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Abstract: Nonlinear integrated photonics, which takes

advantage of the strong field enhancement in integrated

waveguides to boost the efficiency of nonlinear effects,

has paved the way for the demonstration of cutting-edge

applications. These achievements have also beenmade pos-

sible by the impressive progress in material engineering

and fabrication processes, which have enabled a remark-

able control of the nonlinear dynamics in the waveguides.

While researchers initially focused their attention on single-

mode devices, in recent years, the exploitation of nonlinear

effects in integrated multimode waveguides has attracted

significant interest. Indeed, the simultaneous use of dif-

ferent spatial modes of the same multimode waveguide

has opened new avenues in the realization of integrated

nonlinear processors, thanks to the ability to tune the dis-

persion profiles of the different modes. In this review, we

discuss the most recent advances in nonlinear multimode

photonics on-chip. In the first part, we review the use of

intermodal nonlinear effects for frequency generation. The
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use of intermodal nonlinear effects has been extensively

reported, for example, for wavelength conversion for tele-

com applications, generation of photon pair sources for

quantum optics and mid-infrared frequency generation.

Then, we discuss several demonstrations of nonlinear mul-

timode waveguides used to perform simultaneous multi-

channel andmulti-functional optical signal processing, such

as nonlinear switching and logic operations. Next, super-

continuum generation in nonlinear multimode waveguides

will be discussed. Finally, we report the use of high-quality-

factor micro-resonators based on multimode waveguides

for the realization of compact and widely-tunable inte-

grated Raman lasers and optical frequency comb sources

with record-low threshold power.

Keywords: nonlinear optics; integrated waveguides; multi-

modewaveguides; four-wavemixing; optical signal process-

ing; quantum optics

1 Introduction

For over half a century, nonlinear optics has continued to

evolve and influence numerous areas of science and tech-

nology thanks to the opportunities it offers in tailoring the

properties of propagating waves and controlling light–light

and light–matter interactions. In this context, optical fibers

have played a pivotal role since the early days of nonlinear

optics, initially serving as a novel medium for investigating

nonlinear optical effects, to the current time, where the

effects of optical nonlinearities influence directly the design

of transmission systems [1], [2]. However, the relatively low

nonlinear coefficient of silica optical fibers poses some chal-

lenges and limitations in the implementation of advanced

nonlinear devices and typically requires the use of high opti-

cal powers and/or long fiber lengths [3]. The large footprint

of optical fiber-based nonlinear devices hinders their adop-

tion in scale in applications that require a large number of

nonlinear elements, and, to a degree, their cost reduction.

Over the last two decades, the implementation of nonlinear

processes on small-footprint integrated chips, pushed by

the dominant trend in research and development towards

device integration and system miniaturization, gained a
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central role in the nonlinear optics research community.

Nonlinear integrated photonics leverages the strong field

enhancement in integrated waveguides and resonators and

the use of material platforms with nonlinearity coefficients

that are orders of magnitude higher than that of silica glass

to boost the efficiency of nonlinear effects [4], [5]. These

properties have paved the way for the realization of devices

and applications covering a wide range of research fields

such as all-optical signal processing for optical communica-

tions [6], [7], quantum information processing [8]–[10] and

spectroscopy [11], [12], just to name a few. These advance-

mentswere also enabled by the significant progress inmate-

rial engineering and fabrication techniques in recent years,

which have provided exceptional control over waveguide

dispersion and consequently thenonlinear dynamicswithin

the waveguides. While the research community initially

focused its efforts on the realization of efficient single-mode

devices, i.e., where the waveguide is designed to operate

with just onewaveguide spatialmode, commonly the funda-

mental mode, more recently, the exploitation of nonlinear

processes in integrated multimode waveguides has been

attracting increasing attention.

To enhance the accessibility of the review, we briefly

recall here the key concepts underpinning nonlinear mul-

timode photonics. In multimode waveguides, light propa-

gates in distinct spatial modes, each with its own dispersion

and field distribution. When combined with optical nonlin-

earities, this enables intermodal interactions that expand

the design space for phase matching, spectral translation,

and spatial control. Foundational theoretical models, such

as the coupled-mode equations and nonlinear Schrödinger

formalism, are thoroughly treated in Agrawal’s textbook

on nonlinear fiber optics [2]. While originally developed

in the context of optical fibers, these models are universal

and directly applicable to integrated platforms, with appro-

priate adaptations for geometry and material dispersion.

A complementary and broader perspective on multimode

nonlinear dynamics, including both fiber-based and inte-

grated systems, is provided by the tutorial by Wright et al.

[13]. Indeed, the simultaneous use of distinct spatial modes

in the same multimode waveguide offers more flexibility

in the device design and allows the control of light in new

and richer ways [13]. Multimodality can be considered as an

additional degree of freedom in the design, and one that can

be exploited to further expand the range of applications of

nonlinear optics and build more complex and sophisticated

components [14], [15].

In addition to the complex manipulation of optical

spatial modes for the realization of nonlinear processors,

multimode waveguides and fibers have been exploited to

increase the capacity of fiber optic communication sys-

tems. This is achieved through mode-division-multiplexing

(MDM), which is a type of space-division-multiplexing

(SDM), where data transmission capacity is increased

through the use of several, parallel mode-channels [16],

[17]. MDM represents a valuable technique to overcome

the so-called ‘capacity-crunch’ of optical communication

systems traditionally based on single-mode fibers and

devices [18]. However, it introduces unprecedented tech-

nical challenges in both system design and implementa-

tion due to the need to accurately handle and manip-

ulate different spatial modes, as well as the linear and

nonlinear interactions between them. The same considera-

tions also apply to nonlinear multimode photonics on-chip,

which has lagged behind its single-mode counterpart due

to the greater complexity in design, simulation and imple-

mentation. Indeed, the impressive results that have been

reported in recent years based on the use of nonlinear

effects in integrated multimode waveguides and resonators

have also been achieved thanks to the huge progress in

the design and realization of linear devices for effective

mode manipulation, such as multimode-interference cou-

plers (MMIs) [19]–[21], mode converters, multiplexers and

de-multiplexers [22]–[25], optical power splitters for arbi-

trary guided modes [26], [27], multimode waveguide cross-

ing [28], [29] and bending [30], [31].

The use of distinct spatial modes in nonlinear multi-

mode waveguides can also add functionalities which might

be either challenging or complex to implement in single-

mode nonlinear photonics. For example, stimulated inter-

modal Brillouin scattering in multimode waveguides was

exploited to realize circulator-free Brillouin integrated cir-

cuits, eliminating the need for additional non-reciprocal

components, such as circulators, and fine spectral filter-

ing to separate pump and signal waves, in contrast with

previous demonstrations of Brillouin scattering [32], [33].

By leveraging intermodal Brillouin energy transfer, flexible

on-chip light sources, optical amplifiers, and non-reciprocal

devices could be realized. Moreover, stimulated intermodal

Brillouin scattering represents a form of active mode con-

version, with potential applications in active optical switch-

ing, power routing, and on-chip MDM [32]–[34].

Ultimately, a new class of photonic technologies can

be achieved with multi-mode waveguides, that are funda-

mentally unattainable with traditional single-mode devices.

In particular, the ability to achieve nonlinear phase match-

ing across multiple distinct pairs of modes allows for the

development of ultra-broadband and highly reconfigurable

optical sources. By selectively pumping different modal

combinations, light can be generated and/or amplified



V. Vitali et al.: Nonlinear multimode photonics on-chip — 3

across multiple spectral bands that are widely separated

and even concatenated, limited only by the material trans-

parency window. Crucially, this does not require anoma-

lous dispersion near the pump, as in single-mode sys-

tems. A single compact integrated multimode waveguide

can thus enable access to spectral regions in the visible

and mid-infrared (MIR) even beyond the reach of con-

ventional sources such as Erbium doped fiber amplifiers

(EDFAs) or quantum cascade lasers (QCLs), with clear bene-

fits for broadband communications and sensing. Moreover,

the generated or amplified light may exhibit a rich spatial

structure, enabling new functionalities in spatial multiplex-

ing, imaging, and multidimensional signal processing.

Beyond their practical relevance, nonlinear systems

involving coupling across N spatial modes offer, from a

theoretical perspective, an exceptionally fertile platform for

exploring novel complex nonlinear dynamics. It is precisely

in N-dimensional modal spaces that such dynamics emerge

clearly and distinctively, whereas they remain absent or

ambiguous in simpler configurations involving only one or

two modes. Paradigmatic examples include the concept of

multidimensional modal attraction, rejection and control

[35], [36], aswell asmultidimensionalmodulational instabil-

ity [37], thermalization [38], and spatial condensation phe-

nomena such as beam self-cleaning [39]. While several of

these effects were initially demonstrated in optical fibers,

they are in fact adaptable to any type of multimode waveg-

uide, including integrated platforms, where they may be

potentially richer andmore accessible due to the inherently

stronger material nonlinearities.

In this paper, a review is given of recent progress in

nonlinear multimode photonics in integrated waveguides

and resonators. In Section 2, we give a review of the use

of intermodal nonlinear processes for frequency generation

for different applications, including wavelength conversion

for telecom applications in Section 2.1, generation of pho-

ton pair sources for quantum applications in Section 2.2

and MIR frequency generation for spectroscopy applica-

tions in Section 2.3. In Section 3, we give a review of sev-

eral applications of nonlinear multimode photonics to per-

form simultaneousmulti-channel andmulti-functional opti-

cal signal processing on-chip. Supercontinuum (SC) genera-

tion in nonlinear multimode waveguides is then reviewed

in Section 4, reporting the use of distinct spatial modes of

the same nonlinear waveguide to achieve on-chip spectral

control of the SC spectrum and, in addition, the genera-

tion of intermodal dispersive waves (DWs), which could be

exploited to extend the spectral bandwidth of the SC genera-

tion process. In Section 5, we review the use of high-quality-

factor micro-resonators based on multimode waveguides,

which have been recently utilized to demonstrate compact

and widely-tunable integrated Raman lasers and optical

frequency comb sources with record-low threshold power.

Finally, concluding remarks and future perspectives on this

exciting and rapidly growing research topic are presented

in the Conclusions section.

2 Intermodal nonlinear processes

for frequency generation

All-optical frequency generation represents an enabling

operation for many applications spanning optical commu-

nications, spectroscopy and quantum technologies. Nonlin-

ear integrated optical devices have been widely utilized to

generate and convert wavelength components using well-

studied parametric optical processes, such as those based on

second-order-nonlinearities (𝜒 (2)) [40] like secondharmonic

generation (SHG), sum frequency generation (SFG) and dif-

ference frequency generation (DFG), as well as those based

on third-order-nonlinearities (𝜒 (3)) [41] like four-wave mix-

ing (FWM). In general, the majority of these demonstrations

have exploited intramodal nonlinear processes, i.e., where

all of the involved waves propagate in the same optical

spatial mode of the integrated waveguide. In contrast, in

this review, we focus on the simultaneous use of different

spatial modes in nonlinear multimode waveguides, which

enhances design flexibility and provides additional tools

for dispersion engineering, as required in order to satisfy

phase-matching and enable efficient and broadband fre-

quency generation. This greater flexibility in design com-

pared to the case of single-mode nonlinear devices results

from the possibility to precisely tune the properties of dif-

ferent spatial modes over the wavelengths of interest. In

the following sub-sections, the use of intermodal nonlin-

ear processes will be discussed for wavelength conversion

in telecommunication systems, generation of photon pair

sources for quantumapplications andMIR frequency gener-

ation. We will present the most recent results in these fields

and discuss future research directions.

2.1 Wavelength conversion for
telecommunication applications

MDM has been studied extensively in communications as

a means of addressing the saturation in the capacity of

transmission systems. However, while MDM is still under

development and its use still lags behind compared to

the universal adoption of single-mode wavelength division

multiplexing (WDM), its application in all-optical signal
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processing has motivated innovative research and interest-

ing on-chip demonstrations have been reported such as, for

example, all-optical mode-selective wavelength conversion

[42]–[44]. In these works, directional coupler (DC)-based

multiplexer/de-multiplexer devices were implemented on-

chip to handle the different spatial modes. Mode-selective

wavelength conversion was demonstrated by designing

the nonlinear multimode waveguide to satisfy the phase-

matching condition for the intramodal degenerate FWM

process while suppressing intermodal nonlinearities. Using

these implementations, all-optical wavelength conversion

of optical signals with advanced modulation formats was

demonstrated, e.g. the transmission of an optical orthog-

onal frequency-division multiplexing (OFDM) signal with

quadrature phase shift keying (QPSK) format at 102.6 Gb/s

[44].

While solutions based on MDM techniques show great

potential, a complementary attractive approach to enhanc-

ing optical network capacity arises from recognizing that

current telecommunication systems exploit only a small

portion of the low-loss bandwidth of silica optical fibers. In

this context, system configurations that make use of optical

wavelength bands outside the conventional C-band spec-

trum (1,530–1,565 nm) are currently under investigation

[45]–[49]. In these next-generation wideband optical com-

munication systems, the capability to generate, convert and

manipulate optical signals with complex modulation for-

mats in unconventional wavelengths is an enabling feature.

In particular, all-optical wavelength conversion represents

a fundamental technology for routing and handling optical

wavelengths in WDM systems since it can resolve resource

contention and potentially reduce the device complexity of

transmitters and receivers, which is particularly critical in

systems operating across different optical communication

bands [50]–[52]. Many demonstrations based on intramodal

FWM in integrated waveguides have already been reported

in the literature showing the possibility of realizing wave-

length conversion across an extended spectral region cover-

ing the communicationwavelengths [5], [53]–[57]. As briefly

discussed earlier, intermodal FWM nonlinear effects sig-

nificantly benefit the realization of broadband wavelength

converters thanks to the additional degree of freedom in

the design given by the multimodality and the possibility

of exploiting the simultaneous mode conversion in SDM

systems.

Another advantage of intermodal FWM for wavelength

conversion in telecom systems is that it does not require to

operate in the anomalous group velocity dispersion (GVD)

regime, which is typical, instead, of intramodal FWM-based

systems. In the latter case, due to the shorter length scale

of integrated waveguides compared to fiber-based devices,

a variety of nonlinear effects can occur simultaneously,

which, in turn, can result in undesired crosstalk if WDM

signals are to be processed. On the contrary, intermodal

FWM-based devices can be engineered to suppress concur-

rent nonlinear effects by properly designing the nonlinear

multimode waveguide and the higher-order mode interac-

tion to satisfy only the phase-matching condition for the

desired mode and wavelength components.

Depending on the selected optical spatial modes, the

waveguide cross-section and, of course, material disper-

sion, discrete phase-matched bands can be easily controlled

and achieved even hundreds of nanometers away from

the optical pumps. In addition, because phase-matching

with higher-order modes is not achieved by exploiting the

fourth-order dispersion coefficient 𝛽4 of the GVD, the phase-

matchingwavelengths aremore tolerant to fabricationdevi-

ations compared to the case where the discrete-band phase-

matching is obtained by compensating higher-order GVD

terms [58]. Multimode waveguides offer improved fabri-

cation tolerances also due to their larger size compared

to typical single-mode waveguides. However, the generally

larger effective mode area of nonlinear multimode waveg-

uides and the limited mode field overlap between the dif-

ferent interacting spatial modes negatively affect the over-

all efficiency of the intermodal processes, which is typi-

cally lower compared to the intramodal case. Among the

different types of intermodal nonlinear processes, phase-

conjugation (PC) and Bragg scattering (BS) intermodal FWM

have beenmainly exploited in integratedmultimodewaveg-

uides. PC FWM is an amplification processwhere one degen-

erate pump (degenerate FWM) or two separate pumps (non-

degenerate FWM) amplify the signal and simultaneously

generate a new idler component, while BS FWM is an energy

exchange process in which the two optical pumps induce

the transfer of photons from the signal to the idler [59], [60].

Both nonlinear processes are ruled by the laws of energy

andmomentum conservation, the latter giving rise to the so-

called phase-matching condition. In the most generic case

of a non-degenerate FWM process, the energy conservation

relation and the linear phase-mismatchΔ𝛽 for the PC FWM

process are given by Eqs. (1) and (2), respectively:

𝜔P1 +𝜔P2 −𝜔S −𝜔I = 0 (1)

Δ𝛽 = 𝛽a(𝜔P1 )+ 𝛽b(𝜔P2 )− 𝛽c(𝜔S )− 𝛽d(𝜔I ) (2)

where 𝜔P1, 𝜔P2, 𝜔S and 𝜔I are the angular frequencies of

the pump 1, pump 2, signal and idler waves, respectively,

while 𝛽a, 𝛽b, 𝛽c and 𝛽d are the propagation constants cor-

responding to the modal combination {a, b, c, d} [58]. This

corresponds to the most general configuration where the
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two pump photons are in the a-th and b-th order modes,

respectively, the signal photon in the c-th order mode and

the idler photon in the d-th order mode. Unlike the PC FWM

process, the BS FWM process allows in principle, the gener-

ation of both blue and red shifted copies (IBS,b and IBS,r idler

components, at a shorter and longer wavelength, respec-

tively, compared to the signal wavelength) of the seeding

signal via a scattering mechanism induced by an intensity

grating resulting from the interference of the two pump

beams [61]. The two idler frequencies are governed by the

energy conservation principle, i.e., they are equal to 𝜔S ±
Δ𝜔, whereΔ𝜔 is the frequency difference between the two

pumps. Efficient energy transfer can generally be achieved

only for one idler component at a time by satisfying the

phasematching condition, and, inmost situations, the other

non-phase-matched idler component represents an unde-

sired by-product of the conversion process [61], [62]. Consid-

ering, for example, the red BS idler component, the energy

conservation relation and the linear phase-mismatch Δ𝛽
are given by Eqs. (3) and (4), respectively [61]:

−𝜔P1 +𝜔P2 +𝜔S −𝜔BS,r = 0 (3)

Δ𝛽 = −𝛽a(𝜔P1 )+ 𝛽b(𝜔P2 )+ 𝛽c(𝜔S )− 𝛽d(𝜔BS,r ) (4)

where𝜔BS,r is the angular frequency of the red BS idler and,

in this configuration, the frequency of pump 1 is greater

than that of pump 2.

The use of the PC intermodal FWM process on an inte-

grated platform was demonstrated for the first time by Sig-

norini et al. in silicon waveguides [58]. The authors exten-

sively investigated a specific modal combination involving

the optical pump on both the first and second horizontal

transverse electric (TE) modes (TE00 and TE10, respectively)

and the signal and idler on the TE10 and TE00 modes, respec-

tively. The main experimental results obtained using this

configuration are reported in Figure 1. In addition, they also

reported other intermodal FWM combinations, involving

up to the third-ordermode in the TE polarization and also in

the transverse magnetic (TM) polarization. The simultane-

ous excitation of the fundamental and higher-order modes

in the nonlinear multimode waveguides was achieved by

properly illuminating the input facet of the waveguide with

a tapered lensed fiber placed in an offset position relative to

the waveguide center and the same coupling technique was

also used to collect the signal at the output of the waveg-

uide. Both spontaneous and stimulated intermodal FWM

experiments were performed using the setup reported in

Figure 1(a), showing the input and output fibers mounted

on a piezo-controlled translation stage to excite/collect the

waveguidemodes of interest. A pulsed pumpbeamat a fixed

wavelength of 1,550 nm and a tunable continuous wave

(CW) seed signal were used in the stimulated FWM experi-

ments,while no seed signalwas required in the spontaneous

FWM case.

Figure 1(b) and (c) reports the results of the stimulated

FWM experiments performed on a 3.5 μm wide × 243 nm

highmultimodewaveguide, with an example of an acquired

spectrum in panel (b) and the spectral characterization

of the stimulated intermodal FWM process in panel (c),

together with numerical simulations. It was possible to

tune the phase-matching spectral position by varying the

effective index of the modes involved in the intermodal

FWM process, i.e., by changing the waveguide cross-section.

Figure 1(d) reports the results of the spontaneous inter-

modal FWM experiments performed on nonlinear waveg-

uides with different widths ranging from 2 to 3.8 μm. As
can be seen, broad tunability of the phase-matched wave-

length position was demonstrated, along with the capabil-

ity to achieve an extremely wide separation between the

signal and the idler. In a later work, Signorini et al. [63]

performed similar experiments with the same intermodal

FWM combination but with a more advanced integrated

design where the different modes were handled directly

on-chip. Figure 1(e) shows the layout of this implemented

device, in which a 3 dB DC used as a power splitter and

an asymmetric directional coupler (ADC) used as a mode

converter, in stages A and B, respectively, were employed to

excite the proper mode combination in the nonlinear mul-

timode waveguide (stage C). A second ADC was then used

in the mode converter and de-multiplexer section (stage

D) to divide the different waves, which were individually

collected at the output section. Using this device, spon-

taneous intermodal FWM experiments were carried out

using a pulsed pump at 1,550 nm, with the resulting wave-

lengths of the generated idler and signal waves reported in

Figure 1(f) for different multimode waveguide widths. As in

the previous work, an impressive tunability of the phase-

matching wavelength position was experimentally demon-

strated, with the generation of signal and idler photons

spaced by more than 800 nm for the smallest waveguide

width.

The use of multimode silicon waveguides for inter-

modal FWM experiments has also been reported by other

research groups for telecom applications, for example

for wavelength conversion from the C- to the L-band

(1,565–1,625 nm) [64] and from the C- to the O-band

(1,260–1,360 nm) [65], [66]. For example, Ronniger et al.

reported all-optical wavelength conversion in a p-i-n diode-

assisted multimode silicon-on-insulator (SOI) waveguide

capable of converting the entire C-band into theO-band [65].

The implementation of all-optical wavelength converters
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Figure 1: Spontaneous and stimulated intermodal FWM experiments performed at telecommunication wavelengths. (a) Experimental setup used in

the spontaneous (with no seed signal source) and stimulated intermodal FWM experiments reported in ref. [58]; (b) example of an acquired optical

spectrum and (c) spectral characterization of the generated idler obtained by scanning the signal wavelength in the stimulated intermodal FWM

experiments performed on a 3.5 μmwide × 243 nm high multimode waveguide; (d) results of the spontaneous intermodal FWMmeasurements

carried out on multimode waveguides with different widths. (e) Schematic layout of the chip used for the intermodal FWM experiments reported in ref.

[63] and (f) results of the spontaneous intermodal FWM experiments performed on multimode waveguides with different widths. (a)–(d) Panels are

reproduced with permission from ref. [58] ©2018 Chinese Laser Press. (e)–(f) Panels are adapted from ref. [63] under a CC BY 4.0 license.

in these wavelength bands can act as a bridge between

long-haul C-band networks and shorter-range O-band net-

works, allowing to overcome common approaches based

on electronics which typically face challenges related to

unfavorable scalability in terms of power consumption and

system complexity. Themultimodewaveguidewas designed

as a rib waveguide equipped with a p-i-n diode, which was

used to efficiently remove free carriers generated by two-

photon absorption (TPA) and, subsequently, free-carrier

absorption (FCA) [67], [68]. In the integrated device demon-

strated by the authors, the use of grating couplers (GCs)

optimized for the C- and O-bands and input/output mode

add-drop multiplexers (MADMs) allowed for coupling an

O-band pump in the fundamental horizontal TE mode and

a C-band pump and signal in the first-order horizontal TE

mode of the multimode waveguide, respectively, with the

converted idler in the O-band being then generated in the

fundamental horizontal TE mode. C-to-O band wavelength

conversion experiments of 32 GBd single-polarization (SP)

QPSK signals at different wavelengths (1,542, 1,548 and

1,562 nm) were performed and compared with a back-to-

back (B2B) measurement at 1,548 nm. An optical signal-to-

noise ratio (OSNR) penalty lower than 0.4 dB at the hard-

decision forward error correction (HDFEC) threshold from

the C-to-O band converted data signals compared to the B2B

case was measured. In addition, transmission over 100 km

of standard single-mode fiber (SSMF) was performed for

the 1,548 nm data signal and the bit error rate (BER) was
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measured for different launch powers of the converted

signals. A relatively low launch power of only −5.5 dBm
was sufficient to maintain performance below the HDFEC

threshold. The experimental results showed that no notice-

able distortion was present after the integrated wavelength

converter.

BS FWM is another well-studied nonlinear process that

enables the generation of red and blue shifted copies (IBS,r
and IBS,b idlers, respectively) of the input signal through a

scattering process induced by an intensity grating result-

ing from the interference between two strong pumps. This

is, in principle, a noiseless process and, for this reason,

has attracted considerable attention both for classical and

quantum applications [69]. One limitation of this process

in standard single-mode waveguides is that, for relatively

small frequency shifts, BS FWM becomes bi-directional in

frequency, and the input signal can be either blue- or red-

shifted with similar probability and multiple scattering

orders can occur, which may also result in power deple-

tion and undesired interference in the case when multiple

channels are present. Frequency uni-directional BS FWM

between telecom wavelengths was first demonstrated in

silicon waveguides by Bell et al. [70] using two pump pulses

polarized on orthogonal axes and exploiting the waveguide

birefringence. Uni-directional BS FWM in an intermodal

configuration was demonstrated by Lacava et al. first in a

silicon waveguide [62] and, in a later work, in a silicon-rich

silicon nitride (SRSN) waveguide [71] using a dual-pump CW

scheme. In both works, the two pumps were launched into

the fundamental horizontal TEmode (TE00), while the signal

and the generated idlers were in the first-order horizontal

TE mode (TE10). Experiments were carried out in the C- and

L-bands and spatial mode handling was performed off-chip

using free space components. The use of SRSN instead of sil-

icon provided an additional degree of freedom in the multi-

mode waveguide design in addition to the waveguide cross-

section thanks to the possibility of changing the material

refractive index by varying the deposition conditions [72].

This enabled broadband wavelength conversion between

the pump waves (separated by more than 30 nm) and a

signal located in a different wavelength band, 50 nm away.

The same BS intermodal FWM (with two pumps in

the TE00 mode, and the signal and idlers in the TE10) was

then demonstrated by Vitali et al. [61] in a fully-integrated

SRSN device integrating mode converter, multiplexing and

de-multiplexing functionalities on-chip. The device layout

is shown in Figure 2(a). The two pumps (P1 and P2) and

the signal (S) were coupled simultaneously on ports 1

and 2 of the device, respectively, using an array of two

polarization-maintaining lensed fibers. Themode converter

andmultiplexer (Mode-MUX), consisting of an MMI coupler,

a 90◦ phase shifter (PS) and a Y-junction (Y-junct), ensured

that the two pumpsweremaintained in the TE00 modewhile

converting the signal in the TE10 mode of the nonlinearmul-

timode waveguide (multimode wg, 6.1 μm width × 310 nm

thickness). The generated idlers in the TE10 mode were

then converted in the TE00 mode and coupled to the out-

put on port 4, together with the original signal, thanks to

themode converter andde-multiplexer (mode-DEMUX). The

chip facets were prepared by high-precision mechanical

dicing [74] and the coupling losses using inverted-taper-

based edge couplers were measured to be 1.4 dB. Figure

2(b)–(d) shows images of the fabricated MMI, a detail of

the mode-MUX and the full mode-DEMUX together with

the output section, respectively. The nonlinear multimode

waveguide was designed to satisfy the phase-matching con-

dition between P1 at 1,540 nm and the signal at 1,600 nm,

with the capability to achieve broad wavelength conver-

sion for the IBS,r idler by tuning the position of P2. Exper-

iments were carried out using this wavelength configura-

tion and Figure 2(e) shows the measured and numerically

simulated conversion efficiency values as a function of the

pump-to-pump detuning (Δ𝜆PP = P2 − P1). A reduction

in the conversion efficiency of the IBS,r idler by 3 dB was

observed for a pump-to-pump detuning as wide as 72 nm,

giving rise to the generation of idler wavelengths across

the range of 1,602–1,678 nm, covering substantial parts of

the L-band and the whole of the U-band (1,625–1,675 nm).

This represents the widest bandwidth ever reported in an

intermodal FWM-based wavelength converter. As expected

from numerical simulations, a much narrower bandwidth

was measured for IBS,b which was not efficiently phase-

matched, confirming that the device offered uni-directional

performance in frequency.

A device with similar features (designed to exhibit per-

fect phase-matching betweenP1 at 1,540 nmand the signal at

1,610 nm)was employed to performL- toU-bandwavelength

conversion of 50-Gbps QPSK optical signals [73]. The modu-

lated L-band signals in thewavelength range 1,605–1,615 nm

were converted to the U-band in the range 1,638–1,648 nm

by setting the two pump wavelengths P1 and P2 at 1,540 and

1,570 nm, respectively. Figure 2(f) reports the BER curves

as a function of OSNR for the B2B L-band signals and the

converted U-band idlers. As can be seen, the converted U-

band idlers were received with a sensitivity penalty lower

than 2.5 dB at a BER value of 10−3 compared to themeasured

B2B signals. Figure 2(g) reports the QPSK constellation dia-

grams of the L-band signals and the U-band converted idlers

before and after the wavelength converter, respectively.
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Figure 2: BS intermodal FWM experiments performed at telecommunication wavelengths. (a) Schematic layout of the fully-integrated BS intermodal

FWM-based wavelength converter demonstrated in ref. [61]; (b) scanning electron microscope (SEM) images of MMI, (c) PS and Y-junction sections of

the mode-MUX and (d) optical microscope image of the mode-DEMUX and output section; (e) experimentally measured and numerically simulated

conversion efficiency (CE) values as a function of the pump-to-pump detuningΔ𝜆PP for IBS,r and IBS,b with the wavelengths of P1 and S set at 1,540 and
1,600 nm, respectively. (f) BER curves as a function of the OSNR for the B2B L-band signals and converted U-band idlers measured using the fully-

integrated BS intermodal FWM-based device reported in ref. [73] and (g) measured QPSK constellations for the signal and idler wavelengths before

and after the wavelength converter, respectively. (a)–(e) Panels are adapted with permission from ref. [61] ©2024 Chinese Laser Press.

The constellations confirm that the processed optical sig-

nals did not suffer any significant phase distortions during

the wavelength conversion process. This work reported L-

to U-band wavelength conversion of complex phase-coded

telecommunication signals for the first time, highlighting

the potential of intermodal FWM for optical communication

applications.

While the demonstrations already reported in the lit-

erature proved the flexibility in the design and the large

bandwidth achievable using intermodal FWM nonlinear-

ities for wavelength conversion, the use of these devices

in real telecom systems is still hindered by the typically

low achievable conversion efficiency. In order to tackle this

limitation, multiple optimization strategies could be simul-

taneously pursued.Material optimization to decrease linear

and nonlinear losses together with the use of smaller non-

linear multimode waveguide cross-sections, for example

using suspended waveguides with high-index contrast, may

enhance the efficiency of the nonlinear process. More-

over, it should be noted that demonstrations reported in

the literature on wavelength conversion via intermodal

nonlinear processes have predominantly utilized relatively

short, straight waveguides – typically only a few centime-

ters long. The reason can be found in the relatively large

multimode waveguide cross-section of the demonstrated

devices, which poses challenges in the realization of waveg-

uide bends with low bending losses for all the consid-

ered modes and low mode cross-talk on a broad wave-

length range. Overall, this limits the achievable conver-

sion efficiency when using CW optical pumps at reasonable

power levels. On the other hand, parametric gain in the

CW regime was demonstrated in ultralow-loss, dispersion-

engineered, meter-long silicon nitride (SiN) waveguides

exploiting intramodal FWM processes [75], [76]. To achieve

similar performance to their intramodal counterpart and

enable practical implementations in real-world telecom-

munication systems, research should focus on developing

meter-longmultimodewaveguides through optimized bend

designs and waveguide geometries. This remains a key area

for improvement in the next years, especially considering
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that intermodal processes inherently suffer from lower

mode overlap compared to their intramodal counterparts,

as previously discussed, which represents a limitation that

may be challenging to overcome. In recent years, several

works have been published on the optimization of mul-

timode waveguide bends based on different approaches,

such as shape-optimization with transformation optics [77],

ultra-sharp bendswith subwavelength gratings [30], designs

based on B-spline curves [78] and on double free-form

curves [79]. Even thoughmuchwork still needs to be carried

out, particularly in achieving broadband and fabrication-

tolerant designs, thanks to these developments, it may

become possible in the coming years to realize long, highly

efficient nonlinear multimode waveguides suitable for inte-

gration into telecommunication systems. This would mark

a significant step toward the practical deployment of inter-

modal nonlinear processes in real-world optical networks,

with the possibility to efficiently convert signals between

largely spaced telecom bands, which would otherwise be

difficult to achieve using single-mode nonlinear devices.

The realization of high-performance,meter-longmultimode

waveguides could also open the door to erbium-doped

and, more generally, rare-earth-doped waveguide ampli-

fiers capable of operating simultaneously on different spa-

tial modes, thereby surpassing the performance of previ-

ously demonstrated single-mode devices [80]. In addition to

optimizing the linear components, this would also require

careful control of nonlinear dynamics to prevent inter-

modal cross-talk between the amplified channels propa-

gating in different spatial modes. In addition, the design

of advanced building blocks for mode conversion, (de)-

multiplexing and, generally, mode manipulation function-

alities together with the integration of laser sources on the

samewavelength converter chipwill enable amore efficient

optical power coupling in the proper spatial modes and,

hence, increase the overall efficiency of the system.

2.2 Generation of photon pair sources
for quantum applications

Quantum information can be enabled by exploiting the dif-

ferent degrees of freedom of photons [81]. In the field of

quantum computing, it is crucial to differentiate between

physical and logical qubits. Physical qubits represent the

two-level quantum systems that are processed within the

quantum hardware. In contrast, logical qubits consist of

clusters of redundant physical qubits that store information.

On photonic platforms, the number of physical qubits is

closely related to the number of photons [82]. The quality

of these photons is quantified intrinsically by the purity of

their states and extrinsically by their indistinguishability.

Ensuring reliable physical qubits necessitates the develop-

ment of high-quality photon sources [83].

There are currently two main types of integrated pho-

ton sources: deterministic and probabilistic [84]. Deter-

ministic sources, when integrated into a silicon photonic-

integrated circuit (SiPIC), remain challenging due to high

coupling losses and complex fabrication processes [85]. In

addition, they typically work at cryogenic temperatures and

in the visible spectral range. On the other hand, there have

been numerous reports of probabilistic photon pair sources

successfully integrated into SiPICs over the past decade [86].

Probabilistic sources are based on spontaneous parametric

processes enabled by nonlinear optics: spontaneous para-

metric down-conversion (SPDC) uses second-order nonlin-

earities while spontaneous FWM uses third-order nonlin-

earities. SPDC is more effective than spontaneous FWM. In

integrated optics, a dominant material platform is silicon

photonics, where only third-order nonlinear processes are

possible [87]. In silicon photonics, correlated photon pairs

can be generated by intramodal spontaneous FWM either

using long waveguides arranged in a spiral configuration

to decrease their footprint or by compact microring res-

onators. Spiral waveguide results have better performance

in indistinguishability than microring resonators [88]. This

can be quantified by the joint spectral amplitude (JSA) over-

lap, which can be as high as 98 % in spiral waveguides,

as opposed to 89 % in microring resonators. The purity of

the generated photon pairs plays a significant role when

the generated photons have to interfere with photons pro-

duced by other independent photon sources. However, in a

generic quantum application, it is desirable to have large

values for both purity and indistinguishability because of

the requirement of high visibility for dependent as well as

independent sources. On one hand, spiral waveguides show

a high visibility and JSA overlap but a low purity and low

brightness, while, on the other hand, a low visibility and

JSA overlap but a high purity is observed inmicroring-based

photon pair sources. This prevents qualifying one source as

better than the other a priori; instead, the selection should

be based on which source delivers the necessary perfor-

mance to accomplish a specific task [88]. Intermodal sponta-

neous FWM enables the implementation of both high purity

and high indistinguishability correlated photon sources in

spiral waveguides [86]. On the other hand, in a wide class

of applications, single photons are required. On-chip single

photon generation can be achieved through spontaneous

FWM and heralding [86]. Here, correlated photon pairs are

exploited, with one photon serving as a herald for the pres-

ence of the other, which functions as the single photon in

the quantum device. This method is known as a heralded
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single photon (HSP) source, and offers ease of integration,

flexibility, and the ability to monitor the photon generation

rate. Although the generation process is probabilistic, it can

be made nearly deterministic through multiplexing [89].

Therefore, HSP sources represent a practical approach to

on-chip quantum photonics. To produce high-purity pho-

ton states, the spectrum generated by FWM is typically

post-filtered to ensure a factorable joint spectral intensity

(JSI), which enhances purity, albeit at the expense of lower

brightness and heralding efficiency [86]. Additionally, the

required narrow-band filtering limits the scalability of HSP

solutions in terms of both integration and cost. To eliminate

the need for post-filtering, one can leverage discrete band

phase-matching provided by intermodal FWM [58]. This

approach naturally filters the FWM spectrum, resulting in

high-purity, high-brightness, and high-heralding-efficiency

single photon states. Eliminating post-filtering also simpli-

fies integration and scalability. Furthermore, intermodal

FWMoffers significant flexibility in terms of bandwidth and

phase-matched band positioning, enabling effective control

over the JSA. It allows for large detunings between the signal

and idler frequencies, which simplifies the filtering of pump

photons and the use of optimized single-photon detectors.

A first demonstration of the use of multimode waveg-

uides as correlated photon pair sources used SPDC. A peri-

odically poled multimode waveguide in potassium titanyl

phosphate (KTP) was used to demonstrate polarization

entanglement of different degenerate modal orders at

800 nm by pumping at 400 nm [90]. Violation of the Bell

inequality with a Clauser–Horne–Shimony–Holt (CHSH)

parameter up to 2.319± 0.006 was achieved without the use

of spatial filters. The first report of intermodal spontaneous

FWM in silicon waveguides demonstrated the generation

of photon pairs in multimode waveguides with different

mode combinations [58], thus paving the way for quantum-

related demonstrations using third-order nonlinearities. In

ref. [63], an integrated silicon photonic chip was demon-

strated which allowed efficient excitation of spontaneous

FWM and simplified separation of the generated photon

pairs from the pumpphotons usingADCs. Correlated photon

pair generation was demonstrated on-chip by using up to

the third-order waveguide mode. This design demonstrated

the advantages of intermodal spontaneous FWM for entan-

gled photon generation, while, however, suffering from lim-

itations relating to brightness, group velocity, losses and

efficient scalability.

An entangled photon source of photons widely sepa-

rated in wavelength was demonstrated in ref. [91] by carry-

ing out coincidence measurements of the generated photon

pairs. This report also included a thorough discussion on

the influence of the various linear and nonlinear losses on

the correlated photon generation. In particular, the signal

to noise ratio of the source was quantified by considering

the coincidence to accidental ratio (CAR). True coincidences

come from the simultaneous detection of a signal photon

and an idler photon belonging to the same photon pair.

Coincidences between photons belonging to different pairs

or coincidences with noise photons or dark counts con-

tribute to the accidentals. A similar SiPIC as the one shown

in Figure 1(e) was used in this demonstration: a 1.5 cm long,

190 nm height and 1.95 μmwide multimode waveguide was

pumped with 1,550 nm pump photons to generate photon

pairs at 1,260 nm and 2,015 nm. The photon source showed

a CAR of 40 with a net coincidence rate of 26 Hz at an

on-chip peak power of 1.2 W. Improvements in the SiPIC

design and fabrication process obtained by Sanna et al.

allowed these values to be improved to a maximum CAR

of 100 with CW 1,550 nm pumping (see Figure 3(a)) [92].

These values also provide evidence of a high generation

rate of 12 Hz at an on-chip power of 55 mW with a large

pair wavelength tunability (see Figure 3(a)). Interestingly,

due to the refractive index dispersion, it was observed that

small variations in the pumpwavelength (about 12 nm) gave

rise to large variations in the MIR region (about 30 nm

for the signal wavelength, see Figure 3(b)), improving what

can be achieved by intramodal FWM. Here, also the her-

alded second-order coherence function, g(2)
H
(0), was mea-

sured [86]. This parameter quantifies how close the source

is to single photon behaviour and is measured by a Han-

bury–Brown and Twiss (HBT) interference measurement

on one photon of the pair while detecting the other pho-

ton. Figure 3(c) shows a minimum value of 0.06 at 10.5 mW

on-chip power, which confirms the anti-bunching regime

of the generated photon in the MIR and, hence, the single

photon regime of the source. In ref. [94], the different spatial

modes of a multimode waveguide were used as a degree of

freedom to label different quantum states. Here, the idea

was to entangle photons that propagated in different modes

to get a transverse-mode entanglement. A significant advan-

tage of this approach is the possibility to exploit also other

degrees of freedom of the photon states (e.g., the temporal,

spatial, polarization and frequency degrees of freedom) to

generate hyper-entangled states which have a variety of

applications [95]. They demonstrated a dual-spatial-mode

pumping scheme to generate transverse-mode entangled

photon pairs on-chip [94]. Entanglement was verified both

by quantum state tomography as well as by fidelity mea-

surements which yielded a Bell-state fidelity of up to 0.96

± 0.01. The proposed SiPIC was similar to the one shown

in Figure 1(e). A 3 mm long multimode waveguide with a
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Figure 3: Intermodal FWM experiments for quantum applications. (a) Characteristics of an intermodal spontaneous FWM-based correlated photon

source: coincidence to accidental ratio (CAR, blu symbols and line) and coincidence rates (red symbols and lines) as a function of the on-chip power

from ref. [92]; (b) tuning of the idler and signal wavelengths as a function of the pump wavelength from ref. [92]; (c) heralded second-order coherence

function (g(2)
H
(0)) as a function of the on-chip pump power. The inset shows the measured g(2)

H
as a function of the time delay (Δt) between the two

single photon avalanche diodes (SPADs) clicks at an on-chip power of 10.5 mW. The adjacent bins to the zero-delayed one were discarded due to the

SPAD-emitted photons [92]. (d) Optical microscope image (top panel) of the SiPIC with two identical delayed-pump intermodal spontaneous FWM

photon sources demonstrated in ref. [93] with the corresponding schematic and experimental setup (bottom panel) used to measure the source

indistinguishability (𝜙1, 𝜙2: phase shifters; 𝜑, 𝜃1, 𝜃2: internal phases of MZIs; PC: polarization controller; F: filter; BW: bandwidth; PM: optical power

monitor; SNSPDs: superconducting-nanowire single photon detectors); (e) individual JSIs experimentally measured with separate pumping of source 1

(top panel) and source 2 (bottom panel) [93]; (f) measured reversed-HOM fringe from the two sources. The fringe visibility, which corresponds to the

source indistinguishability, is equal to 0.987± 0.002 [93]; (g) density matrix of the two-qubit entangled state measured when the two sources were

coherently pumped and reconstructed via quantum state tomography. The source indistinguishability estimated from the quantum state tomography

is 0.982± 0.006 [93]. (a)–(c) Panels are reproduced from ref. [92] under a CC BY 4.0 license. (d)–(g) Panels are adapted from ref. [93] under a CC BY

4.0 license.

cross-section of 760 × 220 nm2 was used so that the TE0
and TE1 modes could be supported. The generation of pure

transverse states (both photons in a single mode) or mixed

states (photons in different modes) is controlled by tuning

the energy ratio and phase difference of the pump pho-

tons. In this way, maximally entangled Bell states |Φ⟩ =
1∕
√
2
(
|
|TE1TE1⟩+ |

|TE0TE0⟩
)
with a fidelity approaching 1

were obtained.

A further improvement was reported by Paesani et al.

[93]. Intermodal spontaneous FWM was used for the gen-

eration of entanglement and a sophisticated tailoring of

the intermodal phase-matching to produce discrete phase-

matching bands far from thepumpwas employed to achieve

uncorrelated photons. This improved the single photon

spectral purity without requiring the use of filters. Energy

conservation in spontaneous FWM induces a strong anticor-

relation between the frequencies of the generated photons

which can be mitigated by the discrete generation bands

of intermodal spontaneous FWM. By tailoring the waveg-

uide cross-section, the modal dispersion can be accurately

engineered to design the phase-matching bandwith a band-

width similar to that of the pump (related to energy con-

servation). This suppresses the frequency anticorrelations

imposed by energy conservation and enhances the spec-

tral purity of the emitted photons. Moreover, to obtain a

near-unit spectral purity, the residual correlations in the

JSA were suppressed by inserting a delay on the funda-

mental mode component of the pump (with higher group

velocity than the other pump mode) before injecting it into

the source. The temporal walk-off between the two modes
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was thus gradually decreased and then increased as the

fastest photons overtook the slowest ones. This resulted

in an adiabatic reversing in the momentum of nonlinear

interactions in the waveguide, which suppressed spurious

spectral correlations. This technique is called the delayed-

pump technique. In ref. [93], an 11 mm-long spiral waveg-

uide in a 200 × 900 μm2 footprintwas used. Thewaveguide

had a cross-section of 2 × 0.22 μm2 and supported the TM0

and TM1 modes. The delayed-pump excitation scheme was

implemented as shown in the layout reported in Figure 3(d),

which comprised two identical delayed-pump intermodal

spontaneous FWM photon sources (“Source 1” and “Source

2”). The pump, initially in the TM0 mode, was split by a

balanced beam-splitter and a serpentine was added to one

arm to induce a delay on the TM0 mode. At the same time

on the other arm, an ADC converted the TM0 into a TM1

mode while coupling it to the multimode waveguide. There-

fore, a delayed TM0 photon and a TM1 photon (which was

not delayed) were injected in the multimode waveguide as

pump photons to generate the photon pair. Once generated,

the signal photon was separated from the idler via a sec-

ond TM1 to TM0 mode converter. Optimum results were

achieved when the temporal delay caused by the serpentine

on the fundamental pump mode had a value 𝜏 = 1.46 ps.

An 8 MHz photon pair generation rate, an on-chip heralded

single photon g
(2)
H
(0) of 0.053 ± 0.001, a spectral purity of

0.9904 ± 0.0006, a mutual indistinguishability of 0.987 ±
0.002, and an intrinsic heralding efficiency exceeding 90 %

were achieved [93]. The capability of the sources to gener-

ate pure photons with no requirement for filtering enables

high heralding efficiency and high purity to be achieved

at the same time. The experimental setup used to enable

quantum interference between different sources and assess

the sources’ indistinguishability is also shown in Figure 3(d).

In this SiPIC, two sources were coherently pumped by

splitting the pump through the use of an on-chip tunable

Mach-Zehnder interferometer (MZI). The idler and signal

modes from the different sources were combined and inter-

fered on-chip using additional integrated phase shifters and

MZIs. Three different measurement methods were used

[86]. First, the JSI of each source was individually evaluated

(see Figure 3(e)). The overlap of the JSIs from each source

indicated amutual indistinguishability of 98.5± 0.1 %. Then,

a reversed Hong–Ou–Mandel (HOM) interference between

the two sources was performed, with the results shown in

Figure 3(f). The visibility of the reversed HOM fringe was

measured to be equal to 98.7 ± 0.2 %, directly reflecting

the source indistinguishability. Finally, the entanglement

generated when the two sources were coherently pumped

was quantified through quantum state tomography. In this

experiment, the density matrix of the entangled states was

measured (see Figure 3(g)), which showed a fidelity of 98.9

± 0.3 % with the ideal maximally entangled state |Φ+⟩ =
(|00⟩+ |11⟩)∕

√
2, yielding an indistinguishability value of

98.2 ± 0.6 % [93].

The observation of high indistinguishability between

different on-chip sources paves theway to scaling up the sys-

tem. A single pump laser can be coherently split on-chip to

synchronously and coherently feed many sources together.

Estimations show that one could simultaneously operate

more than 250 sources in parallel, which can enable exper-

iments with tens of photons. Multi-photon experiments at

this scale are expected to enter computationally interesting

regimes where quantum machines can compete and sur-

pass classical supercomputers [96], [97].

To further improve indistinguishability in the pres-

ence of fabrication errors in the delayed-pump intermodal

spontaneous FWMscheme, a taperedmultimodewaveguide

design was suggested [98]. By controlling the relative delay

of the pump photons, it was possible to reduce drastically

the distinguishability from different sources due to fabri-

cation imperfections. As an example, errors up to 4 nm in

waveguide height and up to 100 nm in waveguide width

were accounted for, while keeping an indistinguishability

level ≥95 % [98]. The proposed design applied both to dif-

ferent sources on the same chip and in different chips.

Finally, a theoretical work was reported, which merged the

concept of transversemode entanglement generation by the

dual pump scheme with the delayed-pump approach [99].

It was demonstrated that pure Bell states in the transverse

waveguide mode can be generated, where the photon pairs

can be nearly perfectly uncorrelated in frequency.

An exemplary application of the advantages of inter-

modal spontaneous FWM is in ghost spectroscopy measure-

ments [100]. Here the temporal and energy correlations

of the generated photon pairs were used to perform gas

absorption measurements in conditions of high environ-

mental noise. The principle of this technique is shown in

Figure 4(a). A SiPIC similar to the one shown in Figure 1(e)

was used to generate photon pairs in the near-infrared (NIR)

and MIR [92]. These were collected by two different fibers

at the output of the SiPIC and, therefore, were spatially

separated. The MIR photon was made to interact with a gas

chamber while the NIR photonwas spectrally analyzed. The

energy and temporal correlation between the photons in

a pair allowed to transfer the information from the MIR

photon which interacted with the gas to the NIR photon

via coincidence measurements. Absorption measurements

on CO2 at 2 μm showed that a higher sensitivity in a noisy

environment was obtained with the coincidence measure-

ments with respect to direct MIR signal photon measure-

ments (blue and red dots in Figure 4(b), respectively) [92].
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Figure 4: Ghost spectroscopy measurements and undetected photon quantum interference experiments based on intermodal FWM. (a) Experimental

setup used in ref. [92] for the ghost spectroscopy measurements of the CO2 absorption (SFWM: spontaneous FWM) and (b) corresponding trans-

mission as a function of the gas pressure and concentration in the gas chamber for the coincidence measurements (i.e., in the ghost spectroscopy

settings, blue dots) and for the direct signal transmission at 2,003.3 nm (red dots). The lines represent the expected transmission intensity for direct

measurement in the presence (dashed line) or absence (solid line) of the noise [92]. (c) Concept of the undetected photon quantum interference

experiments presented in ref. [101]. (d) Measured idler photon counts as a function of the phase applied to the signal photons minus the phase

applied to the pump beam (𝛾 p) in the TE1 mode. The lines represent the fit of the experimental data and are plotted for different values of 𝛾 p [101].

(a)–(b) Panels are reproduced from ref. [92] under a CC BY 4.0 license. (c)–(d) Panels are reproduced with permission from ref. [101] ©2023 SPIE.

Another example highlighting how useful the inter-

modal spontaneous FWM scheme can be for the generation

of correlated photon pairs is based on the indistinguishabil-

ity of two intermodal spontaneous FWM sources [102] and

is discussed in the following. Figure 4(c) shows a possible

configuration for undetected photon quantum interference

experiments. Two intermodal spontaneous FWM entangled

photon sources (“A” and “B”) were made collinear and

coherently pumped in a single SiPIC, such that it was impos-

sible to determine whether the first or the second source

generated the photon pair by observing the output photons.

The generated photon pairs must be indistinguishable in

all degrees of freedom. In this way, quantum interference

occurred between two events: generation of the pair in

the first source A or generation of the pair in the second

source B [102]. The visibility of the interference holds the

information about the indistinguishability of the generation

processes. Owing to the spatial separation between the gen-

erated photons in the intermodal spontaneous FWMscheme

(see Figure 4(c)), it was possible to induce a perturbation on

one of the two photons and detect it by looking at the other.

In the experimental demonstration reported by Michelini

et al. [101], the perturbation was induced by applying a

phase shift 𝛾 on the signal photons (red path in Figure 4(c))

between the two collinear sources. Measurements of the

quantum interference on the idler photons (blue path)while

tuning the phase of the signal photons provided evidence of

the undetected photon measurement, allowing the phase of

the signal photons to be probed by measuring only the idler

photons (see Figure 4(d)) [101].

Intermodal FWM offers significant advantages for gen-

erating entangled photon pairs by utilizing the spatial mode

degree of freedom, enabling perfect phase matching at non-

degenerate wavelengths and increased spectral tunability.

This spatial control further allows for efficient on-chip sep-

aration and manipulation of photons using DCs and modal

interferometers [103], [104]. Moreover, it yields exciting pos-

sibilities for squeezed state generation and tailored quan-

tum noise reduction [105], for enhancing the robustness

and security of quantum communication and quantum key

distribution [106] and for implementing quantum gates for

quantum computing [107]. Finally, it allows for improving

the precision of quantum sensing and imaging [108], and

advancing quantum metrology through control over quan-

tum noise properties [109].

2.3 Frequency generation towards
the mid-infrared

The MIR spectral region, spanning approximately from 2 to

20 μm, is crucial for spectroscopic techniques used to detect
and analyse various molecular species [110], [111]. Several

relevant gases exhibit their fundamental absorption lines

in this region, making MIR sources invaluable for spectro-

scopic applications in environmental sensing [112], medical

diagnostics [113], and industrial process monitoring [114].

However, the generation of light across the MIR spectrum

is challenging, largely due to the scarcity of efficient gain

media that can operate in this range. Traditional MIR light

sources, such as optical parametric oscillators (OPOs) based

on bulk crystals, have been successful but suffer from sev-

eral drawbacks, including their bulky size, high cost, and

complexity of their setup. These limitations have driven

the search for more compact, cost-effective, and efficient
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alternatives. One promising approach involves QCLs, which

have shown great potential due to their ability to provide

narrow, tunable linewidths [115]. However, QCLs are gener-

ally limited in output power and most commercially avail-

able QCLs are in the 4–11 μmwavelength range, which con-

strains their use in applications requiring MIR light across a

broader range.

An alternative and increasingly popular approach is

the use of nonlinear frequency generation in integrated

waveguides. This method leverages the high power and

tunability of NIR sources to generate MIR light through

nonlinear optical processes. The attraction of using inte-

grated waveguides includes their compactness, scalability,

and potential for integration with other on-chip compo-

nents. Initially, research in this area focused on single-mode

phase-matching in second-order nonlinear processes, such

as DFG, which underpins the operation of optical paramet-

ric amplifiers (OPAs) and OPOs. However, the inherent lim-

itations of single-mode phase-matching for MIR generation

soon became apparent, leading researchers to explore inter-

modal phase-matching techniques. This section provides an

overview of the development and application of intermodal

phase-matching for on-chip MIR generation, mainly focus-

ing on second-order nonlinearities. These processes rely

on materials with a non-centrosymmetric crystal structure,

which allows for interactions like SHG, SFG and DFG. III–V

semiconductors, such as gallium arsenide (GaAs) and alu-

minum gallium arsenide (AlGaAs), have been at the fore-

front of research into second-order nonlinear processes for

MIR generation. These materials are particularly attractive

due to their high nonlinear coefficients and the ability to

engineer their bandgap and dispersion properties [116],

[117]. However, the lack of natural birefringence inmaterials

with zinc blende structures poses significant challenges for

satisfying the phase-matching condition. Historically, phase-

matching in III–V semiconductors was initially achieved

using Bragg reflection waveguides (BRWs). Early work in

the 1970s demonstrated SHG in a GaAs waveguide by phase-

matching the TE and TM modes, enabling the generation of

light at around 5 μm from a CW CO2 laser source tunable

around 10 μm [118]. These early demonstrations laid the

groundwork for subsequent developments in the field. In

the 1990s, Fiore et al. demonstrated MIR generation exploit-

ing intermodal DFG in III–V semiconductors, achieving the

generation of light at 5.3 μm using two CW pump lasers

(a Nd:YAG laser with a wavelength of 1.32 μm and a tun-

able Titanium:Sapphire (Ti:Sa) laser set at a wavelength

of 1.058 μm) [119]. Specifically, they designed the device to

satisfy the phase-matching condition over such a broad

wavelength range by exploiting a built-in artificial bire-

fringence in a composite GaAs-based multilayer material,

where the isotropy of bulk GaAs was broken by insert-

ing several thin oxidized aluminum arsenide (AlAs) layers

in GaAs. Birefringent phase-matching was achieved in the

composite material by tuning the properties of the sup-

ported TE and TM modes. Moreover, the tunability of the

generated MIR radiation was demonstrated by varying the

material temperature, showing the capability to cover the

wavelength range from 5.2 to 5.6 μm with a temperature

scan from 0 to 150 ◦C. Although these planar waveguide

structures were effective in satisfying the phase-matching

condition, they suffered from limited mode overlap, which

resulted in low conversion efficiencies.

The introduction of integrated ridge waveguides

marked a significant advancement in the field, improving

mode overlap and allowing for more efficient DFG.

Abolghasem et al. demonstrated non-degenerate DFG in the

MIR region in a single-sided BRW, where, unlike standard

BRWs, the Bragg mode was confined by a Bragg mirror in

the lower cladding while it was evanescent in the upper

cladding [120]. The Bragg mirror, a multi-layered core and

the upper cladding were defined by different AlGaAs layer

compositions and ridge waveguides were fabricated. In this

work, the pump mode was a Bragg mode, while the signal

and the generated idlermodes were guided by total internal

reflection. CW generation of a TE-polarized idler in the

range of 2.36–2.53 μm was reported using a TE-polarized

pump tuned between 938 and 952 nm and a TM-polarized

signal tuned between 1,490 and 1,590 nm.

MIR generation in the 7.5–8.5 μm range was also

reported in amultilayer AlGaAs BRW through DFG between

a pump and a signal tunable at around 1,550 and 1,950 nm,

respectively [121]. In this work, the AlGaAs multilayer

waveguide was carefully designed to support a BRW mode

at 1,550 nm to serve as the TE-polarized pump and to satisfy

modal phase-matching with a TM-polarized signal and a

TE-polarized idler at the desired wavelengths. The waveg-

uide layout together with the layer details and the pump,

signal and idler mode profiles are shown in Figure 5(a). The

device consisted of a lower and upper cladding (clad), a

dual-layer core, a matching layer (ML) and a Bragg reflector

(BR) stack with two periods. The 7.29 μm thick low index

(61 % Aluminum (Al) content) bottom cladding layer was

employed to confine the large long-wavelength idler mode.

As can be seen, the spatial mode overlap between the dif-

ferent interacting waves was limited by the multi-lobed

BRW mode of the pump and the mode profile distributions

at the significantly distant wavelengths. Figure 5(b) reports

the measured signal and idler wavelength pairs, 𝜆s and
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Figure 5: Intermodal DFG experiments for MIR generation. (a) Waveguide structure together with the layer details and the interacting pump, signal

and idler modes used for the DFG experiments reported in ref. [121] and (b) experimentally measured phase-matched signal-idler wavelength pairs as

a function of the pump wavelength together with the numerically simulated phase-matched curves considering the interaction of three ridge (in black)

and three slab (in red) modes. (c) SEM image of a suspended GaAs rib waveguide with a width of 1 μm used in the DFG experiments reported

in ref. [122], with the inset showing a schematic of the suspended waveguide, and (d) experimentally measured idler power for a 2 μm-wide
suspended GaAs waveguide as a function of the signal and pump wavelengths. The solid green line shows the numerically calculated phase-matched

signal wavelength as a function of the pump wavelength. (a)–(b) Panels are reproduced with permission from ref. [121] ©2013 Optica Publishing

Group. (c)–(d) Panels are reproduced with permission from ref. [122] ©2014 Optica Publishing Group.

𝜆i, respectively, as a function of the pump wavelength, 𝜆p,

resulting from the DFG experiments and estimated from

two different power peaks in the recorded spectra, which

resulted from the interaction of three ridge (in black) and

three slab (in red) waveguide modes. The ridge mode inter-

action was responsible for the stronger power peaks and,

according to numerical simulations, would allow an idler to

be generated in a broadwavelength range from6.9 to 8.9 μm
by tuning the pump wavelength from 1,500 to 1,600 nm and

the signal wavelength from 1,800 to 2,100 nm.

Despite the impressive signal-idler wavelength dis-

tance reported in these works, efficiencies remained rela-

tively low, typically below 1 %W−1cm−2, mainly due to the

multi-layerwaveguide arrangements in theseBRWs, leading

to a large mode area and then ultimately hindering the

efficiency of the nonlinear conversion [120], [121]. Recent

advancements in waveguide technology have focused on

suspended and on-insulator platforms, which offer signif-

icantly enhanced mode confinement. For instance, sus-

pended GaAs rib waveguides exhibiting birefringent phase-

matching between the TE00 and TM00 modes have been

proposed. Such a demonstration achieved DFG with a CW

pump tunable between 1,018 and 1,032 nm and a CW signal

tunable between 1,490 and 1,620 nm to generate idlers with

a conversion efficiency as high as 2,800 %W−1cm−2 in the

2,800–3,150 nm spectral band [122]. A SEM image of a fabri-

cated suspended GaAs ribwaveguide is shown in Figure 5(c)

together with thematerial stack reported in the figure inset.

The GaAs waveguides were patterned over a 2.5 μm thick

sacrificial Al0.65Ga0.35As layer, which was removed with a

selective HF:H2O wet etch, which acted on the sacrificial

layer through previously defined etch-holes spaced 3–8 μm
from the edge of the waveguide. Figure 5(d) reports the

results of the DFG experiments showing the idler power

for different fixed pump wavelengths and as a function of

the signal wavelength. As can be seen, the tuning of the

pump and signal by just 16 and 130 nm, respectively, allowed

the generation of idler components approximately between

2,800 and 3,150 nm, resulting in an overall tuning of 350 nm

in the MIR.

The use of suspended GaAs waveguides has several

advantages compared to more commonly used waveguides
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typically embedded in silica. First, the relatively high index

contrast along with the absence of an oxide surrounding

material could potentially enable phase-matching in dis-

crete spectral regions at wavelengths even beyond 10 μm
thanks to the large transparency of GaAs [123]. Second,

high conversion efficiencies can be achieved thanks to the

relatively small effective areas of the interacting modes,

which aremainly confined to the GaAs layer. However, these

waveguides are still limited by TPA at high powers and

fragility due to the absence of a cladding material. The use

of a multimode AlGaAs-on-insulator waveguide for inter-

modal DFG-based MIR generation was theoretically pro-

posed byHaines et al. [124]. They numerically demonstrated

that by using a 1.7 cm-long multimode waveguide with a

cross-section of 265 × 1,200 nm2 pumped by a beam in the

first higher-order horizontal TM mode at a wavelength of

1,550 nmand seeded by a signal in the fundamental TEmode

at a wavelength of ≈2,693 nm, it is possible to generate an
idler component in the fundamental TEmode at≈3,652 nm.
Assuming propagation losses equal to 2 dB/cm, it was shown

that it is possible to achieve a pump-to-idler conversion

efficiency of up to 15 %. The use of DFG for MIR generation

around 2.3 μm in an AlGaAs-on-insulator waveguide was

also numerically demonstrated by Madsen et al. achieving

birefringent phase-matching using the TM00 mode for the

pump and the TE00 mode for the signal and idler [125].

The authors demonstrated the possibility of generating sig-

nals at a ≈ mW-scale power level in the wavelength range

2,231–2,574 nm in a 5 mm long waveguide by using tunable

sources around 940 and 1,550 nm.

Ferroelectric materials, particularly lithium niobate

(LiNbO3), have also played a crucial role in the develop-

ment of nonlinear optical devices. LiNbO3 is well known

for its large electro-optic and nonlinear optical coefficients,

making it an ideal candidate for a wide range of applica-

tions, including MIR generation. The development of peri-

odic poling technology in the late 1980s and early 1990s

revolutionized the field by providing a reliable method

for achieving quasi-phase-matching (QPM) in ferroelectric

materials. Periodically poled lithium niobate (PPLN) waveg-

uides became a standard platform for efficient SHG and

DFG, enabling the generation of MIR light in compact, inte-

grated devices [126], [127]. The introduction of thin-film

LiNbO3 (TFLN) on insulator platforms has further enhanced

the performance of these devices. Several demonstrations

of periodically poled TFLN on sapphire waveguides have

been reported in the literature for MIR generation using

intramodal second-order nonlinear processes [12], [128],

[129]. However, the selective domain engineering of the

LiNbO3 crystal required to realize the periodic poling and,

hence, achieve QPM, may be difficult to scale as a manu-

facturing process for integrated circuits due to its variabil-

ity. Therefore, the use of intermodal phase-matching tech-

niques in TFLN waveguides is considered as an alternative

and more fabrication-friendly approach. Broadband and

efficient SHG in TFLN waveguides was numerically demon-

strated exploiting both modal phase matching between two

fundamentalmodes [130] and also considering higher-order

modes [131], [132]. Moreover, experimental demonstrations

of poling-free SHG generation based on intermodal phase-

matching between the fundamental mode and higher-order

modes were reported considering standard TFLN waveg-

uides [133], [134] and SiN-loaded LiNbO3 on insulatorwaveg-

uides [135], without the need to either pole or etch the

LiNbO3 layer in the latter case. Nevertheless, although there

has been a great breakthrough in SHG based on bire-

fringence and intermodal phase-matching techniques in

LiNbO3 waveguides [130]–[136], no experimental demon-

strations of intermodal DFG-based MIR generation have

been reported so far, despite the great potential in thismate-

rial platform. A dual-layer TFLN on sapphire waveguide

with DFG phase-matching between a 980 nm TE01 mode

pump and a fundamental TE00 mode signal tunable in the

range 1,340–1,440 nm was proposed and only numerically

demonstrated [137]. A possible 340 nm bandwidth centred

at 3,320 nm for the generated idler in the fundamental TE00
mode was reported with a theoretical conversion efficiency

of 434.6 %W−1cm−2 made possible by the two reversed

poled TFLN waveguide layers.

Third-order nonlinear processes, primarily driven by

the Kerr effect, represent a promising alternative for MIR

generation in silicon and SiN photonics. These processes,

including FWM, are attractive because they are present in

materials with centrosymmetric crystal structures, which

are more readily available and whose fabrication in waveg-

uide structure can be compatible with standard photonic

integration techniques. Similar to TFLN waveguides, most

of the demonstrations reported in the literature so far for

FWM-based MIR generation rely on the use of intramodal

processes [138], [139]. Early studies on intermodal FWM for

MIR generation demonstrated the potential of this tech-

nique, as discussed in the previous section [58], [63], where

intermodal phase-matching in the wavelength range from

1.2 to almost 2.2 μmwas experimentally demonstrated using

optical pumps at telecom wavelengths. Current research in

this field is at amore exploratory stage, with theoretical and

simulation studies suggesting the feasibility of generating

light deep into theMIR using Kerr-driven intermodal phase-

matching and pumping in the near-infrared. In this regard,

a numerical study by Franz et al. discusses two different
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design strategies to achievewideband light generation using

intermodal nonlinear Kerr processes [140]. The first one

consists of achieving a mirror symmetry of the inverse

group velocities of the interactingmodes far from the pump,

thus allowing to satisfy the phase-matching condition in the

case of a very large signal-to-idler wavelength separation

and over awide spectral region. Applying this approach, the

authors numerically demonstrated the possibility of gener-

atingMIR radiation atwavelengths even beyond 7 μmbased

on suspended silicon waveguides. A second strategy for

achieving wideband light generation involves concatenat-

ing multiple spectral regions where distinct mode pairs are

phase-matched, thereby creating a wide, continuous band

with high power spectral density.

As discussed in this section, intermodal nonlinear pro-

cesses in integrated waveguides may enable flexible and

broadband MIR light generation by leveraging the addi-

tional degree of freedom provided by multimodality to sat-

isfy the phase-matching condition. In this context, second-

order nonlinear processes in materials such as III–V semi-

conductors have shown great promise, particularlywith the

development of advanced phase-matching techniques and

novelwaveguide designs. At the same time, third-order non-

linearities, especially in silicon-based platforms, are emerg-

ing as a powerful tool for broadband and tunable MIR gen-

eration. Despite the advances reviewed above, significant

challenges remain. The performance of these systems is

often limited by issues such as TPA, FCA, and low fabrica-

tion tolerances. Future research should focus on overcom-

ing these limitations through improved material systems,

innovative waveguide designs, and the development of new

phase-matching techniques. Additionally, the integration of

these technologies into fully functional photonic circuits,

including sources,modulators, and detectors, will be crucial

for realizing the full potential of on-chip MIR generation.

It should be acknowledged that progress in QCLs

and interband cascade lasers (ICLs) (the direct competi-

tors for MIR frequency generation) is impressive, espe-

cially in terms of achieving a narrow linewidth, high

power and high wall-plug efficiency, which now largely

exceeds 20 %, approaching the theoretically predicted max-

imum [141]–[143]. Nevertheless, the realization of narrow-

linewidth sources by combining well-established NIR lasers

with nonlinear multimode waveguides may offer a viable

and lower-complexity alternative to QCLs and ICLs, with

improved performance in terms of tunability, albeit with

a lower overall efficiency. As previously discussed, careful

engineering of the phase matching condition between mul-

tiple waveguide modes could potentially enable the gener-

ation of narrow linewidth, widely-tunable and high-power

light across the MIR. However, as this review has shown, we

are still far from the realization of high-power sources using

this approach. Ongoing research aims at boosting output

powers across the various schemes discussed in this review

through emerging technologies focused on reducing losses,

improving chip power handling, and enhancing coupling

efficiency between sources and waveguides, among other

advancements. Despite the competition between the two

technologies, withQCLs and ICLs currently dominating, pos-

sible combinations can still be envisioned. In this context,

the challenges of QCLs and ICLs in power scaling could be

addressed using parametric amplification through various

intermodal phase-matching schemes in meter-long multi-

mode waveguides, as discussed in Section 2.1, enabling the

efficient transfer of NIR power sources into the MIR.

3 All-optical signal processing

Optical interconnects and communications have fed the

insatiable demand for an ever increasing network capacity,

while offering low power consumption, high bandwidth,

and low latency. The introduction of optical logic gates and

optical switches in such systems promises to add critical

functionalities to the optical layer. Optical logic gates facili-

tate complex data processing directly in the optical domain,

enhancing network performance and efficiency by elimi-

nating the need for optical-to-electrical conversion [144].

These gates allow data to be processed at the time light takes

to propagate through the device length, thereby offering

the potential for ultra-fast operation. Meanwhile, optical

switches enable the routing andmanagement of optical data

flow within these networks, ensuring that information is

efficiently handled without needing to resort to costly opti-

cal–electrical–optical (O-E-O) conversions [145]. Together,

these components form the backbone of all-optical signal

processing systems, which operate entirely in the opti-

cal domain and avoid the performance degradation asso-

ciated with O-E-O conversion. While single-mode waveg-

uides have long supported on-chip optical systems due to

their simplicity and low crosstalk, they face fundamental

limitations in energy efficiency, functional scalability, and

integration density. First, electro-optical switches in single-

mode systems have a typical power consumption of around

100–500 fJ/bit [146], which becomes unsustainable in large-

scale core networks [147]. Second, functional diversity is

limited, as single-mode architectures primarily rely on two

multiplexing dimensions, i.e., wavelength and polarization,

constraining the complexity of on-chip signal processing.

Third, integration scalability is challenged by the need to

deploy multiple devices in parallel, which increases system
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size. In contrast, multimode waveguides offer a compelling

alternative by enabling three-dimensional multiplexing

through the additional degree of freedom given by spa-

tial multimodality, greatly enhancing interconnect density

and supporting multiple signal paths in a compact foot-

print [148]. Nonlinear multimode waveguides, in partic-

ular, are emerging as versatile platforms for all-optical

signal processing. Although their nonlinear efficiency per

mode is typically lower compared to single-mode devices

due to the larger mode areas involved, the presence of

multiple spatial channels enables intermodal nonlinear

interactions, relaxed phase-matching conditions, andmode-

selective functionalities. These advantages make themwell-

suited for parallel logic operations, energy-efficient switch-

ing, and functionally rich photonic systems. Rather than

replacing highly optimized single-mode devices, nonlinear

multimode waveguides offer a complementary pathway

toward scalable, low-power, and multifunctional optical

networks.

The concept of optical logic gates first emerged in the

early 1970s and is akin to how electronic transistors are

used in conventional computing. The primary appeal of

optical logic lies in its potential for much higher processing

speeds, due to the broader bandwidth of optical systems.

Significant progress was made in the late 1990s and early

2000s with key advancements in nonlinear optical materi-

als. Semiconductor optical amplifiers (SOAs) [149]–[152] and

highly nonlinear fibers (HNLFs) [153]–[155] were among the

first platforms to be employed, enabling the implementation

of all-optical logic gates such as AND, OR, XOR, NOT, and

NAND. These gates operate by exploiting nonlinear effects

such as FWM, cross-gain modulation (XGM), TPA, cross-

phase modulation (XPM), and self-phase modulation (SPM).

The mid-2000s marked a turning point with the realiza-

tion of optical logic gates in microscale or even nanoscale

waveguides, including silicon [156]–[158], PPLN [159]–[161],

and chalcogenide waveguides [162], [163], alongside the use

of photonic crystal structures [164]–[166]. These material

platforms have enabled the realization of more compact

and efficient optical circuits offering the prospect ofmassive

integration, andpushing the concept of all-optical logic gates

closer to practical implementation.

Among the availablematerial platforms, SOI stands out

due to its high nonlinearity, complementary metal-oxide-

semiconductor (CMOS) compatibility, and ability to exploit

key nonlinear effects such as SPM, XPM, and FWM. Its high

index contrast also enables the development of compact

multimode devices, which are essential for implementing

MDM. Moreover, multimode devices offer a cost-effective

solution for enhancing the parallelism of all-optical logic

gates without significantly increasing their footprint, pro-

viding a distinct advantage over traditional single-mode

waveguide devices. Additionally, by exploiting the FWM

effect, logic gates can be created by encoding information in

the amplitude and/or phase of the interacting waves. This

approach is particularly effective for implementing logic

functions like AND, XOR, and XNOR, since it generates new

frequency components that directly represent the desired

logical operations. Benefitting from the similarity between

wavelength conversion and FWM-based logical operations,

mode-selectivewavelength conversion inmultimode silicon

waveguides [167] has become a popular method for realiz-

ing all-optical logic gates.

In 2017, Wang et al. [168] demonstrated a dual-channel

all-optical AND logic gate based on FWM in a multimode

silicon strip waveguide. The waveguide was designed with

dimensions of 680 nm in width and 220 nm in height to

place the zero dispersion wavelength close to 1,550 nm,

which is critical for maximizing FWM efficiency around

this wavelength. The device layout, which is shown in

Figure 6(a), included tapered directional couplers at both

the input (Mode MUX) and output (Mode deMUX) sections,

enablingmode conversion and (de)multiplexing functional-

ities. Specifically, the waves in the fundamental TE0 mode

coupled into input port 1 (signal A and B, channel 1) were

converted in the higher-order TE1 mode of the multimode

waveguide by the Mode MUX, while the waves in the fun-

damental TE0 mode coupled into input port 2 (signal C and

D, channel 2) remained in the fundamental TE0 mode of the

multimode waveguide. After the nonlinear FWM process in

themultimode siliconwaveguide, idler components convey-

ing the AND logic result for each channel (Logic AND AB for

channel 1 in the TE1 mode and Logic AND CD for channel 2

in the TE0 mode) were sent to different output ports of the

output Mode deMUX, depending on their spatial mode. As

a proof of concept experiment, the authors used the exper-

imental setup reported in Figure 6(b) to experimentally

demonstrate two parallel 5 Gb/s AND logic operations using

on-off keying (OOK) signals, resulting in a total aggregate

logic capacity of 10 Gb/s. Figure 6(c) reports the spectra of

the two signals (A and B for channel 1, C and D for channel 2)

as well as those of the two generated idlers measured at out-

put ports 1 (left panel) and 2 (right panel), respectively, when

the AND logic function was performed in parallel on the

two channels. The temporal waveforms and measured eye

diagrams of the signals and the generated idler for channels

1 (left panel) and 2 (right panel) are shown in Figure 6(d).

The comparison of the temporal waveform sequences of

the input signals and the generated idlers confirm the dual-

channel AND logic operations. Figure 6(e) reports the BER
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Figure 6: All-optical logic operations using nonlinear multimode waveguides. (a) Schematic layout of the device proposed in ref. [168] which enables

the realization of dual-channel AND logic operation utilizing the fundamental TE0 mode and the higher-order TE1 mode of the multimode silicon

waveguide; (b) experimental setup used for the dual-channel AND logic operations on modulated signals (PC: polarization controller; MZM: Mach-

Zehnder modulator; SSMF: standard single mode fiber; EDFA: Erbium doped fiber amplifier; CH1/2: channel 1/2; OBPF: optical band pass filter;

VOA: variable optical attenuator; RX: receiver); (c) example spectra obtained using intramodal FWM in the multimode silicon waveguide at the output

(left) port 1 and (right) port 2 under simultaneous AND logic operation; (d) time-domain waveforms of A, B and AND product-idler at output port 1 (left)

and of C, D and AND product-idler at output port 2 (right), with the corresponding eye diagram measurements; (e) BER measurements as a function

of the received power for the back to back (B2B) case, single-channel (without crosstalk) and dual-channel (with crosstalk) AND logic operations for

the two channels. (f) Layout and working principle of the device proposed in ref. [169], with details of the multimode waveguide cross-section, mode

multiplexer and 3D finite-difference time-domain (FDTD) simulations for the two designed ADCs for TE1 and TE2 mode multiplexing. (g) Layout and

working principle of the device proposed in ref. [170] used to perform 1.28 Tb/s all-optical multimode hexadecimal addition and subtraction.

(a)–(e) Panels are reproduced with permission from ref. [168] ©2016 IEEE. (f) Panel is reproduced from ref. [169] under a CC BY 4.0 license.

(g) Panel is reproduced from ref. [170] under a CC BY 4.0 license.

results for the two idlersmeasured at output port 1 (CH1, TE1
mode) and port 2 (CH2, TE0 mode), under dual-channel AND

logic operationswith the signals propagating in parallel (i.e.,

with crosstalk) and single-channel AND logic operationwith

the signals propagating in each channel individually (i.e.,

without crosstalk). The authors measured power penalties

of 0.9 and 1.5 dB for the TE0 and TE1 modes, respectively,

relative to the B2B case in the absence of mode crosstalk,

at the 7 % forward error correction (FEC) threshold, while

additional power penalties of 1.3 and 1.1 dB were measured

when mode crosstalk was present. These results highlight

the potential of multimode silicon waveguides for compact,

high-capacity optical logic devices, with scalability to sup-

port more complex logic functions and a greater number

of channels. It is worth noting that the demonstrated dual-

mode AND logic gate enables parallel operation within a

single multimode waveguide, thereby aggregating the data

throughput within a compact footprint, contrasted to the

use of multiple single-mode waveguides for the same oper-

ation. However, this demonstration was still limited by the

low data rate and the small number of channels, primarily

due to the low conversion efficiency (about −40 dB), which
was caused by significant scattering losses from waveguide

sidewall roughness, as well as TPA- and FCA-induced non-

linear losses in the silicon waveguide.

The performance was further improved by Hu et al.

[169], who utilized a greater number of modes to realize

AND logic functions using a triple-mode silicon rib waveg-

uide. This waveguide geometry was selected for its lower

losses compared to stripwaveguides and its ability to reduce

mode crosstalk while performing AND logic operations

via FWM. The rib waveguide dimensions were optimized

with a rib thickness of 220 nm, a 70 nm slab height and

a 1,412 nm waveguide width. This design supported three
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spatial modes (TE0, TE1, and TE2), with low losses of 0.6,

0.75 and 0.9 dB/cm, respectively, resulting in a conversion

efficiency higher than −20 dB for all three modes. Proper

waveguide design, along with low loss for all spatial modes,

large bandwidth and strong nonlinear interaction ensured

that high performance could be achieved. The device design,

which is shown in Figure 6(f), included twoADCs at both the

input and output, enabling mode conversion between TE0
and TE1 modes, aswell as between TE0 and TE2 modes. Using

this configuration, the authors were able to demonstrate

three-channel logic operations within a single multimode

silicon waveguide. Thanks to the low losses and relatively

high conversion efficiency, they successfully demonstrated

high-quality AND logic operations at a significantly higher

data rate of 3 × 40 Gbit/s, with fully opened eye diagrams

for the idler components generated in the three spatial

modes. It should be appreciated that to achieve the same

aggregate throughput with single-mode devices, approxi-

mately three times the footprintwould have to be sacrificed.

Another advantage of using a silicon rib waveguide

geometry is that it allows the inclusion of a pn-junction

in the silicon slab to reduce FCA-related losses, enabling

higher pump power injection and, hence, increasing the

conversion efficiency. However, as previously mentioned,

it is important to notice that using higher-order modes for

FWM results in lower conversion efficiency due to a typi-

cally larger effective area compared to the single-mode case.

This makes the use of spatial modes as a degree of free-

dom for scaling up parallel logic operations more challeng-

ing. Achieving greater nonlinear Kerr index coefficients,

which could improve conversion efficiency for higher-order

modes, remains difficult when relying solely on silicon. This

limitation may also hinder the implementation of more

complex logic operations using advanced modulation for-

mats, which, while improving spectral efficiency, demand

higher OSNR.

To address these challenging issues, Wang et al. [170]

proposed and numerically demonstrated a highly nonlin-

ear organic-silicon slot waveguide (HN-OSSW) designed

for high-capacity, multi-channel all-optical logic operations.

The layout of the device is shown in Figure 6(g). The non-

linear polymer MEH-PPV, which offers a 40-fold increase

in the nonlinear Kerr coefficient n2 compared to that of

silicon, was incorporated into the slot. This configuration

significantly enhanced the nonlinear coefficients for the TE0
and TE1 modes, reaching values of 7,078 and 5,858 W

−1m−1,

respectively. The HN-OSSW was optimized to support effi-

cient FWM with minimal intermodal crosstalk, making it

suitable for MDM systems. The device design featured a

multimode slot waveguide which could be fabricated using

standard CMOS-compatible processes, where the TE0 and

TE1 modes were excited and manipulated through direc-

tional couplers that served as mode multiplexers and de-

multiplexers. Numerical simulations showed that the HN-

OSSW can performmultimode all-optical hexadecimal addi-

tion and subtraction for 16 phase-shift keying (16-PSK) sig-

nals with an aggregate data rate of 1.28 Tb/s. In addition,

six different logic operations (A + B − C, A + C − B, B +
C − A, A + B, A − B and B − A, with A, B and C being

input signals) could be simultaneously performed, thanks

to the high number of FWM products generated by the

strong nonlinear interaction in the device. The optimized

phase-mismatch conditions and efficient light confinement

within the slot waveguide ensured high FWM conversion

efficiency, with logic operation results showing error vector

magnitude (EVM) penalties lower than 5.8 dB at an input

OSNR of 30.3 dB. It is worth noting that the proposed con-

figuration outperforms the single-mode silicon strip waveg-

uide implementation by achieving a 40 times enhancement

in nonlinearity (via the MEH-PPV polymer) and enabling

multimode operation with minimal crosstalk. It supported

1.28 Tb∕s transmission and simultaneously performed six

different logic operations across two distinct modes. This

design benefited from a combined high FWM efficiency

and scalablemulti-channel processing, effectively overcom-

ing the capacity and functional limitations of single-mode

devices.

In addition to the development of all-optical logic

gates based on nonlinear multimode waveguides, signifi-

cant interest has also been devoted towards the realization

of all-optical switches, which can potentially provide recon-

figurable functionalities. All-optical switches have emerged

as key enablers in optical interconnects since they allow for

data flow reallocation and enhanced information through-

put. Research on reconfigurable optical switches has made

remarkable progress, particularly in the domain of on-chip

silicon-based switches, where MZI and microring resonator

structures are used for wavelength selectivity. The port

counts of single-mode optical switches have scaled up to

240 × 240 [171]. Recently,MDM techniques have been intro-

duced to extend these capabilities to multimode operations.

For instance, a mode-insensitive 2 × 2 three-mode optical

switch was developed using a pair of MMI 3-dB couplers

and a widened phase shifter, designed to provide consis-

tent thermal sensitivity across the first three modes [172].

Following another approach, multimode signals were de-

multiplexed into single-mode signals, which were then pro-

cessed separately by single-mode optical switches [173]. A

more compact device was later proposed based on the use

of microring resonators by introducingmode exchangers to
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realize de-multiplexing-free operation [174]. Despite signifi-

cant advancements, MZI-based optical switches suffer from

large device footprints, especially when using multimode

waveguides. Nevertheless, even if microring resonator-

based devices allow realizing more compact structures,

their switching speeds are limited by free carrier recov-

ery times and thermal sensitivity, which can range from

picoseconds to microseconds depending on the configura-

tion. These constraints, combined with the need for electri-

cal power to drive the switching mechanism, have spurred

the exploration of alternative approaches, such as the

use of nonlinear optical effects, particularly in multimode

waveguides. One promising approach involves tuning the

phase difference between different modes through nonlin-

ear phase modulation, enabled by a high-power pump. By

leveraging multimode interference effects, such as those

based on intermodal cross-phase modulation (iXPM), it

is possible to achieve efficient all-optical switching. This

bypasses theneed for electro-optical conversion,making the

system more compact, faster and, potentially, more energy-

efficient. Furthermore, utilizing nonlinear materials with

high nonlinearity can significantly reduce the device foot-

print by providing strong nonlinear phase modulation over

a short effective interaction length.

In 2018, Lüpken et al. explored the utilization of

SiN waveguides for all-optical switching, leveraging

its relatively high nonlinear refractive index

(n2 ≈ 2.5 × 10−19 m2/W) and broad transparency window

[175]. The SiN multimode waveguides used in this work

were designed with a height of 0.93 μm and widths ranging

from 0.7 to 1.2 μm to support multiple transverse modes.

The fundamental TM00 mode and the higher-order TM10

mode were employed in the experiments performed using

the setup reported in Figure 7(a). The working principle

of the all-optical switch was as follows: a probe beam was

coupled into an equally distributed superposition of the

TM00 and TM10 modes of the SiN multimode waveguide,

while, simultaneously, a second control beam at a different

Figure 7: All-optical switching experiments exploiting nonlinear multimode waveguides. (a) Setup used for the all-optical switching experiments

based on a nonlinear SiN multimode waveguide presented in ref. [175], with the waveguide cross-section, intensity distributions of the control and

probe beams and spatial profile of the transmitted probe beam with a white rectangle indicating the spatial filtering applied by the slit (filtered probe).

DM: dichroic mirror; L: lens; WG: waveguide; SM: switchable mirror; CCD: charge-coupled-device camera. (b) (left) Probe beam profiles at the wave-

guide output acquired by the CCD2 camera (bandpass filtered at 1,280 nm) with the control beam turned off (top) and on (middle) and the difference

between the two images (bottom). (right) Normalized spectral intensity measured after the slit with (dashed red curve) and without (solid blue curve)

the presence of the control beam and numerically simulated variation of the difference of propagation constantsΔ𝛽 of the two probe modes (dotted
green line) as a function of wavelength [175]. (c) Experimentally measured switching contrast versus coupled control beam energy and (d) dependence

of the center wavelength of the switch on the SiN waveguide width when using the TM20 instead of the TM10 mode as the second probe mode. The

calculated field distribution of the TM20 mode is displayed in the inset, with the filtering slit represented by a white rectangle [175]. (e) Experimental

setup used to perform the all-optical switching experiments based on the nonlinear Ta2O5 MMI coupler reported in ref. [176] and schematic top view

of the device. (f) Experimentally measured and calculated transmission curves at output ports 2 and 3 as a function of the relative input peak intensity

for lengths of the MMI couplers equal to odd multiples of L𝜋 and (g) even multiples of L𝜋 [176]. (a)−(d) Panels are reproduced with permission from
ref. [175] ©2018 Optica Publishing Group. (e)–(g) Panels are reproduced with permission from ref. [176] ©2023 American Chemical Society.
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wavelength was coupled into the TM00 mode to shift the

phase between the two probe modes through iXPM. This

was possible because the TM00 mode of the probe beam

acquired a greater phase shift compared to the TM10 probe

mode due to the higher intensity overlap with the TM00

controlmode. The authors then performed a spatial filtering

of the interference pattern obtained from the two probe

modes as a phase-sensitive discriminatory to realize the

all-optical switching operation. This was experimentally

realized by filtering the probe beam’s output profile

with a slit and measuring the transmitted light with a

spectrometer. The measured normalized spectral intensity

for the control beam on and off is reported in Figure 7(b),

showing the switching behaviour of the device. The

switching contrast at the center wavelength of ≈1,280 nm
was measured as a function of the coupled control beam

energy, with the results reported in Figure 7(c), showing the

capability to achieve a switching contrast of 83 % with an

energy of only 1.6 nJ. This represents a significant reduction

in required power compared to similar devices based on

optical fibers.

Furthermore, the spectral range of switching (3 dB

range) was measured to be equal to 4.2 THz, more than an

order of magnitude broader than switches based on reso-

nant structures [177]. Thefigure ofmerit (FoM) for all-optical

switches, defined as the product of the necessary control

peak power times the required waveguide length [178], was

found to be 2.3 Wm, a 2,000-fold improvement over previous

experiments using transverse modes in graded-index fibers

[179]. These results highlight the potential of SiNwaveguides

for low-power, broadband all-optical switching. The signif-

icant reduction in power requirements and broad working

frequency rangemake this approach particularly appealing

for applications in optical interconnects, data centers, and

high-speed telecommunications, where space and energy

efficiency are critical. The authors also demonstrated the

possibility of tuning the operationwavelength of the switch,

which can be achieved by using different probe spatial

modes and/or waveguide geometries. Figure 7(d) shows the

variation of the center wavelength of the switch as a func-

tion of the waveguide width (with a fixed height of 0.93 μm)
when using the TM20 instead of the TM10 mode as the second

probe mode.

In ref. [176], Lin et al. chose tantalum pentoxide (Ta2O5)

as the material platform for all-optical signal processing

applications, exploiting its high Kerr nonlinear coefficient

(n2 ≈ 1 × 10−18 m2/W) and its wider bandgap (4.05–4.18 eV

[123], [180]) compared to silicon and SiN, which allows

achieving negligible nonlinear losses in the visible and

near-infrared spectrum, thus improving the device effi-

ciency at these wavelengths. The researchers demon-

strated an all-optical switching mechanism in a low-power

optically-controlled Y-junction device based on a nonlinear

MMI coupler with a thickness of 100 nm, a width of 8 μm
and a length of 4.3 mm. The setup used for the experimental

characterization and the device layout are schematically

shown in Figure 7(e). A mode-locked laser emitting 1 ps

pulses at 1,030 nm (repetition rate of 18 MHz) was used as

the optical source and a combination of a half-wave plate

and a polarizer was employed to control the power coupled

into the device. At the device output, the optical power

emitted either fromport 2 or port 3 of theMMIwas collected

using a tapered fiber and measured. When optical pulses

were coupled into port 1 of the device, a certain modal dis-

tribution in the MMI was excited and the laser pulses could

be redirected by the modal interference into output port

2 or 3 depending on the pulse power, thereby allowing to

achieve all-optical power-dependent switching functional-

ity. Figure 7(f) and (g) shows the measured and numerically

calculated transmission curves at output ports 2 and 3 as a

function of the relative input peak intensity for nonlinear

MMI couplers with lengths equal to odd and even multiples

of L𝜋 , respectively. L𝜋 represents the characteristic length

that causes the accumulated phase difference between the

TE00 and TE10 modes to be 𝜋, where TE00 and TE10 were

the two main guided modes in the MMI. Considering the

case where the MMI lengths were equal to odd multiples

of L𝜋 , it is possible to see from Figure 7(f) that the trans-

mission at port 2 decreased while increasing the incident

peak power, with the opposite behaviour recorded at port 3.

For MMI lengths equal to even multiples of L𝜋 , the opposite

trend was observed, as shown in Figure 7(g). In addition

to the demonstrated all-optical switching functionality, the

proposed configuration holds promise for the realization

of other nonlinear integrated photonic functional devices

such as saturation absorbers and optical power limiters by

properly designing the multimode interaction in the MMI

section.

The works reviewed in this section have demonstrated

that nonlinear multimode waveguides offer a powerful

platform for enabling both all-optical logic gates and all-

optical switches, leveraging their ability to support multi-

ple modes and nonlinear interaction combinations. For all-

optical logic gates, leveraging multiple spatial modes (e.g.,

TE0, TE1, TE2, . . . ) enables parallel logic operations within a

single waveguide, significantly boosting aggregate through-

put and area efficiency. For example, as previously reported,

these devices can support simultaneous multi-channel
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processing at data rates up to 1.28 Tb/s while performing

multiple distinct logic functions concurrently. Furthermore,

integrating highly nonlinear materials like MEH-PPV into

hybrid organic-silicon slot waveguides can enhance FWM

efficiency by a factor of 40, overcoming silicon’s inherent

Kerr nonlinearity limitations. However, challenges remain.

Higher-order modes typically suffer from lower FWM effi-

ciency due to their larger effective areas compared to the

single-mode case, and mode crosstalk can degrade signal

quality. To fully exploit multimode waveguides for high-

capacity, parallel and multifunctional all-optical process-

ing, integrating advanced nonlinear materials is key. Plat-

forms like ultra-low-loss SiN [181] and highly nonlinear

III–V semiconductors [182] could offer improved FWM per-

formance. Leveraging thesematerials inmultimode designs

could greatly enhance the scalability and functionality of

all-optical logic systems.

In addition, nonlinearmultimodewaveguide-based all-

optical switches offer several advantages over single-mode

devices, particularly in enabling compact, high-speed, and

energy-efficient systems. By exploiting iXPMandmultimode

interference, these switches allow for phase-sensitive con-

trol without the need for electro-optic conversion, offer-

ing faster response times and reduced energy consump-

tion. Additionally, the ability to use multiple spatial modes

enables parallel switching and broader spectral opera-

tion within a single waveguide, reducing footprint and

improving integration density. Material platforms like SiN

and Ta2O5 further enhance performance by offering low

losses and broad transparencywindows, leading to reduced

control power requirements and wider bandwidths. Still

unresolved challenges include mode-dependent dispersion

and limited spatial overlap which can limit the achiev-

able switching contrast. Mode crosstalk and fabrication-

induced variations inwaveguide geometry also affect stabil-

ity and reproducibility. Furthermore, precise spatial mode

excitation and filtering often require complex input/output

coupling or free-space alignment strategies. To address

these limitations, possible solutions may include optimized

waveguide designs to tailor modal dispersion and confine-

ment, the use of broadband and fabrication-tolerant mode

converters, and advanced nonlinear materials with high

Kerr coefficients and negligible absorption. Continued inno-

vations in device architecture, such as the design of de-

multiplexing-free microring-based systems and nonlinear

MMI couplers, also show strong promise in advancing mul-

timode all-optical switching toward scalable and reconfig-

urable photonic systems.

4 Supercontinuum generation

SC radiation represents a powerful tool for many applica-

tions ranging from optical communications to metrology

and spectroscopy, only to name a few [4]. Extensive research

into the generation of SC beams started in the 2000s, mainly

favoured by the advent ofmicro-structured photonic crystal

optical fibers, which made available to researchers an opti-

cal medium with unprecedented nonlinear features [183].

The most investigated technique for obtaining SC radiation

exhibiting a wide optical spectrum relies on the propaga-

tion of ultrashort pulses in a highly nonlinear regime [184].

The ability to control spectral broadening and flatness is a

key challenge, and it essentially depends on the material

nonlinearity and the precise engineering of the spatial con-

finement and dispersion of the chosen optical waveguide.

For these reasons, CMOS-compatible integrated platforms

quickly emerged as ideal candidates for the development of

compact, low-cost SC sources with excellent spectral qual-

ity. More recently, the growing interest in multimodal sys-

tems has introduced a new degree of freedom, enabling

nonlinear processes involving multiple spatial modes with

distinct dispersive properties. In this context, the use of

integrated platforms provides powerful modal manipula-

tion techniques, offering the possibility of selectively excit-

ing and controlling highly confined modal distributions. In

most of the published works, the generation of SC radiation

is ruled by the spectral dynamics of higher-order soliton

pulses. When such pulses propagate in the anomalous dis-

persion regime near the zero of the GVD, they undergo a

strongly perturbed propagation where a number of nonlin-

ear effects such as SPM, FWM, pulse self-steepening, Raman

scattering and soliton fission simultaneously take place,

imposing a massive broadening of the initial spectrum. In

addition, higher-order soliton dynamics induce a release

of energy to a broadband DW that can grow coherently

along propagation, contributing to SC spectral broadening

and flattening. Energy transfer to DW is effective if a phase-

matching condition between the phase of the soliton pulse

and that of the dispersive radiation itself is satisfied [185].

The phase mismatch Δ𝛽 can be described by the following

relation [186]:

Δ𝛽(𝜔) = 𝛽(𝜔DW)− 𝛽(𝜔s )− 𝛽1(𝜔DW −𝜔s )−
1

2
𝛾Ps (5)

where 𝛽(𝜔) is the frequency-dependent propagation con-

stant for the considered waveguide modal distribution, 𝛾 is

the Kerr nonlinear coefficient, and Ps is the peak power of
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the soliton pulse. 𝜔DW and 𝜔s are the angular frequencies

of the DW and soliton, respectively. The spectral position of

the phase-matching frequencies is governed by the combi-

nation of even and odd higher-order dispersion coefficients

that may generate more than two DW peaks depending on

their signs and absolute values [187]. SiN on insulator is

one of the most studied platforms for SC generation thanks

to the wide spectral transparency offered by the platform,

ranging from the visible to the MIR. In addition, recent

advancements in fabricationhavemade thickerwaveguides

available (even thicker than 1 μm), thus triggering the inves-
tigation of multimode nonlinear interactions and propaga-

tion. In an early work, Epping et al. designed and fabricated

a SiN waveguide with a D-shape core and a SiO2 cladding

through a low-pressure chemical vapor deposition (LPCVD)

process [188]. The use of a large waveguide cross-section

(1 μm thickness, different widths around 0.8 μm were con-

sidered) allowed to shift the zero dispersion wavelength to

values as short as 1 μmenabling operation in the anomalous

dispersion regime and phase-matched DW excitations with

a pumpwavelength at 1.064 μm. Due to the large dimension,
the multimode waveguide supported three modes in the

TM polarization, namely the fundamental TM00 and the two

higher-order modes TM10 and TM20. By coupling ultrashort

pulses (115 fs) emitted by amode-lockedYb-dopedfiber laser

(repetition rate of 41 MHz, maximum average output power

of 200 mW), an ultra-wideband SC radiation extending from

470 nm to 2,130 nm was obtained. Nevertheless, numeri-

cal calculations performed through multimode nonlinear

Schrödinger equations demonstrated that only the funda-

mental and the TM20 modes were actually excited in the

waveguide. In addition, SC generation and broadeningwere

only due to the fraction of power propagating in the fun-

damental mode. Indeed, the authors verified that the TM20

mode underwent normal dispersion in the waveguide. The

results of this work outlined two main issues: the impor-

tance of the spatial control of the input coupling and the

need for a fine-tuning of the dispersion properties for all the

modes involved in the nonlinear process.

Effective multimode contribution to SC generation was

demonstrated by Kou et al. [186]. A dispersion-engineered

deuterated SiN (SiN:D) waveguide was designed to control

the dispersion relation of all the involved modes within

the anomalous dispersion regime and a SiO2 planarized

top-cladding was employed to further decrease the mode

confinement and increase the absolute anomalous disper-

sion value. As shown in Figure 8(a), an adiabatic spot-size

converter (SSC) was fabricated at the edge of a straight

waveguide and the degree of excitation of each spatial

mode could be controlled by adjusting the spatial incidence

Figure 8: SC generation in nonlinear multimode waveguides. (a) Scheme of the SiN:D waveguide for SC generation including an adiabatic mode

converter demonstrated in ref. [186]; (b) calculated dispersion parameter D as a function of wavelength for different spatial modes (TE00, TE10 and

TE01); (c) phase-matching wavelength for DW generation as a function of the pump wavelength for all the modes supported by the waveguide.

The horizontal blue shaded area on the graph highlights the role of higher-order modes for SC generation in the visible (VIS) through phase-matched

DWs; (d) experimental results on SC generation in the visible for different spatial position offsets of the incident focusing beam in the X- and Y-axes to

control the power coupling into different spatial modes. (e) 3D schematic diagram and (f) 2D top view of the dual-coupled LiNbO3 waveguide proposed

by Jia et al. [189] (inset of panel (e): cross-section view of the dual-coupled waveguide); (g) spectral evolution of the higher-order soliton as a function

of the propagation length L; (h) optical spectra of the pump and the output at a propagation length L= 0.8 mm and (i) at L= 0.86 mm. (a)–(d) Panels

are reproduced with permission from ref. [186] ©2023 Optica Publishing Group. (e)–(i) Panels are adapted from ref. [189] under a CC BY 4.0 license.
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position of the pump light with a precision of a few

hundreds of nanometers. Figure 8(b) reports the numeri-

cally simulated dispersion properties for each supported

mode (TE00, TE10 and TE01), showing that the fundamental

mode experiences anomalous dispersion around 1.55 μm,
whereas higher-order modes propagate in the anomalous

dispersion regime at shorterwavelengths. Figure 8(c) shows

the numerically simulated phase-matching conditions for

DW generation as a function of the pump wavelength for

each considered spatial mode. It can be easily observed

that TE10 and TE01 modes can contribute to extending the

SC radiation in the visible thanks to phase-matched DWs,

as outlined by the horizontal blue shaded area on the

graph. The waveguide was pumped at 1.55 μm through a

passively mode-locked Er-doped fiber laser with a 74 fs

pulse duration. As predicted, in this spectral range only the

TE00 mode exhibited anomalous dispersion. According to

numerical simulations, a newvirtual radiation below 1.2 μm
could be generated by the SPM effect of the TE00 mode

at 1.55 μm, which, in turn, excited higher-order solitons in

the TE10 and TE01 modes by a cascaded pump mechanism.

Figure 8(d) reports the experimental evidence of SC flatten-

ing and broadening in the visible range when higher-order

modes were properly excited by finely tuning the spatial

incidence position in the X and Y directions at the input

cross-section. It can be observed that the spectral intensity

in the 0.5–0.8 μm range increased by up to 15 dB (dotted

lines) when also the TE10 and TE01 modes contributed to the

SC radiation.

SC generation based on multimode nonlinear propaga-

tion has been investigated in several integrated platforms,

which enabled access to different spectral regions thanks

to their distinctive transparency bands, nonlinear and dis-

persive properties. Ta2O5 channel waveguides, which are

characterised by a higher nonlinearity compared to SiN,

were exploited in ref. [190] to generate SC radiation assisted

by DW resonance for several TE and TM modes with a

spectral extension larger than 600 nm when pumping in

the TM10 mode. Aluminum nitride (AlN) is also a promising

platform thanks to its broadband transparency in the visible

and UV range. In ref. [191], SC generation was obtained

in a multimode AlN waveguide fabricated on a sapphire

substrate where the TE10 mode was selectively exploited to

guarantee propagation in the anomalous dispersion regime

at 800 nm, leading to SC generation extending from 490 to

1,100 nm.

The phase-matching condition between solitons and

DWs can also be achieved through more complex manip-

ulations of the modal propagation regime, enabled by the

design and fabrication capabilities offered by integrated

optical platforms. In 2018, Hickstein et al. proposed a QPM

mechanism via periodic modulations of a waveguide struc-

ture to control the evolution of SC generation in the TE20 and

TE00 waveguide modes [192]. The authors reported two dif-

ferent schemes in a SiN platform based onwaveguide width

modulation and claddingmodulation, respectively. Periodic

modulation of the waveguide structure has a direct impact

on the modal area, inducing a periodic variation of both the

nonlinear coefficient 𝛾 andGVD. This provides an additional

contribution to the phasemismatch (Eq. (5)) ensuring aQPM

condition for DW enhancement. The authors demonstrated

that by using this technique it was possible to enhance the

intensity of the SC generation in numerous locations across

the spectrum.

DW generation induced by SC has also been widely

investigated for the development of MIR sources for optical

spectroscopy [193], [194]. As discussed before, the MIR spec-

tral region has great relevance for spectroscopy and sensing

with applications in health and environmental monitoring.

In particular, the 3–5 μm region is important for air mon-

itoring as it contains the molecular fingerprint of several

pollutants typically present in the air. Various advances

in technologies based on direct generation through QCLs

and ICLs have been done in the past years [143], [195]. A

promising and flexible alternative is to implement wave-

length conversion in nonlinear materials in order to reach

and fully cover the MIR spectral range. The main idea is to

leverage the advances in technologies developed for com-

munications and fiber lasers and translate their emission

wavelength in the MIR region. Modal manipulation offers

an additional tool to satisfy the phase-matching condition

in this specific spectral region for DW enhancement. In this

context, Jia et al. proposed and numerically demonstrated

a new approach for DW generation in the MIR based on

an x-cut LiNbO3 on insulator platform [189]. The authors

designed a dispersion-engineered structure based on a dual-

coupled ridge waveguide, whose 3D schematic diagram and

2D top view are shown in Figure 8(e) and (f), respectively.

The structure consisted of two parallel ridge waveguides

divided by a thin gap (the gap parameter g varies from

200 to 400 nm) obtained by etching the LiNbO3 thin film.

The structure supported the propagation of supermodes

distributed in both cores that were finely engineered as

a function of the geometrical parameters (d, H, 𝑤1, 𝑤2

and g). One of the supermodes, namely the anti-symmetric

mode, produced additional zero-dispersion wavelengths in

the MIR region and, consequently, multiple regions for DW

emission. Using 1.55 μm wavelength pulses with a duration

of 50 fs and a peak power of 4.5 kW, the authors predicted

soliton evolution in a 0.86 mm long waveguide, resulting in
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adual hump-shapedMIR-DWwith a conversion efficiency of

up to 22.53 %. The detailed soliton spectral evolution along

the propagation length is shown in Figure 8(g). In the first

part of the waveguide, spectral broadening is mainly due

to SPM. At a propagation length L ≈ 0.7 mm, soliton fission

takes place with the generation of three DW peaks, one in

the NIR and two in the MIR at around 2.5 and 3.6 μm. The
corresponding output spectra, as simulated numerically at

two values of the propagation length L = 0.8 and 0.86 mm,

are reported in Figure 8(h) and (i), respectively. A similar

approachwas also proposed in ref. [196], where the selective

excitation of the antisymmetric supermode of a SiN dual-

core waveguide was assisted by an input Mach-Zehnder

circuit. The use of coupled nonlinear waveguides was also

reported in other works by the same research group, where

Xia et al. experimentally demonstrated on-chip control of

spatially multimode nonlinear effects in strongly-coupled

SiN integrated waveguides [197], [198]. In these demonstra-

tions, the authors exploited the significantly different dis-

persion profiles of the transverse supermodes in a strongly-

coupled dual-core SiN waveguide to achieve simultaneous

dual-supermode NIR SC generation by pumping with ultra-

short optical pulses at 1.5 μm [197]. Arrays of more than

two coupled waveguides have also been considered for

dispersion engineering and broadband SC generation. For

example, Fatema et al. exploitedmultiplemode couplings in

a thin SiN array of five waveguides to achieve a dispersion

profile that was restricted in value within 90 ps/nm/km in

the wavelength range from 1,350 to 1,900 nm, enabling the

numerical demonstration of octave-spanning SC generation

[199]. An experimental demonstration of SC generation in

the MIR spectral region for spectroscopy applications was

reported using a SiN dual-core waveguide, whose careful

design achieved a flatter dispersion profile in comparison to

that typically observed in conventional single-core waveg-

uides [200]. Using these waveguides, ultra-broadband MIR

SC generation in the range 2,000–3,700 nm was experimen-

tally demonstrated by pumping the dual-core waveguide at

1,550 nm. Besides SC generation, coupled nonlinear waveg-

uides have also been extensively utilized for other appli-

cations, such as modulation instability of discrete solitons

[201], soliton-based optical switching [202] and parametric

amplification [203], [204], to name a few; however, these

applications will not be covered in this review.

Most of the studies reported in the literature focused

on the generation of broadband SC thanks to the contri-

bution of several excited modes based on the optimisation

of intramodal nonlinear phenomena. Nevertheless, inter-

modal nonlinear phenomena can favour the generation of

DWs as it has been widely demonstrated in optical fibers

by exploiting the FWM process to transfer energy between

different modal distributions [205]. Lüpken et al. reported

an interesting intermodal mechanism relying on DW gener-

ation induced by iXPM between different transverse modes

in a SiN waveguide [206]. In order to analyze the effect

of intermodal DW generation, the authors considered two

different transversemodes excited simultaneously, ofwhich

only one mode (TE01) had sufficient energy to form higher-

order solitons and generate DWs during fission, while the

other mode (TM01) had insufficient energy to generate a

DW. The new mechanism of intermodal DW generation,

which was demonstrated both numerically and experi-

mentally, can be easily explained by considering Figure 9,

which shows the comparison of single-mode andmultimode

numerical simulations, with the calculated phase mismatch

as a function of wavelength for the single-mode and mul-

timode case in panel (a) and (b), respectively [206]. First,

the two modes were excited separately with energies of

170 and 20 pJ for the TE01 and the TM01 mode, respec-

tively. The single-mode numerical simulation of the normal-

ized spectral response of the strong TE01 mode is shown

in Figure 9(c) where, as expected, the input pulse initially

undergoes SPM followed by soliton fission and generation

of a phase-matched DW at≈2.2 μm, in good agreement with
the phase mismatch calculation reported in Figure 9(a).

Meanwhile, the single-mode simulation of the normalized

spectral response of the TM01 mode shown in Figure 9(d)

shows that this weak mode does not have enough energy

to induce soliton formation and spectral broadening. When

the two modes propagate at the same time through the

waveguide (see Figure 9(e) and (f) for the spectral evolution

of the strong TE01 and the weak TM01 mode, respectively),

the TE01 mode experiences the same dynamics described

before, while a relevant spectral broadening of the weak

TM01 mode is induced by the iXPM effect. Thereby, the spec-

trum of the weak mode becomes sufficiently broad to reach

the spectral region where the phase-matching condition

is satisfied thus causing the formation and growth of an

intermodal DW (iDW) radiation. The authors confirmed the

origin of such an effect by performing a third simulation

where the two modes propagated simultaneously, but the

iXPM was not included in the numerical algorithm. This

case is shown in Figure 9(g) and (h) for the TE01 and TM01

modes, respectively, confirming that the TM01 modedoes not

experience any spectral broadening.

SC generation by soliton fission has proved an

extremely powerful and flexible technique. Despite this,

the level of coherence of the radiation can be limited by the

modulation instability effect, especially in the presence of

pump pulses that carry high phase noise [207]. Such an issue
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Figure 9: Comparison of single-mode and multimode numerical simulations carried out by Lüpken et al. [206] to demonstrate the effect of intermodal

DW generation. Phase mismatch (PM) versus wavelength for (a) the single-mode and (b) the multimode case; single-mode numerical simulations of

the normalized spectral dynamic of (c) the high-energy TE01 mode and (d) the low-energy TM01 mode; spectral dynamics of (e) the high-energy TE01
mode and (f) low-energy TM01 mode resulting from a numerical simulation where both modes were excited simultaneously; (g) and (h) report

numerical simulations in the same conditions as in (e) and (f), but with disabled iXPM. The dashed lines indicate the phase-matched wavelengths.

PSD: power spectral density. This figure is reproduced from ref. [206] under a CC BY 4.0 license.

can be tackled by following a completely different approach

based on the exploitation of nonlinear media exhibiting

normal dispersion in the wavelength range of interest, thus

suppressing the role of modulation instability. In such a

case, SC generation is primarily due to SPM and optical

wave breaking [208]. Cheng et al. extended this concept

to the multimodal case, by exploiting a chalcogenide

(As2Se3) multimode strip waveguide, which represents

a promising material for MIR SC generation due to its

transparency window in the wavelength range from 0.85

to 17.5 μm [209]. The waveguide structure was properly

optimized to guarantee that the pump pulses travel in

the normal dispersion regions of the three employed

optical modes TE00, TE10 and TE20. Through numerical

simulations, the authors investigated the best conditions

in terms of the wavelengths of the pump pulses launched

in the normal dispersion regions, peak powers and pulse

durations. Highly coherent and octave-spanning MIR SC

was generated by the three modes when an optimized

pump pulse with 80 fs pulse duration, 3 kW peak power,

and a 3 μm central wavelength was used.

To conclude, the use of integrated multimodal plat-

forms opens up new perspectives for SC generation. The

critical factors are represented by the spectral transparency

range of the chosen nonlinear platform and the ability to

engineer the dispersion of all themodes involved in the pro-

cess over a wide band. High-performance and broadband

building blocks for modal coupling and manipulation may

represent a turning point in the development of integrated

devices for this specific application.
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5 Frequency combs and Raman

lasing

Integrated optical sources are fundamental for advanc-

ing photonic technologies. They enable the incorpora-

tion of light sources directly onto integrated photonic cir-

cuits and facilitate the cost-effective production of com-

pact and energy-efficient systems for advanced applications

in telecommunications, data processing, sensing, imaging

and quantum computing. Considerable research in this

area has progressed the integration of linear sources such

as distributed feedback lasers (DFBs) [210], vertical-cavity

surface-emitting lasers (VCSELs) [211], light-emitting diodes

(LEDs) [212], Fabry–Perot lasers [213], and quantum dot

lasers [214]. However, new emerging applications have

brought increasing attention to optical sources that exploit

nonlinear effects, such asOPOs [215], [216], optical frequency

combs [217] and Raman lasers [218] because they can gener-

ate coherent and ultra-broadband light in a wide range of

wavelengths without relying on the material properties of

an active medium.

Integrated micro-resonators realised in a variety of

materials and geometries, including whispering gallery

mode (WGM) resonators, micro-rings, micro-disks, and pho-

tonic crystals, have been essential for the development of

nonlinear optical sources. Although historically they have

been used in optical filters and modulators, these compact

optical cavities with a high-quality-factor (Q) can confine

light within a small volume for extended periods, signifi-

cantly intensifying light–matter interactions. By doing so,

they can enhance the nonlinear effects and reduce the

power requirements of nonlinear optical sources to enable

the generation of new frequencies. When paired with Kerr

nonlinearity, micro-resonators can be used to efficiently

generate frequency combswith equally spacedwavelengths

[217]. They can also be used to increase the efficiency of

the nonlinear Raman scattering process exploited in Raman

lasers to generate photons at a different wavelength with

low pump powers [218].

In recent years, micro-resonators based on multimode

waveguides have also gained interest. Unlike their single-

mode counterpart, they allow for complex interactions

between different modes that can be exploited to achieve

phase-matching in nonlinear processes. They provide larger

effective mode areas that support higher output powers

and offer an advantage in achieving the ultra-low losses

desirable in nonlinear applications since the optical modes

supported by the waveguide have a lower overlap with

their sidewalls, thus potentially reducing scattering losses

without requiring complex fabrication schemes.

In this section, we discuss how resonators based on

multimode waveguides have been used to explore new fre-

quency generation schemes, demonstrate frequency combs

with broadband operation and record-low threshold power

(both in single-mode andmultimode operation), and realise

widely-tunable Raman lasers. It is important to note that

many other types of microresonators, such as those utiliz-

ing whispering gallery modes, are not considered within

the scope of this review. Our emphasis is strictly on

the unique characteristics and applications of multimode

waveguidemicroresonators, which differ significantly from

othermicroresonator configurations. This distinction is cru-

cial for understanding the specific behavior of the devices

discussed here.

In the 2010s, researchers investigated multimode res-

onators as a way to generate multiple solitons within a sin-

gle device to create frequency combs with improved stabil-

ity and coherence for high-precision applications. Solitons

are stable and localised pulses that travel around the res-

onator without changing shape, which can only be obtained

when a balance between the waveguide dispersion and the

nonlinear effects is achieved.

In 2017, Yang et al. demonstrated the Stokes soliton for

the first time by utilizing the Raman amplification induced

by a Kerr-generated soliton in a 3 mm silicaWGM resonator

with a Q factor of 250 million [219], [220]. This achievement

was possible because the resonator supported an additional

transverse mode family within the Raman gain spectrum

that had a free spectral range (FSR) closely matching that

of the Kerr soliton. When the resonator was pumped at

1,550 nm, generating a primary soliton with a frequency of

22 GHz, a second soliton emerged at 1,593 nmwith the same

frequency (see Figure 10(a) and (b)). This confirmed the opti-

cal trapping of the Stokes soliton by the Kerr soliton, as both

of them exhibited synchronized repetition rates despite

their differing absolute optical frequencies. This was the

first observation of soliton trapping in multimode cavities.

A year later, Lucas et al. demonstrated a scalable

method to simultaneously generate multiple dissipative

Kerr soliton (DKS) based micro-combs in a crystalline MgF2
WGM cavity [221]. This multimode resonator supported 5

mode families that could sustain DKS formation with Q

factors exceeding 10 × 109. In this case, the simultaneous

pumping of two resonances was achieved via the electro-

optical modulation of a 1,554 nm laser with a single side-

band and without carrier suppression. The modulation rate

was selected to match the frequency separation of the

two resonant modes. Since both mode families had dis-

tinct FSRs, the generated pulse streams had different rep-

etition rates with an offset that was large enough to prevent
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Figure 10: Frequency comb generation in multimode resonators. (a) FSR dispersion spectra for the Stokes-soliton forming mode family in three

devices. The horizontal dashed lines give the repetition frequency of the primary soliton in each device [220]. (b) The measured primary and Stokes

soliton spectra corresponding to the devices in (a) [220]. (c) Optical spectrum of the co-propagating dual-comb demonstrated in refs. [221], [222].

(d) Optical spectra of the two counter-propagating combs demonstrated in refs. [221], [222]. (e) Schematic of TE-polarized comb generation from

a TM-polarized soliton comb [223]. (f) Optical spectrum of the TE- and TM-polarized combs (left) and zoom-in view (right) in the spectral range

1,540–1,550 nm [223]. (a)–(b) Panels are reproduced with permission from ref. [220] ©2017 Optica Publishing Group. (c)–(d) Panels are adapted

from ref. [222] under a CC BY 4.0 license. (e)–(f) Panels are reproduced with permission from ref. [223] ©2019 Optica Publishing Group.

soliton locking. The authors showed that the twomode fam-

ilies could be excited in co-propagating (see Figure 10(c))

or counter-propagating directions (see Figure 10(d)) with

excellent coherence and that, by locking the laser to the

resonator, the dual combs could be stably maintained for

more than 12 h.

Bao et al. proved the generation of orthogonally polar-

ized frequency combs as shown in Figure 10(e) via the XPM

of two transverse mode families using a SiN micro-ring res-

onator with a 900 nm × 1,550 nm cross-section, a radius of

119 μm and Q factors of 1.3 × 106 for TM and 7.8 × 105 for

TE polarisation [223]. To achieve this result, the micro-ring

was first pumped with TM polarized light at 1,555.9 nmwith

a power of 600 mW to generate a TM frequency comb with

a frequency of 191.8 GHz and a bandwidth of 5 THz. Then, a

TE-polarised seed at a corresponding resonant wavelength

(1,554.6 nm)was coupled to the ringwith a power of 6.3 mW,

which is much lower than the one required to generate a

TE-polarised comb on its own. Nevertheless, a TE frequency

comb was still produced by XPM induced by the strong TM

comb when using both pumps (see Figure 10(f)).

Research on multimode resonators then moved to

investigate the effect of higher-order dispersion to gen-

erate new frequency conversion schemes. In 2019, Kamel

et al. showed clustered frequency comb formation by util-

ising an intermodal FWM process between two differ-

ent transverse modes in a SiN micro-ring (cross-section

= 720 nm × 1,400 nm, radius = 56 μm) with intrinsic Q =
4 × 105 [224]. Since the resonator waveguides exhibited

anomalous dispersion at telecom wavelengths, the device
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was initially used to generate a frequency comb by pumping

it above its threshold power of 90 mW at 1,570 nm. After-

wards, the pump was slightly de-tuned to generate a side-

band in a higher-order mode (TE20) at the second harmonic

wavelength of 785 nm. Although SiN does not intrinsically

possess second-order nonlinearity, it is believed that sec-

ond harmonic generation was possible due to the effect

of the interface between the core material and the silica

cladding. The phase-matched FWM process between the

pump and its second harmonic then generated sidebands at

1,011 nm and 1,085 nm, which are wavelengths considerably

far away from the pump. Finally, as the pump wavelength

was tuned back into resonance, a clustered comb appeared

near 1,000 nm, since one of the sidebands acted as a pump

to generate the new comb.

Until the time of that research, most works had focused

on generating frequency combs usingwaveguides operating

in the anomalous dispersion regime because normal dis-

persion would inhibit the modulation instability required

to initiate a frequency comb. However, the need to further

improve the propagation losses of the fully integrated res-

onators in order to increase their Q factors and reduce the

threshold powers associated with optical frequency combs,

led to the investigation of comb generation in much bigger

waveguides operating in the normal dispersion regime. In

this regime, themode coupling, which is typically detrimen-

tal to comb generation, can be exploited to create hybrid

modes that avoidmodal crossings and break the normal dis-

persion. Furthermore, dual pump configurations can also

take advantage of XPM to induce the modulation instability

required for comb generation.

Zhang et al. proposed a silicon multimode racetrack

resonator driven by two pump lasers to achieve frequency

combgeneration in the normal dispersion regime exploiting

mode coupling andXPM [226], [227]. The racetrack resonator

(bend radius = 130 μm, length of the straight waveguide

of the racetrack = 1,000 μm) was based on a silicon rib

waveguide with a height of 220 nm, etch depth of 70 nm

and width of 2 μm with losses as low as 0.41 dB/cm that

enabled a high Q = 1.8 × 106. This waveguide operated in

the normal dispersion regime at wavelengths between 1,400

and 1,700 nm. However, when two pumps in the mode cou-

pling regimewere launched simultaneously, the presence of

the higher-order mode resonance affected the dispersion of

the fundamental mode enabling the generation of a highly

efficient frequency comb with 11 tones. In order to signif-

icantly decrease the pump power required to observe the

frequency combs, the authors applied a reverse bias to a

p-i-n diode fabricatednear the resonators to remove the free

carriers produced by TPA. When the applied reverse bias

was 25 V, the power required for the pumps was reduced to

a sub-milliwatt value of 0.3 mWwith a conversion efficiency

of −24.4 dB.
In 2022, Weng et al. presented the scheme illustrated in

Figure 11(a) to produce octave-spanning DKS-based combs

by injecting a single pump to two close resonances in a

SiNmultimode racetrack resonator (cross-section= 800 nm

× 1,680 nm, radius = 23.3 μm) with Q = 1.1 × 106 for the

TE00 mode and Q = 4.2 × 105 for the TE10 mode [225]. The

width of the multimode waveguide was designed to ensure

that the resonant wavelengths of the TE00 and TE10 modes

were separated only by 0.084 nm (see Figure 11(b)) so that

they both could be pumpedwith the same laser wavelength.

Since the resonator exhibited the near-zero anomalous dis-

persion crucial for broadband micro-comb generation, it

could be driven with a pump power of 150 mW in the

dual-mode scheme to achieve the modulation instability

micro-comb state with a spectral bandwidth of 136–240 THz

(Figure 11(c)(i)) and the single-soliton state with a wider

bandwidth of 125–322 THz (Figure 11(c)(ii)). The authors

also showed that with this configuration it was possible to

achieve the soliton crystal state at slightly higher pumppow-

ers (200–230 mW) in the presence of avoided mode cross-

ings (Figure 11(c)(iii) and (iv)). This state was characterised

by having regularly distributed soliton pulses with stronger

comb lines spaced by multiples of the cavity FSR, producing

combs with spectral bandwidth between 127 and 270 THz,

increased comb line power up to 31 mW, and enhanced

conversion efficiencies of 13.5 %.

Lately, research efforts have focused on optimising the

geometry of multimode resonators to further increase their

Q factors in order to achieve even lower threshold powers

when operating solely in the fundamental mode. Cui et al.

proposed a SiN racetrack resonator with adiabatic Euler

bends, as illustrated in Figure 12(a) and (b) [228], character-

ized for having a curvature which varied linearly to reduce

their footprint while ensuring the adiabatic transmission

of the fundamental mode with low intermodal coupling.

This resonator consisted of multimode waveguides (cross-

section = 800 nm × 3 μm) with a maximum propagation

loss of 3.3 dB/m. In this particular case, the radius of the

bends ranged from a minimum value of 100 μm to a max-

imum of 4,000 μm with an overall effective radius of only

195 μm. Although the designed multimode waveguide sup-

ported higher-ordermodes for both TE and TMpolarization,

no multimode interference was observed due to the design

of the bends and coupling regionswhich provided low cross-

talk with higher-ordermodes. Thanks to the ultra-low losses

of the multimode waveguides, the authors were able to

demonstrate a resonator with a Q of 10.8 × 106 and an FSR
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Figure 11: Octave-spanning DKS-based comb generation in multimode resonators. (a) Schematic of different thermal compensation schemes for Kerr

soliton generation discussed in ref. [225]: (top panel) dual-pumping for one single resonance and (bottom panel) single pump to two close resonances

(dual-mode scheme). RF: radio-frequency; FPC: fiber polarization controller; EDFA: Erbium-doped fiber amplifier. (b) Simulated integrated dispersion

profiles with a zoomed-in view of the dual-mode. RW: ring width. (c) Optical spectra of (i) modulation instability (MI) comb, (ii) single-soliton,

(iii) 2-soliton crystal (SC), and (iv) 3-soliton crystal states. All panels are adapted from ref. [225] under a CC BY 4.0 license.

Figure 12: Ultra-high Q multimode resonators for comb generation. (a) Schematic diagram of the compact ultra-high Qmultimode resonator based

on adiabatic Euler bends reported in ref. [228]. (b) Fabricated ultra-high Q SiN racetrack resonator [228]. (c) Measured transmission spectrum for a

multimode resonator with an ultra-high Q of 10.8 × 106 and an FSR of 65 GHz [228]. (d) Schematic of the micro-resonator with adiabatic bends design

reported in ref. [229]. (e) Measured transmission spectra with no higher-order modes observed (left) and with clear signatures of higher-order modes

(right) [229]. (f) Broadband frequency comb before phase locking with an FSR of 174 GHz [229]. (g) A phase-locked single soliton frequency comb close

to octave-spanning [229]. (a)–(c) Panels are reproduced from ref. [228] under a CC BY 4.0 license. (d)–(g) Panels are reproduced with permission from

ref. [229] ©2020 Wiley-VCH GmbH.

of 65 GHz that could be used to generate efficient optical

frequency combs (see Figure 12(c)).

Similarly, Ji et al. proposed a micro-ring resonator

with an optimised bend geometry designed to hinder

the excitation of higher-order modes and prevent the

increase of the power threshold required for nonlinear

processes (Figure 12(d)) [229]. The optimised design

was based on a highly multimode SiN waveguide

(cross-section = 730 nm × 2,600 nm), which significantly

reduced the losses due to sidewall roughness and provided a

dispersion favourable for broadband comb generation. The

bend region consisted of the same multimode waveguide

with a bending radius that changed in a nonlinear

manner, following a hyperbolic tangent function, from a

value of 900 μm close to the coupling section to a value

of 80 μm, which allowed for a small effective bending



32 — V. Vitali et al.: Nonlinear multimode photonics on-chip

radius. Although the multimode waveguide supported

10 transverse modes, this bend geometry ensured a high

degree of adiabaticity and effectively avoided the excitation

of higher-ordermodes. Using this configuration, the authors

were able to demonstrate a resonator with an ultra-high

intrinsic Q of 31.8 × 106 and ultra-low propagation losses

of <1 dB/m. Compared to resonators with constant bend

radius, the selected nonlinear adiabatic design ensured a

transmission that only dipped at the selected FSR without

traces of higher-ordermodes (see Figure 12(e)). This enabled

the generation of a broadband, almost octave-spanning

single-soliton frequency comb with an FSR of 174 GHz

covering the range from 1,097 to 2,040 nm, equivalent to

a spectral bandwidth of 126 THz, when phase-locking the

resonator using the micro-heater thermal tuning method

(Figure 12(f) and (g)). Furthermore, the design reduced the

pump power threshold to 73 μW for parametric oscillation

for a pump wavelength of around 1,560 nm.

More recently, Ye et al. demonstrated a robust tapered

buswaveguide design on anAlGaAs on insulator (AlGaAsOI)

platform to achieve selective-mode coupling in resonators

and increase theirQ factor without altering the shape of the

resonances [231]. The resonator consisted of a ring (cross-

section = 360 nm × 780 nm, radius = 25 μm) which sup-

ported both the TE00 and TE10 modes. This ring was paired

with a mode-selective bend tapered bus waveguide, whose

width was linearly tapered from W 1 (W 1 = W0 + 50 nm),

with W0 being the central waveguide width) to W2 (W2

= W0 − 50 nm), to effectively filter out undesired higher-

ordermodes evenwith fabrication variations of up to 30 nm

that enabled achieving Q factors as high as 4.4 × 105. The

authors also proposed using the same type of resonator

withwiderwaveguides (cross-section= 360 nm × 1,000 nm,

radius = 50 μm) operating in the normal dispersion regime
to generate dark-pulse combs. This type of comb exhibits

better thermal stability, as it is generated by tuning the blue

side of the resonance, whose range can be extended via

the thermal nonlinear effects. When pumping the resonator

at 1,580.23 nm, it exhibited a Q = 7.8 × 105 and an FSR =
265 GHz that allowed demonstrating dark-pulse combs with

an initial existence range of 77 GHz through forward tuning

that could be extended to 89 GHz with additional backward

tuning operation.

Besides optical frequency comb generation, multimode

resonators with high-Q factors have also been investi-

gated in the context of integrated Raman lasers to provide

higher output powers and reduce their pump threshold.

These lasers exploit Raman scattering to achieve single-

longitudinal mode operation with efficient wavelength con-

version over a wavelength range well beyond the pump

laser without requiring dispersion engineering. Initially, in

ref. [230], Zhang et al. showed a Raman laser using a multi-

mode racetrack resonator (radius = 130 μm, total length of
the racetrack cavity = 2.8 mm) based on the silicon waveg-

uide they previously used for optical frequency combs in

ref. [227] (Figure 13(a)). For silicon, the Stokes frequency

shift for Raman scattering is 15.6 THz. In this work, the cou-

pling ratios for the pump and the Stokes wavelengths were

designed below the required critical coupling ratios so that

only a small portion of the power was cross-coupled into

the racetrack section of the resonator. By doing so, most of

the power generated at the Stokes wavelength was trapped

in the cavity, enabling the build-up that eventually induced

Raman lasing at a 15.6 THz de-tuning from the pump wave-

length. When the lasing operation was tested with 1,340 and

1,519 nm pump wavelengths, Raman lasing was observed

once the pump power exceeded the lasing threshold (Figure

13(b)–(e)). The laser powers were 27.9 μWat 1,440.6 nm and

19.4 μW at 1,649.5 nm. The lower output power observed

at the longer wavelength was consistent with the smaller

Raman gain coefficient and larger nonlinear losses exhib-

ited by silicon at these wavelengths. By applying a bias of

25 V to a diode adjacent to the fabricated resonators, the

authors were able to reduce the lasing thresholds down

to 0.4 mW at 1,340 nm and 1.3 mW at 1,519 nm with slope

efficiencies of 1.4 % and 1.1 %, respectively.

Later on, Zhang et al. improved the design of the race-

track resonator by including two Euler bends and a bent

directional coupler to maintain high Q factors (2.2 × 106)

over a 200 nm wavelength range to demonstrate a step

tunable Raman laser [232]. In this case, the Euler bends

(maximum radiusRmax= 2,000 μm,minimum radiusRmin =
56 μm) were optimised to suppress the coupling of higher-
order modes, while the bent directional coupler was engi-

neered to provide a broadband coupling ratio that covered

the 1,260–1,490 nm range. The resulting laser exhibited a

tuning range of 157 nm between 1,320 and 1,480 nm, lasing

threshold power of 0.2 mW and slope efficiency of 27.5 %,

when injecting a pump wavelength between 1,240 and

1,380 nm with a 0.6 mW pump power and using a reverse

bias of 25 V to remove the free carriers generated when

the intra-cavity power was high. This approach provides a

good higher-order mode suppression since only one main

resonance was observed in the studied wavelength range.

As discussed in this section, the investigation of mul-

timode waveguides within micro-resonators has enabled

achieving high Q factors for the efficient generation of

both frequency combs and tunable Raman lasers with low

threshold powers. However, these devices still face chal-

lenges in terms of mode control and thermal management
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Figure 13: Raman laser based on a multimode racetrack resonator. (a) Configuration of the silicon racetrack resonator reported in ref. [230] and

modal characteristics. Transmission characteristics of the resonator around resonances of (b) 1,340 nm and (c) 1,519 nm. Measured Raman laser

spectra at pump wavelengths of (d) 1,340 nm and (e) 1,519 nm with a reverse bias voltage of 25 V. All panels are reproduced with permission from

ref. [230] ©2020 Wiley-VCH GmbH.

that must be addressed to fully harness their potential

for the realization of stable and efficient nonlinear optical

sources.

6 Conclusions

We have reviewed key research topics highlighting the

growing potential of introducing spatial modes in non-

linear integrated circuits. Table 1 reports the advantages

and limitations of nonlinear multimode photonics on-chip,

mainly compared to its single-mode counterpart, future per-

spectives and research directions for the various applica-

tions discussed in this review. The introduction of inter-

modal effects in nonlinear systems offers significant advan-

tages, such as enabling access to widely separated spectral

regions for both classical and quantum applications. This

approach also facilitates the development of widely tun-

able sources, even in spectral regions where such sources

are scarce, thereby making a broader part of the optical

spectrum accessible for different applications, and enables

extreme spectral broadening by increasing the dimension-

ality over which phase matching can be achieved. Addition-

ally, intramodal and intermodal effects in nonlinear multi-

mode waveguides offer a compelling route to introducing

parallelism in nonlinear optic schemes implementing logic

functions, enhancing data processing rates without increas-

ing the device footprint.

Beyond intermodal interactions, we have also exam-

ined applications that have used multimode waveguides to

benefit from the low loss propagation offered by the larger

dimension structures, but which have suppressed higher-

order modes. This strategy has proved effective in generat-

ing single-mode frequency combs and Raman lasers.

Material selection remains a critical challenge in real-

ising these nonlinear devices, with various options offering

distinct advantages. The variety of materials involved in

the applications we have reviewed underscores the ongoing

search for optimal solutions. Silicon nitride is particularly

attractive for its extremely broadband performance and

resistance to free-carrier effects at the more conventional

near-infrared wavelengths; this is in contrast to silicon,

which is limited by these effects. However, other nonlinear

materials, such as tantalum pentoxide and organic poly-

mers on silicon, have also gained interest.

Nonlinearmultimode photonics could also significantly

benefit from the implementation of topological photonic

structures, which are emerging as a powerful tool to enable

robust light transport in integrated platforms. The use of

topological phases in photonic crystals with high Chern

numbers allows the simultaneous propagation of multiple

unidirectionalmodes immune to backscattering, even in the

presence of substantial fabrication disorder. In this context,

Skirlo et al. showed that multimode one-way edge states

could be engineered in two-dimensional photonic crystals,

with eachmode associatedwith a distinct topological invari-

ant [233]. These results suggest the possibility of design-

ing multimode waveguides where intermodal interactions

can be enhanced or selectively suppressed depending on

the topological character of the supported modes. More

recently, the feasibility of integrating topological protection

into silicon photonics platforms has been demonstrated in

ref. [234], where topological and trivial edge states were

realized and distinguished in a one-dimensional array of

coupled waveguides. The ability to reconfigure the topo-

logical properties through local perturbations opens new

routes for dynamic control of modal dispersion, which

can be beneficial in broadband nonlinear processes such
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as intermodal FWM. Finally, in ref. [235], the generation

and transport of biphoton states in topologically protected

waveguides were experimentally demonstrated using a

one-dimensional array of coupled waveguides. The preser-

vation of quantum correlations despite structural disor-

der highlights the potential of these systems for quantum

nonlinear photonics. These approaches are highly comple-

mentary to the use of intermodal nonlinearities in engi-

neered multimode waveguides. The integration of topolog-

ical design principles could offer additional resilience to

modal phase-matching conditions and suppress undesired

back-conversion or crosstalk in parametric processes. As

topological photonicsmatures towards scalable integration,

its intersectionwithnonlinearmultimodeplatforms is likely

to yield novel functionalities, both in classical and quantum

regimes.

To realise the full potential of intermodal nonlinearities

in integrated devices, additional on-chip functionalities will

be essential. In this respect, we have reviewed demonstra-

tions incorporating components, such as mode converters

and splitters, paving the way for more sophisticated mul-

timode nonlinear systems. Future developments will inte-

grate active and passive elements – such as pump sources

for the nonlinear processes of interest, electro-optic modu-

lators, sensors and detectors – gradually enabling complete

optical systems that have traditionally relied on bulk com-

ponents to be realised within an integrated platform.

A natural direction for future work is the extension of

current approaches to systems supporting a greater number

of spatial modes. Most demonstrations to date involve only

two or threemodes, mainly due to the increased complexity

of achieving efficient intermodal phasematching and strong

nonlinear overlap as the modal order grows. Higher-order

modes are also more susceptible to losses and fabrication

variations.However, increasing thenumber ofmodeswould

directly scale several of the concepts highlighted in this

review. More mode pairs mean more independent phase-

matching channels, enabling broader and more flexible

spectral translation, including the possibility to concate-

nate multiple converted bands across a wide range, with

the only limitation being the material transparency. At the

same time, larger waveguides can handle higher optical

powers and support stronger nonlinear interactions with-

out compromising integration. Access to a richer set of spa-

tial profiles would also allow for finer spatial shaping and

routing of light, or the design of more complex switching

and logic gate schemes. These capabilities could be partic-

ularly valuable in applications that require high through-

put, broad spectral access, or multidimensional control.

The full exploitation of this high-dimensional space, both

theoretically and technologically, remains a largely open

and promising challenge for multimode nonlinear inte-

grated photonics.
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