening, and intrapulse Raman scattering, respectively.
The expressions are as following:[42]

𝛿3 =
𝛽3

6 ||𝛽2||T0 (12)

s = 1
𝜔0T0

(13)

𝜏R =
TR
T0

(14)

These parameters vary inversely with pulse width and are ap-
preciable for pulse width T0 < 5 ps.[42] The perturbations could
break up the high-order soliton into its constituent fundamental
solitons, forming the soliton fission phenomenon.
Dispersive Wave Generation: When the fundamental soliton,

that is, N = 1 is perturbed by the higher-order dispersion, a
part of energy sheds to a specific frequency based on a phase-
matching condition, called the DW. Such phenomenon is also

known as the Cherenkov radiation or the nonsolitonic radiation
(NSR), which assists in further broadening the SC spectrum. The
phase-matching condition between the DW (𝜔d) and the soliton
pulse which centered at frequency 𝜔s with a group velocity vg is:

𝛽
(
𝜔d

)
= 𝛽

(
𝜔s

)
+ 𝛽1

(
𝜔d − 𝜔s

)
+ 1
2
𝛾PS ≡ 𝜂 (𝜔) (15)

where 𝛽(𝜔) is the propagation constant, 𝛾 is the Kerr nonlinear
coefficient, Ps is the peak power of the soliton pulse, and 𝛽1 =
1/ vg. DWs can be generated both in the anomalous and normal
GVD regions. When pumping in the anomalous region, the nor-
mal GVD regime spectral structure or the low-amplitude tempo-
ral background can be clearly seen. This is the common feature of
DW generation. DWs are usually classified into three categories:
i) For 𝛽2 < 0 and 𝛽3 > 0, the DW is emitted at a shorter wave-
length than that of the soliton. ii) For 𝛽3 < 0, the NSR is emitted
at wavelengths longer than that of the soliton. iii) For 𝛽3 = 0, 𝛽4
> 0, two DWs are generated simultaneously on both sides of the
soliton frequency. They are denoted as SWDW and LWDW.
Intrapulse Raman Scattering: The noteworthy feature of in-

trapulse Raman scattering in the case of anomalous disper-
sion is the spectrum shifting toward longer wavelengths, named
Raman-induced frequency shift (RIFS). In the time domain, the
bent trajectory would appear. Because the energy transfer to the
longer wavelength side, the group velocity is slower at longer
wavelengths (𝛽2 < 0), and finally the propagation path is bent. The
spectral shift can still occur in the normal-GVD regime where
solitons are not formed. Specially, Si3N4 platform has a negligi-
ble Raman effect and lacks RIFS in the SCG.
The SC characteristics was reflected in the experiment re-

ported by M. A. Ettabib et al[214] (Figure 7). In both figures, the
number of DWs and soliton components could be clearly ob-
served, through the evolution and the temporal profile along the
waveguide. The order of soliton N was 3, it could be seen that
the high order soliton was broken off into three lower-order soli-
ton pulses and the DWs further extended the bandwidth of the
soliton-based SC to the longer wavelength region. Tuning the
phase-matching wavelength of DW to be far away from the center
wavelength was conducive to the broader spectra.
Cascaded Dispersive Wave Generation: Most of the work based

on Type I dispersion focused on pumping in the anomalous-GVD
regime, investigated the effect of the DW and the soliton. In the
study of Y. Okawachi et al.,[270] they pumped in the normal-GVD
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Figure 7. Temporal and spectral evolutions of the optical power.[214] The insert figure is the temporal profile including solitons and DWs. Adapted with
permission.[214] Copyright 2015, Optica Publishing Group.

regime of Type I dispersion curve. The mechanism broadened
the spectrum mainly to one side of the input pulse through the
cascaded DW formation.
In this part, we compare the key SC results of various mate-

rials including experiments and simulations based on Type I.
In Figure 8, we choose the representative experimental SC re-
sults with various materials among many works. In 2007, I.-W.
Hsieh et al. observed the spectral broadening of >350 nm.[271]

The experiments used single-mode Si-wire waveguides pumped
at 1310 nm. L. Yin et al. showed the simulations of 500-nm band-
width at −30 dB level, and investigated the physical process of
soliton fission, SPM, andDWgeneration.[272] The reports fromF.
Leo et al.,[201] experimentally demonstrated a SC spectrum span-
ning from 1.17 to 1.68 μm, which first completed the characteri-
zation of SC coherence in a Si wire waveguide. The first experi-
mental observation of DWs in a Si wire waveguide was pumped
in the C-band. TheDWs appeared obviously in the normal disper-
sion regime, and improved the bandwidth of SC spanning from
1.16 to 1.7 μm at −30 dB level.[216] In the following work, they
demonstrated the bandwidth of SC spanning from 1.54 to 3.2 μm
based on the similar structure, and lead to self-referenced fre-
quency comb generation.[206] The experimental results of Si wire
waveguide in 2017[222] only covered 700 nm from 1.1 to 1.8 μm at
−30 dB level. The first octave-spanning SCG based on Si waveg-
uide was demonstrated by R. K. W. Lau et al.[205] The numerical
simulation of SC covered from 1.5 to 3.6 μm at −30 dB level, but
the spectral flatness was not good. The cascaded waveguide pro-
posed by C. Ciret et al. in 2016[251] and N. Singh et al. in 2019[249]

provided the extra degree of freedom to optimize the properties
of the SC by varying the dispersion profile. Adjusting the waveg-
uide width along the propagation distance was a method to tai-
lor dispersion. C. Ciret et al. designed the dispersion map using
the genetic algorithm, and obtained the optimized SC covering
1.75 μm in simulation. In 2020, J. Wei et al. used more com-
plex dispersion-managed integrated structures to generate a SC

spanning from 1.9 to 2.7 μm experimentally.[252] Compared with
the tapered structure and the waveguide with fixed width, the SC
generated in the cascaded waveguide was slightly broader and
flatter, with better coherence. N. Singh et al. discussed the prop-
erties of two cascaded waveguides, three cascaded waveguides,
and the taper waveguides in experiment. To some extent, the re-
sults showed the signal enhancement and the spectra extension.
However, the spectra were with significant fluctuation and the
coherence decreased at both sides of the spectra. The previous
experimental work of N. Singh et al. in 2018 showed the high
degree of coherence over the full octave using the same Si slab
waveguide, the SCG extended from 1.1 to 2.4 μm with the in-
put pulse pumping at 1.9 μm.[226] In 2019, H. Saghaei et al. nu-
merically investigated the SC, which spanned over 2.8 μm, using
200-fs pulses at 2.1 μm with 200-W peak power, and the spectra
fluctuated significantly.[225]

To the best of our knowledge, the broadest experimental result
of SOI waveguide was the study reported by R. Kou et al.[233] The
proposed structure was Si rib waveguide with all-air-cladding. By
tuning the waveguide dispersion parameters to obtain the flat-
tened curve, a broad SC of 1.32 octave (2–5 μm)was observedwith
a 300-fs short input pulse centered at 4-μm. The length of the de-
vice was 12 mm, and the pump power was 28.8 mW. However,
the spectrum of 28.8-mW pump power case was nearly identical
with 12.6-mW one due to the saturation regime and the dam-
age threshold of Si. The nonlinear absorption includes the four-
photon absorption induced free-carrier absorption. Figure 8a de-
picts the measured spectra with two different waveguide widths
(W) of 6 and 8 μm, including the core data generated by 8 × 2
μm2 (slab thickness = 0.5 μm).
Different from the SOI platform, the SOS is also a viable plat-

form for nonlinear photonics in the mid-IR. The experimental
result reported by N. Singh et al.[207] in 2015 demonstrated a
1.53-octave-spanning SC in SOS nanowires, covering from 1.9
to 5.5 μm. The input pulse was centered at 3.7 μm with a 1.82-
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Figure 8. Representative experimental SCG results in the nanophotonic waveguides with different materials. a) SCG in the SOI platform with different
waveguide widths and peak power.Reproduced with permission.[233] Copyright 2018, Optica Publishing Group. b) Broadest SC in SOS platform with
different peak power by N. Singh et al.[207] Reproduced with permission.[207] Copyright 2015, Optica Publishing Group. c) Experimental demonstration
of SCG in a Ge-on-Si waveguide by A. D. Torre et al.[265] Reproduced with permission.[265] Copyright 2021, AIP Publishing. d) SCG in Si0.2Ge0.8 waveguide
with different peak powers by M. Montesinos-Ballester et al.[266] Reproduced with permission.[266] Copyright 2020, American Chemical Society. e) SCG
in Si0.6Ge0.4 waveguides with different peak powers by M.Sinobad et al.[212] Reproduced with permission.[212] Copyright 2018, Optica Publishing Group.
f) SCG and coherence in Si3N4 waveguides by T. J. Kippenberg et al.

[39] Reproduced with permission.[39] Copyright 2018, Springer Nature. g) SC and
coherence in Si3N4 waveguides pumping in normal region of Type I dispersion by Y. Okawachi et al.[270] Reproduced with permission.[270] Copyright
2017, Optica Publishing Group. h) Generated SC spectra and their corresponding coherence in InGaP waveguides with different pulse width by U. D.
Dave et al.[172] Reproduced with permission.[172] Copyright 2015, Optica Publishing Group. i1) Experimental data and i2) the corresponding coherence
with different energy from B. Kuyken et al. in AlGaAs waveguide.[267] Reproduced with permission.[267] Copyright 2020, Optica Publishing Group. j) SCG
in As2S3 filmwaveguides for TMmode by J. Hwang et al.[273] Reproduced with permission.[273] Copyright 2021, Optica Publishing Group. k) Experimental
and simulated spectra in the LiNbO3 waveguide based on third-order nonlinearity from J. Lu et al.[145] Reproduced with permission.[145] Copyright 2019,
Optica Publishing Group.

kW peak power. Furthermore, the theoretical results of generat-
ing light as far out as 8 μmdemonstrated the possible SCG range
in Si. This result provided the possibility to overcome the barrier
of high-order multiphoton absorption in Si for the mid-IR range.
N. Nader et al. in 2018[125] built the notch waveguides through
the SOS platform to achieve the mid-IR frequency combs. The
SC of the notch waveguide spanning from 2.5 to 6.2 μm was
broader than that of the demonstrated strip waveguides without
the notch.
Ge is also a Group IV photonics material, due to the wider

transparent window and the larger nonlinear coefficient, which is
suitable for MIR SCG. The higher-order nonlinearities including

the multi-photon absorption, intrapulse Raman Scattering, FCA,
and FCD effect are always considered in the simulation. Further-
more, the effects of two- and four- photon absorption are neg-
ligible compared with three-photon absorption (3PA). The 3PA
was dominant to degrade the broadening of the SC. The numer-
ical study of suspended Ge-membrane ridge waveguide to gen-
erate the MIR SC was reported by J. Yuan et al.,[232] which dis-
cussed the contribution of 3PA. The −30 dB bandwidth of the
corresponding SC was about 5.04 μm covering from 1.96 to 7 μm
pumped at 4.8 μm. The investigation from F. De Leonardis et al.
showed the comparison for the generated SCs with or without
considering the 3PA process.[218] As shown in Figure 8c, in 2020,

Laser Photonics Rev. 2023, 17, 2200205 © 2022 Wiley-VCH GmbH2200205 (13 of 28)

 18638899, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202200205 by N

anjing U
niversity, W

iley O
nline L

ibrary on [04/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

A. D. Torre et al. presented the first experimental demonstration
of SCG in a low-loss Ge-on-Si waveguide. They injected TE and
TM modes into the platform, with 3.3 and 4.5-kW peak powers,
respectively. The pump wavelength resides in the normal disper-
sion regime for the TE mode and anomalous dispersion region
for the TM mode. The generated SC of TE mode spanned from
3.53 to 5.83 μm at −30 dB level, and the one of TMmode covered
from 3.33 to 5.55 μm.[265]

SixGe1−x can be used as an alternative platform to Si. The
group IV alloy is also an attractive nonlinear material for
mid-IR applications, which has CMOS compatibility. M. A.
Ettabib et al.[214] demonstrated the broadband SCG in silicon–
germanium waveguide, which adopted a graded Ge concentra-
tion profile through increasing the Ge concentration from 0% to
42%, and then reduced it back down to pure Si symmetrically.
The trapezoidal structure generated the SC spanning from 1.45
to 2.79 μm (at the −30 dB level). Different from this work,
M. Sinobad et al. in 2018[212] reported the SCG in an air-clad
Si0.6Ge0.4 waveguide on Si, the cross-section of the waveguide
was 3.75 × 2.70 μm2, which was pumped at the anomalous dis-
persion regime for the TE mode. The SC spanned from 2.63 to
6.18 μm covering 3.55 μm at −30 dB level. The 200-fs input pulse
was pumped at 4 μm with 2.35 kW peak power using tunable
OPA. The spectra measured out of the 7 cm long waveguide is
shown in Figure 8e. The spectral broadening was governed by the
solitons with the order up to 20 and the DWs for the wavelength
range below 3.8 μm and beyond 5.0 μm. Another waveguide
design with an additional chalcogenide cladding in 2019[213]

could shift the CD from anomalous to all-normal regime, which
will be introduced further in the Type II dispersion section. Re-
cently, M. Montesinos-Ballester et al. reported the experimental
SCG in Si0.2Ge0.8 waveguide.

[266] The waveguide is built on a
Si1−xGex buffer, with the Ge fraction x linearly increasing from 0
to 0.79. The SC was ranging from 3 to 13 μm at −30 dB level by
pumping a 220-fs 9.8-kW input pulse centered at 7.5 μm, and the
generated SC almost covers the full transparent window of Ge.
Specifically, Si3N4 is known for the absence of TPA in the tele-

com band, and its wide transparent window. Most SC generated
in the Si3N4 integrated platforms can span from the visible light
range. The experimental demonstration of SCG in 2012 by R.
Halir et al.[274] spanned 1.6 octaves from 665 to 2025 nm in Si3N4
waveguides, which was pumped at 1.3 μm by OPO. The SC at
short wavelength was broadened to the blue wavelength range
(488 nm) in 2015 by H. Zhao et al.[234] The pumped wavelength
emitted by the Ti:Sapphire laser was 795 nm and the −30 dB
bandwidth spanned from 488 to 978 nm. The SCG extending
to the infrared spectral range (2130 nm) wider than 495 THz
through the Si3N4 waveguidewith SiO2 claddingwas proposed by
J. P. Epping et al.,[236] and the following report in 2017 demon-
strated the measured spectra >2.5 μm spanning at least 2.2 oc-
taves at the −30 dB level.[235] D. Martyshkin et al.[223] demon-
strated the SC in longer wavelength region, that is, from 1.375 to
3.5 μm spanning more than 1.5 octaves pumped at 2.35 μm us-
ing Cr:ZnS fs oscillator. The highly coherent SC was suitable for
the frequency comb offset detection using self-referencing in an
f-to-2f interferometer. A. S.Mayer et al. presented the first carrier-
envelope-offset frequency (fCEO) detection of a mode-locked laser
based on the Si3N4 film waveguides with SiO2 cladding. The
SC extended over 1.15 μm from 600 to 1750 nm,[275] and ex-

panded to 1.3 μm in the following work.[224] In the letter of Y.
Okawachi et al., they demonstrated the fCEO detection via the spec-
tral overlaps between SCG and SHG. The experimental spectra
showed the SCG from 657 to 1700 nm in −30 dB level.[276] A.
R. Johnson et al. in 2015[200] illustrated the spectrum from 670
to 1900 nm at the −30 dB level, and measured the experimental
spectral interference and visibility for coherence verification. The
efficient SC spanning 700 to 2080 nm proposed by E. S. Lamb
et al.[40] was broader for stabilized comb generation. D. R. Carl-
son et al.[217] utilized Si3N4 waveguides for telecom-wavelength
frequency comb generation through 1.95-μm bandwidth SC. For
multi-stage waveguide, D. D. Hickstein et al. proposed a periodic
Si3N4 waveguide, which provides periodic modulations for 𝛾 and
GVD. The SC spanned from 0.5 to 2.25 μm including QPM in-
duced DW.
Figure 8f shows the broadest experimental results for the SCG

in Si3N4 waveguide, which were reported by T. J. Kippenberg
et al. in 2018[39] using <90 fs pulses at 1.55 μm with 1 nJ energy.
The cross-section of the Si3N4 waveguide was 0.87 × 1.7 μm2.
The corresponding spectrum covered more than two octaves, as
shown in Figure 8f, spanning from 0.56 to 3.6 μm. The soliton
was supported at the anomalousGVD regime, and split into three
components. Two DWs were both in the normal GVD regime,
residing in the visible and the mid-IR ranges, respectively. The
DWs located at both edges of the spectrum. Moreover, the phase-
matching wavelength of DW can be tuned by different waveg-
uide widths. The larger cross-section was beneficial to generate
the mid-IR DW at longer wavelengths. Moreover, the conversion
efficiency of themid-IR DWwas degraded when it was generated
at longer wavelengths. Different from the above report, the study
pumping in normal dispersion were also utilized for generating
the broadband SCG.[270] Y. Okawachi et al. used a 2-cm-long Si3N4
waveguide to demonstrate a SC over 657–1513 nm by generating
two cascadedDWswith a 1300-nmpump. First, the spectrumwas
broadened due to SPM.As the input pulse propagated, the energy
of pump wavelength at 1255 nm was converted to two specral
components. The SWDW component is at 685 nm, and the other
1-μm component resided in the anomalous-GVD regime. This
component can be regarded as the pump light of the cascade pro-
cess, and subsequently generated the second DW near 740 nm.
Figure 8g shows the experimentally generated SC results, where
the spectral coherence is also investigated by adding the quan-
tum shot noise. Several studies have reported some wide SCs in
silicon-rich nitride platforms[277–279] by utilizing larger Kerr non-
linearity, which is two orders of magnitude larger than that in
Si3N4.
Some studies used SiO2 waveguide to generate the SC, due to

the small Kerr coefficient of SiO2, which is more than two orders
of magnitude smaller than that of Si. The generated SC band-
width in the silica waveguide is relatively narrow. In the work
of D. Duchesne et al. in 2010,[181] they demonstrated a 45-cm
long high-index doped silica glass spiral waveguide to improve
the Kerr nonlinearity compared with the traditional silica waveg-
uide. The spectrum was extended from 1.3 to 1.9 μm. Longer
propagation length was achieved with cascaded silica interleaved
waveguides in 2014, and the corresponding SCG covered 600 nm
with a physical path length of 3.5 m.[95] A SiO2 ridge waveguide
from D. Y. Oh et al.[280] has been applied to generate the broadest
SC covered 0.9 μm, and the DW was precisely tuned from UV to
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visible in different channels from the waveguide array with vari-
ous cross sections. The III–V materials also show the possibility
to generate the SC as an on-chip III–V-based nonlinear platform,
such as the InGaP and AlGaAs on-insulator waveguides reported
by U. D. Dave et al. and M. Pu et al., respectively.[172,267] An In-
GaP waveguide on the SiO2/BCB bonding layer had the high-
index contrast. The Raman response was neglected in this work,
and the 3PA, FCA, and FCD were considered. Figure 8h depicts
the simulated (blue line) and experimental (red line) spectra. The
OPO delivered pulse trains with 170-fs pulse width and 10-W
peak power centered at 1.55 μm. The soliton fission and two DWs
can be seen in Figure 8h. Moreover, the coherence properties in
the InGaP waveguides were also studied, where the experimental
method was the fringe visibility of the interference between two
independent supercontinua. The coherence was better for denser
interference fringes. Higher soliton number would degrade the
coherence of the supercontinuum. As shown in Figure 8h, the
solition number of 70-fs input pulse was 6, which was better in
terms of the coherence than the 170-fs (N≈ 15) pulse. This inves-
tigation on the impact from the solition number could potentially
guide the SCG for high coherence.
Figure 8i shows the experimental SCG result on the AlGaAsOI

platform.[267] The aluminum composition of the AlGaAs layer
was 21% in this work, and the nonlinear properties of AlGaAs can
also be engineered by changing the Al concentration. The mea-
sured spectrum of 3-mm long AlGaAsOI waveguide with SiO2
cladding is shown in Figure 8i. The SC covered 1.08 μmfrom1.05
to 2.13 μm, and was generated by a 100-fs 3.6-pJ pulse. The spec-
tra components around 1100 and 2100 nmwere two DWs. When
the pump pulse energy was increased, the SC spectrum started
saturating due to 3PA. The experimental method for coherence
measurement was also investigated. The spectral fringe after the
interference showed a high contrast (10 dB), that is, a strong
phase coherence. Meanwhile, the large fringe visibility of the in-
terference pattern also indicated a good coherence of the SC.
Chalcogenide glasses are ideal candidates for planar waveg-

uides to generate SC in the MIR, due to their large ultra-fast
nonlinearity. S, Se, or Te are the common constituents of the
chalcogenide glasses, which could be combined with Si, As, Ge,
P, and Sb. They have the broad transparent window from near
to the MIR domain. Amongst the diversified chalcogenide mate-
rial systems, the commonly used chalcogenide materials include
As2S3, As2Se3, Ge11.5As24Se64.5 glasses. The waveguides made of
these materials show some demonstrations of SCG, including
As2S3 waveguides reported in 2008.

[227] The 60-mm long waveg-
uide had a 0.75-μm SC by using a 610-fs input pulse with 68-
W peak power pumped TM mode at 1.55 μm. Specifically, the
order of soliton was >40, and the corresponding soliton fission
length was 67 mm, which was close to the device length. So the
mechanism of SCG was FWM rather than soliton fission, and
the idler terms could support this explanation. The measured SC
spectrum was over 500 nm wide at −30 dB, which was limited
by the optical spectrum analyzer in the experiment. As depicted
in Figure 8j, J. Hwang et al. fabricated As2S3 film waveguides
on a trapezoidal SiO2 structure, which are formed automatically
during the deposition process.[273] To obtain anomalous disper-
sion, there are certain requirements on the width and angle of the
waveguide. The SC spanning from 1050 to 2710 nm at −30 dB
could be obtained experimentally for the TM mode, by pumping

a 502-W 135-fs input pulse centered at 1560 nm. The SC results
of the TE mode were also given for comparison, and the corre-
sponding SC covered from 1250 to 2000 nm based on the normal
dispersion.
T. S. Saini et al.[230] proposed the As2Se3 chalcogenide rib

waveguide with different core-shape profiles. The core was sur-
rounded by MgF2 as the lower and upper claddings due to its
transparent window up to 7.7 μm. The spectrum with obviously
fluctuations ranging from 1 to 12 μm was generated by a 6-mm
long triangular-core waveguide in numerical modeling, when
pumped with a 6.4-kW 497-fs input pulse at the pump wave-
length of 2.8 μm. The As-based materials are of concern due to
their toxicity and photo-darkening effect.
The specific chalcogenide glass Ge11.5As24Se64.5 has the film-

forming properties and high thermal and optical stability under
intense illumination. From the simulations of M. R. Karim et al.
in 2014,[221] they designed Ge11.5As24Se64.5 nanowires with poly-
mer cladding to reduce the index contrast between the core and
cladding for suppressing the potential high-order modes. They
highlighted the effects of higher-order dispersion coefficients up
to 𝛽8 terms on the SC spectrum, and higher dispersion coeffi-
cients could be included for accurate results. The generated SC
had 1300-nm bandwidth. They continued to extend the SC to the
MIR region in 2015,[220] by replacing the upper claddings with
air and choosing Ge11.5As24S64.5 glass as the lower cladding ma-
terial. The simulated SC expanded to 4-μm spectral range from
2 to 6 μm for a 3.1-μm input pulse. When MgF2 glass acted as
lower cladding, the SC was extended from 1.8 to 10.1 μm, and
the −30 dB bandwidth was 8.3 μm. Y. Yu et al.[173] reported a
Ge11.5As24Se64.5 rib glass on a Ge11.5As24S64.5 bottom cladding
with an air upper cladding, which could extend the SC spectrum
from 1.8 to 8 μm at -30 dB level using the OPA of 4-μm 320-fs du-
ration pump pulses. Specifically, the bottom cladding was with a
fluoropolymer protective coating to prevent the surface contami-
nation. The following reports[229] overcame the long wavelength
limit of the spectrum due to the asymmetry between the upper
air cladding and the bottom fluoropolymer cladding. The upper
air cladding was replaced by Ge11.5As24S64.5 and the experimen-
tal SC spectrum covered from 2.2 to 10.2 μm at −30 dB for the
TM mode. The DWs were at around 3 and 8 μm, respectively. A
330-fs 4500-W pump pulse was chosen at 4.184 μm from an OPA
system. This is the best experimental report so far for SCG using
chalcogenide glass waveguides. The Ge23Sb7S70 waveguide can-
not be oxidized in air and do not have any photo-darkening ef-
fect either. J.-É. Tremblay et al.[162] demonstrated a Ge23Sb7S70
waveguide pumped at 1.55 μm, and the SCG extended from
1.03 to 2.08 μm with a 26-pJ pulse energy. In 2021, H. Shang
et al.[281] generated SC spectrum covering from 850 to 2150 nm
in a Ge23Sb7S70 strip waveguide, by pumping a 290-fs 7.46-kW
input pulse. The center wavelength of the pump was 1550 nm.
Although some alternative platforms exhibit large nonlinear

refractive index, there are still not being widely used for SCG
until now. For example, the nonlinear refractive indices of
TaFD5, Ta2O5, TiO2, graphene, and a:Si-H are much larger than
silica. I. Babushkin et al.[231] predicted and numerically studied
the SCG of the TaFD5 glass rib waveguide on the SiO2. A fluc-
tuant SC was obtained extending from 750 to 2400 nm, and the
temporal field distribution exhibited many spikes corresponding
to the fundamental solitons with different frequencies. The DW
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generation based on the phase-matching condition also can be
observed. In 2017, they obtained the SCG generated in an TaFD5
glass array.[113] The spectrum extending from 500 to 3000 nm
showed severe fluctuation. R. Fan et al. used Ta2O5 waveguide to
realize SCG ranging from 565 to 1464 nm at −30 dB pumped by
amode-locked laser at 1056 nm.[112] Thematerial is suitable to be
fabricated as the optical waveguide cores due to the small extinc-
tion coefficient and thermal-optical coefficient. J. R. C. Woods
et al. presented the SCG in a Ta2O5 waveguide with or without
SiO2 cladding. They demonstrated the broadest SC expanding
from 750 to 1300 nm at −30 dB in a SiO2-cladded waveguide for
the TM mode. They also showed the experimental SC results for
higher order modes in both the TE and TM polarizations.[282] K.
F. Lamee et al. experimentally demonstrated the SCG in Ta2O5
waveguides with air or SiO2 cladding.

[269] The SC covered from
620 to 2350 nm including SWDW generation at 640 nm in the
air-cladding Ta2O5 waveguide, and the SC generated in the SiO2
cladding waveguide spanned from 680 to 2420 nm containing
SWDW at 700 nm, by pumping an 80-fs pulses with a center
wavelength of 1560 nm. Except for the high nonlinear refractive
indices, a wider band gap and better thermo-optical stability are
also the advantages of TiO2. H. Ryu et al. in 2012 examined the
waveguide dispersion of slot waveguides by analyzing the index
contrast. In the following study, SC was achieved using the TiO2
core with Ta2O5 slot and SiO2 cladding. Based on the anomalous
dispersion, the spectrum broadened from 600 nm to 1.4 μm was
observed and the coherence was quite low and fluctuant.[241]

In 2018, the SC achieved by K. Hammani et al. expanded from
the visible wavelength to the MIR region covering 1.25 μm at
−30 dB with anomalous dispersion.[111] S. S. Bobba et al.[283] pro-
posed the ridge waveguides consisting of a single, bi-or tri-layer
of Graphene on the SiO2 substrate with the Si3N4 hexagonal
crystalline outer core to obtain the SC. The designed waveguide
produced the broadest SC to the best of our knowledge ranging
from 1.5 to 25 μm with a low input peak power of 1 W. Thanks
to the favorable properties of a-Si:H waveguides, there are some
reports generating the broad SC by pumping picosecond pulses.
F. Leo et al. studied the SCG seeded by 180-fs, 13-W peak power
input pulse centered at 1575 nm.[268] The SC spectrum spanned
from 1410 to 1940 nm at −30 dB. The advantage of a-Si:H waveg-
uide for SCG was proven compared with the c-Si waveguide.
Previous demonstrations in LiNbO3 have shown the applica-

tions based on the stronger 𝜒 (2) nonlinearity, such as the SH
and the SC generated in high 𝜒 (2) waveguides. The spectrum
was broadened from 0.7 to 2.2 μm at −30 dB by J. Lu et al.[145]

As shown in Figure 8k, the green light occurred due to THG,
and then soliton fission emerged, which was illustrated by the
green to yellow color changing along the propagation. M. Yu et
al. demonstrated the SCG in a LiNbO3 waveguide including aDW
near 800 nm and the spectrum was broadened around the pump
wavelength due to SPM.[237] The experimental results showed a
1.5-μm SC bandwidth from 0.75 to 2.25 μm at −30 dB, and the
coherence was near 1 over most of the generated SC range based
on 128 individual simulations. Specially, the SHG components
also broadened the spectrum, and SFG between the SCG and
SHG components was obtained. In addition to the single LiNbO3
waveguide, PPLN is also a candidate to generate SC through the
𝜒 (2) nonlinearities. C. R. Phillips et al.[252] generated a 2.2-μm SC
by using PPLN.

Aluminum nitride (AlN) is also an integrated material exhibit-
ing both strong 𝜒 (2) and 𝜒 (3) with a broad transparent window. H.
Chen et al. explored the SCG covering from near-UV to near-IR
using AlN waveguides on sapphire substrates.[238] In this case,
a high order waveguide mode (TE10) was used for anomalous
dispersion. The main spectrum of the generated SC was gen-
erated by soliton fission and DW, which covered from 650 to
950 nm. The secondary spectrum was broadened by SHG span-
ning from 405 to 425 nm. There were obvious fluctuations in the
SC coherence. D. D. Hickstein et al. achieved the SC from 700 to
4000 nm pumped in TE00 mode using AlN waveguides.[239] The
blue side and the red side of the spectrum had the SWDW and
LWDW, respectively. While the AlN films used in this study had
a strong 𝜒 (2) component in the vertical (TM) direction. They also
observed the SHG, difference frequency generation (DFG) and
THG due to the strong 𝜒 (2) effects in the TM00 mode. J. Lu et al.
reported the SCG spanning from 700 to 3600 nm at −30 dB in
AlN waveguides.[284] The recorded DWs were located at 750 and
3700 nm, respectively. At the same time, the narrow-band blue
light induced by THG at 500 nm was recorded under TE polar-
ization. Under a TM pump, cascaded SHG was observed from
near-visible to even UV regime.
Table 2 shows the summary of the broadest experimental SCG

results in the nanophotonic uniform waveguides with differ-
ent materials, including the key factors that impact the spectral
broadening, such as the CD value and nonlinear coefficient. The
propagation length L of the waveguides provides length scales
for dispersive and nonlinear effects relative magnitudes. The ba-
sic information of the input pulse was also studied, such as the
FWHM, the peak power and the pump wavelength of the input
pulse. Furthermore, superscript “a” represents the parameters
that are not directly mentioned in the paper. We extracted the rel-
evant information and diagrams, and then calculated the param-
eters with the superscript “a.” The −30 dB level bandwidth rep-
resents the spectral range from the maximum intensity point to
−30 dB point. The star sign in the “Bandwidth −30 dB level” col-
umn indicates the spectra with obviously intensity fluctuations,
and there are the frequency components below the −30 dB level
from the base line.

5.2.2. All-Normal Dispersion (Type II)

We further investigate the waveguides with all-normal disper-
sion as shown in Figure 6. The nonlinear effects mentioned
above, such as soliton fission and DWs generation that require
anomalous dispersion, are not taken into consideration. SPM,
self-steepening, and OWB are themain possible mechanisms for
SCG with all-normal dispersion.
Self-Phase Modulation: SPM generates the new frequency

components continuously when the input pulse propagates
along the waveguide. In the case of unchirped pulses, the SPM-
generated frequency components could broaden the spectrum.
The most obvious feature of SPM is the oscillatory structure with
multiple peaks. The new frequency components are red-shifted
near the leading edge and blue-shifted near the trailing edge of
the pulse. Due to the normal-dispersion, the red-shifted compo-
nents travel faster than the blue ones. Compared with the case
considering the GVD alone, the pulse walks off faster in the time
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Table 2. Significant parameters in SCG process of waveguides with various materials based on convex anomalous dispersion (Type I).

Material and reference Length
[mm]

Dispersion at pump
wavelength [ps nm−1 km−1]

𝛾 at pump wavelength
[m W−1)

Center wavelength
[μm]

Pulse width
[fs]

Peak power
[kW]

Bandwidth @ −30 dB
level [μm]

Si3N4
[39] 5 126.63a) 0.82a) 1.55 <90 >11 3.04*

Si on sapphire[207] 16a) 10 8.86a) 3.7 320 1.82 3.6

Si[233] 12 100 0.41a) 4 300 96 3

SiO2
[280] 15 ∖ 0.038a) 1.064 90 25.56 0.9*

Si0.6Ge0.4
[212] 70 6 0.63 4 200 2.35 3.55

Si0.2Ge0.8
[266] 5.5 20 0.5 7.5 220 9.8 10

Ge on Si[265] 22 10 1.65 4.6 200 4.5 2.22

InGaP[172] 2 470.74 450 1.55 170 0.01 1.1*

AlGaAs[267] 3 700 630 1.55 100 0.036 1.08*

As2S3
[273] 10 100 11.1 1.56 135 0.502 1.66

GeAsSe[229] 18 5a) 0.2 4.184 330 4.5 8

GeSbS[162] 20 90 7 1.55 240 0.77 1.05

Ge25Sb10S65
[281] 9 250 ∖ 1.55 290 7.46 1.3

Ta2O5
[269] 13.4 100 ∖ 1.56 80 10a) 1.74

TaFD5
[113] 50 36.8 0.039a) 1.6 200 40a) 2.5*

TiO2
[111] 22 20 1.2 1.64 90 1.78 1.25*

Graphene[283] 1 837.9 530 000 1.55 1 0.001 23.5

a:Si-H[268] 10 2589 740 1.575 180 0.013 0.53*

LiNbO3
[145] 10 160a) 0.4 1.56 200 4 1.5*

AlN[239] 10 ∖ 0.36a) 1.56 80 10 3.3*

a)
Represents the parameters we simulated indirectly; Table only shows the broadest results with anomalous dispersion; ∗Represents the spectral bandwidth with obviously

fluctuations.

domain. Thus, it is more difficult to generate a broadband SC in
an all-normal GVD (𝛽2 > 0) waveguide, especially compared with
the bandwidth of the SC based on the anomalous dispersion.
Optical Wave-Breaking: Compared with the carrier frequen-

cies, that is, the center wavelength of the input pulse, the SPM-
generated red-shifted frequencies at the leading edge (T < 0)
move faster, and blue-shifted frequencies at the trailing edge
move slower due to the effect of all-normal-dispersion. The faster
red-shifted light near the leading edge overtakes the original car-
rier wave, that is, the faster red-shifted section takes over the
slower leading edge tail. In the temporal domain, two different
frequencies overlap in the pulse tails and then generate new
frequencies through interference. The phenomena origin from
the oscillations at the pulse edge, and the progress is defined as
OWB.[285] Figure 9a,b shows the spectral and temporal evolutions
including OWB.[140]

The FROG traces simulation fromC. Finot et al. demonstrated
the OWB process,[286] and we further mark the details in Fig-
ure 9c–f to make it easier to understand. Figure 9c–f could be
obtained from a cross-correlation frequency resolved optical gat-
ing device, which shows the temporal and frequency evolutions at
the same time. The white dotted line represents the carrier wave,
and the key changes are indicated by arrows.
The group velocity of the pulse is inversely proportional with

the intensity, and the peak of pulse moves slower than the tails.
The pulse becomes asymmetric due to the peak shifting toward
the trailing edge, and results in a steep trailing edge in the time
domain. The process is called self-steepening effect, and an-
other feature is the asymmetry in frequency domain, the spec-

tral broadening is larger at short wavelengths than the long wave-
length side due to the steeper trailing edge.
We summarize the reports of various materials based on all-

normal dispersion. Compared with the SCG results with anoma-
lous dispersion, the demonstrations of Type II dispersion are
much less, especially for the experimental reports. The band-
width of SC with all-normal dispersion is usually not satisfac-
tory, because the SPM-induced broadening is narrower, and the
soliton fission and DW do not occur. Nevertheless, the high co-
herence is the distinct advantage of SC generated in the normal-
GVD regime. We summarize the previous reports including ex-
periments and simulations in Figure 10.
C. Bao et al. proposed the horizontal double-slot Si

waveguide,[242] which generated the SC with flat-top profile
and the -30 dB bandwidth spanning from 1450 to 2000 nm in
simulation. The SC was smooth and narrow, as it was mainly
formed by SPM broadening. The peak power of the input pulse
was 15 W and the center wavelength was 1.7 μm. The energy was
relative low, thus there is potential to further improve this result
and obtain a broader SC spectrum using an input pulse with
higher peak power. The numerical simulation from H. Saghaei
et al. also proposed the side-slotted waveguide to obtain the SC
from 1.15 to 3 μm.[225] By pumping a 200-fs 200-W peak power
input pulse at 2.1 μm wavelength. Compared with pumping
a standard SOI strip waveguide in the anomalous dispersion
regime with the same input pulse, the SC spectrum was a
relatively smooth but narrower.
E. Tagkoudid et al. demonstrated the extreme polarization-

sensitive dynamics of SCG experimentally, and the correspond-
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Figure 9. a,b) Spectral and temporal evolutions of the AlNwaveguide from X. Liu et al. as the schematic of OWB.[140] Adapted with permission.[140] Copy-
right 2019, Springer Nature. c–f) Using the FROG traces simulation from C. Finot et al. to explain the OWB process.[286] Adapted with permission.[286]

Copyright 2008, Optica Publishing Group.

ing bandwidth of SC with all-normal dispersion is 700 nm.[288]

L. Zhang et al. showed the simulated SCG based on Si3N4 slot
waveguide.[240] The obtained dispersion was normal at all wave-
lengths, and the SCwas from 630 to 2650 nm at−30 dB, covering
a two-octave bandwidth. The broadening mechanism was SPM
together with the self-steepening effect. Moreover, they observed
the steep trailing edge of the pulse that was as short as 3 fs due
to the self-steepening. The output pulse showed the fluctuation
at the tail in the time domain, which seems to be original from
the OWB.
M. Sinobad et al. compared different dispersion properties in

various Si0.6Ge0.4 waveguide structures.
[212] In the demonstration

of 2018, the waveguide with 3.75 μm × 2.70 μm was pumped at
anomalous dispersion regime, and the generated SC spanned
over 3.55 μm. In 2019, they further investigated the Si0.6Ge0.4
with chalcogenide Ge11.5As24Se64.5 cladding deposited by ther-
mal evaporation.[213] Adding the chalcogenide cladding made all-

normal dispersion, the SC spanned from 3.1 to 5.5 μm at −30 dB
level. One can see that it is possible to tailor the dispersion
profile by adding a chalcogenide cladding layer on the original
waveguide design, and the SC dynamics was also changed ac-
cordingly. Recently, they obtained an all-normal dispersion based
on the wider Si0.6Ge0.4 waveguide with air cladding.[287] They
experimentally demonstrated a MIR SC extending from 2.8 to
5.7 μm by pumping a 205-fs pulse residing around 4 μm at
−30 dB level, and showed the calculated high-level coherence of
the SC.
The report from M. R. E. Lamont et al. also demonstrated

the As2S3 waveguide with all-normal dispersion based on the
orthogonally-polarized mode, that is, TE mode.[227] The disper-
sion was negative over the whole wavelength range and D equals
to−210 ps nm−1 km−1 at 𝜆= 1550 nm. FromFigure 10d, a narrow
spectrumgenerated by normal dispersionwas comparedwith the
soliton-induced SC spectra in As2S3 film waveguides, and the

Laser Photonics Rev. 2023, 17, 2200205 © 2022 Wiley-VCH GmbH2200205 (18 of 28)

 18638899, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lpor.202200205 by N

anjing U
niversity, W

iley O
nline L

ibrary on [04/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.lpr-journal.org


www.advancedsciencenews.com www.lpr-journal.org

Figure 10. Experiment and simulation results with Type II dispersion. a1) Measured, a2) simulated SC and the coherence for the TMmode in Si0.6Ge0.4
waveguide with air cladding from M. Sinobad et al.[287] Reproduced with permission.[287] Copyright 2020, Optica Publishing Group. b) Experimental
SCG in Si3N4 waveguide for TMmode as increasing incident peak power from E. Tagkoudid et al.[288] Reproduced with permission.[288] Copyright 2021,
Optica Publishing Group. c) Experimental SC spectra of different peak powers for the TEmode in the As2S3 rib waveguide fromM. R. E. Lamont et al.[227]

Reproduced with permission.[227] Copyright 2008, Optica Publishing Group. d) SC spectra in the As2S3 film waveguides from J. Hwang et al.[273] Re-
produced with permission.[273] Copyright 2021, Optica Publishing Group. e) Spectrum of TE mode through Ge11.5As24Se64.5 glass by Y. Yu et al.[229]

Reproduced with permission.[229] Copyright 2016, Optica Publishing Group. f) SC from J. W. Choi et al. using Ge23Sb7S70 ridge waveguide.
[101] Repro-

duced with permission.[101] Copyright 2016, Springer Nature. g) TiO2 waveguide with 1.8 μmwidth featuring the all-normal dispersion from K. Hammani
et al.[111] Reproduced with permission.[111] Copyright 2018, Multidisciplinary Digital Publishing Institute. h) Coherence of spectrum components relied
on the 𝜒 (3) nonlinear process by using AlN waveguide from X. Liu et al.[140] Reproduced with permission.[140] 2019, Springer Nature. i) Flat-top SC
generated in double-slot Si waveguide from C. Bao et al.[242] Reproduced with permission.[242] Copyright 2015, Optica Publishing Group. j1) SC and
j2) coherence of Si side-slotted waveguide from H. Saghaei et al.[225] Reproduced with permission.[225] Copyright 2019, Optica Publishing Group. k)
Simulated SCG based on Si3N4 slot waveguide along the propagation from L. Zhang et al.[240] Reproduced with permission.[240] Copyright 2011, Optica
Publishing Group. l1) Generated SC and l2) coherence of Si3N4 horizontal slot waveguide from our work. m1) Spectrum and m2) coherence using TiO2
core waveguide with Ta2O5 slot from H. Ryu et al.[241] Reproduced with permission.[241] Copyright 2012, Optica Publishing Group.

SC induced by SPM and Raman effects extended from 1250 to
2000 nm.[273]

Y. Yu et al. verified the SCG through Ge11.5As24Se64.5 glass in
the condition of all-normal dispersion. They measured the spec-
trum of the TE mode with the same input pulse.[229] Compared
with the SC caused by anomalous dispersion, the spectrum was
from 2.2 to 6 μm. The Ge─Sb─S system (GeSbS) has been widely
investigated for nonlinearity optical applications. Ge23Sb7S70 is
one of the promising waveguide materials due to its low tox-
icity, compared with the As-based chalcogenide glasses. J. W.
Choi et al. studied the Ge23Sb7S70 ridge waveguide on the SiO2
substrate.[101] The input laser was centered at 1550 nm, and the
SPM-induced spectral broadening was from 1280 to 2120 nm
at −30 dB level experimentally. The report of H. Ryu et al. in
2012[241] also examined the SCG in all-normal dispersion regime
using TiO2 core waveguide. By tailoring the slot thickness to get
all-normal dispersion, the coherence was much improved, but
the SC range was only from 0.523 to 1.226 μm. In 2018, K. Ham-
mani et al. also discussed the waveguide with 1.8 μm width fea-
turing the all-normal dispersion, the spectrumwas obviously nar-
rower and flattened.[111]

X. Liu et al. exploited the AlN chirp-modulated taper
waveguide, which included multiple length-distinct linear-taper

segments.[140] The spectrum components at near-visible regime
from 678 to 882 nmwere generated by SPM and OWB. The spec-
tral components at UV wavelength relied on the 𝜒 (2) nonlinear
process, that is, SHG and SFG by engineering the QPM condi-
tion.
In the following part, we introduce our work based on the

Si3N4 horizontal slot waveguide with SiO2 cladding to generate
SC in Figure 10l.[246] The proposed waveguide produces an av-
erage CD of −15.56 ps (nm km)−1 over a 3270-nm wavelength
range from 1170 to 4440 nm, which covers a 1.9 octave-spanning
wavelength range. To our knowledge, it is the broadest flattened
dispersion curve ever reported. For a 100-fs 90-kW pulse with a
center wavelength of 3200 nm, the SC spectrum expands from
504 to 4229 nm at −40 dB, covering a record-high three-octave
bandwidth. The coherence is >0.99 from 1250 to 4300 nm, as the
spectrum in this region is mainly expanded by the SPM, OWB
and self-steepening effects.
Table 3 shows the summary of the experiment and simulation

results based on all-normal dispersion by using nanophotonic
waveguides with different materials. There are fewer reports and
the broadest SC is formed by GeAsSe waveguide, and the band-
width of SC is 3.8 μm at −30 dB level, which is narrower than the
SCG with anomalous dispersion shown in Table 2. There is no
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Table 3. Key parameters in the SCG process of waveguides with various materials based on all-normal dispersion (Type II); Table shows all the results
with all-normal dispersion.

Material and
reference

Length
[mm]

Dispersion at pump
wavelength [ps
nm−1 km−1]

𝛾 at pump wavelength
[m W−1]

Center
wavelength

[μm]

Pulse width
[fs]

Peak
power
[kW]

Bandwidth @
−30 dB level

[μm]

Octave @
-30 dB
level

Si3N4
[240] 15 −50a) 0.49 2.2 120 6 2.02 2.07

Si3N4
[246] 5 −19.80 0.12 3.2 100 90 2.825 1.65

Si[242] 4 −18a) 102 1.7 50 0.015 0.55 0.46

Si[225] 10 −0.07 85 2.1 200 0.2 1.85 1.38

Si0.6Ge0.4
[213] 70 −12 0.3 4.15 200 3.54 2.4 0.83

Si0.6Ge0.4
[287] 70 −12 0.8 4.15 205 3.14 2.8 0.95

As2S3
[227] 60 −210 10 1.55 610 0.055 0.1 0.09

As2S3
[273] 10 −120 11.1 1.56 135 0.506a) 0.75 0.68

GeAsSe[229] 18 −10a) 0.2 4.184 330 4.5 3.8 1.45

GeSbS[101] 15 −60 7 1.55 500 0.34 0.84 0.73

TiO2
[111] 22 −95 1.2 1.64 90 1.3 0.55 0.51

TiO2
[241] 5 −0.05 12.76 0.8 100 1 0.703 1

AlN[140] 6 −0.67 9.5 0.78 100 2.37 0.204 0.38

a)
Represents the parameters we calculated indirectly.

star sign in the “Bandwidth @ −30 dB level” column, which in-
dicates the spectra without obviously intensity fluctuations, and
confirm to the characteristic of SCG with all-normal dispersion.
Additionally, almost all the results are less than two octave span-
ning due to the limitation of spectral broadening mechanism.
This is another potential research area for SCG in the future.

5.2.3. Dispersion with Multiple Zero-Dispersion Wavelengths
(Type III)

The strong CD makes the new frequencies generated by nonlin-
ear processes walk off quickly and suppresses the SC broaden-
ing. Some reports achieve the flattened and near-zero dispersion
through tailoring the CD with multiple ZDWs, and they are even
more suitable for SCG. Figure 6c is the diagram of the multiple
ZDWs dispersion, that is, Type III. The existed demonstrations
of SCG based on Type III are all numerical results, and the in-
vestigations of SCG in the following part are all based on the dis-
persion with 4 ZDWs. Recently, the flattening dispersion profiles
with 5 or 6 ZDWs[244] were also obtained. They introduced the
double slot layers on a slab structure with cladding, but they have
not yet further investigated the nonlinearity applications. Conse-
quently, there is also an opportunity to explore the phenomena
and mechanisms of SCG behind.
L. Zhang et al. proposed the Si waveguide with four ZDWs for

the first time in 2012.[128] The dispersion fluctuated between −22
and +20 ps (nm·km)−1 over a 667-nm bandwidth. The pump
wavelength was 1810 nm within the anomalous dispersion re-
gion. The simulated SC bandwidth was 1250 nm, ranging from
1200 to 2450 nm. The output pulse was compressed to 10.1 fs due
to the broadening of spectrum. Figure 11a shows the simulation
results of another report based on the same structure.[129] The SC
was up to 2464 nm, and the pulse was compressed down to 12 fs.
The beating patterns at the rising and falling edges of the pulse
were from the LWDW and SWDW, respectively. The vertical

double slots Si waveguide also exhibited the flat and low disper-
sion with four ZDWs proposed by M. Zhu et al.[127] The material
of vertical slot was silicon nanocrystals (Si-nc). The flattened
dispersion was between −24 and +22 ps/(nm·km) from 1527 to
2625 nm over a 1098-nm bandwidth. The corresponding SC was
1630 nm. N. Singh et al. designed the waveguide with special
upright-T and inverted-L structures on the sapphire substrate,[126]

which could suppress the losses induced by the substrate. The
dispersion varied from −25 to 25 ps (nm·km)−1 over 2.8 μm for
upright-T waveguide, and the dispersion fluctuated from −29
to +29 ps (nm·km)−1 covering 4.1 μm for inverted-L waveguide.
The dispersion curves all had four ZDWs. The extended SC
spectrum of the inverted-L waveguide was from 2.7 to 7.5 μm at
−30 dB level, and the bandwidth of the SC spectrum from the
upright-T waveguide was broader but with more fluctuations.
M. Yang and L. Zhang et al. further demonstrated the disper-

sion engineering with four ZDWs using the suspended Ge-on-Si
waveguide.[289] The Ge strip waveguide was on the suspended Si
membrane, and the suspended structure without SiO2 substrate
could reduce the leakage loss. The dispersion varied from +9.45
to +51 ps (nm·km)−1 covering 7.06 μm. The broadened spectrum
was from 3.7 to 9.24 μm at −30 dB level with perfect coherence
after the 6.57-μm centered input pulse propagating 5.35 mm.

6. Supercontinuum Generation Based on
Second-Order Nonlinearity

The SCG processes can also be achieved in waveguides with large
second-order nonlinearities. The high nonlinear interactions
only need few-nanojoule pump sources. The soliton-induced
SCG depends on the reaction between the anomalous disper-
sion and the third-order Kerr self-focusing nonlinearity. Different
from that, the quadratic nonlinear waveguides such as the stan-
dard LiNbO3 or AlN waveguide generate the SC mainly based on
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Figure 11. Demonstrations of SCG based on Type III dispersion. a1) Pulse spectra and a2) waveforms of Si waveguide with four ZDWs from L. Zhang
et al.[129] Reproduced with permission.[129] Copyright 2012, IEEE. b) Spectral profile and temporal shape of vertical double slots Si waveguide proposed
by M. Zhu et al.[127] Reproduced with permission.[127] Copyright 2012, Optica Publishing Group. c) Spectrum and corresponding dispersion curve of Si
waveguide with special inverted-L structures on the sapphire substrate designed by N. Singh et al.[126] Reproduced with permission.[126] Copyright 2015,
Optica Publishing Group. d1) SC and d2) coherence of suspended Ge-on-Si waveguide demonstrated by M. Yang and L. Zhang et al.[289] Reproduced
with permission.[289] Copyright 2017, Optica Publishing Group.

the cascaded nonlinearities. The cascaded nonlinearities act like
a cubic Kerr nonlinearity and the process can be expressed by:[290]

ncascade2 ∝ −
d2neff
▵ k

(16)

where ∆k is the phase-mismatch, deff represents the effective
quadratic nonlinearity. In previous reports, the QPM condition
is used to reduce ∆k and enhance cascading progress.[256,291,292]

Meanwhile, deff decreases faster.
[293] In the following demonstra-

tions, the more efficient method for cascaded nonlinearity is
phase-mismatched,[294,295] which generated the cascaded phase
shift and resulted in the spectral broadening in the QPM waveg-
uides. Under the strong phase-mismatched conditions, the self-
defocusing soliton compressionwould occur and lead to the spec-
trum broadening effectively. The formation of self-defocusing
soliton could generate the SC in normal dispersion regime. The
mechanism is the interaction of cascaded 𝜒 (2) process and nor-
mal dispersion.
C. Langrock et al. observed SHG and THG in the visible and

near-infrared using PPLN.[292] The DFG was also obtained at the
wavelength near to the zero SHG group velocity mismatch. They
demonstrated the chirped PPLN devices having the advantages
of spectral broadening. The broadeningmechanismwas explored
in 2011,[295] with the consideration of𝜒 (2) nonlinearities,𝜒 (3) non-
linearities, and SRS for SCG. The modelling agreed well with
the experimental results. They discussed the relationship and
the contribution of cascaded 𝜒 (2) and 𝜒 (3) within the experimen-
tal results in details. H. Guo et al. obtained the SC through the
LiNbO3 waveguide which supported the self-defocusing soliton

compression.[294] In the following reports,[296] the spectrum was
broadened in the blue edge induced by the self-defocusing non-
linearities, and the red-edge frequency components were gener-
ated by the DW generation. Overall, the SCG in the LiNbO3 ridge
waveguide utilizes the interaction of self-defocusing nonlinearity
and Kerr nonlinearity.
Except for the LiNbO3 waveguide, D. D. Hickstein et al.

demonstrated the SCG using ALN waveguides with both cu-
bic and quadratic nonlinearities.[239] The spectra of TM00 mode
showed the SHG, THG in the short wavelength and DFG in the
long wavelength. X. Liu et al. used the chirp-modulated taper
waveguide to realize the UV comb generators through the spec-
trum broadening.[140] The spectrum is extended to UV region via
broad SHG and SFG.

7. Conclusion and Perspectives

We have presented a review of recent works on SCG in nanopho-
tonic waveguides using various types of materials with three
types of dispersion profiles, and analyzed the inherently physi-
cal mechanisms of different dispersion engineering techniques.
From the perspective of the materials, the broadest SC is ob-
tained by Si0.2Ge0.8 waveguide, whereas the deposit process need
Ge fraction linearly increasing. The complex fabrication process
could limit the extensive studies and applications.More represen-
tative experimental results are based on Si and Si3N4 platforms.
One can see that Si waveguide is still the leading platform for
nonlinear optics, even though having high TPA at telecommuni-
cation wavelengths. Meanwhile, Si3N4 is a particularly promis-
ing alternative nonlinear platform and has the great potential
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for many key nonlinear applications. From the perspective of
SCG method, pumping in the anomalous dispersion regime is
still the mainstream method to obtain the SC due to the supe-
riority in spectra broadening, which mainly depends on soliton
fission and DW generation. Most spectra have obvious fluctu-
ation and also have coherence degradation. The flatness of SC
based on the dispersion with multiple ZDWs shows further im-
provement, but the method has not been experimentally demon-
strated due to the following reason. The process of tailoring
CD is very complex. Besides, the dispersion value and slope are
very sensitive to the structure parameter variation. SCG with
all-normal dispersion has the advantage of spectral flatness and
high coherence. However, the corresponding limitation is the
difficulty in achieving ultrabroadband SC spectra. Recent works
are still focusing on numerical simulations and are lack of ex-
perimental demonstration. Even so, these chip-scale SCG works
still provide the prospect of practical platforms for integrated
nonlinear optics.
Overall, if we want to list the attractive potentials in the SCG

research, the following aspects cannot be ignored. First, the SCG
achieved in different materials could be used for different ap-
plications. Aside from the application of SC in the communi-
cations band toward optical communications systems, the SC
spectrum covering the visible band is highly attractive for con-
focal microscopy,[234] label-free microscopy, and imaging in life
sciences.[236,297] In the MIR regime, the molecules have strong
rovibrational transitions, and it demonstrated the strong absorp-
tion coefficients for the hydrocarbons, nitrogen dioxide, green-
house gases.[298–300] The SCs in the MIR band are widely applied
for molecular spectroscopy,[41,301] health sensing,[302–304] and en-
vironmental monitoring,[305] which also attract lots of attentions.
Second, some numerical works we discussed above with the
promising dispersion engineering and broadband SCG could
be further realized experimentally in the future. Additionally, a
few other novel dispersion curves, that is, the most flattened,
broadest, with the most ZDWs, could be extended further in the
nonlinear optical applications. Advanced nanophotonic waveg-
uides provide more degrees of freedom for dispersion engineer-
ing, and almost ideal dispersion profile for SCG could be ob-
tained. Third, the novel materials with more pronounced Kerr
nonlinearity provide an exciting arena for SCG or other non-
linear applications. The aforementioned novel material TiO2

[306]

and others, such as hafnium dioxide (HfO2),
[307] gallium-nitride

(GaN),[308,309] cadmium telluride (CdTe),[310] and PbO-GeO2,
[311]

possess high third-order nonlinear susceptibilities. They require
lower pump power and could be suitable for a broadband SCG.
Most of these waveguides can be currently fabricated in the labo-
ratory, whereas they are not the common and mature integrated
optical platforms. The fabrication cost and period are the bar-
riers for practical applications. In addition, they are still diffi-
cult to realize hybrid integration with CMOS-compatible mate-
rials. The hybrid waveguide[312] or high Kerr nonlinearity doped
media[313] is also feasible to enhance the overall optical nonlin-
earity, thus it could be an ideal candidate for SCG. For exam-
ple, the traditional SOI nanowire structure could be combined
with the giant Kerr nonlinearity layered polymers,[131,314] Bragg
grating,[315] and 2D materials[316] including graphene,[316,22,317]

graphene oxide (GO),[318] black phosphorus,[319,320] and transition
metal dichalcogenides,[321–324] which forms a hybrid structure to

improve the performance of nonlinear integrated photonic de-
vices. The fabrication procedures are more complex due to the
additional structure. For instance, chemical vapor depositions-
grown monolayer grapheme needs to be transferred on top of
the Si waveguide, which should be conducted by precise posi-
tioning. The doped material like SiON[325,326] is the excellent plat-
form for the design of nonlinear integrated photonic circuits with
CMOS compatibility. Besides the conventional dielectric waveg-
uides, plasmonics waveguide[327–329] with greatly enhanced light-
matter interactions is predicted to be an exciting new platform for
efficient Kerr nonlinear devices. Indeed, plasmonic waveguides
can greatly enhance nonlinear effects through strong field con-
finement. However, nonlinear plasmonic devices still confront
the challenges from the optical losses and material damage. Uti-
lizing these novel platforms to generate broader SC ismore effec-
tive and compact. In the coming decades, SC generated in novel
material systems could enable new functionalities in numerous
real applications. For instance, SC overmultiple-octave range will
lead to advances in frequencymetrology, which could be seen as a
“super long ruler” in the frequency domain tomeasure a random
frequency. For sensing applications, ultra-broadband SC will ex-
pand the range of detectable analytes, and the output spectrum
could have multiple features. Therefore, SC sources in new plat-
forms have the possibilities to promote the development of bio-
chemical sensing and imaging.
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