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Abstract

Sections

Integrated nonlinear photonics provides transformative capabilities
for controlling, enhancing and manipulating material nonlinearities
inminiaturized on-chip platforms. The extreme reduction of optical
mode areas within subwavelength waveguides allows for large
enhancements of light-matter interactions resulting in nonlinear
phenomenaatsignificantly lower optical powers than their fibre and
free-space counterparts. The integration of nonlinear materials into
nanophotonics has beeninstrumental in the practicalimplementation
of emerging applications such as quantum information processing,
high-speed optical communications, ultraprecise frequency metrology
and spectroscopy. Since the early 2000s, the development of new
fabrication methods combined with nanoscale design hasled to
tremendous improvements in the quality and integration capability of
both traditional and new nonlinear material platforms. In this Review,
we outline design principles to harness the potential of nonlinear
materials onintegrated platforms through improvements in waveguide
loss, resonator design and dispersion engineering principles. We
discuss how these tools have been used towards realizing several of
the major goals of integrated nonlinear photonics such as broadband
frequency conversion, frequency-comb generation, quantum light
sources and nonlinear optical quantum logic gates.
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Introduction

Nonlinear optics — the study of photon-photoninteractions by way of
materials — enables the all-optical control of light and the generation
of new frequencies. Harnessing nonlinear optical phenomena using
integrated photonics allows for unprecedented control and enhance-
ment of material nonlinearities within a compact chip-scale platform.
Integrated photonicsrely on nanoscale light guiding structures to min-
iaturize optical mode areas to subwavelength scale.In contrast to their
free-space or fibre-based counterparts, in which nonlinear optics is
naturally associated with high optical intensities, the small mode vol-
umes ofintegrated photonicstructures allow for nonlinear phenomena
at extremely low powers. Such a platform allows for the system-level
integration of nonlinear photonics, necessary for the practical imple-
mentation of emerging applications such as quantum information
processing (QIP), high-speed optical communications, ultraprecise
frequency metrology and spectroscopy.

Since the turn of the century, tremendous progress inimproving
the quality and integration of traditional materials such as Si' ¢, LINbO,
(refs. 7,8), Si;N, (refs. 9,10), silica™"? and AlGaAs", and in developing
new material platforms suchas diamond™, SiC*", GaN and AIN (Fig. 1),
has been achieved. In addition, the hybrid integration of novel 2D
materials with such traditional platforms is strongly pursued for their
highly tunable optoelectronic properties'°. Furthermore, the recent
emphasis on QIP brings opportunities for nonlinear parametric pro-
cesses to build and manipulate quantum sources of light?-*? and even
combine them® > with microresonator frequency combs, which have
experienced rapid progress® .

Inintegrated photonics, high-confinement waveguides play a
crucial role, enabling key design tools such as dispersion engineer-
ing"*°, low-loss propagation®* and strong field localization®, which
have become indispensable for harnessing the intrinsic nonlineari-
ties of different material platforms. In this Review, we outline design
principles and progress in using these tools to achieve major goals in
integrated nonlinear photonics such as broadband frequency conver-
sion, frequency-comb generation, quantum light sources and nonlinear
optical quantum logic gates (Fig. 1). As an example, improvements
in roughness at the core-cladding interface and in the film quality
over the past 10 years have reduced the oscillation threshold for Kerr
frequency combs from 50 mW to 20 pW since their first demonstra-
tions®**3% reducing the need for optical amplifiers®. We discuss trade-
offs between design criteria for each application, keeping in mind
fabrication considerations. We also discuss the current state of the
art and improvements that are needed to achieve the desired figures
of merit for each application.

Integrated nonlinear optics

Thestronglocalization of light within waveguides enables the versatile
engineering of its amplitude and phase, which are key to enhancing
nonlinear optical processes. The high optical intensities provided by
waveguides lead to consequential higher-order terms of the material
polarization — enhancing photon-photon interactions and generat-
ing new frequencies. At optical frequencies, the response of dielec-
trics to electromagnetic radiation is governed by the source-free
Maxwell’s wave equations, with a material polarization term that can
be expanded as a Taylor series of the electric field Ein the electricdipole
approximation:

(NL)
P :go|:[X_(l) +ﬁ?+ﬁ??+ ]}E, 1

inwhich ysaretensorsofappropriaterank for the susceptibilityand g
is the permittivity of free space®. The first term — the linear response — is
responsible for thelinear refractiveindex (ny):ny= /1 +X(1) .Thesecond
and third terms corresponding to the second-order (x ) and third-
order (y®) nonlinearity govern wave mixing processes (Fig. 1a and
Boxes 1and 2). y® vanishes in materials that lack inversion symmetry
(non-centrosymmetric), although electric quadrupole effects can give
rise tosecond-order nonlinear processesin bulk centrosymmetriccrys-
tals*’. y® can also produce a refractive index change that is quadratic
intheinputfield Fandlinear in the intensity: /< |E| % n = ny + n,/, whereby
the nonlinear index coefficientis n, = 3y ®/4nZce .

Akey challenge hasbeenincorporating y® materials onintegrated
photonics platforms as y® nonlinearity vanishes for all amorphous
solids including most commonly used deposited thin films. Neverthe-
less, novel fabrication methods including epitaxial growth and bonding
have been used to successfullyintegrate y® materials such as LINbO,
(LN), AIN, llI-V and SiC™"7#142_ Certain crystals made of more thanone
type of atom possess a non-vanishing x® (refs. 43,44). The design of
photonic structures using these materials must account for crystal
orientations and the polarization directions of the interacting fields
tomaximally utilize the non-zero components of their y®tensor. y®
platforms enable unique functionalities such as ultra-broadband fre-
quency conversion, pure phase (Pockels) modulators and parametric
down conversion (PDC) quantum light sources. The rapid maturity of
the field has been exemplified by the obtention of high-performance
modulatorsin thin-film LN’

By contrast, y® nonlinearity is ubiquitous in all materials and,
therefore, hasbeenwidely studiedinsiliconand, later, in Si;N,, Hydex,
silicaand other amorphous materials, leading to many four-wave mix-
ing (FWM)-based applications. Examplesinclude Kerr frequency-comb
generation for spectroscopy and frequency metrology, supercontin-
uum generation and the generation of nonclassical states of light for
quantum information science. For x® processes, all the interacting
fields canbe close in frequency, making the design of photonic struc-
tures easier. Note that we focus on parametric nonlinear processes in
this Review, whereby the photon energy is conserved in the optical
domain. We refer the reader to excellent other reviews on non-
parametric processes such as Brillouin** and Raman scattering'®, which
couple photons with phonons.

Another major challenge for integrated platforms is that the tight
confinement of light within waveguides, which enhances nonlinear
interactions, also increases the susceptibility to losses. Although
silicon was a material of choice for chip-scale nonlinear platforms
during the early development of integrated photonics’, high linear
losses, two-photon absorption (TPA) and TPA-induced free-carrier
absorption (FCA) made it difficult to achieve high performance at
near-infrared wavelengths. In particular, the indirect bandgap of
silicon leads to long-lived free carriers that negatively affect perfor-
mance compared with direct bandgap materials such as AlGaAs. This
impaired performance has prompted substantial efforts to develop
large bandgap materials such assilica, Si;N,, AINand LN for nonlinear
nanophotonics.

Although the efficiency of nonlinear processes typically increases
withbothinteractionlength L and optical power, linear and nonlinear
losses set limits on the effective interaction lengths and powers, respec-
tively, beyond which the efficiency stopsincreasing (Box1). Asopposed
to linear loss, the deleterious effects of nonlinear loss mechanisms
such as TPA become dominant at high powers, whereby two photons
with energy more than halfthe bandgap are absorbed simultaneously.
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Fig.1| Overview of integrated nonlinear photonic material platforms
and applications. a, Main goals of integrated nonlinear photonics and their

corresponding nonlinear processes. b, Selected applications, nonlinear photonic
material platform transparency windows and examples of frequency generation

using nonlinear integrated photonics spanning the visible to mid-infrared
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SHG, second-harmonic generation; SPDC, spontaneous parametric down
conversion; THG, third-harmonic generation; UV, ultraviolet.

To quantify this effect, one can define the nonlinear figure-of-
meritFOM = Re[x ®1/Im[x®1 = n,/(B,,,A) for x® materials in which
Bipp =3ImIx®1/4e,cAngd is the TPA coefficient””. The net loss for an

intensity / can thenbe quantified as ;o5 = Gjinear + Brpal-

Integrated photonics provides three key design tools to enhance
optical nonlinearities: high-confinement waveguides, low-loss resona-
tors and waveguide dispersion engineering (Box 3). Although the
intrinsic material properties @ and x® are generally small, the fact
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Box 1

Nonlinear parametric processes for wave mixing

Every parametric nonlinear process involves the interaction of waves
at one or more frequencies to produce new waves in an energy-
conserving manner. Representative examples of such processes are
shown in the figure, in which dashed arrows indicate output fields and
solid arrows indicate input fields. Among second-order x® nonlinear
process, second-harmonic generation (SHG, w = w > 2w) produces
light waves at twice the incident light frequency, whereas sum-
frequency generation (SFG) produces waves at frequency

Woyy = Wi + Wiy fOr input waves at w;,; o, respectively. The reverse

of these two processes is parametric down conversion (PDC,

Wi, > Wouy + Wouro)- Difference frequency generation (DFG,

Win1 ~ Win2 > Wour). PY contrast, can produce optical parametric
amplification (OPA), or parametric gain, because this can be used

to amplify the lower frequency waves. When this process is placed
within an optical cavity for resonant enhancement, this is referred

to as an optical parametric oscillator.

Among processes based on the third-order or Kerr nonlinearity
X(3): a simple example is THG (0 + w + @ > 3w). More generally,
four-wave mixing (FWM, Wp1 + Wpp > W5 + w;) generates a signal (s)
and an idler (i) wave from two pump frequencies (p1, p2). Degenerate

FWM in which the two pumps have the same frequency is commonly
used to induce parametric gain, essential for generating Kerr
frequency combs. In addition, )((3) processes lead to an intensity-
dependent refractive index n =ng + n,l to produce the optical

Kerr effect, which leads to self-phase modulation (involving four
identical frequencies, w,; = w,, = @, = @;) and cross-phase modulation
(involving two pairs of identical frequencies, wp,; = ws # w,, = ;). Here,
the nonlinear index is n, = 3y®) /4g,cné, in which ng is the linear
index. FWM can lead to modulational instability or phase-conjugation
FWM accompanied by parametric gain, whereby two pump photons
are annihilated in pairs to generate a signal and an idler photon in
pairs, producing quantum light sources in the process. Alternatively,
FWM can lead to Bragg scattering (BS-FWM), whereby for each idler
output photon that is created, one signal input photon is annihilated,
enabling quantum frequency conversion. Note that all processes
except self-phase modulation and cross-phase modulation can be
used for classical frequency conversion — see the figure, in which the
thickness of the arrows qualitatively depicts the relative intensities of
the fields used in each process. In the figure, we emphasize especially
those processes that can enable quantum frequency conversion,
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(continued from previous page)
frequency-comb generation, parametric gain/amplification and the
generation of quantum light sources.

We next describe basics of a frequency comb — a prime application
of nonlinear microresonators seeded by the aforementioned
modulational instability FWM. An optical frequency comb consists
of a series of narrow spectral lines that are equidistant in frequency
and have a well-defined phase relationship, with line (or ‘tooth’)
frequencies represented by:

f,=f

n ceo + mf

rep’ (6)
in which mis an integer, frep is the repetition rate equal to the spacing
between adjacent ‘tooth’ of the comb and f, is an overall frequency
shift (carrier-envelope offset). A broad octave-spanning bandwidth

is particularly necessary for f-2f or 2f-3f interferometry to enable

a fully self-referenced comb with precisely known frequencies®*®
(equation (4)). Other key metrics include the threshold power for
FWM parametric oscillation for comb generation, which is the input
pump power P,, above which generated signal and idler modes

that the dimensions of structures are on the same length scale as the
wavelength leads to strong enhancement of the field, which, in turn,
leadsto strong nonlinear optical phenomena. Similarly, astronglinear
material dispersion that would preclude satisfying phase-matching
conditionsinbulk can be markedly changed by tailoring fundamental
and higher-order modes.

Material platforms for integrated nonlinear
photonics
Silicon and group IV materials (or complementary
metal-oxide-semiconductor-compatible)
Crystalline silicon (c-Si) has been the material of choice for integrated
photonicssince the early2000s, driven by the need for high-bandwidth
optical communication links. The massive infrastructure of the elec-
tronic semiconductor fabricationindustry can be harnessed to produce
silicon photonic devices at high yields and low cost and allows the
integration of photonics and electronics on the same chip. The index
of silicon (n ~ 3.5) is substantially higher than that of silicon dioxide
(n - 1.45), making compact devices possible using a thin-film silicon
core, based onsilicon-on-insulator wafers commonly used in comple-
mentary metal-oxide-semiconductor (CMOS) foundries. Silicon
modulators exploit the carrier-based plasmadispersioneffect for active
tunability and modulation. The bandgap of c-Siis 1.1 eV, which provides
anopticaltransparency window from 1.2 pumto 8 pm. Siliconis a centro-
symmetric material withahighn, - 4 x 108 m? W™, However, TPA and
FCA have limited its use for many nonlinear optical applicationsin the
near-infrared. High-confinement resonators with quality factors up
to 1 million have been achieved for nonlinear mid-infrared applica-
tions*s. TPA is absent in c-Si beyond 2.2 um, and FCA can be mitigated
using reverse-biased p-i—njunctions to actively extract carriers. By
leveraging these features, c-Si has been utilized for nonlinear applica-
tions such as comb generation in the mid-infrared” and for quantum
lightsources in the near-infrared*. However, higher-order absorption
processes still occur and limit optical power.

The field of silicon photonics today not only involves crystalline
silicon but also many other silicon-based amorphous materials such

experience parametric gain exceeding roundtrip loss and start
oscillating, which can be written as'*'*°:

1egmQc ng (V) (V.
Pth~1'542 2Q, HZAD[QE] [QL ] )

in which A, is the pump wavelength, V= 2ITRA is the microresonator
mode volume and Q, and Q, are the coupling quality factor and the
loaded quality factor arising from the rate of ring-bus-waveguide
coupling and the total loss rate, respectively.

Parametric nonlinear processes occur in materials, which
possess purely real susceptibility tensor x. In materials with complex
nonlinear susceptibilities, the final quantum state of the system is no
longer guaranteed to be identical, and thus the resulting process is
non-parametric. The imaginary parts of the nonlinear susceptibilities
can either lead to linear Loss (aj,esr = 21 [x M 1/Ang) and nonlinear
loss mechanisms such as two-photon absorption or otherwise affect
the efficiency of the parametric process.

as silicon nitride, silicon oxynitride, amorphous silicon (a-Si) and
Hydex. Amorphous materials have a unique advantage because they
cangenerally be deposited on various substrates using several tech-
niques. Specifically, plasma-enhanced chemical vapour deposition
can be operated at a low temperature of ~400 °C and is already part
of CMOS foundry process flows, whereas low-pressure chemical
vapour deposition at higher temperatures typically yields purer films
with lower loss. Compared with crystalline Si, amorphous materials
have lower absorption and scattering losses owing to a lower-index
contrast with the cladding materials, but they possess lower linear
and nonlinear indices. Tremendous effort in the photonics commu-
nity has aimed toreduce losses in silicon nitride waveguides by reduc-
ing the impurities of the deposited film and its surface roughness to
subatomiclevels (<0.1 nm) through optimized etching and lithogra-
phy, resulting in high-quality factors (Qs) greater than 70 mil-
lion*?*3%! (Fig. 2). Progress towards overcoming film stress has
enabled the obtention of thicker films of silicon nitride without
cracks, which satisfy the anomalous waveguide dispersion conditions
needed for broadband frequency-comb generation®* . By varying
the composition, silicon-rich nitride also has the added benefit of a
higher n, (refs. 55,56). However, the linear losses are increased and
careful consideration must be taken during annealing (whichis typi-
cally used toreduce losses) to avoid the formation of silicon clusters
as a by-product. Owing to its larger bandgap of 1.7 eV, a-Si is less
affected by TPA and FCA at telecom wavelengths (1.55 pm), despite
possessing an n, that is several times higher than crystalline
silicon®”®!,

Besides elemental Si, several other group-1V-based materials such
as germanium, silicon carbide and diamond have garnered interest
for their unique transparency windows. For instance, diamond™ and
silicon carbide' have very wide bandgaps (5.47 eV and 2.4-3.2 eV,
respectively) and are useful for applications down to the visible and
ultraviolet, whereas germanium has a narrow bandgap and is useful for
lightdetection at telecommunication wavelengths. Germanium also
has a high refractive index (-4) and correspondingly shows promise
for efficient nonlinear optical processes into the mid-infrared as its
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Box 2

Phase matching for nonlinear parametric processes

For a phase-matched process, energy conservation and momentum
conservation are simultaneously satisfied. Thus, the waves created at
new frequencies by the nonlinear interaction add up constructively,
resulting in large output at the new frequencies. Consider a )((2)
-based three-wave mixing process (w; + @, = w3), for which the phase
mismatch is

AB = B(w) + Bw,) — B( 3)——(

n(w)
W,

n(wg)
(2]

_ n(wg)]

W3

in which n(w) and B(w) are, respectively, the effective refractive index
and propagation constant of the mode at frequency w. In the case

of second-harmonic generation and degenerate parametric down
conversion (w; = w, = @3/2 = w), the phase-matching condition AB=0
simplifies to n(w) = n(2w). Away from the ideal phase-matching
condition AB # O, the conversion efficiency in a propagation medium
of length L degrades as sin CQ(ABL/Z).

For X(S)-based four-wave mixing (FWM) processes, self-phase
modulation (SPM) and cross-phase modulation (XPM) play important
roles in phase matching (Box 1). The phase-matching condition for
third-harmonic generation is similar to second-harmonic generation:

@ Effective index and GVD — influence of material b
and high/low confinement
Anomalous — — Normal
GVD B,
Material (8, > 0) dominated (near bandgap)
High conf. Low conf.
= B,<0 B,>0
x
[0}
©
£
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=
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{3}
=
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| |
| & 1 @ +6w
i i 0w =0
2 | —
@, } W, } . (CA
| o~ 2o
wZGVD
Zero GVD Frequency
By{®,6y5) = O

n(w) =n(3w). More generally, a FWM process W1+ Wy > W + @
with two intense pumps at @, ,, With powers P, , has a net phase
mismatch':

AB(P;, Py) = [Blas) + Bla;) = Bladpg) — Blawpo)] + y(Py + Py)
~ B, % [0 = ) = (g1 = Wp2) "1+ Y(Py+Py),

in which the first term represents the linear wavevector mismatch
and the last term represents the contribution from SPM and XPM.
B,= dz[i(oo)/dw2 is the group-velocity dispersion (GVD) at the
average pump frequency (@ + @,,)/2. For the commonly used

case of degenerate pumps w, = @y, and P, = P, = Py, the net phase
mismatch reduces to AB =, *(ws - @;)? +2yP,. Most materials have
a positive Kerr nonlinearity y = wn,/cAq > 0. Thus, to compensate for
SPM-induced and XPM-induced phase shifts and ensure AB= 0, we
require B, < 0, that is, anomalous GVD at the pump wavelength.

The figure shows typical effective index (n.g) variation of a
waveguide mode with wavelength A (dispersion exaggerated for
clarity). High-index-contrast systems show large A-dependent spatial
mode variation, allowing n.« and the consequent GVD to be changed
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ceo, carrier-envelope offset; rep, repetition. Part b reprinted with permission from ref. 210, Optica.
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(continued from previous page)

from being normal in the low-confinement (large A) limit to possibly
anomalous in the high-confinement regime. At lower A close to the
bandgap, the material dispersion becomes strongly normal, and
higher-order modes can extend the range of wavelengths possessing
anomalous GVD.

A phase-matched FWM process can produce parametric gain and
modaulational instability (important for frequency-comb generation,
see the figure) and also produce phase-conjugated idlers.
Microresonator Kerr frequency-comb generation involves degenerate
and non-degenerate FWM at the initial stages. These processes are
phase-matched for a low anomalous GVD. As shown in the bottom of
panel b’’, a low negative B, results in a broader comb than a high 3,,.

If the pumps and input/output frequencies are instead chosen to
satisfy wpy + @i, > Wy + Woyr the phase mismatch is modified to

AB(Py, Py) = B, % (wpz_wm) (wpz_win)/2+V(P1_P2)/2~

transparency window extends to 14 pum (ref. 62). Of these materi-
als, germanium can be epitaxially grown on top of silicon and has
been used for integrated near-infrared detectors in foundry-level
photonics. SiGe has also been used for ultrabroadband supercon-
tinuum generation up to the mid-infrared®***. Integrating SiC and
diamond remained a challenge for along time because SiC-on-oxide
and diamond-on-oxide thin films were not widely available and were
difficult to etch*"*, but these fabrication challenges have since been
addressed™'*%7°,

III-V materials

Crystalline materials based on I1I-V compound semiconductors (InGaP,
InP, GaP, GaAs and derivatives and ll-nitrides) are typically direct band-
gap materials and have high refractive indices, enabling lasers and
amplifiersto be fabricated on the same platformas photonicintegrated
circuits. IllI-V materials such as aluminium nitride, GaP and GaAs are
also non-centrosymmetric, and several materials in this class possess
the largest second-order nonlinearities for crystalline dielectrics
(x?>~150 pm V' for GaP, InAs and GaAs). By changing the material
composition (such as theratio of Aland Gain Al,Ga,_,As), the bandgap
and thusthetransparency window can be easily tuned to prevent TPA.
II-V thin films can be incorporated on silicon wafers through wafer
bonding and direct growth techniques’’. AlGaAs was initially pro-
posedinthe1990s as one of the first platforms for integrated nonlinear
optics and, in particular, has the advantage of lower TPA and FCA in
the C-band for Al content higher than 0.3 owing toits electronic band
structure””, However, only after the development of the AlGaAs-
on-insulator platform, which enables high-confinement structures,
was it possible to generate Kerr frequency combs in this material™”®.
Epitaxially grown crystalline AIN on sapphire has the highest bandgap
of any integrated material with a large y?leading to high quality fac-
tors 0f 200,000 in the ultraviolet wavelength range””® (Fig. 2b). By
contrast, sputter-deposited polycrystalline AIN is more accessible
commercially, although nonlinear x® processes are not as efficient
asin crystalline AIN because of the mismatch in crystal orientation
between different crystal grains”. The wide transparency range of AIN
has enabled the obtention of frequency combs and classical and/or
quantum frequency conversion (QFC) outside the telecommunication
wavelength range*5°%2,

Note that the SPM/XPM contribution from the two
pumps can be cancelled by equal pump powers (P;=P,). The
aforementioned process, called Bragg scattering FWM (BS-FWM)
(Box 1), is phase-matched when the average frequency of the
four waves coincides with the zero GVD (ZGVD) frequency:
W76yp = (Wp1 + @in)/2 = (Wp + Woy1)/2, @S B, (w7zcyp) = O (see the figure,
panel ¢). In other words, phase matching in BS-FWM requires the
pump fields and the input/output fields to be placed symmetrically
about the zero-GVD point w,¢yp. In the figure, panel ¢, we also
indicate w;_ as the spurious lower sideband BS-FWM idler, which
is also phase-matched to the lowest order. Contributions from
higher-order dispersion can modify phase-matching conditions for
widely separate pumps and signal-idler beams, both for BS-FWM?"'#?
(equation (3)) and for phase conjugation and/or modulational
instability FWM?2°92'°,

Lithium niobate (LiNbO;)

Lithium niobate (LN) is awell-known nonlinear material with a substan-
tial y® =27 pm V.. Because thin-film LN-on-oxide is now commercially
available®, low propagation loss, high-confinement LN-on-insulator
has been developed, opening the door to the development of highly
compact, ultra-high-speed electro-optic modulators. High-confinement
LN represents an impactful advance as it is a near-ideal platform with
low loss (Q - 10 million) and important second-order and third-order
nonlinearities® (Fig. 2b), which makes it attractive for several applica-
tions. Bulk LN is often doped with MgO to increase its power-handling
capacity and mitigate photorefractive damage effects, which can also
be doneonintegrated platforms. Techniques to mitigate the photore-
fractive effect onintegrated platformsinclude removing the dielectric
cladding layers and heat treatment®.

Silica glasses and chalcogenides

Silicahasbeenwidely used as atraditional optical material owingtoiits
substantially lower losses and was perfected for long-haul telecommu-
nications over fibres. However, the low index of silica (1.45) means that
cladded silica waveguides need to be several wavelengths (-10 pm) in
cross-sectional dimensions. Analternative way to achieve high confine-
ment uses air-clad suspended structures, but such structures are not
fully integrated on chip. Advances have combined ultra-high Qsilica
resonators with planar silicon nitride waveguides™. Silica microreso-
nators have good nonlinear performance owing to record-high Qs of
875 million®. High-index doped glass, or Hydex, is another alternative
thatenables the obtention of relatively high-confinement planar struc-
tures. Chalcogenides such as As,S; and As,Se; have shown promise,
especiallyinthe mid-infrared, owing to their high index and extremely
high nonlinear coefficients. Although the photosensitivity of chalcoge-
nides canbeanissue, this feature has also been used for post-trimming
to compensate for fabrication imperfections®.

Organic polymers and emerging ferroelectrics

Organic polymers and emerging ferroelectrics such as lead zirconate
titanate (PZT) and barium titanate (BaTiO; or BTO) exhibit the highest
bulk optical nonlinearities owing to their unique molecular or crystal-
linestructures®°°. Their y @is an order of magnitude above that of LN,
with crystalline tetragonal BTO exhibiting the largest Pockels coefficient
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Box 3

Integrated photonic design tools

High-confinement waveguides

High-confinement waveguides allow one to confine light into
subwavelength cross-sectional areas, which give two key advantages:
high optical intensity with lower input optical powers and diffraction-
free propagation for increased interaction length within the nonlinear
material. The degree of confinement increases with the linear
refractive index contrast between the core and the cladding material.
This is reflected in a small effective interaction area A (four-wave
mixing process) defined as:

4 JEEFEEDA
ff = .’
&ML IEI dA)?

in which E is the electric field. Values of A, are approximately on

the order of (,,A_O) . Empirical guidelines for film thicknesses and
waveguide widths (w) that lead to optimal nonlinearity through
small mode areas were derived by Foster et al.**®, as the mode area
increases rapidly for waveguide dimensions w < A/ny and linearly
forw>> A/ng.

As an example, self-phase modulation (or Kerr-phase shift)
introduced by a beam of power P over an interaction length L is
¢y =YPL, and the nonlinear parameter y is defined as:

N,
Y= ’
CAcff

@)

inwhich M2 =775. Zis the nonlinear index, n, is the linear refractive
index, wis the frequency, ¢ is the speed of light and A is the
effective mode area. The nonlinear parameter captures the effect
of tight confinement (small A) and a large n, and shows that large
values of y can achieve the same nonlinear phase shift (and other xy
processes) with lower powers over a shorter length®*°. Compared
with fibres (y ~ 1072 = 1072W"'m™), chip-scale waveguides can
achieve nonlinear parameters (y ~1—1,000W"m™), with highest
reported values in AlGaAs®”' (>500W'm™) and amorphous silicon
(>700W'm™)*°”2 Propagation in high-confinement waveguides
can be as long as 0.4m in an 8-mm? footprint'’®.

(©)}

Low-loss resonators

Ultra-low-loss cavities have markedly increased intensities on-chip
allowing for efficient nonlinear interaction between modes at
different resonant frequencies using submilliwatt continuous-wave
lasers. The resonant power enhancement within a cavity is governed
by the following parameters:

-2
P
% = #nefoC@ + %CI] (~£for critical coupling Q. = Qi)

in which Q;, are the intrinsic and coupling quality factor dependent
on intrinsic and extrinsic cavity loss rates owing to internal absorption
and scattering losses and coupling to the bus waveguide, R is the
resonator radius, n. is the effective index of the waveguide and

F= 2ﬁRanf is the finesse of the cavity, proportional to the number of
=

roundtrips taken by the light. The highest optical power that can be
realized within the cavity occurs under the critical coupling condition
when the extrinsic and intrinsic losses are the same (Q, = Q). For a
number of applications, critical coupling is not optimal. For example,
overcoupled cavities (Q, < Q;) are important for Bragg scattering-four-
wave mixing frequency conversion in a ring'®, for efficient pump-to-
comb conversion”®**? and for squeezed-light generation?%%?,
whereas undercoupled cavities (Q, > @;) are important for low
threshold in comb generation and in parametric oscillation®*'.

Waveguide dispersion engineering
Integrated optics has greatly expanded the capabilities of
achieving phase matching for efficient nonlinear processes
through control of device geometry, which enables photonic
structure dispersion to overcome the intrinsic dispersion of a
material. Difficult phase-matching conditions can be achieved
by the effective index of the waveguide modes, often belonging
to different transverse orders, instead of the bulk material index
(Box 2 and Fig. 3d). Phase-matching technigues specific to
high-index-contrast platforms include engineering the cross-
sectional dimensions®? in single-mode or few-mode waveguides
and the use of higher-order transverse modes in multimode
waveguides®?*’. Small geometry changes in high-confinement
waveguides alter the field distribution significantly (Fig. 3a),
resulting in a wavelength-dependent n and large changes in
group-velocity dispersion (GVD). For visible wavelengths, the
dispersion provided by higher-order transverse modes is often
necessary to compensate the extremely large normal GVD of the
material close to their bandgap®**’* (Box 2 and Fig. 3b).
Dispersion-engineered waveguides often require dimensions
that support many modes, although only the fundamental mode is
utilized. The fundamental mode can have avoided mode crossings
with higher-order spatial or polarization modes®®, which cause large
narrowband changes in dispersion that are harmful, for example, for
broadband soliton microcomb generation. Avoided mode crossings
can be mitigated by introducing tapered single-mode filtering
regions or can be harnessed for local anomalous dispersion control
in otherwise normal dispersion structures. Beyond single-waveguide
geometries, the past few years have witnessed further dispersion
engineering using more complex geometries, such as coupled
waveguides®®, the use of thin films of a different material*"***"’ or
coupled resonators®****”® and arrays** (Fig. 4a,b).
Quasi-phase-matching techniques of periodic poling that
are traditionally used in low-index-contrast systems have been
introduced into high-index-contrast nanophotonic platforms**'*’
and are expected to have an important role in X(Z)—based frequency
conversion and in quantum light sources (Fig. 4c). Here, the direction
of crystal orientation is periodically reversed by applying a strong
electric field, with a period determined by the coherence length
L.on =m/AB, so the generated waves from successive periods
add constructively despite the phase mismatch AB. Additionally,
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(continued from previous page)

wavelength-scale structures such as photonic crystals can engineer
GVD by perturbing a single azimuthal mode of a ring resonator®’*=¢'
(Fig. 3b) or lead to phase-matched nonlinear processes in standing-
wave resonators (unlike travelling-wave ring resonators) with small

of r;, =923 pm V7 (ref. 90). Organic polymers and PZT can be solution
processed on top of more traditional photonic platforms to create
hybrid waveguidesinwhich lightinteracts strongly with the nonlinear
material. BTO can be epitaxially grown on silicon and silicon dioxide
on awafer scale, making it highly attractive. In contrast to the organic
materials, PZT and BTO can sustain higher temperatures. Studies into
the thermal and chemical stability of these materials are ongoing.

Two-dimensional materials

Two-dimensional materials consist of asingle atomiclayer that confines
electronsinone dimension leading to strongly tunable optoelectronic
properties. Because 2D materials bond via van der Waals interactions
toother surfaces, they can be transferred onto most substrates without
limitations of lattice matching. This enables the addition of the non-
linear optical functionality inherent to 2D materials to traditional
photonic platforms such as silicon and silicon nitride. Graphene was
the first 2D material to be studied in electronics and the first monolayer
whose optical properties were investigated. Owing to its inversion
symmetry, nonlinear optical studies were limited to y® properties
such as third-harmonic generation (THG) and FWM"""**, Graphene
was soon followed by transition metal dichalcogenides (TMDs), which,
unlike graphene, possess abandgap, thus offering more versatility and
lower loss. TMDs lack inversion symmetry when they consist of an odd
number of layers, so monolayer TMDs exhibit astrong x?. TMDs have
strong excitonic effects and could potentially lead to high-temperature
Bose-Einstein condensation, whichis asignature of strong nonlinearity
owing to interactions between excitons’.

An important challenge to the widespread adoption of 2D
materials is the growth of high-quality monolayers over large areas
(approximately centimetre scale) with a low density of defects and
grainboundaries and their reliable transfer to photonic platforms. In
this respect, graphene oxide has emerged as animportant nonlinear
optical material for its ease of large-area growth for chip-scale inte-
gration, and we refer the reader elsewhere for details”. Integration
with photonic platformsis still at early stages of research, so we point
the reader towards comprehensive reviews of fundamental studies
of 2D materials for nonlinear optics’*’. We focus here on guidelines
for integrated photonic device design and the resulting nonlinear
processes and applications, but theinterested reader can find exhaus-
tive datatables and best experimental practices for nonlinear optical
materials in another review”. There, the reader canalso find a detailed
discussion of materials both on-chip and off-chip, including OD to 3D

mode volumes®*®?, Finally, extreme subwavelength structures such
as metasurfaces (Fig. 4d) can relax phase-matching requirements
because the nonlinear interaction happens over a short propagation
length L < L.

and high-resolution microscopy'’”. Seamless translation between
disparate spectral ranges allows access to high-performance optical
components such as lasers, cameras and detectors, which have only
been perfected for a few spectral windows (visible and near-infrared).
Despite the advantages offered by integrated optics design tools, new
challenges accompany high-confinement waveguides, such as achiev-
ing good modal overlap between modes at distant wavelengths without
compromising low loss and phase matching.

Nearly any parametric wave-mixing process involving two or more
frequencies can be used for broadband classical frequency conversion,
whereas QFC canonly be achieved through very few processes such as
Bragg scattering-FWM (BS-FWM), difference frequency generation
(DFG) and sum-frequency generation (SFG). This distinction is due to
more stringent requirements for QFC as it involves the conversion of
quantum states of light without affecting their photon statistics. In the
classical regime, second-harmonic generation (SHG), THG, SFG and
DFG arethe major processes for converting between widely separated
spectral bands (say, visible to telecom) to expand the spectral range.
FWM, by contrast, can be used for classical frequency conversion within
aspectralband both between closely spaced frequencies and between
widely separated spectral bands'**'%*,

Expanding the spectral range: classical frequency conversion
Having abroad transparency window is a key requirement for frequency
conversion to expand the spectral range of sources. LN, AIN and Si;N,,
TiO, and GaP have been used to extend to shorter wavelengths owing
totheir large bandgap, which enables transparency windows in the vis-
ibleregion.Si, Ge and IlI-V materials such as GaAs and AlGaAs are more
suitable for extending tolonger wavelengths (towards the mid-infrared)
owing to their smaller bandgaps.

Expanding to shorter wavelengths. SFG, SHG and THG canallbe used
for up-converting frequencies and generating short-wavelength light.
Such short-wavelength sources find applicationsin ultraviolet-visible
spectroscopy, high-resolutionimaging, lithography, and for generating
pump beams for quantum light sources. These processes are also
important for self-referencing frequency combs through f-2fand
2f-3f interferometry'®. The generated power P;for SFG/SHG and THG
(assuming undepleted pumps with input powers P,(j=1,2) and no
nonlinear loss) can be written as'**'%’;

. . . . A 2”2 (2)]2670(3L AKL

materials suitable for nonlinear optics from terahertz to ultraviolet Py~ %Leszf’fzsincz (—]I‘m ; SFG:w;

spectral ranges®. EoMyN5CA; 2 (2a)
=w;+ w,, SHG: ;= w,,

Nonlinear integrated photonics for frequency

conversion

Broadband frequency conversion has produced coherent radiation at 36112[)(;;)]2(“# 5 3. o(AKL

optical wavelengths spanning from the ultraviolet to the mid-infrared 3= WLeffPI sinc [Tjr” ; THG: w; (2b)

wherethereisadearth of laser sources®’'°. Inaddition, frequency conver- Eoti N3¢

sion canenableall-optical switching and logic at telecom wavelengths' =3w,,
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inwhichtheindicesland2beingidentical for SHG.I = T
n-<j|fi|2dA)2

is the mode overlap between fields at input frequencies w;, ; and
output frequencies o, j, and Leg = 2(1- e @2 ®2) /(g + @, — 1) is
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the nonlinear interaction length beyond which loss counteracts
upconversion. i; is the index at frequency w; and wavelength A; with
lossratea; (j=12,3),and Ak isthe phase mismatch (Box 2). Therela-
tive conversion efficiencies for SHG and THG are defined as

N = Ps/PEand i, = Py/P? in units of % W™ and % W, respectively,
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owing to their power dependencies in the equations mentioned
earlier.

The main requirements to boost 17 are low-loss (&L < 1), strongly
confining waveguides that satisfy phase matching Ak=0 and yet have
areasonable nonlinear spatial overlap I'. For SHG and THG, a typical
approach to achieve phase matching (nqg, = neq3) is tomatch the index
N Of the fundamental mode at w, with the index n.g; of the higher-
order transverse mode at ;. Such modal phase matching consider-
ably decreases I' owing to the different symmetries and spatial
profiles at vastly different frequencies w, and w; =2, or w;=3w,
(Figs.3and 4).

Engineering the mode overlapTI;,;in high-confinement waveguides
through geometric considerations and composite material stacks has
led to high conversion efficiencies of near-infrared light to ultraviolet
wavelengths through SHG and THG, exceeding the performance of
previous bulk demonstrations by four to five orders of magnitude and
of low-confinement waveguides by one order of magnitude'°®. THG of
green (532 nm)wavelengths was first demonstratedin ultrashortsilicon
nanowires using slow light>'°, With the introduction of y® materials
such as GaAs, LN and AIN into integrated photonics, high-efficiency
SHG is now possible. Additional improvements in film quality have
considerably increased L. TheseimprovementsinLand mode over-
lap I';5; have increased achievable conversion efficiencies (equa-
tion (2a)). The highest SHG conversion efficiency (250% W) inasimple
waveguide structure (that is, without any periodic poling or resonant
enhancement) has been achieved in GaAs by leveraging its high x®
and I,; enabled by small mode areas (0.5 pm?) and large overlap
between the fundamental transverse electric (TE) and transverse mag-
netic (TM) modes at2 umand1 pm, respectively'*’. To expand to shorter
wavelengths, wide bandgap materials such as LN and AIN have allowed
the generation of visible and ultraviolet light (306 nm), respectively,
but mode overlap I, still limits their efficiency’"™" (equation (2a)).
In this context, composite platforms (thatis, waveguides consisting of
layers of different materials) such as LN/TiO, (for SHG) and AIN/Si;N,
(for THG) have been used to provide a set of modes over which phase
matching (Ak=0, Box 2) and mode overlap I can be optimized®"
(Fig.3d). Forexample, by using a vertical stacked structure composed
ofa y@(LN) and non- y ? (Ti0,) waveguide, a pair of modes that typi-
cally would have zero overlap (1,3 = 0) in a single-material waveguide
owing to symmetry can have considerable overlap'?, producing
a773-nmlight with n,, =36% W™ (ref. 113).

Incorporating periodic poling and metasurface techniques with
high-confinement waveguides allows for phase matching (Ak - 0)
without using higher-order modes, overcoming the trade-off between
phase matching (Ak) and mode overlap (I',;)'°”"*'"5, Nanofabricated
microelectrodes have been used to apply a large electric field to pre-
cisely pole athin film of LN with micron-scale precision for quasi-phase
matching'”™. Up to 939% W™ has been achieved for SHG of 780 nm
light, animprovement of 40 times above low-confinement waveguides.
Similarly, by leveraging nanophotonics, the conversion efficiency can
be improved without the need for periodic poling. For example, an
LN waveguide with an effective wavevector created by a 16-pum-thick
phase-gradient metasurface, in which an array of dielectric antennas
(a-Si) were patterned on top for SHG of 1,580-1,650 nm light, had
impressive performance®; although the total conversion efficiency
was low, the efficiency normalized to the metasurface thickness was
commendable at-~1,660% W' cm™,

Aneffective y @ thatis obtained through strain, surface effects
orlarge electrical and optical fields allows centrosymmetric materials

116

withavanishing x ®such as Si;N,, SiO, and Si to demonstrate second-
order nonlinear phenomena. Forinstance,a x 2 =3x ® Fy wasrealized
insilicon using astrong DCfield Eycapplied to the waveguides through
spatially patterned p—i-njunctions®. Quasi-phase matching wasimple-
mented by alternating the applied DC field in successive periods of the
patterned p-i-n, yielding . = 13% W for conversion from2.29 pm
to 1.15 um. Instead of DC fields, large optical fields can also induce an
effective y® by producing a static DC field owing to charge migra-
tion""%, These effects can produce a field-induced effective y® of
approximately picometre per volt"*?°, Note that both these kinds
of field-induced effects are not permanent, and although the grating
remains inscribed within the waveguide, the conversion efficiency
decays over the course of days at room temperature’’s,

Although the aforementioned discussion focused on single-pass
waveguides, microresonators provide stronger nonlinear interactions
owingto resonant enhancement at the expense of anarrower operation
bandwidthlimited to theresonator linewidth. The conversion efficien-
cies for resonant frequency upconversion can also be estimated from
equation (2), except that theinput powers are multiplied by their respec-
tive power enhancement factor F/m, inwhich Fis the finesse of the reso-
nator (Box 3). For example, high SHG conversion efficiencies have been
reported in microresonators made of optically poled Si;N, (47.6% W™)™%!,
GaP (400% W™)'?*'2®, polycrystalline AIN (2,500% W™)'**, LN
(10,000% W™)'* and AlGaAs (1,200% W™)"*. An even higher Nouc=
17,000% Wwas demonstrated by using single-crystal epitaxially grown
AIN instead of polycrystalline AIN'**, Note that resonant frequency
converters often operate beyond the undepleted pump regime, and the
aforementioned work shows pump depletion at a low input power of
3.5 mW with absolute conversion efficiency of n,,,=11%. In Si;N, micro-
resonators, frequency conversion from the telecom (1,550 nm) to visible
(650 nm) using FWM was demonstrated with ~330 pW of power with
30%efficiency corresponding to 90,000% W (ref.104). The record for
thelargest conversion efficiencies reported onintegrated platformsis
N4c=>000,000% W(ref.127), onthe heels of earlier reports approach-
ing 230,000% W (ref. 44), both in PPLN microrings. This result was
obtained despite moderate Q factors of 3.7x10°, by engineering >90%
modal overlap between interacting modes and achieving uniform peri-
odic poling. Going by other metrics, the highest single-photon nonlin-
earity-to-loss ratios demonstrated in parametric nonlinear platforms
arearound 1% for PPLN microrings'” and 1.5% for InGaP microrings*..

Expanding to longer wavelengths. DFG and PDC are common meth-
ods to generate light sources at longer wavelengths, which allow the
production of beams spanning far into the mid-infrared if the input
frequencies are closely spaced. Additionally, FWM is widely used for
expandingto longer wavelengths. Although sources of light in the mid-
infrared, such as quantum cascade lasers, exist, room-temperature
operation is still challenging owing to material limitations. Unlike
the visible and near-infrared ranges, extensive work on extending
silicon and germanium into the mid-infrared has been reported, as
nonlinear losses (such as TPA) become negligible at A > 2.1 pm for Si
andA> 3.0 umfor Ge'*. DFGin PPLN on sapphire was used to generate
3.66-pumlight with200% W cm by pushing the transparency window
up to 4.5 pm (ref. 129). OPO™°, SHG and SFG were also used in tandem
in nanophotonic LN to generate frequency-translated combs in the
visible to mid-infrared region™.

The first reports of frequency translation in silicon to the mid-
infrared used pulsed pumps™>*** and were followed by the use of CW
pumps'®. Optically poled Si;N, waveguides have been used to generate
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Basic dispersion using waveguide geometry/higher-order modes
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up to 1,890 nm light™*. In the opposite direction, signals in the mid-
infrared (2,440 nm) were converted to the telecom band (1,620 nm)
with a parametric gain of 19 dB, to detect weak mid-infrared signals
using efficient telecom detectors™. Beyond Si, IlI-Vs such as GaAs
have shown conversion to longer wavelengths using DFG, either in
suspended form or with an AlGaAs cladding, generating wavelengths
upto 3,150 nm (ref. 136).

20 40 60 80

Propagation length (um)

Quantum frequency conversion

For quantum communicationand QIP, high performance devices with
lowloss and noise are essential to efficiently convert between disparate
wavelengths while maintaining the quantum state (thatis, photon cor-
relations). A key application for broadband frequency conversionin
chip-scale QIP systemsis to interface high-performance components
such as single-photon emitters, detectors and quantum memories
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Fig. 3| Basic dispersion engineering using waveguide geometry and/or
higher-order modes. a, The group-velocity dispersion (GVD) can be engineered
through the waveguide geometry, from normal to anomalous. b, At visible
wavelengths, higher-order modes can provide anomalous GVD even when the
fundamental mode is strongly normal owing to material dispersion and closeness
to the bandgap. An example of visible soliton comb generation is depicted. ¢, GVD
engineering by controlling the angle of multiple wedges in silica. Controlling the
angle allows precise control over higher-order dispersion. d, Demonstration of
high-efficiency second-harmonic generation (SHG) in a composite material stack

of lithium niobate (LN, X‘Z) #0)and TiO, ()((2) =0). Thisasymmetric stack allows
alarge modal overlap (I') between TE,, and TE,, modes, which would otherwise
have a very small overlap in monolithic LN. SHG efficiency is orders of magnitude
higher in the composite stack compared with monolithic LN. FSR, free-spectral
range; HOM, Hong-Ou-Mandel; PDC, parametric down conversion; PPLN,
periodically poled lithium niobate; RPE, rapid proton exchange; TE, transverse
electric. Panel areprinted with permission from ref. 361, Optica. Panel b reprinted
with permission from ref. 221, Optica. Panel cadapted fromref. 30, Springer
Nature Limited. Panel d reprinted with permission fromref. 112, Wiley.

in the visible region with fibre communications infrastructure in the
telecom band"’. Future quantum networks could even require fre-
quency conversion forinterfacing photons at optical frequencies with
remote superconducting quantum nodes operating at microwave
frequencies™®, Long-distance communication currently occurs over
fibre optics; operation in the near-infrared region from 1,530 nm to
1,625 nm (C and L bands) has low fibre losses and allows for kilome-
tres of propagation. However, single-photon emitters and quantum
memories rely onatomicresonances thatlie in the visible spectral range
(such asdiamond NV centre (637 nm), Rb (780 nm), Cs (852 nm), InAs
quantum dot (980 nm))**’. Similarly, Si avalanche photodiodes reach
peak quantum efficiency in the range of 600-900 nm (ref. 140). QFC
can also be used for smaller shifts in wavelengths for building multi-
plexed sources and active beam splitters inthe frequency domainand
for aligning quantum emitters that suffer from wavelength variation
owing toinhomogeneous broadening.

Typically, QFC*"*? involves the interaction of a weak (low mean
photon number) quantum state at w,with one or more strong classical
beams at w,,s; , in a nonlinear medium that generate a converted
quantum field at the target frequency w, withidentical quantum prop-
erties. Such an interaction can be achieved with both SFG*!
(W= Wy + Wjass) aNd BS-FWM'™ (0, = 0o + 0jpss1 ~ Weiass2)- DFG™ can
also be used for QFC, when used in a non-parametric-amplifier con-
figuration (w, = Wy — W,ss), thatis, when the strong classicalbeamis at
one of the two lower frequencies. By contrast, DFG in a parametric-
amplifier configuration (w, = W,ss — @g)and FWM processes other than
Bragg scattering such as modulation instability and phase conjuga-
tion™* (W, = W 11 + Welass2 — Wo) Tesult in parametric gain at w,, which
amplifies vacuum fluctuations and produces spurious photons at w,
that degrade the quantum state'*’. In practice, spurious photons can
also be produced from other processes such as Raman scattering or
cascaded SFG and spontaneous parametric down conversion (SPDC).
Hence, the nonlinear processes that can produce quantum states of
light (DFG/optical parametric amplification (OPA), PDC, modulation
instability/phase conjugation-FWM, SHG, THG) are complementary
to processes for QFC (SFG, BS-FWM and DFG/non-OPA).

BS-FWM offers a key advantage over y®-based QFC for narrow-
band spectral translation'*. The dispersion parameters f,, ,... and
the frequency separation between the pumps Aw = 0551 ~ Welass2
determine whether narrowband or wideband spectral translation
occurs efficiently'. By contrast, narrowband QFC across less than
~50 nm based on DFG in y®’ media requires a strong pump in the mid-
infrared or terahertzregime, whichis challenging toboth generate and
guide. The phase mismatch for BS-FWM can be written as®*%:

Ak=B(wy) —B(wy,) + B (w) - B(we)
@) 3)
:%[35-Aw((3+2AQ)],

inwhichAQ = wzpy, — (wp; + wpy)/2 isthespectral separation of the zero-
dispersion frequency w;p,, from the mean pump frequency such that
B, (wzpy) =0,and AQ + @ is the spectral separation between w,p,,, and
themean signal frequency (w, + w,)/2 (Box 2). The equation mentioned
earlier shows that BS-FWM is phase-matched when the pumps and
signals are symmetrically placed around w,py, thatis, when @ = 0. How-
ever, for wide spectral translations Awand fixed pump frequencies, the
range of input signal frequencies that is phase-matched (that is,
theacceptance bandwidth of the process) goes down, and higher-order
dispersion terms affect the phase mismatch. Hence, it is desirable to
have a QFC process with awider acceptance bandwidth thantheinput
quantum state. Although the processis phase-matched for both normal
and anomalous GVD near the pumps as long as the symmetric spectral
placement (@ = 0) is maintained, the pumps should preferably be in
the normal-GVD range, to avoid parametric gain and added noise owing
to spontaneous FWM.

Important foundational work has been demonstrated using low-
confinement PPLN waveguides for frequency conversion based on SFG
and DFGP71#11457160_Several of these demonstrations interface among
parametric single-photon sources, quantum dots****'°!, quantum
memories™ and single-photon detectors'®. Similarly, PPKTP wave-
guides have shown QFC among widely spaced frequency bands such
astheinfrared and ultraviolet. As the bandwidths of elements such as
quantum memories are much narrower than those of single-photon
sources, it is often beneficial to have bandwidth compression along
with QFC™°. Additionally, BS-FWM in fibres'*'** has enabled QFC with
near-unity conversion efficiencies of 95-99%, but using nonlinear
fibres with lengths of tens to hundreds of metres™'**. In PPLN micror-
ing resonators, efficient SFG with external quantum efficiency of 65%
with only 104 puW has been shown. The conversion probability of a
single pump photon was measured to be 10 with a coupling strength
0f 9.1 MHz (ref. 165).

High-confinement nanophotonic resonators have markedly
reduced the requirements on pump powers and interaction lengths
for BS-FWM-based QFC compared with their fibre-based counterparts.
BS-FWM works well to convert photons between vastly different spec-
tral ranges because it avoids the noise from the pump, but it has been
used within narrow spectral ranges as well, which is pivotal for fre-
quency-domain QIP. For instance, BS-FWMin compact Si;N, microrings
with 40 pmradius has shownboth frequency upconversion and down-
conversion between 980 nm and 1,550 nm, with >60% single-photon
efficiency, using reasonable pump powers ~60 mW (ref. 139). On the
same platform, anarrowband spectral translationaround 980 nmwas
associated with a lower efficiency of 25%. Similar BS-FWM strategies
have also translated classical soliton microcombs consisting of multi-
plefrequency modes, thus broadening the bandwidth of the comb by
60% (ref.166). Silicon waveguides have been used for single-photon-
level frequency translation with broad acceptance bandwidths, but
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Advanced dispersion techniques for high efficiency nonlinear photonics
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with conversions efficiencies limited to 15% owing to nonlinear losses
induced by the pumps>*”. Si;N, (ref. 167) and AIN (y®)%° microrings
have also attained the ‘strong coupling’ regime, albeit with classical
light, whereby the rate of coherent conversion between photons at
different frequenciesis higher than the photon decay ratein thering.

b High-efficiency undirectional frequency
conversion using BS-FWM
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Extending this coherent conversion to quantum states of light would
be promising for QIP. In this regard, true single photons emitted by a
quantum dot have been frequency-translated by 12.8 nm to a target
wavelength of 917 nm with a 12.8% conversion efficiency, limited by
the emitter linewidth™.
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Fig. 4| Advanced dispersion engineering techniques for high-efficiency
nonlinear photonics. a, Coupled rings allow for extremely high anomalous
group-velocity dispersion (GVD) owing to the strong dispersion near

the avoided crossing. They can be used for microcomb generation at
arbitrary wavelengths. Coupled-resonator optical waveguide for heralded
single-photon source in Si utilizing slow-light-based GVD engineering.

b, Coupling non-identical rings allows suppression of spurious idlers by
creating unequally spaced resonance frequencies, enabling high-efficiency
unidirectional quantum frequency conversion to the desired target mode
based on Bragg scattering four-wave mixing (BS-FWM). ¢, Periodic poling
of high-confinement LiNbO, (LN) rings and waveguides for ultra-high

efficiency second-harmonic generation (SHG). d, Phase-matching-free SHG
using gradient metasurfaces with subwavelength structuring. The solid
arrows denote allowed conversions. The dashed crossed arrows represent
phase-mismatched or low-efficiency conversions. QPM, quasi-phase
matching; TE, transverse electric; TM, transverse magnetic. Panel areprinted
with permission fromref. 362, Optica, and with permission from ref. 363,
Wiley. Panel b reprinted with permission from ref. 282, AIP, and from ref. 169,
CCBY 3.0.Panel creprinted with permission from ref. 107, Optica, and with
permission fromref. 364, Optica. Panel d reprinted from ref. 115, Springer
Nature Limited.

Currentchallengesin QFC using BS-FWMinmicroringsinclude the
generation of undesiredidler fields at frequencies other than the target
and amaximum conversion efficiency thatis limited by the strength of
overcoupling (QC/QL)I"B. Because all the ring modes are equally sepa-
rated by the same spacing as the pump frequency separation Aw, con-
versionto undesiredidler modes adjacent to the target mode is usually
observed®™’, as both output frequencies w,, = w;,+ Aw are phase-
matched to thelowest order. To mitigate this undesired conversion and
achieve truly unidirectional frequency conversion, future work could
use coupled rings with different radii, which resultin unequally spaced
resonance frequencies”*'*’, Classical experiments in this regime have
been promising. To mitigate the issue of alimited conversion efficiency,
onecouldeitherbuild highly overcoupledrings or avoid rings altogether
and use long spiral waveguides'”’. The use of long waveguides could
also minimize the generation of undesiredidlers as the phase mismatch
for these modes accumulates over the long length'. In a radically dif-
ferent approach, adiabatic frequency conversion has been proposed
for ultrabroadband spectral translation without compromising the
conversion efficiency, using longitudinally varying silicon wave-
guides"% Finally, itisimportant to go beyond demonstrations of spec-
tral translation and use on-chip platforms for applications such as
quantumimaging”?, multiplexed deterministic single-photon sources?,
infrared spectroscopy® with visible light'* and interfacing microwaves
with optical frequencies.

Nonlinear photonics for classical and quantum
sources and information processing
Frequency-comb generation
Since the late 2000s, microresonator-based frequency combs (micro-
combs) have been generated in a plethora of material platforms. The
setof coherent, equidistant spectral lines produced have applications
in optical clocks, metrology, ultrafast LIDAR?**'7, spectroscopy®*7*"””,
communications7*%°, optical coherence tomography imaging'®"'¢?,
astronomical spectrograph calibration’'®* and direct optical fre-
quency synthesis'®. Starting with their initial demonstration in SiO,
microtoroidsin 2007 (ref. 185), frequency combs (Box 1, equation (6))
have been miniaturized to the chip scale using FWM in nonlinear
microresonators. Si;N,, in particular, has been highly successful for
microcomb generation owing to its low loss, important nonlinear-
ity, on-chip integrability and dispersion engineering capability'’, the
obtained platforms spanning wide wavelength ranges (-0.5-3.5 pm)
(Figs.1and 5). Although the majority of microcombs use the Kerr non-
linearity, chip-scale electro-optic (EO) frequency combs using LN and
Siresonators have gained ground over the past years's ™,

The key figures of merit for microcomb platforms are typically a
low parametric oscillation threshold, wide bandwidth and high

pump-to-comb conversion efficiency, which are difficult to achieve
simultaneously. The pump threshold, P, depends primarily onQLZ/V
(Box 1, equation (7)) being minimum in the slightly undercoupled
regime, whereby Q, andV are the loaded quality factor and the mode
volume, respectively. Additionally, P, reduces linearly with n, but
quadratically withQ, . Hence, the low n, of materials such as crystalline
fluorides and silica can be compensated by their record high Qs, which
resultedin ultra-low threshold powers of 50 pW to approximately mil-
liwatts in their very first demonstrations'®>'*°, Improved fabrication
techniques have enabled the lowering of threshold powers to similar
levelsin planar chip-integrated platforms with higher n, (Si;N, (ref. 31)
and AlGaAs"™?®). At higher powers (P,,>> P,,), a large number of fre-
quency modes start oscillating, and nontrivial nonlinear interactions
betweenthese modes produce filled-in combs in either noisy states or
temporal soliton states for P, > ~10P,,

This remarkable feature of microcombs — the generation of
hundreds to thousands of frequencies from a single frequency
input — overturned pre-existing ideas from fibre soliton combs that
required pulsed multifrequency inputs. Soliton mode-locked micro-
comb states are characterized by low noise and coherent pulses,
and hence their deterministic generation in microresonators'”
was pivotal to applications in frequency metrology, spectroscopy
and optical distance measurement. Soliton mode-locking involves
competing nontrivial, nonlinear and thermal dynamics, for which
we refer the reader to excellent reviews’. Here, we note that soliton
mode-locking has been achieved by fast tuning of either the pump
wavelength (MgF,, SiO, and AIN)*"> or pump power (Si;N,)'**, by
integrated thermal tuning of the resonator (Si;N,)'” or by megahertz-
rate piezoelectric tuning using AIN on Si;N, (ref. 196). Specifically,
microheater-based tuning and piezoelectric tuning enable scalable
on-chip incorporation of the control technique' and allow tuning
of multiple microcomb generators on the same chip pumped'® —
a feat that is challenging using pump tuning. On the contrary, fast
tuningis not necessary for soliton generationin LN Kerr microresona-
tors'” owing to the photorefractive effect of the material, which causes
an intensity-dependent decrease of refractive index, as opposed to
the positive thermo-optic effect in the platforms mentioned earlier.
Similarly, soliton crystal states'® can be generated without fast tuning
mechanisms and often offer robust and stable operation as opposed
to single-soliton states'’.

Microcombs have also been generated in Hydex*, diamond,
GaP?>*°,SiC®%°, AIN and AlGaAs-on-insulator®, The past few years have
witnessed soliton mode-locking (SiC*, AlGaAs** and AIN*2°%) or octave
spanning operation (SiC'® and AIN***?) in several of these platforms.
AIN, AlGaAs and LN are particularly appealing owing to their non-zero
x®@, which enables both EO tuning/switching of comb lines?*>?%*, as
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wellasEO comb generation on the same platform'’. AlGaAs also holds
promise for the monolithic integration of the pump laser with the
microcomb generator. In this direction, important progress has been
made by interfacing an Si;N, chip with alll-V gain chip, enabling electri-
cal pumping?*?°>?°® and even battery-powered” or turnkey soliton®”’
operation.

The bandwidth of microcombs is strongly controlled by disper-
sion, and the broadest soliton combs have beenachieved in1-THz-FSR
Si;N, rings'”*?°%, The maximum 3-dB bandwidth of a soliton frequency

comb is approximately™"
P,-FSR-n, _0.224 /& YFP,
—B,CAcs | Q.

Q}
A, =0.224 E 5,

4)

which shows thatasmall butanomalous dispersion (8, < 0) produces
the broadest combs, provided the nonlinear factor y = 2mn,/A A g is
enhanced by strong waveguide confinement (small A.¢) and alarge
material n,. The bandwidth is maximized for compact resonators with
alarge FSR and at critical coupling Q.= 2Q), for fixed intrinsic losses
perunitlength (fixed Q). This expression works well for silicaand crys-
talline fluoride combs, which have moderate bandwidths (<100 nm),
but overestimates the bandwidth for large-FSR Si;N, and silicacombs,
which can span an octave®”. For such ultrabroadband microcombs,
higher-order dispersion terms (8,,...) could make the dispersion nor-
malfaraway from the pump, limiting the comb bandwidthto-~3 |,|/mf,
(ref.209). To achieve higher-order dispersion engineering, extremely
precise control over waveguide dimensions and material composition
is essential (Fig. 3a-c). Besides the conventional techniques of
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dispersion engineering using waveguide cross-sections? (for micro-
rings) and resonator shapes (for microtoroids and wedge resonators™),
several efforts have focused on using thin films of acompletely differ-
ent material, for example, hafnia? or electrically gate-tunable gra-
phene®”. Although most work has focused on anomalous-dispersion
microcombs, normal-GVD microcombs, even though narrower in
bandwidth, are attractive for non-traditional wavelengths and for
applications such as coherent communications in which power effi-
ciency is more important than comb bandwidth with 30-40%
pump-to-comb power conversion efficiencies being reported”*>*.
New applications such as optical coherence tomography's"'s2
and access to alkali atomic lines have garnered interest in frequency-
comb generation beyond the near-infrared into the visible spectral
range®?*, At the other end of the spectrum, microcombs in Si;N,
(ref. 225), Si (ref. 2) and LN** are being driven into the mid-infrared
‘molecular fingerprint’ region owing to the strong rotational-
vibrational absorption lines of many molecules. Si rings have proven
very successful in this region, owing to the absence of TPA beyond
2.2 umand the ability to extract carriers generated from three-photon
absorption using p—i-n diodes”. In fact, TPA and free-carrier-induced
losses inhibit Si parametric oscillation near1,550 nm (ref.227), despite
theory predictions to the contrary?*®. Moreover, extending micro-
combs furtherinto the mid-infrared has inspired the exploration of Ge
microresonators, with potential for low loss and high nonlinearity®”.
The compact size of microresonators resultsinalarge FSR, making
them particularly suitable for high- £ applications such as coherent
communications (£, >100GHz)"***, high-power coherent terahertz
generation (f,_>100 GHz)*" and astronomical spectrograph calibra-
tion(£_,-10-30 GHz)'®>"%*, Although the use of individual comb lines
for wavelength-division multiplexed communications was proposed
ininitial reports of chip-scale combs®*¥, the first demonstration of the
use of Kerr combs as a wavelength-division multiplexed source was
presented in 2012, where an open eye and error-free operation was
demonstrated under conditions of mode-locked operation®’'. In 2017,
179 lines of two interleaved combs was demonstrated as optical carriers
for transmitting massively parallel, extremely high-bit-rate data
streams (>50 terabit s™)"%, Single-soliton mode-locked states with
predictable and stable spectral envelopes avoiding mode crossings
and withreasonably broad bandwidths were helpful for this demonstra-
tion. Ultrabroadband spectral translation has uncovered new wave-
length bands around 2 pum (ref. 229) beyond the telecom band for
frequency-comb-based coherent communications or to extend the
spectral reach of microcombs to 1.6 octaves'*®. Beyond single-soliton
states, soliton crystals'®® and dark-pulse solitons** have also enabled
ultrafast and ultradense coherent communications, increasing data
rates up to1.84 petabits s . Other applications such as optical ranging
(LiDAR)?*, spectroscopy and frequency metrology require lower e
and the latter benefits from ultrabroad bandwidths spanning anoctave,
so that the combs can be self-referenced by an f~2f interferometer.
Several of these applications (Fig. 5) including spectroscopy®*7*”7,
ranging”** and communications'® use dual combs to markedly speed
up dataacquisition by orders of magnitude and compress both ampli-
tude and phase information spanning the optical comb bandwidth
(approximately tens of terahertz) to electronically accessible micro-
wave bandwidths (megahertz to gigahertz)**"7*'”’, A dual comb con-
sists of two combs that are mutually coherent but withslightly different
Jrep- This enables straightforward acquisition of spectral information
at high speeds by obviating mechanically moving parts of bulky
spectrometers.

Leveraging the benefits of multiple nonlinear platformsresulted
inanimpressive demonstration of an optical-frequency synthesizer —
an instrument for on-demand generation of a precise, stable optical
frequency signal referenced to amicrowave clock'”, by specifying the
two RF frequenciesf,., and f..,and theinteger min equation (4). Here,
asilica microresonator generating a narrowband but low fe comb
(f..,=22 GHz, accessible with microwave electronics) was combined
inagearbox-like fashion withanSi;N, microring generatingal-THz- £,
but ultrabroadband octave-spanning comb (required for f-2f self-
referencing) (Fig. 3d). A large octave-spanning bandwidth Af, . typi-
cally necessitates alarge microwave-inaccessible f_>200 GHzwithin
reasonable pump powers (equation (4)), which explains why multiple
separate chip platforms were used.

Thegeneration of robust, fully integrated microcombs compatible
with silicon photonics is yet to be demonstrated; however, develop-
ments®*'°2% have been promising towards the complete integration
of the laser, microcomb generator, SHG and f-2f self-referencing ona
single chip, as all these components have been realized individually.
Another avenue would be the integration of microfluidics with micro-
combs for lab-on-a-chip sensing and spectroscopy”®. Finally, novel
material approaches such as plasmonic enhancement, organic func-
tionalization and y ? processes/quadratic solitons could lead to lower
power operation and relaxed phase-matching constraints®* 2%,

Quantum light sources

Integrated quantum photonic systems are currently limited by the
ability tointegrate many identical quantum light sourcesonachip—a
thousand or more may be required for QIP applications®****, Cluster-
state quantum computing, arguably the most promising protocol for
photonic computing, relies on measurements of a large multipartite
entangled quantum state (that is, the cluster state) based on several
quantum light sources?*?**, This protocol eliminates the need for
two-qubit gates, which have been challenging toimplement owing to
weak single-photon nonlinearities. Eventually, fault-tolerant quantum
computation demands integrating and manipulating many quantum
sources, whereby each error-corrected logical qubit is obtained from
multiple physical qubits**. Spectral, spatial and temporal modes of
aphoton further allow for generating entanglement spanning high-
dimensional Hilbert spaces. Such entanglement is a useful resource
for quantum sensing and communication applications such as quan-
tum teleportation, entanglement swapping, quantum repeaters and
entanglement-based quantum key distribution.

Quantum sources based on nonlinear nanophotonics are attrac-
tive owing to their monolithic, scalable integration with photonic
circuits to manipulate quantum states on the same chip. Integrated
photonic platforms based on y®and y® materials have been used to
generate quantum light in two regimes**: the discrete variable, or
qubit, regime using single-photon and few-photon sources**2* and
the continuous variable regime using squeezed light****!. These
sources canbelithographically defined inthe same platforms that are
used for quantum photonic circuits such assilicon*, silicon nitride*>*
and Hydex**. Moreover, multiple parametric quantum sources can be
interfered with high visibility to generate entanglement at room tem-
perature owing to their identical nature (as opposed to solid-state
emitters)>*?, confinement in a well-defined spatial mode and the
phase stability of integrated photonics.

Discrete variable — SPS. In nonlinear nanophotonics, SPDC and
spontaneous four-wave mixing (SFWM) are most commonly used to
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produce single photons with high indistinguishability and spatial
and/or spectral mode purity?’. Both SPDC and SFWM generate pairs
of photonsinsignaland idler modes when operated at low pump pow-
ers, and these modes can be distinguished based on polarization,
frequency or other degrees of freedom, determined by waveguide
dispersion. The source brightness or signal and idler (s/i) pair produc-
tionrate, p,for a photonic cavity pumped by an input of power P, ata
frequency w,depend on the Q’s and the mode volumeV as

256,257:
9[X(3):|2 Q3 FSR
37”2 2P2(PL)(j—SFWM
16‘»:0(4)(np SV 2

]
so(npnsni)

&)

Q,0,Q
4

]P SPDC

inwhichV=2mRA«(see Box 3 for A.swhich accounts for pump-signal-
idler mode overlap), x? and x are the effective second-order and
third-order nonlmear susceptlbxhtles, n, i is the pump, signal
and idler indices, Q, _, is the quality factor at the pump, signal and
idler frequencies, Fis the cavity finesse, FSRis the cavity-free spectral
range, yis the nonlinear parameter and L is the cavity length. The pair
generation rate, p, can be increased considerably using high finesse
cavities.

Thefirst class of SPSbased onSPDCisintheir early stage of devel-
opment owing to the new integration of y® platformssuchas AIN, LN
and optically poled Si;N, on chip. Low-confinement integrated plat-
forms such as LN**2° and KTP waveguides, modally phase-matched
LN cavities®® and IlI-V materials based on GaAs/AlGaAs’******* can
generate photon pairs as well as heralded SPS, albeit with millimetre-
to-centimetre-scale lengths. Developmentsin periodically poled wave-
guides have shown reconfigurable photonic circuits that are
monolithically integrated with entangled photon sources**. In high-
confinement platforms, the first nanophotonic SPDC SPS was realized
inAIN microrings, utilizing modal phase matching betweena TM, pump
mode at 775 nm and the TM, signal and idler modes at 1,550 nm
(ref.257). The strong spectral and spatial confinement and the integra-
tion of waveguide-coupled superconducting NbTiN detectorsled toa
high generation rate of 20 MHz mW, comparable to state-of-the-art
LN waveguide sources, with a heralded second-order autocorrelation
of g @ (0) = 0.09 signifying single-photon purity. The second-order

(ny()ny (t+1))
(n1(©) (na(t+1)
is the number of counts on the respective detector at time t, and 7 is
the time delay. AnSPDC source of correlated photon pairshasalsobeen
reported in nanophotonic high-confinement LN****°, Similarly,a PPLN
microresonator was used to generate heralded single photons at
~2.5MHz pW'rate with g @ (0) = 0.008 The effective y @ nonlinearity
inall-optically poledsilicon nitride has also been used to generate SPDC
photons with two-photon interference visibilities of ~99% and to
demonstrate entanglement?”’.

The second class of SPS based on SFWM relies on the more ubiq-
uitous x® materials in CMOS-compatible silicon photonics**® 27,
Multiphoton absorptionand its associated free-carrier effects are less
problematic for photon pair productionin Sithanfor comb generation
andsqueezed light generation because low pump powers are sufficient.
The effect of free carriers can be mitigated by extracting them using
reverse-biased p—i—nstructures, which can double the generationrate
without compromising the high coincidental-to-accidental ratio or

autocorrelation is defined as g @ (1) = in which n; 5 (t)

CAR (>600) of Si microring sources*’. The CAR quantifies the ratio of
useful photon pairs emitted, to spurious photons produced by noise
and multiphoton emission events or sacrificed to losses. As another
impressive development, correlated photon pairs were generated in
astandard commercial 45-nm CMOS foundry*”.

Since the mid-2010s, a few groups have investigated sources in
larger bandgap y ®platforms such assilica**”>?3,Si,N, (refs. 274-277)
and chalcogenides® for their lower linear and multiphoton losses,
which enable more complex photonic circuits, albeit at a larger foot-
print than the higher-index Si platform. Particularly in Si;N,, this
approach has enabled the obtention of a single-photon pair source,
whichis tunablein the visible range whereas the idler photonisinthe
telecomband®”. The ultra-high Qresonatorsin these low-loss platforms
produce photon pairsindiscrete narrow spectral modes, making them
useful for interfacing with quantum memories which have bandwidths
in the megahertz to gigahertz range”’. Non-resonant waveguide
sources, however, produce broadband photon pairs whose bandwidth
is determined by phase matching. Such broadband photons are useful
for frequency multiplexing and for quantum imaging, hyperspectral
imaging and spectroscopy with undetected photons®®°.

In contrast to SPDC sources, pump suppression is substantially
more challenging for SFWM single-photon sources as the pump is
spectrally close to the much weaker generated photons, resulting in
the degradation of CARand g @ (0). Although pincreases linearly and
quadratically with P, for SPDC and SFWM sources, the CAR and the
g? degrade withi mcreasmg pump power owing to increasing mul-
tiphoton emission. High performance requires strong suppression of
the bright pump because it is orders of magnitude higher in power
than the generated signal and idler photons. In this regard, SFWM-
correlated photons were generated in an Simicroring, followed by the
demonstration of high-extinction pump suppression of 95 dB using a
Bragg reflector and thermo-optically tuned add-drop microrings*’,
without the need for off-chip filtering, resulting in a CAR of 50. Using
off-chip filtering of an Si microdisk photon-pair source, a high CAR of
1,300 has beenreported along with an extremely high spectral bright-
ness. Beyond single silicon rings, coupled microrings in the form of
coupled resonator optical waveguides (CROWs) have also demon-
strated dispersion-engineered single-photon sources**** using the
concept of slow light.

Large-scale demonstrations of integrated quantum photonic
circuits have shown high-visibility interference between multiple SPS
within waveguides?®***?* and rings**>?*° combined with complex
qubit operations for multidimensional quantum entanglement**. In
silica, the integration of 18 single-photon sources on the same chip
was demonstrated and five heralded single-photon sources were used
to show three-photon quantum interference®, For fully integrated
quantum photonics, itisimportant to integrate several single-photon
and/or photon-number-resolving (PNR) detectors with alarge number
of quantumsources as well as photonic circuits, and initial steps in this
context have already been reported®”. The use of silicon photonics has
resulted inimpressive progress towards®* realizing multidimensional
quantum entanglement, arbitrary two-qubit operations®” and even
qudit (d-level system) operations, by integrating up to 16 silicon SFWM
sources, reconfigurable beam splitters and waveguide crossings on
asingle chip. However, these demonstrations have been limited to
bipartite (two-photon) multidimensional entanglement. Scaling up
toamuch larger number of photons, in addition to increasing dimen-
sionality, is of paramount importance for future applications in QIP
and quantum-enhanced sensing.
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An alternative to path-encoding-based multidimensional entan-
glementisto generate correlated photons using anintrinsic photonic
degree of freedom such as frequency, time or transverse spatial modes.
For example, spectral modes allow for the generation of quantum
frequency combs, in which biphotons are emitted into symmetrically
placed signal and idler modes, using the same microrings as used
for classical microcombs, but at pump powers well below threshold.
Such quantum combs?*® have demonstrated time-bin entanglement
and high-dimensional frequency-bin entanglementin a single spatial
mode, using Hydex microrings®******%° Si;N, microrings**, PPKTP
waveguides®°, LN microrings® and silicon microdisks*”. The advent
of classical soliton microcombs in SiC has also led to studies of second-
order photon correlations® on the same platform, enabled by a high
dynamic range (-180 dB) single-photon spectrometer to overcome
the aforementioned pump suppression issues concomitant to FWM
SPS. Frequency-domain quantum (Hong-Ou-Mandel) interference
of correlated pairs has been demonstrated using SFWM in an Si;N,
microring and BS-FWM in fibre for frequency-domain mixing?”. To fully
harness quantum frequency combs for applications, alarger number of
photons would need to be entangled, as shown off-chip for six photons
using path, polarization and orbital angular momentum degrees of
freedom®*. Besides spectral modes, transverse spatial modes in high-
index-contrast multimode waveguides offer a path for generating and
manipulating entanglement and quantum interference”>*>,

The probabilistic nature of parametric SPS is amajor challenge to
itswidespread adoptionin quantumtechnologies, in contrast to solid-
state emitters which produce photons deterministically but with lower
indistinguishability”****. Moreover, the rate of multiphoton emission
increases when such SPS is pumped at higher powers, fundamentally
limiting the heralding efficiency of heralded SPS to 25% (ref. 296). Away
to overcome this and achieve deterministic operation is to actively
switch photons fromseveral identical heralded SPS?”’, which increases
the photon generation rate without increasing multiphoton events.
Such switching has been proposed or demonstrated using various
degrees of freedom of a photon: temporal multiplexing®s, spatial
multiplexing®® or spectral multiplexing®. Silicon nanowire SFWM
sources were also used for time multiplexing®*°. Spectrally multiplexed
heralded SPS, currently realized in fibres”, could be integrated using
different platforms. Major challenges in integrating multiplexed SPS
include therequirement for long low-loss delays to buffer the heralded
photons to allow enough time for the switching electronics and the
realization of fast, low-loss switches on the same platform.

Continuous variable — squeezed light sources. Theoretical pro-
gress towards establishing fault-tolerance thresholds for CV QIP>°*%
has renewed interest in the scalable integration of many squeezed
light sources to produce large CV cluster states®** (possibly with error
correction) for universal quantum computation. Besides quantum
computation, near-term algorithms such as Gaussian boson sampling
forsimulating molecular vibronic spectraalsorequire theinterference,
controland detection of many squeezers®®. Asqueezed state has noise
inoneof its quadratures (thatis, its amplitude or phase) reduced below
the quantum shot noise limit, at the expense of higher noise in the
orthogonal quadrature®®, as dictated by the Heisenberg uncertainty
relation. Squeezed light enables quantum-enhanced sensing for detec-
tionbelow the standard quantum limit>** 3%, as well as quantum com-
munication. Additionally, by combining photonic circuits for mixing
and manipulating these states with operations performed on these
states, squeezed light can be used for QIP?°.

Although quantum technologies using squeezed light possess
advantages such as deterministic generation using parametric nonlin-
earities and efficient detection using room-temperature p-i-n
diodes®***", the development of on-chip squeezed light sources has
historically lagged behind their single-photon counterparts. The same
processes that produce photon pairs at low pump powers (degenerate
FWM and PDC) also produce brighter quantum states such as squeezed
light when pumped at much higher powers. In all resonator-based
squeezers, the maximum output squeezing level (that is, the degree
of quantum noise reduction) is limited by the degree of overcoupling
(that is, the ratio of coupling loss to total loss) by the expression
$=Q./(Q;+Q,), and strongly overcoupled microresonators are ben-
eficial®***°, Although FWM-based and PDC-based squeezing is highly
sensitive to phase matching, squeezed light can also be generated
using SPM, a process that is automatically phase-matched, as shown
in fibres™.

Integrated sources naturally produce squeezing over alarge band-
width (approximately gigahertz)****'> owing to their compact sizes
and consequently broader resonance linewidths than their off-chip
counterparts without requiring high pump powers*”. Large band-
widths enable high-speed QIP, quantum key distribution and quantum
communication®. Another major advantage of integrated CV QIPis the
high visibility of homodyne interference afforded by waveguides owing
to confinement in awell-defined spatial mode®”. However, the degree
of detected squeezing has been rather limited in high-confinement
integrated platforms. Large squeezing levels are necessary for fault
tolerance in QIP (with thresholds ~10 dB)**"*?, for quantum-enhanced
metrology®” and for high fidelity in CV quantum teleportation. Squeez-
ingisespecially fragile againstlosses, which degrade the quantumnoise
reduction by mixing the squeezed noise with vacuum noise and affect-
ingthe purity of the quantum state. Hence, mature low-loss platforms,
such as SiO,, Si;N,, LN and KTP, have been primarily investigated for
squeezed light generation”'. Emerging materials such as graphene
and TMDs, whichare predicted to have large nonlinearities”*'®, would
need areduced total device loss to below -3 dB to observe detectable
squeezing®®.

High squeezinglevels typically require large parametric gain, and
the current record for squeezing is 15 dB in off-chip KTP crystals®".
Diffusion-fabricated structures such as LN waveguides®**" and cavi-
ties®*??19320and KTP waveguides®* have generated squeezed light, with
a maximum squeezing level of 5 dB (ref. 322). An impressive recent
experiment incorporated two independent LN squeezers, photonic
circuitry, thermo-optic phase shiftersand homodyneinterferenceona
single chip®”. However, the low-index contrast of diffusion-fabricated
waveguides leads to low confinement, centimetre-scale device lengths
and large bending losses, making it challenging to scale up these
sources or form travelling-wave cavities.

High-confinement platforms are a natural solution for the scal-
able integration of a large number of squeezers, beam splitters and
homodyne interferometers to generate and detect entanglement.
The first squeezing in high-confinement platforms was recorded
in Si;N, rings****?* using FWM parametric oscillation. However, the
reported squeezing was accompanied by bright classical mean fields
and by excess noise and did not directly produce the vacuum squeezing
needed for several QIP protocols. In this context, atwo-mode squeezed
vacuumwas generated in Si;N, rings without detectable excess noise*”.
Alternatively, theoretical proposals®* and preliminary experiments®?
have reported SPM-based squeezing using Si;N, rings, but are limited
tosmall squeezinglevels owing to thermorefractive noise. SPM-based
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devices, as opposed to singly pumped FWM devices, produce single-
mode squeezing, which is often important for certain QIP protocols.
Hence, several newer demonstrations have focused on dual-pump
FWM squeezers to generate moderate levels (-2 dB) of single-mode
squeezing®*7%,

A major near-term goal for on-chip squeezed light sources is to
increase thelevel of squeezing as well astoincorporate alarge number
ofthemon chip, tobe competitive with off-chip counterparts. However,
afew applications could already benefit from the demonstrated low-
to-moderate squeezing levelsin current integrated platforms, suchas
secure quantum communications (2.51 dB)**’, and boson sampling for
generating molecular vibronic spectra — a task that is challenging on
classical computers®***?, Similar to the single-photon regime, in which
spectral modes have been harnessed for quantum frequency combs,
bulk y® cavities have generated multicolour entanglement using the
frequency modes of aPDC comb****°, Infact, the state of CV quantum
combsis more advanced than single-photon quantum combs, as entan-
glement beyond the two-photon case as well as large-scale cluster-state
generation has been realized in the CV regime off-chip******* and a
squeezed microcomb has been demonstrated in silica*. Non-
centrosymmetric photonic materials including LN could potentially
be used tointegrate suchideas on chip inthe near future. In fact, PDC
innanophotonic LN waveguides hasreported ultrabroadband squeez-
ing spanning 7 THz (ref. 333), as well as the highest level of on-chip
squeezing-4.9 dB spanning 25 THz (ref. 334), thus demonstrating the
promise of nanophotonic LN for CV QIP.

Nonlinear-optic quantum logic gates and computing
Among the most intuitive schemes toimplement optical quantum com-
puting is the use of single-photon nonlinearities to realize two-qubit
gates (such as CNOT or CPHASE) — a scheme called nonlinear optical
quantum computing (NLOQC) in the discrete variable regime. Yet,
the weakness of all-optical nonlinearities has made such a realization
challenging, leading to the development of alternative schemes such
as linear-optical quantum computing’* to realize two-qubit gates, or
measurement-based quantum computing using cluster states®*"**°,
Hence, substantial efforts in photonics have focused on generat-
ing quantum sources of light to feed into LOQC or measurement-
based quantum computing. Nevertheless, the probabilistic nature of
such schemes®”**® and the concomitant huge resource overheads to
achieve fault tolerance® are important challenges to their practical
realization. Hence, NLOQC remains one of the holy grails of photonics
as it promises deterministic room-temperature operation.
Two-qubit entangling gates for NLOQC can be deterministically
realized when the single-photon nonlinear coupling (g) between the
interacting modes exceeds the dissipation rates («) of the modes —
termed the ‘strong coupling’ regime (g/k >1). On the basis of strong
spatial and spectral confinement, the highest reported values of g/«
haveincreased by several orders of magnitude fromthe early 2010s to
2022, from <107* (ref. 340) to 1-1.5% in recent nanophotonic InGaP*!
and periodically poled LN'* platforms. These efforts parallel the order
of magnitude increase seen in SHG efficiency, now approaching
5x10°% W Partly inspired by experimental progress in nanophoton-
ics, theoretical proposals that combine such strong nanophotonic
confinement with other methods to enhance nonlinearities, such as
temporal trapping or parametric amplification, have emerged for
deterministic NLOQC**'**, Although these approaches exclusively
use all-optical parametric nonlinearities, the combination of atoms
with optical photons has successfully reached the strong coupling

regime in off-chip platforms for some time now****, Integrating
atom-photon coupling on-chip®° offers another approach for deter-
ministic two-qubit gates, albeit requiring more complicated setups to
trap and coherently manipulate atoms.

Conclusions and perspective

High-confinement waveguides and resonators have been a game-
changer for nonlinear optics, enabling phenomena that were previously
inaccessibleinfibre optics or bulk tabletop systems. Now that several
nonlinear photonics platforms have achieved extremely low loss and
high material quality, we expect these platforms to be key enablers for
the major goals of the field including broadband classical and quantum
frequency conversion, microresonator frequency-comb generation,
quantum light sources and nonlinear optical quantum logic gates.
Owingtotheir integration capability, these platforms are expected to
be readily combined with systems of increasing complexity that have
multiple linear and nonlinear functionalities. Traditional materials
suchasLN, siliconandsiliconnitride are already being used inemerg-
ing applications. Specifically, periodic poling realized in nanophotonic
high-confinement LN has shown low loss, ultra-high-speed modulation
andsignificant y ¥ nonlinearities. Hence, it is promising for quantum
light sources to generate single photons and squeezed light as well as
actively switched and/or multiplexed sources and multipartite entan-
glementin high dimensions. Further research on novel materials (such
as 2D materials) is needed to improve material quality and integration
capability, to enable complementary functionalities, enhance nonlin-
ear effects or add tunability to traditional materials, opening oppor-
tunities for future applications. Inaddition to material developments,
new device design approaches, suchasinverse design through gradient-
based optimization®*?, or fundamental physics ideas, for example,
bound states in the continuum or topology**, have emerged for effi-
cient nanoscale SHG**** and for applications such as non-reciprocal
LiDAR*". Similarly, the resurgence of unconventional optical comput-
ingand photonic neural networks necessitates novel designs for solv-
ing hard optimization problems** or accelerating machine-learning
hardware, respectively. Hence, there is plenty of room to push the
performance of nonlinear nanophotonic devices through progressin
materials and devices for unprecedented quantum and classical
technologies.
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