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Abstract: The combination of integrated optics technologies with nonlinear photonics, which has
led to the growth of nonlinear integrated photonics, has also opened the way to groundbreaking
new devices and applications. Here we introduce the main physical processes involved in nonlinear
photonics applications, and we discuss the fundaments of this research area, starting from traditional
second-order and third-order phenomena and going to ultrafast phenomena. The applications, on
the other hand, have been made possible by the availability of suitable materials, with high nonlinear
coefficients, and/or by the design of guided-wave structures, which can enhance the material’s
nonlinear properties. A summary of the most common nonlinear materials is presented, together
with a discussion of the innovative ones. The discussion of fabrication processes and integration
platforms is the subject of a companion article, also submitted for publication in this journal. There,
several examples of nonlinear photonic integrated devices to be employed in optical communications,
all-optical signal processing and computing, or quantum optics are shown, too. We aimed at offering
a broad overview, even if, certainly, not exhaustive. We hope that the overall work could provide
guidance for those who are newcomers to this field and some hints to the interested researchers for a
more detailed investigation of the present and future development of this hot and rapidly growing
field.

Keywords: photonics devices; nonlinear photonics; integrated photonics; photonic structures; optical
materials; all-optical signal processing; all-optical computing; nonlinear optical sources

1. Introduction

Photonics has often been defined as the key technology of the 21st century. The term
“photonics” has certainly been coined in the 20th century, even if there is some incertitude
on the precise creation date of this word. Some ambiguity also remains about its frontiers
and the differences with respect to optoelectronics and electro-optics. One of the claims
is that the first appearance of the word was in 1952 [1]. However, many authors consider
the French scientist Pierre Agrain as the “father” of photonics, in 1967, but likely there was
an almost simultaneous invention of the word by a group of French physicists working in
lasers and fiber optics and by a Dutch group of high-speed photography specialists. A very
interesting analysis of the use of the term photonics, embracing history, philosophy, and
sociology of science, was published some years ago [2].

The word photonics, however, started to be broadly used only in the 1980s, when
the operators of telecommunications networks switched from electrical to fiber-optic data
transmission. Optical fiber systems are typically composed of discrete elements, such as
lasers, modulators, and detectors often packaged in a rack scale module. In 1969, inspired
by the rapid development of integrated electronics, the concept of integrated optical circuits
(IOCs) was proposed by researchers at Bell Labs [3]. Some twenty years later, the growth
in complexity of the optical architectures led to the introduction of the term photonic
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integrated circuits (PICs), and in 1991 a paper, again by researchers at AT&T Bell Labs,
presented an early review of InP-based PICs [4]. Then, it took more than a decade to
have the announcement of a breakthrough in photonic integration with the industry’s first
large-scale PIC: a 2005 article described a 100 Gb/s dense wavelength division multiplexed
(DWDM) transmitter and receiver PIC, fabricated through the integration of over 50 discrete
functions onto a single monolithic InP chip [5].

In most cases, the response of a material to an applied optical field is linear (i.e., the
strength of the response is proportional to the strength of the optical field), but all the way
back in the second half of the 19th century, John Kerr, in Glasgow, observed effects that were
proportional to the square of the applied field. These effects, which can be associated with
the birth of nonlinear optics, described how an isotropic transparent substance becomes
birefringent when it is placed in an electric field: two papers were published in 1875, the
first related to a solid dielectric [6] and the second to liquids [7]. Another pioneering work,
predicting quantum two-photon phenomena, was performed at the end of the 1920s by
Maria Goeppert-Mayer (a German physicist who moved to the United States in 1930) [8].
The field of nonlinear optics, however, became much more important and application-
effective after the discovery of the laser and the wide availability of intense light beams.
The center of the research moved from Europe to the United States, where around 1960, the
seminal studies by Peter Franken [9] and Nicolaas Bloembergen (a Dutch physicist who
had moved to the United States in 1945) [10,11] actually opened the route to the amazing
development of science and technology related to nonlinear optical phenomena. The first
nonlinear optics experiment in waveguides, showing second-harmonic generation (SHG) in
GaAs waveguides, was reported in 1971 by Anderson and Boyd, from the North American
Rockwell Science Center [12].

Since the efficiency of nonlinear interaction depends upon the interacting beam intensi-
ties (power/area) and is also proportional (either linearly or quadratically) to the interaction
distance, it soon became clear that optical waveguides offer important advantages. First,
the confinement of light intensity within an area comparable to the wavelength of light
leads to an enhanced field strength and high power density; second, the diffractionless
propagation in one or two dimensions results in interaction lengths over a distance (at
least of the order of centimeters, if not longer) much longer than the one obtained within a
bulk material. Definitely, waveguide geometries offer the best prospects for optimizing the
efficiency of nonlinear devices. Therefore, the subject of nonlinear integrated optics (NLIO)
and, more broadly, nonlinear integrated photonics (NLIP) has greatly expanded due to
the development of novel light sources, advanced materials, and very effective guiding
structures [13–22].

The materials of interest for realizing nonlinear optical devices are typically in bulk
form with interaction lengths in the millimeter range to obtain efficient buildup of the
nonlinear signal of interest. In nonlinear integrated photonics, nonlinear optical effects
must be exploited within photonics structures with dimensions comparable to or much
less than the incident light wavelength. In this scenario, nonlinear properties of optical
materials have become of paramount importance, with a dual role: on one side as sources
of detrimental effects (such as limiting effects in high-power fiber lasers and amplifiers)
and on the other side as essential elements to achieve a number of functions (such as
light generation and modulation). Ideally, the best material should have large nonlinear
susceptibilities of second and third order, ultrafast response time, and low linear and
nonlinear losses (e.g., due to two-photon absorption and free-carrier absorption) within
the desired wavelength ranges and the availability of mature manufacturing processes.
The latter are crucial for practical applications, requiring multiple active and passive
components.

The paper is organized as follows. In the next section, the fundamental aspects
of the most common parametric NLO effects, that is, second-order nonlinear processes
(second-harmonic generation (SHG), sum/difference frequency generation (SFG/DFG),
and optical parametric amplification (OPA)) and third-order nonlinear processes (third-
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harmonic generation (THG), four-wave mixing (FWM), Kerr effect, SRS, and SBS) are
described. As optical materials with favorable properties are the foundation to promote
integrated photonic devices with large bandwidth, high efficiency, and flexibility in high-
volume chip-scale fabrication, Section 3 is dedicated to optical materials of interest for
nonlinear photonics.

2. Fundamental Phenomena

The first described nonlinear phenomenon was the electro-optical Pockels effect in
1906 by the German physicist Friedrich Pockels. In this effect, occurring only in non-
centrosymmetric materials, the refractive index of a medium is modified in proportion to
the applied electric field strength, which can be applied to the medium either longitudinally
or transversely to the light beam. Transverse voltage requirements can be reduced by
lengthening the crystal. The electro-optical Pockels effect is used in many applications,
for example, EO modulation, high-speed optical shutters, electro-optical detection, and
electro-optical switching. The most important material for these applications is lithium
niobate (LiNbO3), which has been used for decades in long-haul telecommunication [23].

Unlike linear effects, nonlinear phenomena are subject to symmetry constraints.
Second-order nonlinear optical interaction can occur only in noncentrosymmetric ma-
terials (they do not display inversion symmetry); this means that in centrosymmetric
materials, the nonlinear optical susceptibility χ(2) is zero, whereas third-order nonlinear
interaction can occur in all materials. A fundamental feature of nonlinear processes is that
they can give rise to the exchange of energy among electromagnetic fields with different
frequencies. In this regards, nonlinear processes can be divided in two classes [24–26]:

In parametric processes, which include both second-order (second-harmonic genera-
tion (SHG) and sum or difference frequency generation (SFG and DFG)) and third-order
(third-harmonic generation (THG) and four-wave mixing (FWM)) nonlinear phenomena,
energy conservation and momentum conservation (i.e., the phase matching) must be satis-
fied. The fundamental point is that the material’s energy does not take part in the processes,
and the energy transfer can occur only among waves. Parametric processes are related
to non- or near-resonant interactions, where the initial and final quantum states are the
same; this means that the transitional electron populations on the energy levels return to
the initial condition, that is, there is no real absorption of photons. In a parametric process,
the population can be removed from the ground state only for those brief intervals of time
when it resides in a virtual level. Therefore, their lifetimes are extremely short (less than a
femtosecond). They are always described by a real susceptibility.

To enhance the efficiency of parametric process, the condition of phase matching must
be satisfied. This means that the phases of the incident and resultant waves must be in
synchronism. Generally, phase matching becomes a major challenge and a constraint that
limits the practical applications of the parametric process. On the other hand, because the
phase matching condition can be satisfied by only one of the frequency components of the
nonlinear polarization, it can work also as an effective method to select a single nonlinear
interaction among many possible interactions.

In non-parametric processes, the energy of the whole system, including the material,
is conservative, and the energy transfers between waves and materials exist simultaneously.
As a result, part of the wave energy transfers to other energy types in the material, such as
the optical phonon in the case of stimulated Raman scattering (SRS), the acoustic phonon
in the case of stimulated Brillouin scattering (SBS), and the electron level in two-photon
absorption (TPA). Non-parametric processes are related to resonant interactions, involving
real energy levels with different initial and final quantum states, whose population are
changed. In these processes, there is energy transfer from the photons to the host medium
with a relative longer lifetime. We note that non-parametric processes are described by a
complex susceptibility.
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2.1. Second-Order Phenomena

In these nonlinear effects, the nonlinear polarization (P(2)), which is proportional to
the product of two optical fields through the second-order nonlinear susceptibility, radiates
electric fields at the nonlinear frequency, growing linearly with distance propagation. The
second-order nonlinearities are of great importance for nonlinear photonic applications,
providing valuable options for optical frequency conversion, to generate new wavelengths
and to amplify weak optical signals [27,28].

In the history of nonlinear optics, the discovery of second-harmonic generation (SHG)
marked the birth of the field. SHG can be regarded as a wave-mixing process, where an
optical wave is mixed with itself, generating a new wave at twice the frequency. As a
consequence, part of the energy of the optical wave at frequency ω propagating through
the material is converted to that of a wave at 2ω.

The basic results of two waves mixing in a nonlinear medium is that either the sum
(i.e., sum frequency generation (SFG)) or the difference (difference-frequency generation
(DFG)) between the input frequencies can be generated. These generations are achieved
when a strong pump and a signal are injected into a second-order nonlinear medium and a
specific phase-matching condition, selecting only one process, is satisfied. SFG is useful for
converting an infrared beam into a more easily detectable visible beam by mixing visible
and infrared light or for generating ultraviolet light. In difference-frequency generation
(DFG), a weak input optical signal at frequency ωsignal is amplified by a strong laser pump
with higher frequency (ωpump > ωsignal), while an idler wave is generated The signal
amplification is the fundamental feature of DFG and the most important difference with
SFG. Since the signal is amplified by the DFG process, which is a parametric one, DFG is
also known as optical parametric amplification. It is worth noting that standard optical
amplifiers work only at frequencies corresponding to transitions among specific energy
levels, while parametric amplifiers, using transparent crystals, can amplify, in principle, any
frequency within the transparency window of the crystal, provided that phase matching
can be achieved. In the special case where ωpump = ωsignal , we have the exact reverse of
SHG. This process is called degenerate parametric amplification.

An amplifier becomes an oscillator when a positive feedback is provided, so the
parametric amplifier can be transformed into a parametric oscillator by using an optical
cavity. In parametric oscillation, when a strong pump ωpump injects into an optical cavity,
including a nonlinear crystal and providing resonance for the signal or the idler (or both),
the parametric gain will cause simultaneous oscillations at both the signal and the idler
frequencies. The parametric oscillation occurs through amplification of noise photons
initiated by parametric fluorescence, and its tuning range can be notably wide. This is of
great technical importance as it provides a means for generating intense coherent tunable
radiation in the infrared.

Due to the material dispersion of nonlinear media that impacts seriously the phase-
matching condition, the second-order nonlinear optical processes, usually, exhibit limited
spectral bandwidths. For bulk samples, the phase matching is typically obtained exploiting
birefringence in anisotropic nonlinear crystals or with periodically poled nonlinear crystals
(e.g., lithium niobate). In such nonlinear crystals, there is a stringent compromise between
phase-matching bandwidth and total conversion efficiency, which are inversely and directly
proportional, respectively, to the material’s thickness. In addition, the limited availability
of high-quality non-centrosymmetric crystalline materials in integrated photonic platforms
makes second-order nonlinearities less common as compared with third-order ones [27,28].
In Figure 1, the geometry of interactions and the energy level diagrams of the considered
second-order nonlinear phenomena are reported.
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Figure 1. (a) Second-harmonic generation, (b) sum-frequency generation, (c) difference-frequency
generation, and (d) optical parametric oscillations. In the left column, the geometry of interactions
is shown, while in the right column, the energy level diagrams describing the interactions are
represented.

2.2. Third-Order Phenomena

Third-order effects can be induced by monochromatic and polychromatic fields. In
the simplest case, when the applied field is monochromatic, two phenomena are achieved:
third-harmonic generation (THG) and intensity-dependent refractive index or Kerr effect.

THG can be considered as the third-order equivalent of SHG. According to the photon
description, in this process, three photons of frequency ω are destroyed, and one photon of
frequency 3ω is created. The main application of THG is the realization of ultraviolet (UV)
sources, where there are few choices for lasers. However, the practical use of THG requires
a material having a large χ3, a transparency window including both χ1 and χ3, and the
possibility of achieving phase matching, too. In Figure 2, the geometry of the interaction
and the energy level diagram of THG are reported.
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For a monochromatic incident field, third-order effects produce a material polarization:
P3 = ε0

(
χ3E2)E that leads to a term in which the factor

(
χ3E2) oscillates at the fundamental

frequency of the incident light. This causes the refractive index of materials to be described
by n(I) = n0 + γ ∗ I, where n0 stands for the linear refractive index, while the nonlinear
refractive index γ is related to the real

(
Re χ(3)

)
part of the third-order nonlinear suscep-

tibility. The intensity-dependent index of refraction induces the phase effects affecting
the beam propagation and leading to a number of related phenomena, i.e., self-focusing,
self-phase modulation (SPM), and cross-phase modulation (CPM). All these effects are
described by the real part of the susceptibility χ3 and are fundamental for nonlinear pho-
tonic applications because they lead to field-dependent modifications of certain material
properties, e.g., the refractive index of the medium, which make available a number of
devices in which it is possible to control light by light.

Self-focusing is an induced lens effect. Due to the nonuniform transverse intensity
distribution of propagating beam, the optical Kerr effect produces a transverse refractive
index profile that follows the intensity profile of the beam. If n2 is positive, a greater index
of refraction is induced on axis than in the wings of the beam, which causes the rays to
curve toward each other, creating a positive lens that tends to focus the beam.

In the general case, the applied field consists of three different frequency components,
and the third-order nonlinear polarization contains a number of contributions with different
frequencies. Among them are ω4 = ω1 +ω2 +ω3, ω4 = ω1 +ω2−ω3, ω4 = ω1−ω2 +ω3,
and ω4 = −ω1 + ω2 + ω3. These represent four possible mixing processes, called non-
degenerate four-wave mixing (NDFWM). In basic terms, NDFWM is the mixing of three
different frequencies ω1 6= ω2 6= ω3, which interact simultaneously with the medium, to
produce a fourth wavelength such that the respective frequencies obey one of the previous
four equalities. In Figure 3, we represent two of the four possible mixing processes. In
Figure 3, interactions and energy level diagrams of two of the possible mixing process are
reported.
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three input waves interact in a medium. On the left are the geometries of the interactions, and on the
right are the energy level diagrams describing the interactions.

The conjugated phase of an incident wave can be created by the degenerate FWM. In
this process, all the three mixed frequencies have the same frequencies ω1 = ω2 = ω3. They
interact in a nonlinear medium, which is illuminated by two strong counterpropagating
pump waves and by a signal wave. As a result, a new wave having the same frequency
(ω = 2ω−ω) is created that is the phase conjugate of the signal.

Note that for the special case of the dual degenerate FWM (DDFWM) when ω1 =
ω2 = ωp, two frequencies, related to a pump (ωp) and a weaker signal (ωs), can produce a
third one, which is known as the idler frequency, such that ωi = 2ωp −ωs holds. In other
words, in the DDFWM, two equal pump photons (ωp) are annihilated to create two output
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photons called the signal (ωs) and idler (ωi). In Figure 4, interactions and energy level
diagrams for the degenerate and dual degenerate FWM are reported.
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We note that in the DDFWM, conservation of energy requires the idler and signal being
equally separated from the pump since ωp + ωp = ωs + ωi ⇒ ωp −ωs = ωi −ωp . In the
case of the non-degenerate FWM, the process features two different input photons (ωp and
ωs) and again an idler (ωi) and signal (ωs′ ) photon as the output. In this case, conservation
of energy requires ωp + ωs = ωs′ + ωi ⇒ ωp −ωi = ωs′ −ωs , which implies that the
signal and idler photons have the same detuning from the two input photons.

An SRS phenomenon occurs in the presence of a high-energy transfer from a high-
power pump beam to a probe beam (copropagating or counterpropagating) [29,30]. In
particular, this energy exchange occurs when the frequency difference between the pump
and the Stokes laser beams matches a given molecular vibrational frequency of the sample
under test. The SRS effect occurs in the form of a gain of the Stokes beam power (stimulated
Raman gain (SRG)) and a loss of the pump beam power (stimulated Raman loss (SRL)).
SRS depends on the pump intensity and on a gain coefficient. The latter is proportional to
the spontaneous Raman scattering cross section and inversely proportional to the linewidth
of the corresponding Raman line. Because of its coherent nature, the molecular bonds
oscillate in phase and interfere constructively inside the focus area of the laser beam. As a
consequence, an SRS signal, which is orders of magnitude bigger than spontaneous Raman
scattering, is generated (about 20–30% of the incident laser radiation can efficiently be con-
verted into SRS). Due to its Raman-shifted output, SRS is a workable method for generating
coherent radiation at new frequencies. SRS permits, in principle, the amplification in a wide
interval of wavelengths, from the ultraviolet to the infrared. Since the Raman frequency
of a medium is usually fixed, a tunable pump laser is required to achieve Raman source
tunability [31,32]. In Figure 5, the SRG and SRL modalities and level diagrams for SRS
phenomena are reported.
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In the last two decades, SRS in nanophotonics has received considerable attention [33–45].
Raman lasers in high-Q resonators have been long investigated because they allow attaining
quite low pump threshold powers and high Stokes output powers, when the cavities are
designed to have high Q factors at both pump and Stokes wavelengths. A high Q factor
over a broad wavelength range is necessary if the Raman lasers are to have a wide tuning
range at every resonant wavelength. Single-mode waveguide resonators have good mode
confinements for enhanced optical nonlinearities, but they suffer from high propagation
losses (typically about 2 dB/cm). On the other hand, conventional multimode racetrack
resonators, consisting of one multimode bus waveguide and one multimode racetrack,
offer smaller propagation losses for the fundamental modes, but their drawback is the
reduction in Q factors of the fundamental mode-based resonances. In ref. [46], a new
approach using multimode silicon concentric racetracks, allowing high Q factors to be
maintained in every single FSR over a broad optical bandwidth, was presented. Based
on this resonator, a widely tunable Raman lasing spanning from 1325 to 1841 nm was
experimentally demonstrated [46].

Brillouin scattering describes the scattering of an optical wave from an acoustic wave,
which can be a longitudinal pressure/density wave in a solid, gas, or liquid; an acoustic
surface wave; or a transverse acoustic wave. When an optical wave is scattered from
the acoustic wave, a frequency-shifted optical wave is generated, called the Stokes wave,
when lower in frequency than the pump wave, and the anti-Stokes wave, when at a higher
frequency. This process can be stimulated, which leads to an exponential gain of the optical
Stokes wave. A small optical seed that counterpropagates the optical pump creates an
optical beat pattern. The small seed can be a laser coupled from the opposite side into
the medium than the pump or originate from the scattering of the pump from thermal
phonons; see Figure 6. When the frequency separation of the pump and the seed matches
the Brillouin frequency shift (BFS) in the medium, then the optical beat pattern reinforces
the acoustic wave via electrostriction, which, in return, amplifies the seed/Stokes wave via
scattering of the optical pump from the moving acoustic wave. This feedback can create
strong amplification of the initially weak seed/Stokes wave [47]. In Figure 6, level diagrams
for SBS phenomena are reported.



Micromachines 2023, 14, 604 9 of 25Micromachines 2023, 13, x FOR PEER REVIEW 9 of 25 
 

 

 
Figure 6. SBS generator on the top and SRS amplifier on the bottom. 

A new trend of Brillouin research focuses on integrated photonic platforms. Mi-
croscale waveguides, engineered to guide acoustic and optical waves, enable new ways 
to control and manipulate optical signals and promise many novel applications in a com-
pact and small footprint. Recently, two parallel trends for chip-scale platforms emerged: 
(1) SBS in high-Q resonators to enable SBS enhancement and (2) low-loss on-chip wave-
guides that guide both optical and acoustic modes. In the optical domain, SBS is used to 
achieve functionalities such as non-reciprocity and optical isolation, nonlinear mode con-
version, delay and storage of optical signals, and ultra-narrowband lasing in resonators. 
A deeper understanding of the fundamental interactions between light and sound has 
drawn substantial interest in recent years toward optomechanical cavities that aim to ad-
dress fundamental scientific questions, for example, the observation of quantum effects in 
macroscopic systems [48]. 

In nonlinear regimes, the optical absorption of materials is described by 𝛼ሺ𝐼) = 𝛼଴ +𝛿 ∗ 𝐼, where 𝛼଴ stands for the linear absorption, while nonlinear absorption 𝛿 is related 
to the imaginary ൫𝐼𝑚 𝜒ሺଷ)൯ of the third-order nonlinear susceptibility. Nonlinear absorp-
tion phenomena refer to the change in transmittance of a material as a function of inten-
sity. They involve two-photon absorption (TPA), saturable absorption (SA), or multipho-
ton absorption (MPA) [24,25]. 

Two-photon absorption (TPA) is a third-order nonlinear optical interaction, in which 
two photons are simultaneously absorbed through a virtual intermediate state to produce 
a real excitation. We can distinguish between two types of TPA: a degenerate process, in 
which two photons with the same wavelength are absorbed, and a nondegenerate process, 
in which one photon with wavelength λp from a pump source and one photon from a 
signal source with wavelength λs are both absorbed. The latter can be applied to modulate 
a probe signal through a process called cross-absorption modulation (XAM). Nonlinear 
absorption and related phenomena such as two-photon absorption and saturable or re-
verse saturable absorption have some important applications in light generation (Q-
switching and mode-locking lasers), in laser modulation, taking advantage of cross-mod-
ulation (XAM), and in nonlinear detection of light by TPA. In Figure 7, level diagrams for 
DTPA and NDTPA are reported. 

Figure 6. SBS generator on the top and SRS amplifier on the bottom.

A new trend of Brillouin research focuses on integrated photonic platforms. Microscale
waveguides, engineered to guide acoustic and optical waves, enable new ways to control
and manipulate optical signals and promise many novel applications in a compact and small
footprint. Recently, two parallel trends for chip-scale platforms emerged: (1) SBS in high-Q
resonators to enable SBS enhancement and (2) low-loss on-chip waveguides that guide both
optical and acoustic modes. In the optical domain, SBS is used to achieve functionalities
such as non-reciprocity and optical isolation, nonlinear mode conversion, delay and storage
of optical signals, and ultra-narrowband lasing in resonators. A deeper understanding of
the fundamental interactions between light and sound has drawn substantial interest in
recent years toward optomechanical cavities that aim to address fundamental scientific
questions, for example, the observation of quantum effects in macroscopic systems [48].

In nonlinear regimes, the optical absorption of materials is described by α(I) =
α0 + δ ∗ I, where α0 stands for the linear absorption, while nonlinear absorption δ is related
to the imaginary

(
Im χ(3)

)
of the third-order nonlinear susceptibility. Nonlinear absorption

phenomena refer to the change in transmittance of a material as a function of intensity.
They involve two-photon absorption (TPA), saturable absorption (SA), or multiphoton
absorption (MPA) [24,25].

Two-photon absorption (TPA) is a third-order nonlinear optical interaction, in which
two photons are simultaneously absorbed through a virtual intermediate state to produce
a real excitation. We can distinguish between two types of TPA: a degenerate process, in
which two photons with the same wavelength are absorbed, and a nondegenerate process,
in which one photon with wavelength λp from a pump source and one photon from a
signal source with wavelength λs are both absorbed. The latter can be applied to modulate
a probe signal through a process called cross-absorption modulation (XAM). Nonlinear
absorption and related phenomena such as two-photon absorption and saturable or reverse
saturable absorption have some important applications in light generation (Q-switching
and mode-locking lasers), in laser modulation, taking advantage of cross-modulation
(XAM), and in nonlinear detection of light by TPA. In Figure 7, level diagrams for DTPA
and NDTPA are reported.
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In contrast to the TPA process where the absorption increases with light intensity
reverse saturable), SA exhibits the opposite trend. Due to the saturation of excited electrons
filling the conduction band and hence preventing further transitions due to Pauli blocking,
in saturable absorption, when the frequency of incident light is near an absorption resonance
of the material, as the intensity increases, an absorption reduction is obtained. The SA is
useful for applications such as mode-locked fiber lasers and all-optical modulators.

Multiphoton absorption is a process in which an atom or molecule undergoes a transi-
tion from a ground state to an excited state by means of the simultaneous absorption of N
photons. Multiphoton transitions take place via “virtual” energy levels. This phenomenon
can be used for the three-dimensional microfabrication of photonics devices.

2.3. Ultrafast Phenomena

Nowadays, photonics is the technology of choice for the transmission and routing
of vast amounts of very high-speed data through optical fibers [49,50]. The fabrication
of low-loss single-mode optical fibers has made possible optical communication links
with demonstrated bandwidths exceeding several terahertz, which are used to transmit
data over hundreds of kilometers, without the need of any regeneration stage. As the
demand for bandwidth increases, communication systems are forced to use higher bit rates
and, hence, to require shorter pulses, for which waveguide dispersion tailoring becomes
fundamental.

We note that even for the case of the medium with a linear response, the shape of
a laser pulse can be modified by means of propagation effects, such as dispersion of the
group velocity within the medium. Given a single input pulse at the carrier frequency
ω0, each spectral component of the input field propagates as a plane wave and acquires
a slightly different phase shift because of the frequency dependence of the propagation
constant β. It is useful to expand β in a Taylor series around the carrier frequency ω0,
and depending on the pulse bandwidth, the second-order dispersion term (β2), called the
group velocity dispersion (GVD), and the third- or higher-order dispersion terms must be
considered. After transmission, even if the initial pulse is unchirped, the transmitted pulse
becomes chirped, and the sign of linear chirp depends on the sign of GVD; if β2 > 0, an up
chirp is obtained and a broadening of pulse in time is achieved, while if β2 < 0, a down
chirp is obtained. The latter can be used for the compression of laser pulses.

When short optical pulses propagate through third-order nonlinear optical media
and the dispersive term can be neglected, their spectral content can be modified by a
nonlinear optical process named self-phase modulation The optical Kerr effect produces a
time-dependent change in the refractive index, which induces a time-variable phase shift ϕ
of the propagating wave. As a result of the of nonlinear varying phase, the spectrum of
the transmitted pulse will be typically broader than the incident pulse, i.e., new frequency
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components are created, keeping the temporal shape unaltered [49–52]. As an example, in
Figure 8, self-phase modulation achieved in high-index silica glass is reported.
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(<0.06 dB/cm) and 45 cm long spiral integrated waveguide of high-index silica glass [49]. In this
figure, experimentally measured output power spectra (solid blue lines) and theory (dashed red lines)
for different input (coupled) power levels are reported. Reprinted with permission from [52] © The
Optical Society.

The intensity dependence of the refractive index leads to another nonlinear phe-
nomenon known as cross-phase modulation (CPM). When two or more optical pulses
propagate simultaneously, the cross-phase modulation is always accompanied by SPM and
occurs because the nonlinear refractive index seen by an optical beam depends not only
on the intensity of that beam but also on the intensity of the other copropagating beams.
In fact, CPM converts power fluctuations in a particular wavelength channel to phase
fluctuations in other copropagating channels. The result of CPM may be an asymmetric
spectral broadening and a distortion of the pulse shape. The CPM phenomenon can be
used for optical switching, using interferometric methods. In an interferometer, a weak
signal pulse can be divided equally between two arms, it experiences identical phase shifts
in each arm, and it is transmitted through constructive interference. When a pump pulse
at different wavelength is injected into one of the arms, it will change the signal phase
through CPM phenomenon in that arm. If the CPM-induced phase shift is large (close to
π), this phase shift results in destructive interference and hence no transmission of signal
pulse [49,50].

An interesting nonlinear phenomenon is supercontinuum (SC) generation [53,54]. An
ultrabroadband emission is produced by a material upon irradiation with an intense laser
source, due to a complicated interplay among dispersive term and NLO processes, such as
self-phase modulation, stimulated Raman scattering, and soliton effects [50,51]. In Figure 9,
as an example, measured SC in a tellurite microstructured optical fiber (MOF) is reported.
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Figure 9. Measured SC in a tellurite microstructured optical fiber (MOF) at the pump wavelengths
of ~1958 nm with average pump powers of ~500, 650, and 800 mW. With the average pump power
increasing to ~800 mW, the broadband mid-infrared SC generation with the spectrum from ~900 to
3900 nm is observed. Reprinted with permission from [54] © The Optical Society.

In optics, an optical wave packet (a pulse or a beam) has a natural tendency to spread
as it propagates in a medium, due either to chromatic dispersion or to spatial diffraction.
When this natural broadening is compensated by a nonlinear process, a stable self-localized
wave packet is formed. Such a self-trapped wave packet, whether in time or space or both,
is known as an optical soliton. Solitons are localized wave entities that can propagate in
nonlinear media, exhibiting invariant or recurrent propagation behavior. This means that
the mutual compensation of dispersion and nonlinear effects can take place continuously
with the distance as in the case of “classical” solitons or periodically as in the case of
dispersion-managed solitons [55,56].

The temporal broadening of a pulse in a dispersive material due to chromatic disper-
sion, i.e., linear group velocity dispersion (GVD), can be compensated by the narrowing
associated to self-phase modulation (SPM), so that a narrow pulse can propagate without
temporal spreading. We note that when the normal dispersion is positive (β2 > 0), both the
pulse shape and spectrum change as the pulse propagates through the fiber/waveguide,
and the combined effects of GVD and SPM cause a broadening of the pulse both in time and
frequency. Whereas for anomalous dispersion (β2 < 0), where β2 and n2 can have opposite
signs, the group velocity dispersion induces a down chirp, while SPM nonlinearity induces
an up chirp, so these two effects can compensate each other. This could be surprising since
GVD affects the pulse in the time domain, while the SPM effect is in the frequency domain.
However, a small time-dependent phase shift added to a Fourier transform-limited pulse
does not change the spectrum to first order. If this phase shift is canceled by GVD in
the same fiber, the pulse does not change its shape or its spectrum as it propagates [55].
Temporal solitons have been observed in laser resonators [57], microresonators [58,59], and
microcombs [60]. In each of these cases, nonlinear compensation of GVD is provided by
the Kerr effect.

Optical spatial solitons are shape-invariant self-guided beams of light, i.e., their beam
diameter remains invariant during propagation in nonlinear media, thanks to a dynamical
balance between diffraction and a self-focusing effect. In other words, a laser beam can
produce its own dielectric waveguide and propagate without spreading. To obtain this
result, it is necessary to compensate the spatial broadening of the beam due to diffraction
during the propagation with the self-focusing. At low intensities, the nonlinear Kerr effect
can be neglected, and the beam spreads under diffraction inducing a positive wavefront
curvature. In contrast, an intense single beam with a well-shaped intensity profile at its
waist generates a refractive index distribution looking like a graded index thick lens when
the n2 coefficient is positive, and as a consequence of balance with diffraction, a constant
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transverse dimension of the beam during propagation is maintained. An analysis of this
phenomenon shows that it occurs when the power carried out by the beam is exactly equal
to the critical power for self-trapping [61,62]. As an example, Kerr spatial solitons in slab
chalcogenide waveguides at near-IR wavelengths have been observed [63].

Distortionless propagation, i.e., a mechanism capable of holding together the beam in
the space and time domain, has a great technological relevance for optical telecommunica-
tions [55,58]. The use of fundamental solitons as an information bit can solve the problem
of dispersion because in a fiber channel, nonlinear phase modulation can compensate for
linear group dispersion leading to pulses that propagate without changing the temporal
shape and spectrum. Chip-scale devices that support optical solitons harness high field
confinement and flexibility in dispersion engineering for significantly smaller footprints
and lower operating powers compared with fiber-based equivalents [64–67]. In Figure 10,
a temporally bright spatiotemporal pulse-train soliton is reported as an example [67].
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Figure 10. Temporally bright spatiotemporal pulse-train soliton. Intensity of the soliton in plane xz
(a) and t-z (b) demonstrating the stationary propagation. (c) Intensity in x-y-t at the input and output
faces of the sample. Intensity profiles in the x direction (d) and t direction (e) at the input and output
faces of the sample. Width (FWHM) of the intensity in the x direction (f) and t direction (g) versus
propagation distance for linear and nonlinear propagations. Reprinted with permission from [67] ©
The Optical Society.

3. Photonic Nonlinear Materials

In this section, we classify photonic nonlinear materials in three groups: semiconduc-
tors, glassy material and lithium niobate, and innovative materials.

3.1. Semiconductors

In the last decades, silicon photonics has received considerable attention. The main
advantage of silicon photonics has been its compatibility with mature CMOS technology,
offering structure sizes down to 10 nm at low cost. Silicon photonics has proven to be a
promising technology (and in some cases a very effective solution) for a variety of applica-
tions; data center transceiver application has been the most successful, but consumer health
and photonic computing are now emerging as rapidly growing fields. Other important
applications, such as free-space communication, chemical and biomolecular sensing, and
infrared spectroscopy, would push the development of integrated photonics toward the
mid-infrared region, but another shortcoming of SOI platform is related to the loss of the
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buried oxide layer of the SOI waveguides at mid-infrared wavelengths. Silicon photonics
also extends to highly integrated multifunctional devices that perform both optical and
electrical operations on a single low-cost chip [68–70].

On the other hand, the major challenge in the development of active silicon elements
is due to the indirect bandgap of silicon, which makes spontaneous emission unlikely and
thus prevents lasing. This physical limitation with respect to light emission is a serious
drawback when compared with integrated optical devices based on III-V direct bandgap
materials, which are capable of efficiently emitting light. Overcoming this limitation in
silicon is considered to be the holy grail of silicon photonics. Unfortunately, for a variety of
reasons, room temperature electrically injected silicon-based lasers remain elusive to date.
Another important shortcoming is that silicon does not absorb light at wavelengths above
the material’s bandgap (∼1.1 µm), so light detection is prevented in the range of interest
for telecommunications [68–72].

When going to nonlinear optical applications, several shortcomings are long known,
such as the high optical absorption at telecommunication wavelengths and the inherent
lack of second-order optical susceptibility (χ(2)) due to Si centrosymmetric lattice structure.
The latter, of course, limits the use of Si photonics for standard applications, such as the
development of electro-optic silicon modulators based on second-order nonlinear effects.
In recent years, many types of third-order nonlinear optical phenomena have been investi-
gated in silicon-based photonic devices. Substantial progress has been achieved, e.g., in
the field of Raman amplification, while nonlinear effects such as two-photon absorption
(TPA), self-phase modulation (SPM), cross-phase modulation (XPM), continuum gener-
ation, four-wave mixing (FWM), and the optical Kerr effect have also been successfully
demonstrated and thoroughly investigated, on time scales ranging from the femtosecond
to the nanosecond regime. However, even if silicon has large Si third-order optical sus-
ceptibility (χ(3)) compared with silica fibers or a silica integrated optical platform [73], the
exploitation of silicon photonics devices is limited, at least at telecom wavelengths, by the
presence of two-photon and free-carrier absorptions (TPA and FCA), at the required high
optical intensities [68–74].

In order to address the shortcomings of silicon photonics, several materials have been
investigated based on the heterogeneous integration of other material systems on silicon
substrates, with the common requirement to remain compatible with the complemen-
tary metal-oxide-semiconductor (CMOS) technology [75]. The typical materials adopted
for these heterogeneous integrations include GeSi, Ge-on-Si, silicon nitride (SiN), amor-
phous silicon (a-Si), silicon nanocrystal (Si-nc) [34–42], and silicon carbide (SiC). While
germanium’s cutoff wavelength of ~1.8 µm appeals as a perfect choice, in order to realize
photodetectors, SiN, a-Si, Si-nc, and SiC are considered as appealing material for nonlinear
photonic applications.

SiN has been routinely used in fabrication processes and final device structures for elec-
tronic integrated circuits. Due to its wide transparency window from visible to mid-infrared,
progress on advanced SiN fabrication processes has enabled ultra-low propagation losses
in waveguide structures. Due to the larger energy bandgap, SiN shows negligible TPA in
the telecom bands, while the Kerr coefficients (n2) of stoichiometric and non-stoichiometric
SiN are about an order of magnitude and about three times smaller than silicon [76], re-
spectively. However, the combination of linear and nonlinear optical properties makes
photonic signal processing based on silicon nitride a promising research area. Silicon-rich
nitride waveguides for ultra-broadband nonlinear signal processing (e.g., wavelength
conversion and radio-frequency spectrum analyzer) have been demonstrated [77,78]. Re-
cently, large second-harmonic generation enhancement in Si3N4 waveguides has been also
demonstrated [79,80].

A drawback of silicon-rich and ultra-silicon-rich nitride films, realized by CVD, is
the presence of N–H bonds and Si–H bonds, which possess absorption overtones close to
1.55 µm. In order to reduce Si–H related loss, precursor gases, which do not contain any
Si–H bonds, can be considered. Deuterated silane (SiD4) is chemically almost identical
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to SiH4, but the Si–D bonds have an absorption overtone close to 2 µm. In ref. [81], the
growth and optical characterization of silicon-rich nitride films grown using SiD4 gas were
reported. The absence of Si–H bonds and a reduction of propagation losses in waveguides
compared with a conventional SRN film were demonstrated. A nonlinear refractive index
of 980× 10−20 m2 W−1, about two orders of magnitude larger than in stoichiometric silicon
nitride, was demonstrated. The bandgap of 1.9 eV indicates that two-photon absorption is
absent at a wavelength of 1.55 µm.

Amorphous silicon (a-Si) has been identified as a possible solution to overcome the
main limitations showed by the SOI platform. Indeed, a-Si shows enhanced nonlinear
performance with respect to crystalline silicon, exhibiting an enhanced Kerr response. The
Kerr coefficient (n2) is about an order of magnitude greater than that of silicon [82–84].

Silicon carbide (SiC) exhibits unique optical properties that can be utilized for novel
photonic devices. SiC is a wide bandgap compound semiconductor, so it is a transparent
material from the UV to the infrared, and it is a meta-material in the mid-infrared range.
Improving the quality factor (Q) of the microring and microdisk resonators in the SiC
on insulator (SiCOI) platform, NLO effects based on high second-order and third-order
nonlinear coefficients have been recently observed also by nanostructuring SiC [80,81].
The third-order nonlinearity n2 of 60 × 10−20 m2/W at 1550 nm for 4H-SiC [85,86] was
reported, while in a-SiC, a value of the Kerr nonlinearity of n2 = 480 × 10−20 m2/W was
estimated [87], which is of the same order of magnitude as silicon. The unique combination
of excellent electronic, photonic, and spintronic properties of SiC has prompted research to
develop novel devices and sensors in the quantum technology domain, too [87–89].

Tantalum pentoxide (Ta2O5) is a CMOS-compatible material that has been very recently
considered as a possible alternative for nonlinear applications at telecom-wavelength
applications. Thanks to its extremely large bandgap value (3.8 eV), no TPA effect is present
at the 1550 nm wavelength region, while its n2 is an order of magnitude lower than that of
silicon [90–92].

Among the III–V integrated nonlinear photonic platforms considered to date, AlGaAs
is the most studied waveguide platform [93]. AlGaAs has been termed “the silicon of
nonlinear optics” for a number of reasons. The bandgap energy of AlGaAs can be modified
by altering the aluminum concentration. It exhibits a wide transparency window from
near- to mid-infrared (MIR, 0.9–17 µm), low linear and nonlinear propagation losses in the
telecom spectral range (1400–1600 nm), a strong electro-optic effect, a large thermo-optic
coefficient (two times larger than that of Si) enabling efficient thermal tuning, and a large
second-order nonlinear susceptibility (χ(2) over 200 pm/V) and third-order optical nonlin-
earity (Kerr coefficient n2 = 1500 × 10−20 m2/W) [94,95]. Depending on the structure and
the composition, values of the nonlinear refractive index n2 measured in (Al)GaAs waveg-
uides range from 210 × 10−20 m2/W at 1600 nm in an Al0.23Ga0.77As ridge waveguide [96]
up to 5500 × 10−20 m2/W at 1505 nm in a GaAs/AlAs structure constituting six layers (a
0.6 µm thick GaAs/AlAs superlattice core layer with 75 periods of 14:14 monolayers each,
two 0.3 µm thick Al0.56Ga0.44As buffer layers, and two Al0.60Ga0.40As cladding layers (the
upper being 0.8 µm thick and the lower 4.0 µm, with a 0.1 µm GaAs cap) [97]. The n2
value of that multilayer structure is impressive; for comparison, in a graphene/Si hybrid
waveguide, the effective Kerr coefficient n2 was calculated to be ~2000 × 10−20 m2/W, five
times higher than that of the Si waveguide alone [98].

The advances in the fabrication process made it possible to minimize the propaga-
tion loss in AlGaAs waveguides, e.g., in the AlGaAs-on-insulator (AlGaAs-OI) material
platform, down to values less than 1 dB/cm, not so different from those achievable in
SOI waveguides [93]. To date, in AlGaAs waveguide platforms, second- and third-order
nonlinear optical phenomena, such as SHG, SFG, DFG, spontaneous parametric down-
conversion (SPDC), FWM, 2PA, SPM, XPM, spontaneous four-wave mixing (SFWM), spatial
soliton formation, SRS, and supercontinuum generation (SCG), have been experimentally
investigated. AlGaAs waveguide platforms can be used for a wide range of integrated non-



Micromachines 2023, 14, 604 16 of 25

linear photonic devices, including all-optical signal processing in optical communication
networks and Kerr frequency microcomb and integrated quantum photonic circuits.

Recently, efforts have been made to realize photonic devices in gallium phosphide
(GaP). The motivations were (1) GaP is nearly lattice-matched to silicon, in principle
enabling wafer-scale production; (2) GaP has negligible two-photon absorption (TPA) for
wavelengths above 1.1 µm; (3) among visibly transparent III–V materials, GaP has the
largest refractive index (n0 > 3), enabling strong optical confinement and implying a large
χ(3) nonlinearity [n2 = 1.100 × 10−20 m2 W−1]; and (4) the non-centrosymmetric crystal
structure of GaP yields a large χ(2) nonlinearity. Thus, a variety of GaP nanophotonic
devices have been fabricated and studied, including one-dimensional (1D) and 2D photonic
crystals, microdisks, and strip waveguides. Among the different applications, particular
attention has been paid to realizing frequency doublers from telecommunication to visible
wavelengths and solid-state quantum emitters [99].

A crucial point is that GaP must be integrated onto a low index material—ideally
by a method compatible with wafer-scale production—then patterned into devices with
sufficiently low propagation loss to permit net optical gain. In ref. [99], a GaP-on-insulator
platform for integrated nonlinear photonics was proposed, making use of direct wafer-
bonding to integrate high-quality, epitaxially grown GaP onto SiO2. The large index
contrast between GaP and SiO2, in conjunction with highly anisotropic, low-roughness dry
etching, allowed the realization of single-mode strip waveguides with low propagation
losses. As a demonstration of the capabilities of the platform, frequency comb generation
in GaP microresonators with a threshold power as low as 3 mW and with the simultaneous
formation of doubled combs at visible wavelengths was observed [99].

3.2. Glassy Materials and Lithium Niobate

Glasses are interesting non-linear optical materials, being isotropic and transparent
in a wide spectral range, combining a low cost of fabrication with high optical quality,
manufacturable not only as bulk shapes, or fibers, but also as thin films (e.g., nonlinear
planar waveguides) [100,101]. The peculiar characteristics of glass materials are that their
optical properties can be adjusted through doping and compositional changes to fit the
specified requests of each application. Glasses are non-crystalline (or amorphous) materials
with short-range order, so due to their isotropic structure, they have inversion symmetry
and do not exhibit second-order nonlinearity, χ(2), or Pockels effect. However, second-order
nonlinearity can be achieved by an appropriate modification, obtained, for example, by
the application of both heat and electric fields (thermal poling). In silicate glasses, χ(2)

also appeared by the introduction of optical non-linear nanocrystals within a glass matrix,
obtained by precipitation of crystallites of non-centrosymmetric compounds [102]. This
strategy gives rise to transparent crystallized glasses (glass-ceramics). The nonlinear optical
properties of glasses have been used in several technological applications with a broad
spectrum of phenomena, such as optical frequency conversion, optical solitons, phase
conjugation, and Raman amplification [43–46].

The optical fiber based on fused silica glass is one of the most important platforms for
guided-wave optics. For its excellent properties including extremely low losses between
~0.2 and 2 µm, low dispersion, and low nonlinearity, it has been the backbone of the
contemporary telecom infrastructure. Due to the low Kerr coefficient [103], standard
step-index fused silica fiber is not the most suitable for nonlinear optics. To overcome
these limitations, new glasses for optical device applications and photonics have been
investigated. These include fluoride glasses, tellurite glasses, aluminosilicates, phosphate
glasses, borate glasses, and chalcogenide glasses. Glasses based on heavy metal oxides,
such as Sb, Bi, Pb, W, Ga, Ge, and Te, allow applications such as optical switches due to
their characteristics of low linear and nonlinear loss, large Kerr nonlinearity, and ultra-
fast response. High-index glass (Hydex™) is a special type of doped fused silica glass
with a refractive index in the range from 1.5 to 1.9. It has been used as an alternative
material for CMOS-compatible low-loss optical waveguides, but it has a relatively low
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Kerr nonlinearity [52,104]. Chalcogenide glasses are formed by the chalcogen elements
S, Se, and Te and the addition of other elements such as Ge, As, Sb, Ga, etc. They have
excellent transparency in the mid-IR region and are relatively easy to process, so they
are the basis for the manufacture of devices operating in the mid-infrared region, where
conventional silica glass shows strong absorption. Chalcogenide glass is one of the most
interesting materials for nonlinear photonics since it possesses large optical nonlinearities
in the infrared spectrum [105,106].

The field of third-order nonlinear phenomena of glasses has been mainly focused on
two main groups: resonant and non-resonant [100,101]. Non-resonant phenomena occur
when the light excitation falls in the transparent wavelengths range of the glass longer than
its electronic absorption edge. As no electronic transitions take place, the process can be
seen as lossless, and an ultrafast glass response due to third-order electronic polarization
is assured. Examples are, in general, high-refractive-index and high-dispersion glasses
such as heavy metal oxide glasses or chalcogenide glasses. Resonant phenomena occur
when the frequencies of optical field are near the electronic absorption edge. Metallic
nanoparticle doped glasses and semiconductors nanocrystals (quantum dots (QDs)) such
as CdS, CdSe, CdTe, PbS, CuCl, etc. doped glasses are suitable materials for resonant NLO
devices with response times on the ps domain. Great interest has driven the study of the
third-order nonlinear susceptibility of metal particles embedded in dielectric matrices, such
as glasses [107], which are influenced not only by the type and size of the metal particles
but also by the metal-dielectric constant. The most significant effect of the confinement
of metal particles on the optical properties of nanocomposite glasses is the appearance
of the surface plasmon resonance, which deeply enhances the glass χ(3) responses with
picosecond temporal responses. QD-doped glasses can be prepared through the dispersion
of a nanocrystalline phase in a glass matrix. This approach, through the reduction of bulk
size to nanometric scale or quasi-zero-dimensional quantum dots, allows the change of the
electronic properties of glasses accordingly with enhanced nonlinearity compared with the
corresponding bulk semiconductors [100,101].

Lithium niobate (LN) is a transparent material in a wide wavelength range from
0.5 to 4 µm. Due to the intrinsic birefringence, its large EO coefficient (r33 = ≈31 pm/V
and r13 = 8 pm/V), and the capacity of modulation bandwidths in excess of 100 GHz,
LN has been recognized for a long time in the photonic industry as the best material for
EO modulation. Having a non-centrosymmetric structure, LN shows both χ(2) and χ(3)

optical nonlinear responses. Lithium niobate has a high second-order optical nonlinearity
(d33 = −33 pm/V at λ = 1.064 µm) enabling parametric wavelength conversion and optical
signal generation [105,106]. Due to its ferroelectricity, LN can be periodically poled (PPLN)
with alternate domains of inverted electric dipole orientation to meet efficient quasi phase-
matching conditions [108–116].

Table 1 presents the nonlinear refractive indices n2, two-photon absorption coeffi-
cients βTPA and figures of merit FOM of various materials. The wavelength at which the
measurement had been made is also indicated.

Table 1. Nonlinear refractive indices n2, two-photon absorption coefficients βTPA, and figures of
merit (FOMs) of various materials.

Material n2

(
10−20 m2

W

)
βTPA

( cm
GW

) Wavelength
(nm)

FOM =
n2/βTPAλ

SiO2 [103] 3 Negligible 1053 -

Hydex [52] 13 Negligible 1560 -

Stoichiometric SiN [76] 28 Negligible 1550 -

Lithium niobate [108] 39 Negligible 1064 -

4H-SiC [86] 60 Negligible 1545 -

Ta2O5 [91] 72 Negligible 800 -
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Table 1. Cont.

Material n2

(
10−20 m2

W

)
βTPA

( cm
GW

) Wavelength
(nm)

FOM =
n2/βTPAλ

Non-stoichiometric SiN [76] 140 Negligible 1550 -

Chalcogenides [106] 370 Negligible 1550 -

Crystalline Si [73] 400 0.8 1540 0.32

a-SiC [87] 480 Negligible 1550 -

Deuterated silicon-rich
nitride [81] 980 Negligible 1550 -

GaP [99] 1100 Negligible 1550 -

AlGaAs [94] 1500 0.05 1550 19

Graphene/Si hybrid
waveguide [98] 2000 0.5 1548 2.6

a-Si:H [82] 4200 4.1 1550 0.7

GaAs/AlAs superlattice
waveguides [97] 5500 4 1505 0.9

3.3. Innovative Materials

Most photonic applications would strongly benefit from tunable and reconfigurable
properties of materials. In order to deal with this challenge, recently, phase-change ma-
terials (PCMs) have become a popular method of optical tunability without any moving
parts. PCMs are a class of materials with unique physical properties: their structural ar-
rangement can be controllably modified back and forth on a fast timescale using a thermal,
electrical, or optical excitation [117,118]. For some of these materials, the crystallographic
re-arrangement translates into a large refractive index modification (∆n ≥ 1). Such a
large and fast refractive index modulation is a long-sought effect for photonics: an en-
abling technology to control and tune in real time the optical properties of devices at the
nanoscale. Among PCMs, vanadium dioxide (VO2) is a prototypical example of functional
materials showing large modifications in their physical properties upon specific external
excitation [119].

Research in 2D layered materials (2DLMs) has started with the discovery of graphene [120].
The 2DLMs commonly refer to crystals composed of few layers of atoms, whose electrons
move freely only on two dimensions (scale: 1–100 nm). It has been realized that the van
der Waals layered materials with atomic thickness can not only exist stably but also exhibit
unique and technically useful properties including small size effect, surface effect, macro
quantum tunnel effect, and quantum effect. The 2D materials meet several requirements of
an ideal nonlinear optical material: large and ultrafast nonlinear optical response, ultrafast
photoexcitation dynamics, broadband and tunable optical absorption, saturable absorption
characteristics, ultrafast recovery time, strong interlayer coupling, and large optical and
thermal damage threshold [120–144]. The 2DLMs have been successfully employed in
all-optical modulators, as broadband efficient and versatile saturable absorbers in passive
mode locking and Q-switching, in wavelength converters, and in optical limiters [144–146].

The remarkable properties of 2D forms of graphite have attracted a rapidly growing
research interest. In graphene, the conduction band and valence band converge at the Dirac
point, which indicates that graphene owns a gapless semimetallic band structure. However,
graphene is widely studied due to its broadband absorption at optical and terahertz (THz)
frequencies [121–124]. Graphene exhibits saturable absorption behavior [125,126], which
plays an important role in lasing applications and optical limiting devices.

Recently, graphene oxide (GO), with its large optical nonlinearity, high flexibility in
altering its properties, facile solution-based synthesis process, and high compatibility with
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integrated device fabrication, offers competitive advantages for industrial manufacturing
beyond the laboratory, which is a challenge for the majority of 2D materials.

The bandgap of GO can be engineered, and its value spans between 2.1 and 3.6 eV,
yielding an absorption that is over two orders of magnitude lower than that of graphene in
the telecom band. Similar to graphene, GO films exhibit strong anisotropy in their optical
absorption in a broad band from the visible to the infrared regions. This property is useful
for implementing polarization selective devices with wide operation bandwidths. Due to
heterogenous atomic structure, GO exhibits noncentrosymmetry, yielding a large second-
order optical nonlinearity, which is absent in pristine graphene that has a centrosymmetric
structure. We note that at the moment, applications of second-order optical nonlinearity to
chip-scale devices are still in their infancy.

The absolute value of n2 for GO is about 10 times lower than that of graphene, but it is
about four orders of magnitude higher than that of nonlinear bulk materials such as silicon
and chalcogenide glasses. Enhanced FWM in GO hybrid integrated devices was demon-
strated using Hydex waveguides [57] and Si3N4 waveguides. Most of the state-of-the-art
GO nonlinear integrated photonic devices incorporate GO films with little modification or
optimization of their properties. However, GO’s properties can be significantly changed,
offering a high degree of flexibility in engineering its capabilities for different nonlinear
optical processes [127,128].

Other classes of recently discovered 2DLMs include transition metal chalcogenides
(TMCs) [129,130], transition metal-dichalcogenides (TMDs, e.g., MoS2) [131–137], black
phosphorus (BP) [138–140], and hexagonal boron nitride (h-BN) [141,142], which have
broadened the set of specific properties and functionalities of 2D materials.

TMCs are semiconductor materials with the formula MX, where M represents the
transition metal from group 4 to 7 (such as Mo, W, Re, and Ga) and X is the chalcogenide
element, which is usually one of the three elements S, Se, and Te. TMCs exhibit the typical
layer-dependent tunable bandgap, spanning from 1 eV for bulk or ML cases to 3 eV for
single-layer (SL) configurations [131,132]. Transition metal dichalcogenides (TMDs) have
the formula MX2 (such as MoS2, MoSe2, MoTe2, WS2, WSe2, and TiS2). The single-layer
TMD structure can be roughly represented by the three-layer covalent bonding in the form
of X–M–X, in which metal atoms M are sandwiched between two layers of chalcogen atom
X, and the chemical bond M–X provides the connection endowing the whole layer with
strong stability, the thickness of which is usually 6–7 Å. Compared with graphene, the 2D
TMDs are more suitable for optical applications due to their direct and tunable bandgaps
and relatively high carrier mobility [131,132]. The inherent 2D and semiconductor character
of the TMDs inevitably lead to the excitonic effects, typical of the optical response of the
semiconductors. The optical properties of the 2D MoS2 material are sensitive to the number
of layers and interlayer distance, which makes it difficult to anticipate the optical properties
of these materials. Several theoretical and experimental investigations have proved that
TMDs (e.g., MoS2 and WS2) exhibit nonlinear optical response well beyond their lower
energy bandgap (~1 eV) [133,137].

BP is a thickness-dependent direct bandgap semiconductor that could be widely
tunable from 0.3 eV (bulk) to 2 eV (single layer (SL)). It bridges the gap between zero
bandgap graphene and relatively wide bandgap TMCs, making it suitable for broadband
optoelectronic applications, particularly in the IR and mid-IR regions [138–140].

Hexagonal boron nitride (h-BN) is a graphene analogue having a crystallographic
appearance with boron and nitrogen atoms in place of carbon. h-BN has a large bandgap
of ~6 eV. BP also exhibits saturable absorption followed by an optical limiting response
upon varying the pump fluence. It finds nonlinear optics applications in UV to NIR
regions [141,142].

According to their predominant electromagnetic response, materials or structures
with near-zero parameters at a given frequency can be classified as epsilon-near-zero
(ENZ), ε ∼= 0; mu-near-zero (MNZ), µ ∼= 0; and epsilon-and-mu-near-zero (EMNZ), ε ∼= 0
and µ ∼= 0 media. All aforementioned classes exhibit a near-zero index of refraction n =
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√
εµ ∼= 0 at the frequency of interest and can be jointly addressed as zero-index media [147–150].

These materials or structures empower two of the main requirements to boost the nonlinear
response of matter: phase matching [150] and high field intensities. Structures with near-
zero parameters can provide large field intensity enhancements over large regions, while
simultaneously providing phase matching [147–150]. ENZ materials are becoming a plat-
form to obtain non-classical, non-reciprocal, and non-local responses of matter [147–150].
ENZ structures loaded with nonlinear media are particularly well suited to enable the co-
herent superposition of nonlinear effects over long distances, leading to enhanced nonlinear
effects, in particular, Kerr nonlinearity, SHG, THG, and FWM [147–150]. Doped semicon-
ductors such as transparent conducting oxides (TCOs), for example, aluminium-doped
zinc oxide (AZO) [151], and ITO [152], exhibit a near-zero permittivity at near-infrared
frequencies, with the additional advantages of being CMOS compatible and of providing
tunable platforms, whose ENZ frequency can be adjusted by controlling the doping level.

4. Conclusions

In this review, first, the main aspects of the most common fundamental NLO effects
are described, pointing out that various types of all-optical functionalities can be imple-
mented by nonlinear integrated photonic devices, based mainly on second- and third-order
phenomena. Then, since the field of nonlinear photonics has been the target of constant
innovations based on the investigation of many optical materials, the nonlinear optical
(NLO) properties of most important optical materials are described. Silicon and related
materials, such as SiN, a-Si, and SiC; glasses, such as silica, high-index glass, and chalco-
genide glasses; and III–V semiconductors, in particular, AlGaAs, lithium niobate (LN), and
recently investigated materials such as tantalum pentoxide (Ta2O5) and vanadium dioxide
(VO2) are discussed, pointing out their pros and cons. Last, 2DLMs and zero-index media
are described, too. We note that encouraging prospectives are provided by 2DLMs, but
considering the production speed, yield, and quality, at the moment, the preparation of 2D
materials is not sufficient to meet the requirements of industry or commercialization. In
addition, the relatively low physical and/or chemical stability of some 2D materials makes
them unsuitable for storage and the application of long-term stable optoelectronic devices.

A very interesting material platform, for instance, is scandium-doped aluminum
nitride (Al1−xScxN), which maintains the CMOS compatibility of aluminum nitride (AlN)
and exhibits a noticeable χ(2) enhancement; for the Al0.64Sc0.36N composition, the χ(2)

component d33 reaches a value of 62.3 ± 5.6 pm/V, which is 12 times stronger than that
of the intrinsic AlN and twice as strong as that of lithium niobate [153]. Another class of
recently investigated materials are the phase-change materials (PCMs). In principle, PCMs
are very promising to enable dynamic modification to the physical properties of devices at
the microscale and nanoscale [117–119].

For more information on photonic structures, their fabrication issues, and recent
developments and new progress in nonlinear photonics devices and system integration,
the interested readers are referred to a companion paper [154].

Author Contributions: Conceptualization, L.S. and G.C.R.; writing—original draft preparation, L.S.
and G.C.R.; writing—review and editing, L.S. and G.C.R. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. “Photonics”, Merriam-Webster Dictionary. Available online: https://www.merriam-webster.com/dictionary/photonics (ac-

cessed on 21 April 2020).
2. Krasnodebski, M. Throwing light on photonics: The genealogy of a technological paradigm. Centaurus 2018, 60, 3–24. [CrossRef]
3. Miller, S.E. Integrated Optics: An Introduction. Bell Sys. Tech. J. 1969, 48, 2059–2069. [CrossRef]

https://www.merriam-webster.com/dictionary/photonics
http://doi.org/10.1111/1600-0498.12172
http://doi.org/10.1002/j.1538-7305.1969.tb01165.x


Micromachines 2023, 14, 604 21 of 25

4. Koch, T.L.; Koren, U. Semiconductor photonic integrated circuits. IEEE J. Quant. Electron. 1991, 27, 641–653. [CrossRef]
5. Nagarajan, R.; Joyner, C.H.; Schneider, R.P.; Bostak, J.S.; Butrie, T.; Dentai, A.G.; Dominic, V. Large-scale photonic integrated

circuits. IEEE J. Sel. Topics Quant. Electron. 2005, 11, 50–65. [CrossRef]
6. Kerr, J. XL. A new relation between electricity and light: Dielectrified media birefringent. Lond. Edinb. Dublin Philos. Mag. J. Sci.

1875, 50, 337–348. [CrossRef]
7. Kerr, J. LIV. A new relation between electricity and light: Dielectrified media birefringent. Lond. Edinb. Dublin Philos. Mag. J. Sci.

1875, 50, 446–458. [CrossRef]
8. Göppert, M. Über die Wahrscheinlichkeit des Zusammenwirkens zweier Lichtquanten in einem Elementarakt. Naturwissenschaften

1929, 17, 932. [CrossRef]
9. Franken, P.A.; Hill, A.E.; Peters, C.W.; Weinreich, G. Generation of Optical Harmonics. Phys. Rev. Lett. 1961, 7, 118. [CrossRef]
10. Armstrong, J.A.; Bloembergen, N.; Ducuing, J.; Pershan, P.S. Interactions between Light Waves in a Nonlinear Dielectric. Phys.

Rev. 1962, 127, 1918. [CrossRef]
11. Bloembergen, N.; Pershan, P. Light Waves at the Boundary of Nonlinear Media. Phys. Rev. 1962, 128, 606–622. [CrossRef]
12. Anderson, D.B.; Boyd, J.T. Wideband CO2 Laser Second Harmonic Generation Phase Matched in GaAs Thin-Film Waveguides.

Appl. Phys. Lett. 1971, 19, 266. [CrossRef]
13. Stegeman, G.I.; Seaton, C.T. Nonlinear integrated optics. J. Appl. Phys. 1985, 58, R57–R78. [CrossRef]
14. Guo, Y.; Kao, C.K.; Li, H.E.; Chiang, K.S. Nonlinear Photonics: Nonlinearities in Optics, Optoelectronics and Fiber Communications;

Springer: Berlin/Heidelberg, Germany, 2002.
15. Gibbs, H.M.; Khitrova, G.; Peyghambarian, N. Nonlinear Photonics; Springer: Berlin/Heidelberg, Germany, 1990.
16. Chen, Z.; Morandotti, R. Nonlinear Photonics and Novel Optical Phenomena; Springer: New York, USA, 2012.
17. Hendrickson, S.M.; Foster, A.C.; Camacho, R.M.; Clader, B.D. Integrated nonlinear photonics: Emerging applications and ongoing

challenges. J. Optical Soc. Am. B 2014, 31, 3193–3203. [CrossRef]
18. Fathpour, S. Heterogeneous Nonlinear Integrated Photonics. IEEE J. Quantum Electron. 2018, 54, 1–16. [CrossRef]
19. Wabnitz, S.; Eggleton, B.J. All-Optical Signal Processing; Springer International Publishing: Cham, Switzerland, 2015.
20. Ji, X.; Liu, J.; He, J.; Wang, R.N.; Qiu, Z.; Riemensberger, J.; Kippenberget, T.J. Compact, spatial-mode-interaction-free, ultralow-

loss, nonlinear photonic integrated circuits. Commun. Phys. 2022, 5, 84. [CrossRef]
21. Koshelev, K.; Kruk, S.; Melik-Gaykazyan, E.; Jae-Hyuck Choi, J.H.; Andrey Bogdanov, A.; Hong-Gyu Park, H.-G.; Kivshar, Y.

Subwavelength dielectric resonators for nonlinear nanophotonics. Science 2020, 367, 288–292. [CrossRef]
22. Caspani, L.; Duchesne, D.; Dolgaleva, K.; Wagner, S.J.; Ferrera, M.; Razzari, L.; Pasquazi, A.; Peccianti, M.; Moss, D.J.; Aitchison,

J.S.; et al. Optical frequency conversion in integrated devices. J. Opt. Soc. Am. B 2011, 28, A67–A82. [CrossRef]
23. Janner, D.; Tulli, D.; García-Granda, M.; Belmonte, M.; Pruneri, V. Micro-structured integrated electro-optic LiNbO3 modulators.

Laser Photon. Rev. 2009, 3, 301–313. [CrossRef]
24. Boyd, R.W. Nonlinear Optics; Academic Press: Cambridge, MA, USA, 2003.
25. Shen, Y.R. The Principles of Nonlinear Optics; Wiley: Hoboken, NJ, USA, 2003.
26. Agrawal, G.P.; Boyd, R.W. Contemporary Nonlinear Optics; Academic Press: Cambridge, MA, USA, 1992.
27. Langrock, C.; Kumar, S.; McGeehan, J.E.; Willner, A.E.; Fejer, M.M. All-Optical Signal Processing Using χ(2) Nonlinearities in

Guided-Wave Devices. J. Light. Technol. 2006, 24, 2579. [CrossRef]
28. Chang, L.; Boes, A.; Shu, H.; Xie, W.; Huang, H.; Qin, J.; Shen, B.; Wang, X.; Mitchell, A.; Bowers, J.E. Second Order Nonlinear

Photonic Integrated Platforms for Optical Signal Processing. IEEE J. Sel. Top. Quant. Electron. 2021, 27, 1–11. [CrossRef]
29. Shen, Y.R.; Bloembergen, N. Theory of Stimulated Brillouin and Raman Scattering. Phys. Rev. 1965, 137, A1787–A1805. [CrossRef]
30. Eckhardt, G.; Bortfeld, D.P.; Geller, M. Stimulated emission of stokes and anti-stokes Raman lines from diamond, calcite, and

sulfur single crystals. Appl. Phys. Lett. 1963, 3, 137–138. [CrossRef]
31. Sirleto, L.; Ferrara, M.A. Fiber Amplifiers and Fiber Lasers Based on Stimulated Raman Scattering: A Review. Micromachines 2020,

11, 247. [CrossRef]
32. Ferrara, M.A.; Sirleto, L. Integrated Raman Laser: A Review of the Last Two Decades. Micromachines 2020, 11, 330. [CrossRef]
33. Sirleto, L.; Vergara, A.; Ferrara, M.A. Advances in stimulated Raman scattering in nanostructures. Adv. Opt. Photonics 2017, 9, 169.

[CrossRef]
34. Sirleto, L.; Ferrara, M.A.; Vergara, A. Toward an ideal nanomaterial for on-chip Raman laser. J. Nonlinear Opt. Phys. Mater. 2017,

26, 1750039. [CrossRef]
35. Sirleto, L.; Ferrara, M.A.; Nikitin, T.; Novikov, S.; Khriachtchev, L. Giant Raman gain in silicon nanocrystals. Nat. Commun. 2012,

3, 1220. [CrossRef]
36. Ferrara, M.A.; Sirleto, L.; Nicotra, G.; Spinella, C.; Rendina, I. Enhanced gain coefficient in Raman amplifier based on silicon

nanocomposites. Photon. Nanostructures Fundam Appl. 2011, 9, 1–7. [CrossRef]
37. Sirleto, L.; Ferrara, M.A.; Nicotra, G.; Spinella, C.; Rendina, I. Observation of stimulated Raman scattering in silicon nanocompos-

ites. Appl. Phys. Lett. 2009, 94, 221106. [CrossRef]
38. Ferrara, M.A.; Donato, M.G.; Sirleto, L.; Messina, G.; Santangelo, S.; Rendina, I. Study of strain and wetting phenomena in porous

silicon by Raman scattering. J. Raman Spectrosc. 2008, 39, 199–204. [CrossRef]
39. Sirleto, L.; Ferrara, M.A.; Rendina, I.; Basu, S.N.; Warga, J.; Li, R.; Negro, L.D. Enhanced stimulated Raman scattering in silicon

nanocrystals embedded in silicon-rich nitride/silicon superlattice structures. Appl. Phys. Lett 2008, 93, 251104. [CrossRef]

http://doi.org/10.1109/3.81373
http://doi.org/10.1109/JSTQE.2004.841721
http://doi.org/10.1080/14786447508641302
http://doi.org/10.1080/14786447508641319
http://doi.org/10.1007/BF01506585
http://doi.org/10.1103/PhysRevLett.7.118
http://doi.org/10.1103/PhysRev.127.1918
http://doi.org/10.1103/PhysRev.128.606
http://doi.org/10.1063/1.1653912
http://doi.org/10.1063/1.336205
http://doi.org/10.1364/JOSAB.31.003193
http://doi.org/10.1109/JQE.2018.2876903
http://doi.org/10.1038/s42005-022-00851-0
http://doi.org/10.1126/science.aaz3985
http://doi.org/10.1364/JOSAB.28.000A67
http://doi.org/10.1002/lpor.200810073
http://doi.org/10.1109/JLT.2006.874605
http://doi.org/10.1109/JSTQE.2020.3025219
http://doi.org/10.1103/PhysRev.137.A1787
http://doi.org/10.1063/1.1753903
http://doi.org/10.3390/mi11030247
http://doi.org/10.3390/mi11030330
http://doi.org/10.1364/AOP.9.000169
http://doi.org/10.1142/S0218863517500394
http://doi.org/10.1038/ncomms2188
http://doi.org/10.1016/j.photonics.2010.07.007
http://doi.org/10.1063/1.3148669
http://doi.org/10.1002/jrs.1846
http://doi.org/10.1063/1.3050109


Micromachines 2023, 14, 604 22 of 25

40. Sirleto, L.; Ferrara, M.A.; Rendina, I.; Jalali, B. Broadening and tuning of spontaneous Raman emission in porous silicon at 1.5 µm.
Appl. Phys. Lett. 2006, 88, 211105. [CrossRef]

41. Sirleto, L.; Raghunathan, V.; Rossi, A.; Jalali, B. Raman emission in porous silicon at 1.54 µm. Electron. Lett. 2004, 40, 1221–1222.
[CrossRef]

42. Sirleto, L.; Donato, M.G.; Messina, G.; Santangelo, S.; Lipovskii, A.; Tagantsev, D.; Pelli, S.; Righini, G.C. Raman gain in
niobium-phosphate glasses. Appl. Phys. Lett. 2009, 94, 31105. [CrossRef]

43. Donato, M.G.; Gagliardi, M.; Sirleto, L.; Messina, G.; Lipovskii, A.; Tagantsev, D.; Righini, G.C. Raman optical amplification
properties of sodium–niobium–phosphate glasses. Appl. Phys. Lett. 2010, 97, 231111. [CrossRef]

44. Sirleto, L.; Aronne, A.; Gioffré, M.; Fanelli, E.; Righini, G.C.; Pernice, P.; Vergara, A. Compositional and thermal treatment effects
on Raman gain and bandwidth in nanostructured silica based glasses. Opt. Mater. 2013, 36, 408–413. [CrossRef]

45. Pernice, P.; Sirleto, L.; Vergara, A.; Aronne, A.; Gagliardi, M.; Fanelli, E.; Righini, G.C. Large Raman Gain in a Stable Nanocompos-
ite Based on Niobiosilicate Glass. J. Phys. Chem. C 2011, 115, 17314–17319. [CrossRef]

46. Zhang, Y.; Zhong, K.; Zhou, X.; Tsang, H.K. Broadband high-Q multimode silicon concentric racetrack resonators for widely
tunable Raman lasers. Nat Commun 2022, 13, 3534. [CrossRef]

47. Merklein, M.; Kabakova, I.V.; Zarifi, A.; Eggleton, B.J. 100 years of Brillouin scattering: Historical and future perspectives. Appl.
Phys. Rev. 2022, 9, 041306. [CrossRef]

48. Eggleton, B.J.; Poulton, C.G.; Rakich, P.T.; Steel, M.J.; Bahl, G. Brillouin integrated photonics. Nat. Photonics 2019, 13, 664–677.
[CrossRef]

49. Agrawal, G. Nonlinear Fiber Optics, 5th ed.; Academic Press: Cambridge, MA, USA, 2012.
50. Schneider, T. Nonlinear Optics in Telecommunications; Springer: Berlin/Heidelberg, Germany, 2004.
51. Alfano, R.R.; Shapiro, S.L. Observation of self-phase modulation and small-scale filaments in crystals and glasses. Phys. Rev. Lett.

1970, 24, 592–594. [CrossRef]
52. Duchesne, D.; Ferrera, M.; Razzari, L.; Morandotti, R.; Little, B.E.; Chu, S.T.; Moss, D.J. Efficient self-phase modulation in low loss,

high index doped silica glass integrated waveguides. Opt. Express 2009, 17, 1865–1870. [CrossRef]
53. Dudley, J.M.; Genty, G.; Coen, S. Supercontinuum generation in photonic crystal fiber. Rev. Mod. Phys. 2006, 78, 1135–1184.

[CrossRef]
54. Cheng, T.; Zhang, L.; Xue, X.; Deng, D.; Suzuki, T.; Ohishi, Y. Broadband cascaded four-wave mixing and supercontinuum

generation in a tellurite microstructured optical fiber pumped at 2 µm. Opt. Express 2015, 23, 4125–4134. [CrossRef]
55. Kivshar, Y.; Agrawal, G.P. Optical Solitons: From Fibres to Photonic Crystals; Academy Press: San Diego, CA, USA, 2003.
56. Mitschke, F.; Mahnke, C.; Hause, A. Soliton Content of Fiber-Optic Light Pulses. Appl. Sci. 2017, 7, 635. [CrossRef]
57. Haus, H.A. Mode-locking of lasers. IEEE J. Sel. Top. Quant. Electron. 2000, 6, 1173–1185. [CrossRef]
58. Herr, T.; Brasch, V.; Jost, J.D.; Wang, C.Y.; Kondratiev, N.M.; Gorodetsky, M.L.; Kippenberg, T.J. Temporal solitons in optical

microresonators. Nat. Photon 2014, 8, 145–152. [CrossRef]
59. Kippenberg, T.J.; Gaeta, A.L.; Lipson, M.; Gorodetsky, M.L. Dissipative Kerr solitons in optical microresonators. Science 2018, 361,

aan8083. [CrossRef]
60. Xiang, C.; Liu, J.; Guo, J.; Chang, L.; Wang, R.N.; Weng, W.; Peters, J.; Xie, W.; Zhang, Z.; Riemensberger, J.; et al. Laser soliton

microcombs heterogeneously integrated on silicon. Science 2021, 373, 99–103. [CrossRef]
61. Stegeman, G.I.; Segev, M. Optical Spatial Solitons and Their Interactions: Universality and Diversity. Science 1999, 286, 1518–1523.

[CrossRef]
62. Chen, Z.; Segev, M.; Christodoulides, D.N. Optical spatial solitons: Historical overview and recent advances. Rep. Prog. Phys.

2012, 75, 086401. [CrossRef]
63. Chauvet, M.; Fanjoux, G.; Huy, K.P.; Nazabal, V.; Charpentier, F.; Billeton, T.; Boudebs, G.; Cathelinaud, M.; Gorza, S.P. Kerr

spatial solitons in chalcogenide waveguides. Opt. Lett. 2009, 34, 1804–1806. [CrossRef]
64. Gurgov, H.C.; Cohen, O. Spatiotemporal pulse-train solitons. Opt. Express 2009, 17, 7052–7058. [CrossRef]
65. Wu, Y.-D. Nonlinear all-optical WDM based on spatial solitons in optical communication spectral regions. J. Electromagn. Waves

Appl. 2014, 28, 2025–2033. [CrossRef]
66. Ma, M.; Chen, L.R. Harnessing mode-selective nonlinear optics for on-chip multi-channel all-optical signal processing. APL

Photonics 2016, 1, 086104. [CrossRef]
67. Grubel, B.C.; Bosworth, B.T.; Kossey, M.R.; Cooper, A.B.; Foster, M.A.; Foster, A.C. Secure communications using nonlinear silicon

photonic keys. Opt. Express 2018, 26, 4710–4722. [CrossRef]
68. Dekker, R.; Usechak, N.; Först, M.; Driessen, A. Ultrafast nonlinear all-optical processes in silicon-on-insulator waveguides. J.

Phys. D: Appl. Phys. 2007, 40, R249. [CrossRef]
69. Osgood, R.M.; Panoiu, N.C.; Dadap, J.I.; Liu, X.; Chen, X.; Hsieh, I.-W.; Dulkeith, E.; Green, W.M.J.; Vlasov, Y.A. Engineering

nonlinearities in nanoscale optical systems: Physics and applications in dispersion-engineered silicon nanophotonic wires. Adv.
Opt. Photonics 2009, 1, 162–235. [CrossRef]

70. Leuthold, J.; Koos, C.; Freude, W. Nonlinear silicon photonics. Nat. Photonics 2010, 4, 535–544. [CrossRef]
71. Nikdast, M.; Pasricha, S.; Nicolescu, G.; Seyedi, A.; Liang, D. Silicon Photonics for High-Performance Computing and Beyond; CRC

Press: Boca Raton, FL, USA, 2021.

http://doi.org/10.1063/1.2206123
http://doi.org/10.1049/el:20045284
http://doi.org/10.1063/1.3072354
http://doi.org/10.1063/1.3525162
http://doi.org/10.1016/j.optmat.2013.10.001
http://doi.org/10.1021/jp204353e
http://doi.org/10.1038/s41467-022-31244-0
http://doi.org/10.1063/5.0095488
http://doi.org/10.1038/s41566-019-0498-z
http://doi.org/10.1103/PhysRevLett.24.592
http://doi.org/10.1364/OE.17.001865
http://doi.org/10.1103/RevModPhys.78.1135
http://doi.org/10.1364/OE.23.004125
http://doi.org/10.3390/app7060635
http://doi.org/10.1109/2944.902165
http://doi.org/10.1038/nphoton.2013.343
http://doi.org/10.1126/science.aan8083
http://doi.org/10.1126/science.abh2076
http://doi.org/10.1126/science.286.5444.1518
http://doi.org/10.1088/0034-4885/75/8/086401
http://doi.org/10.1364/OL.34.001804
http://doi.org/10.1364/OE.17.007052
http://doi.org/10.1080/09205071.2014.953642
http://doi.org/10.1063/1.4967205
http://doi.org/10.1364/OE.26.004710
http://doi.org/10.1088/0022-3727/40/14/R01
http://doi.org/10.1364/AOP.1.000162
http://doi.org/10.1038/nphoton.2010.185


Micromachines 2023, 14, 604 23 of 25

72. He, L.; Zhang, F.; Zhang, H.; Kong, L.-J.; Zhang, W.; Xu, X.; Zhang, X. Topology-Optimized Ultracompact All-Optical Logic
Devices on Silicon Photonic Platforms. ACS Photonics 2022, 9, 597–604. [CrossRef]

73. Dinu, M.; Quochi, F.; Garcia, H. Third-order nonlinearities in silicon at telecom wavelengths. Appl. Phys. Lett. 2003, 82, 2954–2956.
[CrossRef]

74. Liang, T.K.; Tsang, H.K. Role of free carriers from two-photon absorption in Raman amplification in silicon-on-insulator
waveguides. Appl. Phys. Lett. 2004, 84, 2745. [CrossRef]

75. Fathpour, S. Emerging heterogeneous integrated photonic platforms on silicon. Nanophotonics 2015, 4, 143–164. [CrossRef]
76. Krückel, C.J.; Fülöp, A.; Klintberg, T.; Bengtsson, J.; Andrekson, P.A.; Torres-Company, V. Linear and nonlinear characterization of

low-stress high-confinement silicon-rich nitride waveguides. Opt. Express 2015, 23, 25827–25837. [CrossRef]
77. Dizaji, M.R.; Krückel, C.J.; Fülöp, A.; Andrekson, P.A.; Torres-Company, V.; Chen, L.R. Silicon-rich nitride waveguides for

ultrabroadband nonlinear signal processing. Opt. Express 2017, 25, 12100–12108. [CrossRef]
78. Tana, D.T.H.; Ngb, D.K.T.; Choia, J.W.; Sahina, E.; Sohna, B.-U.; Chena, G.F.R.; Xinga, P.; Gaoa, H.; Caoa, Y. Nonlinear optics in

ultra-silicon-rich nitride devices: Recent developments and future outlook. Adv. Phys. X 2021, 6, 1905544. [CrossRef]
79. Billat, A.; Grassani, D.; Pfeiffer, M.H.P.; Kharitonov, S.; Kippenberg, T.J.; Brès, C.-S. Large second harmonic generation enhance-

ment in Si3N4 waveguides by all-optically induced quasi-phase-matching. Nat. Commun. 2017, 8, 1016. [CrossRef]
80. Lu, X.; Moille, G.; Rao, A.; Westly, D.A.; Srinivasanet, K. Efficient photoinduced second-harmonic generation in silicon nitride

photonics. Nat. Photonics 2021, 15, 131–136. [CrossRef]
81. Chia, X.X.; Chen, G.F.R.; Cao, Y.; Xing, P.; Gao, H.; Ng, D.K.T.; Tan, D.T.H. Optical characterization of deuterated silicon-rich

nitride waveguides. Sci. Rep. 2022, 12, 12697. [CrossRef]
82. Kuyken, B.; Ji, H.; Clemmen, S.; Selvaraja, S.K.; Hu, H.; Pu, M.; Galili, M.; Jeppesen, P.; Morthier, G.; Massar, S.; et al. Nonlinear

properties of and nonlinear processing in hydrogenated amorphous silicon waveguides. Opt. Express 2011, 19, B146–B153.
[CrossRef]

83. Narayanan, K.; Preble, S.F. Optical nonlinearities in hydrogenated-amorphous silicon waveguides. Opt. Express 2010, 18,
8998–9005. [CrossRef]

84. Grillet, C.; Carletti, L.; Monat, C. Amorphous silicon nanowires combining high nonlinearity, FOM and optical stability. Opt.
Express 2012, 20, 22609–22615. [CrossRef]

85. Lu, X.; Lee, J.Y.; Feng, P.X.-L.; Lin, Q. High Q silicon carbide microdisk resonator. Appl. Phys. Lett. 2014, 104, 181103. [CrossRef]
86. Wang, C.; Fang, Z.; Yi, A.; Yang, B.; Wang, Z.; Zhou, L.; Shen, C.; Zhu, Y.; Zhou, Y.; Bao, R.; et al. High-Q microresonators on

4H-silicon-carbide-on-insulator platform for nonlinear photonics. Light Sci. Appl. 2021, 10, 139. [CrossRef]
87. Xing, P.; Ma, D.; Ooi, K.J.; Choi, J.W.; Agarwal, A.M.; Tan, D. CMOS-compatible PECVD silicon carbide platform for linear and

nonlinear optics. ACS Photonics 2019, 6, 1162–1167. [CrossRef]
88. Castelletto, S.; Peruzzo, A.; Bonato, C.; Johnson, B.C.; Marina Radulaski, M.; Ou, H.; Florian Kaiser, F.; Wrachtrup, J. Silicon

Carbide Photonics Bridging Quantum Technology. ACS Photonics 2022, 9, 1434–1457. [CrossRef]
89. Castelletto, S.; Rosa, L.; Johnson, B.C. Silicon Carbide for Novel Quantum Technologies Devices, Chapter 9. In Advanced Silicon

Carbide Devices and Processing; Intech Open: London, UK, 2015.
90. Splitthoff, L.; Wolff, M.A.; Grottke, T.; Schuck, C. Tantalum pentoxide nanophotonic circuits for integrated quantum technology.

Opt. Express 2020, 28, 11921–11932. [CrossRef]
91. Tai, C.-Y.; Wilkinson, J.S.; Perney, N.M.B.; Netti, M.C.; Cattaneo, F.; Finlayson, C.E.; Baumberg, J.J. Determination of nonlinear

refractive index in a Ta2O5 rib waveguide using self-phase modulation. Opt. Express 2004, 12, 5110–5116. [CrossRef]
92. Wu, C.-L.; Chiu, Y.-J.; Chen, C.-L.; Lin, Y.-Y.; Chu, A.-K.; Lee, C.-K. Four-wave-mixing in the loss low submicrometer Ta2O5

channel waveguide. Opt. Lett. 2015, 40, 4528–4531. [CrossRef]
93. Mobini, E.; Espinosa, D.H.G.; Vyas, K.; Dolgaleva, K. AlGaAs Nonlinear Integrated Photonics. Micromachines 2022, 13, 991.

[CrossRef]
94. Aitchison, J.S.; Hutchings, D.; Kang, J.; Stegeman, G.; Villeneuve, A. The nonlinear optical properties of AlGaAs at the half band

gap. IEEE J. Quantum Electron. 1997, 33, 341–348. [CrossRef]
95. Ohashi, M.; Kondo, T.; Ito, R.; Fukatsu, S.; Shiraki, Y.; Kumata, K.; Kano, S. Determination of quadratic nonlinear optical coefficient

of AlxGa1−x As system by the method of reflected second harmonics. J. Appl. Phys. 1993, 74, 596–601. [CrossRef]
96. Espindola, R.P.; Udo, M.K.; Ho, S.T. Nearly-degenerate frequency technique for simultaneous measurement of n(2) and α(2), and

four-wave mixing gain coefficients in waveguides. Opt. Commun. 1995, 119, 682–692. [CrossRef]
97. Wagner, S.J.; Meier, J.; Helmy, A.S.; Aitchison, J.S.; Sorel, M.; Hutchings, D.C. Polarization-dependent nonlinear refraction and

two-photon absorption in GaAs/AlAs superlattice waveguides below the half-bandgap. J. Opt. Soc. Am. 2007, 24, 1557–1563.
[CrossRef]

98. Feng, Q.; Cong, H.; Zhang, B.; Wei, W.; Liang, Y.; Fang, S.; Wang, T.; Zhang, J. Enhanced optical Kerr nonlinearity of graphene/Si
hybrid waveguide. Appl. Phys. Lett. 2019, 114, 071104. [CrossRef]

99. Wilson, D.J.; Schneider, K.; Hönl, S.; Anderson, M.; Baumgartner, Y.; Czornomaz, L.; Kippenberg, T.J.; Seidler, P. Integrated
gallium phosphide nonlinear photonics. Nat. Photonics 2020, 14, 57–62. [CrossRef]

100. Vasconcelos, H.C. Optical Nonlinearities in Glasses. In Nonlinear Nanophotonics and Novel Materials for Nonlinear Optics; IntechOpen:
London, UK, 2022.

101. Yamane, M.; Asahara, Y. Nonlinear optical glass. In Glasses for Photonics; Cambridge University Press: Cambridge, UK, 2000.

http://doi.org/10.1021/acsphotonics.1c01569
http://doi.org/10.1063/1.1571665
http://doi.org/10.1063/1.1702133
http://doi.org/10.1515/nanoph-2014-0024
http://doi.org/10.1364/OE.23.025827
http://doi.org/10.1364/OE.25.012100
http://doi.org/10.1080/23746149.2021.1905544
http://doi.org/10.1038/s41467-017-01110-5
http://doi.org/10.1038/s41566-020-00708-4
http://doi.org/10.1038/s41598-022-16889-7
http://doi.org/10.1364/OE.19.00B146
http://doi.org/10.1364/OE.18.008998
http://doi.org/10.1364/OE.20.022609
http://doi.org/10.1063/1.4875707
http://doi.org/10.1038/s41377-021-00584-9
http://doi.org/10.1021/acsphotonics.8b01468
http://doi.org/10.1021/acsphotonics.1c01775
http://doi.org/10.1364/OE.388080
http://doi.org/10.1364/OPEX.12.005110
http://doi.org/10.1364/OL.40.004528
http://doi.org/10.3390/mi13070991
http://doi.org/10.1109/3.556002
http://doi.org/10.1063/1.355272
http://doi.org/10.1016/0030-4018(95)00410-A
http://doi.org/10.1364/JOSAB.24.001557
http://doi.org/10.1063/1.5064832
http://doi.org/10.1038/s41566-019-0537-9


Micromachines 2023, 14, 604 24 of 25

102. Guignard, M.; Nazabal, V.; Zhang, X.; Smektala, F.; Moréac, A.; Pechev, S.; Zeghlache, H.; Kudlinski, A.; Martinelli, G.;
Quiquempois, Y. Crystalline phase responsible for the permanent second-harmonic generation in chalcogenide glass-ceramics.
Opt. Mater. 2007, 30, 338–345. [CrossRef]

103. Milam, D. Review and assessment of measured values of the nonlinear refractive-index coefficient of fused silica. Appl. Opt. 1998,
37, 546–550. [CrossRef] [PubMed]

104. Ferrera, M.; Duchesne, D.; Razzari, L.; Peccianti, M.; Morandotti, R.; Cheben, P.; Janz, S.; Xu, D.-X.; Little, B.E.; Chu, S.; et al.
Low power four wave mixing in an integrated, micro-ring resonator with Q = 1.2 million. Opt. Express 2009, 17, 14098–14103.
[CrossRef]

105. Eggleton, B.J.; Luther-Davies, B.; Richardson, K. Chalcogenide photonics. Nat. Photonics 2011, 5, 141–148. [CrossRef]
106. Choi, J.; Han, Z.; Sohn, B.-U.; Chen, G.F.R.; Smith, C.; Kimerling, L.C.; Richardson, K.A.; Anuradha, M.; Agarwal, A.M.; Tan,

D.T.H. Nonlinear characterization of GeSbS chalcogenide glass waveguides. Sci. Rep. 2016, 6, 39234. [CrossRef]
107. Kim, K.-H.; Husakou, A.; Herrmann, J. Linear and nonlinear optical characteristics of composites containing metal nanoparticles

with different sizes and shapes. Opt. Express 2010, 18, 7488–7496. [CrossRef] [PubMed]
108. Bache, M.; Schiek, R. Review of measurements of Kerr nonlinearities in lithium niobate: The role of the delayed Raman response.

arXiv 2012, arXiv:1211.1721.
109. Beyer, O.; Maxein, D.; Buse, K.; Sturman, B.; Hsieh, H.T.; Psaltis, D. Femtosecond time-resolved absorption processes in lithium

niobate crystals. Opt. Lett. 2005, 30, 1366–1368. [CrossRef]
110. Wang, J.; Nuccio, S.; Wu, X.; Yilmaz, O.F.; Zhang, L.; Fazal, I.; Yang, J.Y.; Yue, Y.; Willner, A.E. 40 Gbit/s optical data exchange

between wavelength-division-multiplexed channels using a periodically poled lithium niobate waveguide. Opt. Lett. 2010, 35,
1067–1069. [CrossRef] [PubMed]

111. Wang, J.; Fu, H.; Geng, D.; Willner, A.E. Single-PPLN-assisted wavelength-/time-selective switching/dropping/swapping for
100-GHz-spaced WDM signals. Opt. Express 2013, 21, 3756–3774. [CrossRef] [PubMed]

112. Poberaj, G.; Hu, H.; Sohler, W.; Günter, P. Lithium niobate on insulator (LNOI) for micro-photonic devices. Laser Photonics Rev.
2012, 6, 488–503. [CrossRef]

113. Luo, R.; Jiang, H.; Rogers, S.; Liang, H.; He, Y.; Lin, Q. On-chip second-harmonic generation and broadband parametric
down-conversion in a lithium niobate microresonator. Opt. Express 2017, 25, 24531–24539. [CrossRef]

114. Bazzan, M.; Sada, C. Optical waveguides in lithium niobate: Recent developments and applications. Appl. Phys. Rev. 2015, 2,
40603. [CrossRef]

115. Boes, A.; Corcoran, B.; Chang, L.; Bowers, J.; Mitchell, A. Status and potential of lithium niobate on insulator (LNOI) for photonic
integrated circuits. Laser Photon. Rev. 2018, 12, 1700256. [CrossRef]

116. Vazimali, M.G.; Fathpour, S. Applications of thin-film lithium niobate in nonlinear integrated photonics. Adv. Photonics 2022, 4,
034001. [CrossRef]

117. Yang, Z.; Ko, C.; Ramanathan, S. Oxide electronics utilizing ultrafast metalinsulator transitions. Annu. Rev. Mater. Res. 2011, 41,
337–367. [CrossRef]

118. Raoux, S. Phase change materials. Annu. Rev. Mater. Res. 2009, 39, 25–48. [CrossRef]
119. Cueff, S.; John, J.; Zhang, Z.; Parra, J.; Sun, J.; Orobtchouk, R.; Ramanathan, S.; Sanchis, P. VO2 nanophotonics. APL Photonics

2020, 5, 110901. [CrossRef]
120. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric field effect in

atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef]
121. Cheng, J.L.; Vermeulen, N.; Sipe, J.E. Third order optical nonlinearity of graphene. New J. Phys. 2014, 16, 053014. [CrossRef]
122. An, Y.Q.; Nelson, F.; Lee, J.U.; Diebold, A.C. Enhanced optical second-harmonic generation from the current-biased

graphene/SiO2/Si (001) structure. Nano Lett. 2013, 13, 2104–2109. [CrossRef]
123. Feng, M.; Zhan, H.; Chen, Y. Nonlinear optical and optical limiting properties of graphene families. Appl. Phys. Lett. 2010, 96,

033107. [CrossRef]
124. Hendry, E.; Hale, P.J.; Moger, J.; Savchenko, A.K.; Mikhailov, S.A. Coherent nonlinear optical response of graphene. Phys. Rev.

Lett. 2010, 105, 097401. [CrossRef]
125. Zhang, H.; Bao, Q.; Tang, D.; Zhao, L.; Loh, K. Large energy soliton erbium doped fiber laser with a graphene-polymer composite

mode locker. Appl. Phys. Lett. 2009, 95, 141103. [CrossRef]
126. Zhang, H.; Tang, D.Y.; Zhao, L.M.; Bao, Q.L.; Loh, K.P. Large energy mode locking of an erbium-doped fiber laser with atomic

layer graphene. Opt. Express 2009, 17, 17630–17635. [CrossRef] [PubMed]
127. Zhang, Y.; Wu, J.; Jia, L.; Qu, Y.; Yang, Y.; Jia, B.; Moss, D.J. Graphene Oxide for Nonlinear Integrated Photonics. Laser Photonics

Rev. 2022, 2200512. [CrossRef]
128. Wu, J.; Lin, H.; Moss, D.J.; Loh, K.P.; Jia, B. Graphene oxide for photonics, electronics and optoelectronics. Nat. Rev. Chem. 2023.

[CrossRef]
129. You, J.W.; Bongu, S.R.; Bao, Q.; Panoiu, N.C. Nonlinear optical properties and applications of 2D materials: Theoretical and

experimental aspects. Nanophotonics 2019, 8, 63–97. [CrossRef]
130. Zhao, M.; Ye, Z.; Suzuki, R.; Ye, Y.; Zhu, H.; Xiao, J.; Wang, Y.; Iwasa, Y.; Zhang, X. Atomically phase-matched second-harmonic

generation in a 2D crystal. Light Sci. Appl. 2016, 5, e16131. [CrossRef]

http://doi.org/10.1016/j.optmat.2006.07.021
http://doi.org/10.1364/AO.37.000546
http://www.ncbi.nlm.nih.gov/pubmed/18268623
http://doi.org/10.1364/OE.17.014098
http://doi.org/10.1038/nphoton.2011.309
http://doi.org/10.1038/srep39234
http://doi.org/10.1364/OE.18.007488
http://www.ncbi.nlm.nih.gov/pubmed/20389771
http://doi.org/10.1364/OL.30.001366
http://doi.org/10.1364/OL.35.001067
http://www.ncbi.nlm.nih.gov/pubmed/20364219
http://doi.org/10.1364/OE.21.003756
http://www.ncbi.nlm.nih.gov/pubmed/23481832
http://doi.org/10.1002/lpor.201100035
http://doi.org/10.1364/OE.25.024531
http://doi.org/10.1063/1.4931601
http://doi.org/10.1002/lpor.201700256
http://doi.org/10.1117/1.AP.4.3.034001
http://doi.org/10.1146/annurev-matsci-062910-100347
http://doi.org/10.1146/annurev-matsci-082908-145405
http://doi.org/10.1063/5.0028093
http://doi.org/10.1126/science.1102896
http://doi.org/10.1088/1367-2630/16/5/053014
http://doi.org/10.1021/nl4004514
http://doi.org/10.1063/1.3279148
http://doi.org/10.1103/PhysRevLett.105.097401
http://doi.org/10.1063/1.3244206
http://doi.org/10.1364/OE.17.017630
http://www.ncbi.nlm.nih.gov/pubmed/19907547
http://doi.org/10.1002/lpor.202200512
http://doi.org/10.1038/s41570-022-00458-7
http://doi.org/10.1515/nanoph-2018-0106
http://doi.org/10.1038/lsa.2016.131


Micromachines 2023, 14, 604 25 of 25

131. Lee, J.Y.; Shin, J.H.; Lee, G.H.; Lee, C.H. Two-dimensional semiconductor optoelectronics based on van der Waals heterostructures.
Nanomaterials 2016, 6, 193. [CrossRef]

132. Xia, F.; Wang, H.; Xiao, D.; Dubey, M.; Ramasubramaniam, A. Two-dimensional material nanophotonics. Nat. Photonics 2014, 8,
899–907. [CrossRef]

133. Li, Y.; Rao, Y.; Mak, K.F.; You, Y.; Wang, S.; Dean, C.R.; Heinz, T.F. Probing Symmetry Properties of Few-Layer MoS2 and h-BN by
Optical Second-Harmonic Generation. Nano Lett. 2013, 13, 3329–3333. [CrossRef] [PubMed]

134. Varma, S.J.; Kumar, J.; Liu, Y.; Layne, K.; Wu, J.; Liang, C.; Nakanishi, Y.; Aliyan, A.; Yang, W.; Ajayan, P.M.; et al. 2D TiS2 layers:
A superior nonlinear optical limiting material. Adv. Opt. Mater. 2017, 5, 1700713. [CrossRef]

135. Kumar, N.; Najmaei, S.; Cui, Q.; Ceballos, F.; Ajayan, P.-M.; Lou, J.; Zhao, H. Second harmonic microscopy of monolayer MoS2.
Phys. Rev. B 2013, 87, 161403. [CrossRef]

136. Wang, G.; Marie, X.; Gerber, I.C.; Amand, T.; Lagarde, D.; Bouet, L.; Vidal, M.; Balocchi, A.; Urbaszek, B. Giant enhancement of
the optical second-harmonic emission of WSe2 monolayers by laser excitation at exciton resonances. Phys. Rev. Lett. 2015, 114,
097403. [CrossRef]

137. Zhou, X.; Cheng, J.; Zhou, Y.; Cao, T.; Hong, H.; Liao, Z.; Wu, S.; Peng, H.; Liu, K.; Yu, D. Strong second-harmonic generation in
atomic layered GaSe. J. Am. Chem. Soc. 2015, 137, 7994–7997. [CrossRef] [PubMed]

138. Rodrigues, M.J.L.F.; de Matos, C.J.S.; Ho, Y.W.; Peixoto, H.; de Oliveira, R.E.P.; Wu, H.Y.; Castro Neto, A.H.; Viana-Gomeset, J.
Resonantly Increased Optical Frequency Conversion in Atomically Thin Black Phosphorus. Adv. Mater. 2016, 28, 10693–10700.
[CrossRef] [PubMed]

139. Lu, S.B.; Miao, L.L.; Guo, Z.N.; Qi, X.; Zhao, C.J.; Zhang, H.; Wen, S.C.; Tang, D.Y.; Fan, D.Y. Broadband nonlinear optical response
in multi-layer black phosphorus: An emerging infrared and mid-infrared optical material. Opt. Express 2015, 23, 11183–11194.
[CrossRef]

140. Xu, Y.; Jiang, X.F.; Ge, Y.; Guo, Z.; Zeng, Z.; Xu, Q.-H.; Zhang, H.; Yu, X.-F.; Fana, D. Size-dependent nonlinear optical properties
of black phosphorus nanosheets and their applications in ultrafast photonics. J. Mater. Chem. C 2017, 5, 3007–3013. [CrossRef]

141. Ouyang, Q.; Zhang, K.; Chen, W.; Zhou, F.; Ji, W. Nonlinear absorption and nonlinear refraction in a chemical vapor deposition-
grown, ultrathin hexagonal boron nitride film. Opt. Lett. 2016, 41, 1368–1371. [CrossRef]

142. Kumbhakar, P.; Kole, A.K.; Tiwary, C.S.; Biswas, S.; Vinod, S.; Taha-Tijerina, J.; Chatterjee, U.; Ajayan, P.M. Nonlinear optical
properties and temperature-dependent UV-vis absorption and photoluminescence emission in 2D hexagonal boron nitride
nanosheets. Adv. Opt. Mater. 2015, 3, 828–835. [CrossRef]

143. Xie, Y.; Zhang, B.; Wang, S.; Wang, D.; Wang, A.; Wang, Z.; Yu, H.; Zhang, H.; Chen, Y.; Zhao, M.; et al. Ultrabroadband MoS2
photodetector with spectral response from 445 to 2717 nm. Adv. Mater. 2017, 29, 1605972. [CrossRef]

144. Wei, R.; Zhang, H.; Hu, Z.; Qiao, T.; He, X.; Guo, Q.; Tian, X.; Chen, Z.; Qiu, J. Ultra-broadband nonlinear saturable absorption of
high-yield MoS2 nanosheets. Nanotechnology 2016, 27, 305203. [CrossRef]

145. Wei, C.; Luo, H.; Zhang, H.; Li, C.; Xie, J.; Li, J.; Liu, Y. Passively Q-switched mid-infrared fluoride fiber laser around 3 µm using a
tungsten disulphide (WS2) saturable absorber. Laser Phys. Lett. 2016, 13, 105108. [CrossRef]

146. Wang, Y.; Li, J.; Han, L.; Lu, R.; Hu, Y.; Li, Z.; Liu, Y. Q-switched Tm3+-doped fiber laser with a micro-fiber based black phosphorus
saturable absorber. Laser Phys. 2016, 26, 065104. [CrossRef]

147. Liberal, I.; Engheta, N. Near-zero refractive index photonics. Nat. Photonics 2017, 11, 149–158. [CrossRef]
148. Argyropoulos, C.; Chen, P.Y.; D’Aguanno, G.; Engheta, N.; Alù, A. Boosting optical nonlinearities in ε-near-zero plasmonic

channels. Phys. Rev. B 2012, 85, 45129. [CrossRef]
149. de Ceglia, D.; Campione, S.; Vincenti, M.A.; Capolino, F.; Scalora, M. Low-damping epsilon-near-zero slabs: Nonlinear and

nonlocal optical properties. Phys. Rev. B 2013, 87, 155140. [CrossRef]
150. Suchowski, H.; O’Brien, K.; Wong, Z.J.; Salandrino, A.; Yin, X.; Zhang, X. Phase mismatch-free nonlinear propagation in optical

zero-index materials. Science 2013, 342, 1223–1226. [CrossRef]
151. Caspani, L.; Kaipurath, R.P.M.; Clerici, M.; Ferrera, M.; Roger, T.; Kim, J.; Kinsey, N.; Pietrzyk, M.; Di Falco, A.; Shalaev, V. M.;

et al. Enhanced Nonlinear Refractive Index in ε-Near-Zero Materials. Phys. Rev. Lett. 2016, 116, 233901. [CrossRef]
152. Alam, M.Z.; De Leon, I.; Boyd, R.W. Large optical nonlinearity of indium tin oxide in its epsilon-near-zero region. Science 2016,

352, 795–797. [CrossRef]
153. Yoshioka, V.; Lu, J.; Tang, Z.; Jin, J.; Olsson, R.H.; Zhen, B. Strongly enhanced second-order optical nonlinearity in CMOS-

compatible Al1−xScxN thin films. APL Mater. 2021, 9, 101104. [CrossRef]
154. Sirleto, L.; Righini, G.C. An Introduction to Nonlinear Integrated Photonics Devices: Structures and Devices. Micromachines 2023.

submitted.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3390/nano6110193
http://doi.org/10.1038/nphoton.2014.271
http://doi.org/10.1021/nl401561r
http://www.ncbi.nlm.nih.gov/pubmed/23718906
http://doi.org/10.1002/adom.201700713
http://doi.org/10.1103/PhysRevB.87.161403
http://doi.org/10.1103/PhysRevLett.114.097403
http://doi.org/10.1021/jacs.5b04305
http://www.ncbi.nlm.nih.gov/pubmed/26060875
http://doi.org/10.1002/adma.201603119
http://www.ncbi.nlm.nih.gov/pubmed/27753445
http://doi.org/10.1364/OE.23.011183
http://doi.org/10.1039/C7TC00071E
http://doi.org/10.1364/OL.41.001368
http://doi.org/10.1002/adom.201400445
http://doi.org/10.1002/adma.201605972
http://doi.org/10.1088/0957-4484/27/30/305203
http://doi.org/10.1088/1612-2011/13/10/105108
http://doi.org/10.1088/1054-660X/26/6/065104
http://doi.org/10.1038/nphoton.2017.13
http://doi.org/10.1103/PhysRevB.85.045129
http://doi.org/10.1103/PhysRevB.87.155140
http://doi.org/10.1126/science.1244303
http://doi.org/10.1103/PhysRevLett.116.233901
http://doi.org/10.1126/science.aae0330
http://doi.org/10.1063/5.0061787

	Introduction 
	Fundamental Phenomena 
	Second-Order Phenomena 
	Third-Order Phenomena 
	Ultrafast Phenomena 

	Photonic Nonlinear Materials 
	Semiconductors 
	Glassy Materials and Lithium Niobate 
	Innovative Materials 

	Conclusions 
	References

