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ABSTRACT
Lithium niobate on insulator (LNOI), by taking advantage of 
versatile properties of lithium niobate (LN) and a large refractive 
index contrast, provides an ideal on-chip platform for studying 
a broad range of optical effects as well as developing various 
superior photonic devices. It is a game-changer technology for 
traditional LN-based applications. Especially, with recent 
advances in the fabrication of high-quality micro-/nano- 
structures and devices on the LNOI platform, LN-based inte
grated photonics has been propelled to new heights. In this 
review, we summarize the latest research advances in lithium 
niobate thin film (LNTF), with a special focus on nonlinear wave 
mixing and their photonics applications. Different types 
of second- and third-order nonlinear processes in LNOI micro- 
and nano-structures are reviewed, including nonlinear fre
quency conversion, frequency comb generation and supercon
tinuum generation. Furthermore, perspectives for photonic 
integrated circuits (PICs) on the LNOI platform in nonlinear 
optics regime are predicted.
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1. Introduction

Lithium niobate (LiNbO3, LN) is a significant ferroelectric crystal with 
exceptional optical properties. Often dubbed as the ‘silicon of photonics,’ 
it possesses versatile properties including wide transparency window, rela
tively high refractive index, large electric-optical coefficient, strong second- 
order nonlinearity, as well as acousto-optic effect and piezoelectricity. 
Moreover, its ferroelectric domain can be engineered to achieve quasi- 
phase matching (QPM) for efficient nonlinear or electro-optic wave mixing. 
It has been the workhorse of modern optics and optical communication for 
decades, serving as essential long-haul optical modulators in telecommuni
cation networks [1], frequency converters in nonlinear optics [2,3], single- 
photon sources in quantum optics [4,5], as well as surface acoustic wave 
actuators in phononics [6,7]. Each of these properties has been well explored 
and pushed to the limit after so many years of intensive study and devel
opment. Yet, one particular drawback, that is, lack of dense integration 
capability, had been hindering its ultimate performance and applications.

Recently, the lithium niobate-on-insulator (LNOI) technology has 
brought a new life to the old material. It facilitates the resurgence of 
integrated photonics based on the material, arousing significant attention 
over these few years [8–11]. Because the LNOI technology has brought to 
the new platform a full capability of on-planar integration, bridging the final 
gap between LN multifunctionality and fully integrated photonics. By the 
ion slice and wafer-bonding technology (or smart cut technology), single- 
crystalline lithium niobate thin film (LNTF) of several hundred nanometer 
thick (typically 300–900 nm) with different crystalline orientation can be 
sliced off and bonded to a silica buffering layer on a wafer substrate (which 
can be bulk LN, silicon, quartz, etc.). Detailed fabrication procedures have 
already been well summarized [8]. Nowadays, LNOI wafers of six-inch sizes 
have been commercially available, and larger size wafers can be expected 
readily obtainable within few years. The downstream of large-scale produc
tion can be envisioned in the short future [12], and the cost will also drop 
significantly.

The research in this field, invoked by the mature development of the 
LNOI technology and the capability of fabrication of high-quality LNOI 
photonic structures, has made significant progress over the past few years. 
The fabrication of micro/nanostructures in LNTF, like femtosecond laser 
writing with focused ion beam milling, argon ion milling, reactive ion 
etching, induced coupled plasmon and chemo-mechanical polishing, can 
be referred to Refs. [13–15], where technical details have been given. The 
propagation loss of LNOI nanowaveguides has been reduced to an ultimate 
low level (less than 0.03 dB/cm in nanophotonic waveguides [16,17], or 
equivalently, the quality factor in microresonators higher than 107 [18]), 
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approaching the limit of the material absorption. Besides multifunctional 
properties of LN, the LNOI possesses a high refractive index contrast with 
respect to the buffering silica layer (Δn,0:7), offering over an order of 
magnitude improvement in optical confinement. The bent radii of LNOI 
nanowaveguides (or photonic wires) can be as short as several micrometers – 
the key step for dense integration. Integration offers not only reduced 
footprints, confining light in small volumes also dramatically enhances its 
interaction with matter, and through nonlinear wave mixing processes 
creates new frequencies. The impact of the interrupt technology is remark
ably profound. Just like silicon-on-insulator (SOI) for silicon integrated 
photonics, LNOI has the great potential to be revolutionary for LN-based 
photonics. And with the exceptional nonlinearity of LN, it has also opened 
up a new territory for integrated linear and nonlinear photonics. Important 
applications of LNOI for optical, electro-optic, acousto-optic, quantum, and 
optomechanic devices and applications are schematically shown in Figure 1.

The potential of LNOI, like SOI, shows no boundary. In the very recent 
years, remarkable advances have been made in integrated optics on the 
LNOI platform. Linear optics on the LNOI platform has been well summar
ized and several pertinent reviews have been given [9,19–21]. In this review, 
we only focus on the current progresses in the nonlinear optics aspect of 

Figure 1. Schematic of LNOI for integrated photonics applications.
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LNTF or the LNOI platform. We restrict the scope to nonlinear wave 
mixing processes and their applications for nonlinear integrated photonics, 
both point-to-point and in perspectives. We aim for a comprehensive 
treatment that incorporates the state-of-the-art experiments and points 
the way toward perspective applications.

This review is organized as follows: In Section 2, we focus on nonlinear 
wave mixing regarding second-order nonlinear (χ 2ð Þ) effects in LNTF, with 
an emphasis on the most classical types of processes. Cascaded quadratic 
(χ 2ð Þ : χ 2ð Þ) processes will also be included. In Section 3, third-order non
linear effects in LNTF are reviewed, such as optical frequency comb and 
supercontinuum generation. And in Section 4 we summarize the outlook 
and future challenges for LNOI-based photonics.

2. Second-order nonlinear effects in LNTF

The primary building blocks for integrated nonlinear photonics applications, like 
their linear counterparts, are also based on the same structures such as micro-/ 
nano-waveguides, whispering-gallery-mode (WGM) microcavities and photonic 
crystal (PhC) micro-/nanocavities, in which the enhanced light-matter interaction 
takes place. Nonlinear wave mixings greatly benefit from the strong light confine
ment of LN nanowaveguides and its strong second-order nonlinearity (χ 2ð Þ). 
Especially, the dispersion in LNOI nanowaveguides can be well designed and 
controlled, thus flexible phase matching (PM) schemes can be feasible and 
achievable. This has led to a branch of fascinating phenomena in nonlinear optics 
with ultrahigh efficiency or ultralow input power, including second-harmonic 
generation (SHG), sum frequency generation (SFG), difference frequency genera
tion (DFG), optical parametric oscillation/amplification (OPO/OPA), sponta
neous parametric down conversion (SPDC), etc. These parametric processes are 
popular methods for wavelength conversion, coherent light sources and photon- 
pair generation.

For nonlinear processes, achieving high conversion efficiency is a primary 
goal, where the realization of PM is vital. LNOI has provided more degrees 
of freedom to realize such goal. We firstly discuss the most classic second- 
order process, i.e. SHG, in different schemes.

2.1 SHG with high conversion efficiency

SHG, or frequency doubling, is the phenomenon where an input funda
mental wave generates a new wave with twice its optical frequency in 
a nonlinear medium. SHG can be modeled based on the coupled mode 
theory. The wave equation under the small-signal and slowly varying 
amplitude approximation reads dA2=dz ¼ iω2

2deff=2k2c2
� �

A2
1eiΔkz, where A 
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is the mode amplitude, ω is the angular frequency, deff is the effective 
nonlinear coefficient, k is the wavevector, Δk ¼ k2 � 2k1 is the wavevector 
mismatch, z is the interaction length, and c is the speed of light. The 
subscripts 1; 2 represent fundamental wave (FW) and second harmonic 
(SH), respectively. The wave mixing in waveguides requires additional 
consideration of waveguide dispersion and mode overlapping, which 
requires case-to-case calculation. From the wave equation, one can see 
that the critical PM condition can be realized in different ways, which 
includes: (i) Intermodal PM for Δk ¼ k2 � 2k1 ¼ 0 (Birefringence PM is 
a very restrictive condition and not directly accessible in LNOI waveguides); 
(ii) QPM, that is, the reciprocal vector (G) of periodic modulation (Λ) 
of second-order susceptibility χ 2ð Þ compensates the wavevector mismatch 
when G ¼ 2π=Λ ¼ Δk; and (iii) The periodic modulation of the FW ampli
tude itself, where A1 varies periodically. This is typically achieved by peri
odically modulating the waveguide cross-section. These schemes have all 
been carried out on the LNOI platform.

Intermodal PM is achieved by engineering the mode dispersion of the 
nonlinear waveguide at the cost of a reduced mode overlap between the low- 
order FW mode and a higher-order SH mode (their effective refractive 

Figure 2. Different PM schemes for SHG in LNOI nanowaveguides. (a) Intermodal PM between low- 
order FW mode and high-order SH mode. Adapted with permission from [22] © The Optical Society. (b) 
Semi-nonlinear structure for breaking the spatial symmetry of the nonlinearity. Adapted with permis
sion from [23] © Wiley-VCH GmbH. (c) QPM by periodic domain reversal. Adapted with permission from 
[24] © The Optical Society. (d) Mode-shape modulation periodically altering the FW amplitude. Adapted 
with permission from  [31] © AIP Publishing LLC. (e) Metasurface assisted PM, which provides a 
unidirectional effective wavevector 32] Copyright © The Author(s)
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indices are the same), thereby compromising the nonlinear efficiency. 
However, the overall performance can still be significant in nanowaveguides 
and doubly resonant microcavities. In Figure 2(a), intermodal PM is 
adopted to achieve the momentum conservation condition between funda
mental TE mode in the telecom band and third-order TM mode in the 
visible [22]. And with the thermo-optic birefringence of LN, flexible PM 
spectral tuning was also demonstrated in a wide span of 60 nm. Besides, 
a wise concept of semi-nonlinear waveguide structure [23] was proposed 
and demonstrated by breaking the spatial symmetry of the optical nonli
nearity of the waveguide, thus circumventing the difficult poling procedure, 
see Figure 2(b). The intermodal PM is achieved between fundamental TE 
and second-order TE modes, which is forbidden in homogeneous wave
guides because the mode overlapping integral is zero. The idea has the 
guiding meaning to other quadratic nonlinear platforms as well.

The popular QPM is a versatile scheme to compensate the phase mis
match of nonlinear interactions in ferroelectric crystals like LN, which can 
take advantage of the largest nonlinear coefficient tenser element. Due to 
a stronger dispersion, QPM grating period is smaller than its bulk counter
part, which imposes some difficulty in such implementation in LNTF. 
Although electrical poling technique is mature in bulk ferroelectric materi
als, the work on LNTF still requires more effort. In 2018, Cheng Wang et al. 
reported directly fabricate QPM by electrical poling technique in x-cut 
LNOI nanowaveguides, and achieved a record high efficiency of 2600% 
W−1cm−2 [24], see also Figure 2(c). This is over an order of magnitude 
improvement than the record high proton exchanged LN waveguides. 
Domain reversal of LNTF was realized using direct electrical poling, the 
same as the poling of LN. Other than direct poling, calligraphic poling 
methods are appealing for complex structures, if more components are to 
be integrated on the same chip. Attracting approaches also involves electron 
beam writing, femtosecond laser direct writing, and atomic force micro
scope, which has been achieved at bulk surfaces [25–28] and is also applic
able for LNTF. For example, Zhenzhong Hao et al. have demonstrated 

Figure 3. SHG and PM schemes in LNOI WGM microresonators. (a) Intermodal PM. Adapted with 
permission from [77] © The Optical Society. (b) cyclic QPM. The variations of  of a TE-polarized mode. 
Adapted with permission from [38] © The American Physical Society. Direct QPM in (c) racetrack and 
(d) circular microrings . Adapted with permission from [41, 42] © The Optical Society
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domain engineering in LNTF microdisks by using piezoresponse force 
microscopy (PFM) [29].

Before the demonstration of periodical poling in LNTF, periodically 
grooved waveguides were used to achieve QPM in nanowaveguides. 
Effective QPM condition was realized through the periodical modulation 
of the waveguide width, but at a cost of high scattering loss. Normalized 
SHG efficiency was 6.8%W−1cm−2 [30]. An alternative way relies on 
a sinusoidal width modulation of the rib-loaded waveguides on top of the 
LNLF [31], see also Figure 2(d). The overall conversion efficiency is rela
tively low, ~1%W−1cm−2. Another novel scheme of metasurface-assisted 
PM [32], as proposed by Cheng Wang et al., has demonstrated the suppres
sion of backward conversion, see also Figure 2(e). One of the main differ
ences between gradient metasurfaces and periodically poled domains is that 
gradient metasurfaces provide a unidirectional effective wavevector, thus 
enabling one-way energy transfer from the FW to SH wave. However, the 
fabrication is high-demanding and the length is limited (dozens of um). 
Metasurfaces enhanced SHG in LNOI via Mie-type resonance was also 
reported [33]. However, due to their thin dimensions, the overall conversion 
efficiency is still really low, typically less than 10� 5 using pulsed pump. This 
will not be discussed in detail in this review. The research can be found in 
related literature [34,35].

Other than conversion efficiency (a main figure of merit), the conversion 
bandwidth is another consideration. LNOI nanowaveguides with short 
lengths can provide high conversion efficiency while maintaining a large 
bandwidth. Whereas bulk (and conventional waveguide) periodically poled 
lithium niobate (PPLN), whose length is on the order of cm, typically has 
a 1-nm and 1-degree tolerance in respective bandwidth and temperature at 
the telecommunication bands. Highly spectrally tunable PM capability can 
be realized by varying the temperature with a measured tuning slope of 
0.84 nm/K for a telecom pump, an order of magnitude larger than that in 
LN bulk [22]. Other than temperature tuning, Licheng Ge et al. also 
demonstrated a broadband QPM scheme by leveraging the weak chromatic 

Figure 4. SHG in LNOI PhC nanocavity. (a) SEM image of a fabricated 2D LN PhC slab cavity. (b) Optical 
microscopy images of the PhC cavity pumped by e- and o-polarized light. (c) Generated SH wave 
intensity with respect to the input power.  Adapted with permission from [48] ©  Wiley-VCH GmbH.

ADVANCES IN PHYSICS: X 7



dispersion of MgO:PPLN thin film in the telecommunication band [36]. 
Such properties of LNOI nanowaveguides are useful in achieving both stable 
frequency converters (insensitive to wavelength shift or temperature fluc
tuation) and wideband tunable coherent light based on frequency 
conversion.

By proper PM techniques, the harmonic conversion efficiency in LNOI 
photonic waveguides has been improved dramatically in a few years. Higher 
efficiency can be achieved in microresonators where enhancement takes 
place in high-quality WGM cavities. In contrast to waveguides, both PM 
and double resonance conditions should be satisfied to achieve efficient 
SHG, which are much more stringent.

The intermodal PM leverages the equal effective refractive index of lower- 
order FW (typically fundamental order) and that of a higher-order SH one, 
or equivalently, the SH azimuthal order is twice of the FW, i.e. 
mSH ¼ 2mFW. The condition can be met in microresonators occasionally 
in experiment but difficult to determine by the structure design and fabrica
tion. By using a 30-um LNOI microdisk, Shijie Liu et al. was able to observe 
both SHG and the consequent cascaded SFG [37], as shown in Figure 3(a). 
Thus, an effective cascaded third-harmonic generation (THG) was possible 
even the WGM cavity had a moderate quality (Q) factor of 105. Due to 
a weak mode overlapping, the SHG conversion efficiency is relatively low, 
only at an order of 10� 6=mW.

Innovatively, Jiantian Lin et al. revealed a unique broadband QPM 
mechanism in x-cut LNOI microdisks [38]. In a x -cut LNOI microdisk as 
the wave traveling around the circumference, the TE-polarized mode 
experiences a rotating crystal orientation [Figure 3(b)], i.e. cyclic variation 
of the effective nonlinear coefficient deff , analogy to the effect of periodic 
domain inversion in a PPLN crystal. This method demonstrates another 
way for achieving efficient SHG in LNOI microcavities without periodical 
poling. And with TE pumping, the largest second-order nonlinear coeffi
cient d33 can be utilized. SHG and cascaded THG with normalized conver
sion efficiencies up to 9.9%/mW and 1.05%/mW2 were demonstrated in the 
LNOI microdisk with a Q factor close to 107 at ~1550 nm.

To further boost the efficiency, direct QPM in LNOI microresonators is 
the key solution. But it is also highly demanding in fabrication. The QPM 
microdisk resonator can be fabricated from periodically poled LNTF or by 
PFM technique [39,40]. In 2019, two research groups independently 
demonstrated ultrahigh efficient SHG in microring resonators by precise 
and uniform periodical poling in x-cut and z-cut LNTF micro-racetrack and 
microring resonators [41,42], see also Figure 3(c) and 3(d). The QPM 
grating was inscribed by direct electrical poling, similar to that in PPLN 
fabrication. Each of the methods requires precision micro-/nanofabrication 
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techniques for structure geometries and domain patterning. An ultrahigh 
conversion efficiency of over 2� 105%=W was demonstrated. Improved 
from their previous work, Juanjuan Lu et al. recently reported a record high 
conversion efficiency of 5,000,000%/W SHG efficiency in a similar scheme, 
reaching a single-photon nonlinear anharmonicity approaching 1% [43]. 
With further improvement, demonstration of giant nonlinearity in the few- 
photon and single-photon level can thus be envisioned, which is highly 
desired in quantum applications.

The PhC cavity on the LNOI platform is also a promising candidate for 
efficient nonlinear optics, because they have the smallest mode volume of all, 
typically on the scale of λ=nð Þ

3. PhC cavities have the ability to realize 
nonlinearity at few-photon level, promising for the ultimate goal of single- 
photon nonlinearity. LNOI PhC structures, such as defect, nanobeam, and 
slab cavities, have been reported [44–48]. Figure 4 shows SHG in a two- 
dimensional LNOI PhC slab nanocavity [48]. The Q factor of the resonators 
has reached over 105 with an SHG conversion efficiency of 0.078%W−1. The 
polarization-dependent cavity modes can also enable to probe the aniso
tropy of nonlinear optical phenomena. Although the efficiency is relatively 
low to date, the device can be optimized by appropriate design. Leveraging 
the small mode volume and high Q factors of the nanocavities, highly 
efficient nonlinearity in few photon or even single photon can be envi
sioned, which is highly promising in up-conversion detection of single 
photons, as well as other quantum effects.

2.2 Other second-order nonlinear processes

Other classical second-order nonlinear wave mixing processes that have 
been investigated in LNTF include, but not limit to, SFG, DFG, OPO, OPA, 
and SPDC. We will not discuss these one by one, but summarize them all in 
this subsection.

Demonstration of efficient SFG has the application to upconvert low- 
frequency weak light or single photons, highly useful in infrared signal 
detection. The first SFG in LNOI microdisks shows an efficiency of 1:4�
10� 7mW� 1 through intermodal PM [49]. The Q factors are larger than 3�
105 in both fundamental and SFG wavelengths. Our group has also 
demonstrated SFG via intermodal PM with an efficiency of 2:22�
10� 6mW� 1 in an LNOI microdisk with a Q factor of 1:8� 105 [50]. SFG 
in LNOI microresonators with higher conversion efficiency is to be 
demonstrated using QPM, which should be close to that of SHG. In 
periodically poled LNTF, broadband SFG using d33 was observed on the 
condition of simultaneous QPM and group velocity matching [51]. The 
measured QPM bandwidth is about 15.5 nm for a 4-cm long LNTF sample 
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at the telecommunication band. SFG is also highly useful in quantum 
interfaces, connecting single photons in the telecommunication bands 
(‘flying qubits’) with atomic ensemble-based quantum memories in the 
near-infrared (NIR) regime. Up-conversion of single photons in LNOI 
nanowaveguides is exciting. Although one can expect an ultrahigh con
version efficiency, the problem of waveguide coupling should be solved 
before practical demonstration is done. It is also the mechanism for which 
efficient microwave-to-optical conversion can be achieved [52]. This has 
not been realized using LNTF. However, several similar demonstrations 
on the LNOI platform utilizes acousto-optic effect to shift the optical 
frequency driven by microwave signal [53,54].

The DFG process is widely used for mid-infrared light sources, IR/NIR 
spectroscopy and THz generation. Theoretically, the process is similar 
with OPA and OPO. OPA is appealing in on-chip optical amplification, 
as well as microwave photonics. Because OPA in χ 2ð Þ nonlinear wave
guides are more compact and possesses lower noise as compared to 
erbium-doped fiber amplifiers or semiconductor optical amplifiers. OPA 
on the LNOI can be an important tool for signal amplification and 
regeneration in telecommunication systems, featuring high gain and sup
pressed noise [55,56]. A net gain of 11.8 dB and an extinction ratio of 
14.9 dB was achieved with only 2.4-pJ picosecond pulsed pump in an 
8-mm long LNOI nanowaveguides [56]. OPO based on quadratic non
linearity in LNOI microresonators is yet to be demonstrated. A. W. Bruch 
et al. has realized low-threshold parametric oscillation employing phase- 
matched AlN microring resonators [57]. The on-chip OPO conversion 
reached 17% with mW-level output power. Building an on-chip OPO in 
LNOI would have several immediate applications if the conversion effi
ciencies are high. For example, by nanometer QPM gratings, mirrorless 
OPO can be achieved [58,59], as well as backward harmonic generation.

SPDC splits one single photon into two (energy and momentum con
servation), thus generating entangled photons. SPDC has been widely uti
lized in conventional proton-exchanged and titanium-indiffused LN 
waveguides as quantum light sources [60]. SPDC in x-cut LNOI microdisks 
has demonstrated a wide bandwidth of about 400 nm in the telecommuni
cation band [61], showing significantly improved performance beyond 
conventional methods. Recently demonstrated in LNOI nanowaveguides, 
Jie Zhao et al. has reported a bright quantum source at the telecommunica
tion band with a pair flux of 11:4� 106pairs=s, an ultrahigh CAR (coin
cidence to accidental ratio) over 67,000, visibility better than 99%, and 
g 2ð Þ

H 0ð Þ less than 0.025 at sub-mW pump level [62]. The shallow etched 
ridge waveguide was fabricated using 300-nm thick MgO-doped x-cut 
LNTF, and the QPM period was 2.8 μm due to a strong dispersion. The 

10 Y. ZHENG AND X. CHEN



device has a length of only 5 mm, yet the overall performance of the 
quantum source is significantly higher than those achieved in conventional 
PPLN waveguides or other material platforms. Shortly after, Zhaohui Ma 
et al. demonstrated ultrabright quantum photon sources on an LNOI chip at 
a high rate of 36.3 MHz and g 2ð Þ

H 0ð Þ of 0.097 at only 13.4  μW pump power 
[63]. A record high CAR of 14,682 ± 4427 was achieved at 210-nW on-chip 
pump power. They utilized a triply resonant z-cut PPLN microring resona
tor on the LNOI platform. The radius of the microring is 55 μm, and the 
QPM period was 3.85 μm. The footprint of the device is far smaller than that 
of LNOI nanowaveguides. The work marks orders of magnitude improve
ment over the state of the art. With sub-micrometer poling in LNTF [64], it 
is possible to generate counter-propagating photons pairs [65], which is 
favored due to its narrow spectral bandwidth characteristics.

2.3 Cascading quadratic processes

Complex wave mixing processes contain richer physics and are also more 
powerful than a single one. A typical example is the cascading process. LN 
has a moderate third-order coefficient χ 3ð Þ, however, the cascading of quad
ratic (χ 2ð Þ : χ 2ð Þ) processes can mimic an efficient third-order nonlinearity. 
Since second-order susceptibilities are several orders of magnitude larger 
than third-order ones, the effective third-order susceptibility can be much 
larger than the intrinsic one. The various PM schemes also provide flexible 
ways for the implementation of cascaded optical nonlinearities in LNTF.

One direct cascading process involves SHG and consequent SFG to gen
erate third harmonic waves. This can be observed in WGM microresonators 
with intermodal PM [37]. Other reported cascading effects in LNOI micro
resonators include simultaneous generation of four-wave mixing (FWM) and 
stimulated Raman scattering (SRS) in LNOI microring resonators [66] and 
coupled LNOI microdisks mediated by SHG [67]. However, due to a wide 
wavelength spanning and different dispersions for sub-processes, the match
ing condition for this type of cascading can be hard to access. Our group has 
recently demonstrated effective FWM, i.e. cascaded SHG and DFG (cSHG/ 
DFG), in LNOI microdisk resonators [68]. The advantage is that their wave
vector mismatches are close and can be compensated simultaneously or in 
a wide bandwidth. It is also worth to mention that the effective χ 3ð Þ through 
χ 2ð Þ : χ 2ð Þ cascading can greatly decrease the threshold of comb generation or 
supercontinuum if the dispersion of microresonators is properly designed. 
Direct comb generation and supercontinuum in nanowaveguides can even be 
possible through continuous wave pumping.

Cascaded quadratic effects are also a main mechanism for high-order 
harmonic generation (HHG). In 2017, D. D. Hickstein et al. reported on up 
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to 13th harmonic generation in chirped PPLN waveguides on micrometer 
thick LNOI chips via infrared femtosecond laser pumping [69]. The total 
conversion efficiency of the harmonics is 10%. It is also appealing to achieve 
HHG in LNTF nanowaveguides, and the conversion efficiency can be 
further enhanced.

Electro-optic (EO) effect in crystals essentially arises from their second- 
order susceptibility. Cascading of EO effect and nonlinear wave mixing has 
appealing applications in electrically controlled nonlinear photonics. 
Because the EO coupling has the advantage of fast response and integration, 
as compared to wavelength and temperature tuning methods [70]. 
Moreover, the implementation of EO effect and nonlinear wave mixing 
heralds the realization of quantum sources of complex entangled states of 
light that can be dynamically tuned via EO effect.

3. Third-order nonlinear effects in LNTF

Lithium niobate has a moderate third-order coefficient, direct THG in LN 
does not show much advantage over other materials, especially when com
pared with χ 2ð Þ : χ 2ð Þ cascading. Thus, few attempts to demonstrate pure 
THG in LNTF have been reported. However, through the enhancement 
resulting from strong confinement and low waveguide loss, LNTF can still 
sustain efficient third-order wave mixing processes. This is proven by the 
demonstration of optical frequency comb (OFC) generation in microrings 
and supercontinuum generation (SCG) in nanowaveguides. Both the pro
cesses involve significant spectral broadening of the original pump beam via 
nonlinear wave mixing, like FWM and nonlinear phase modulation. These 
devices, i.e. on-chip wide bandwidth coherent light sources, could lead to 
new opportunities for LNOI applications.

3.1. Optical frequency comb generation

OFC or microcomb sources generated from soliton formation in Kerr 
nonlinear microresonators have been intensively studied. The integrated 
comb sources are particularly appealing for applications such as metrol
ogy, spectroscopy, parallel communication and ranging [71–74]. Only 
until recently has frequency comb formation be realized in LNOI micror
ing resonators when they reached high-quality factors of 106.

Although all materials possess third-order nonlinearity, frequency 
comb generation in χ 2ð Þ nonlinear cavities have the potential to achieve 
direct f � 2f self-referencing. This simplified configuration, without off- 
chip frequency doubling, improves the efficiency and stabilization of the 
microcomb generator, an advantage over χ 3ð Þ nonlinear cavities. To date, 
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Kerr soliton combs spanning over 700 nm have already been realized in 
LNOI microresonators [75], although the utilized nonlinearity is still the 
third-order one. Mode-locked Kerr soliton comb was later demonstrated 
[76,77]. Figure 5 shows the experimental results of mode-locked Kerr 
soliton OFC generation in LNOI microring resonators [76]. The photo
fractive effect enables the LN soliton mode-locking process to self-start. 
Besides, the LNOI microresonator can be switched to soliton states from 
both directional detuning, an advance over other high-Q resonators on 
thermo-optic effect. SHG was also observed simultaneously, therefore, one 
further step towards direct comb self-referencing. OFC generation in LN 
resonators differs from Kerr cavities in that both second- and third-order 
nonlinearity simultaneously present towards on-chip self-referenced fre
quency-comb sources. Scientists are pursuing the goal for LNOI-based 
microcombs to achieve octave spanning frequency comb and simulta
neous on-chip f � 2f locking. Broad soliton microcombs in LNTF micror
ing resonators with a spectral span up to 4/5 octave have recently been 
demonstrated [78], a step closer to this goal. The potential of LNOI 
microresonators in this configuration is thus profound and exciting.

Until now, OFC and SCG processes have been demonstrated on different 
material platforms, including SiO2, Si3N4 and AlN [79], most of which 
depend on third-order nonlinearity for broadening. While at present broad- 
bandwidth OFC and SCG on the LNOI are still based on χ 3ð Þ, there are 
attempts to exploit hybrid χ 2ð Þ and χ 3ð Þ nonlinearities or only χ 2ð Þ nonlinear
ity. Not only χ 2ð Þ coefficient is orders of magnitude larger, but also SHG 
facilitates f � 2f self-referencing simultaneously during generation.

The microcomb research also has profound impact on quantum 
optics, with wide bandwidth photon pair sources integrated on chip, 

Figure 5. Lithium niobate microring resonator and mode-locked Kerr solitons. Adapted with 
permission from [79] © The Optical Society.
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quantum interface for telecommunication and storage. Because ‘quantum 
frequency combs’ (operating at the single-photon level) can store and 
process a large amount of information in the spectral-temporal quantum 
modes [80]. Besides, it is also worth noticing that a novel EO frequency 
comb in LNOI microresonators has already been demonstrated via direct 
EO modulation [81], which is essentially the same with second-order 
susceptibility in the optical region. The EO comb spacing or repetition 
rate can be tuned to integer times of the free spectral range (FSR) of the 
microresonator. The EO comb features a straightforward, simplified 
mechanism and thus improved reliability.

3.2. Supercontinuum generation

The process of SCG involves drastic spectral broadening when intense 
ultrashort pulses propagate in a nonlinear medium. The physical mechan
isms behind SCG include a collection of nonlinear processes, such as 
modulation instability, self-/cross-phase modulation, SRS and FWM. It 
provides a way to make coherent ultrawide bandwidth laser sources or 
white light lasers. SCG, especially in PhC fibers, has been covered in detail 
by previous reviews [82]. Chip-scale SCG is highly desired for integrated 
supercontinuum sources for spectroscopy and other on-chip applications. 
Given that both second- and third-order nonlinearities are simultaneously 
present, octave spanning SCG and subsequent SHG can allow for on-chip 
f � 2f interferometry. To efficiently generate supercontinuum, accessing 
anomalous dispersion regime is critical, which requires optimized disper
sion engineering.

Several experiments of SCG in LNOI nanowaveguides have been reported 
[83,84]. Figure 6(a) shows an experimental over 1.5 octave-spanning SCG in 
LNOI nanowaveguides. The waveguide has a dimension of 
1:75um� 0:6um� 10mm, and is pumped by a femtosecond laser 
(1560 nm, 200 fs, 80 MHz) with an estimated peak power of 4.0 kW inside 
the waveguide. The numerical modeling can be performed using the gen
eralized nonlinear Schrodinger equation (GNLSE), analogy to the case in 

Figure 6. Octave-spanning SCG in LNOI nanowaveguides pumped by NIR femtosecond laser. 
Adapted with permission from [83] © The Optical Society.
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optical fibers, whose theory has been well investigated and established over 
the past decades. Figure 6(b) and 6(c) respectively, correspond to the 
calculated temporal and spectral evolution of the incident pulse with respect 
to position in the waveguide. The simulation and experiment results show 
that the significant spectral broadening occurs shortly after the soliton 
fission length of 4.5 mm, shorter than that in PhC fibers or SiO2 waveguides. 
SHG also takes place during the SCG process, but is phase mismatched. 
Thus, later investigation of SCG in PPLNOI nanowaveguides may be con
sidered [85].

In addition, there are other nonlinear phenomena in LNTF but are not 
included in the previous paragraphs due to the space limit. They are Raman 
lasing [86] and acousto-optics effects [87]. LN with large electromechanical 
transduction efficiency can be used in acousto-optic coupling for Brillouin 
integrated photonics. For instance, integrated nonreciprocal devices lever
aging Brillouin or acousto-optics in LNTF will become a new frontier.

4. Perspectives and conclusion

Over the years, LNTF integrated photonics has enabled remarkable advances in 
the miniaturization and enhancement of on-chip nonlinear devices. Thanks to 
its multifunctional properties, strong light confinement and flexibility of device 
design, the LNTF provides a versatile platform for investigating light-matter 
interactions in a broad range of research areas. The emerging and potential 
applications have inspired a drastic increase in the interest of LNTF and LNOI 
devices for core components of the on-chip systems, chip-scale RF photonics, 
nonlinear optics, and quantum photonics. This will include applications in 
frequency metrology, optical to microwave links, single-photon level interac
tions and large-scale quantum frequency processing. Despite great ongoing 
progress in nonlinear optics on the LNOI platform, there are much more 
progresses to be witnessed and much more work to be done.

As of the nonlinear photonics applications, the ultimate goal is to realize 
100% (or close to 100%) conversion efficiency and single-photon nonlinear
ity. The recent work has demonstrated such giant single-photon nonlinear
ity, showing significant potential in realizing this goal [43,63]. Although the 
reported nonlinear devices showed ultrahigh normalized efficiency, the 
overall efficiency is far away from unity. Periodic domain reversal techni
ques are vital for QPM in LNOI films, and sub-micro domain poling for 
backward QPM, such as backward SHG [88] and mirrorless OPO [89], is 
still a challenge. Poling of LNTF with a period of 747 nm was reported by 
optimized bipolar preconditioning [64], which may also apply to shorter 
period poling. And poled LNTF even with periods down to 200 nm has also 
been successfully demonstrated using the PFM method [29]. Backward 
QPM scheme is thus accessible in LNTF. Backward SHG has the advantage 
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of separating fundamental and harmonic waves, and backward SPDC gen
erating counter-propagating photon pairs with ultranarrow spectral band
width. The scheme is favored especially when the down-converted photon 
pairs are frequency degenerated.

Wide bandwidth cascaded χ 2ð Þ : χ 2ð Þ nonlinearities for coherent light sources 
of OFC and SCG can be foreseen. The former has been studied in bulk LN 
microresonators [90]. By leveraging cascaded χ 2ð Þ : χ 2ð Þ nonlinearities and dis
persion management, OFC and SCG at low input intensities can be achieved, 
which is inaccessible in conventional structures. Cascaded two-stage SPDC via 
χ 2ð Þ : χ 2ð Þ nonlinearity can generate high-dimensional entangled photon states, 
such as three-photon states. Cascaded EO effect and nonlinear processes are also 
worth to study, which provide a manner to electrically control nonlinear 
processes at fast speeds. This may be beneficial for optical signal processing. 
The enhanced EO and nonlinearities in LNTF also provides a great platform for 
investigation of new phenomena in synthetic dimensions [91–93], through 
which synthetic lattices can be formed in either microresonator or waveguide 
geometries.

LNOI will become an irreplaceable platform for next-generation integrated 
photonics, opening new doors to micro- and nano-photonics both in the linear 
and nonlinear regimes. The trend is to incorporate more optical elements on 
the sample LNOI chip, such as lasers, EO modulators, microcomb, nonlinear 
converters, to realized real multifunctional PIC chips. Heterogeneous integra
tion of LNTF and other strong χ 3ð Þ nonlinear materials for advanced nonlinear 
applications, such as the integration of quantum dots, silicon circuits and III–V 
semiconductors, will also be a new frontier. Nevertheless, the integrated of laser 
sources (via rare-earth ion doping) and detectors (based on heterogeneous 
structures) remains the largest obstacle for full integration on a single chip. 
Active components of on-chip laser sources on LNOI have recently been 
demonstrated using erbium-doped lithium niobate microcavities [94,95], 
which also shows direct possibility to achieve optical amplification in LNOI 
waveguides. Direct electrical pumping is more favored, but requires much more 
efforts. Heterogeneous integration of photodetectors using has also been 
reported [96]. Together with the multifunction of LN, full integration for 
photon generation, manipulation and detection can be envisioned.

In conclusion, recent advances in nonlinear photonics in LNTF were 
reviewed. LNOI has risen to the forefront of chip-scale nonlinear photonics, 
benefiting from the enhanced light-matter interaction due to strong confine
ment of LNOI nanowaveguides and large nonlinearity of LN. We gave a brief 
overview, as well as perspective, of nonlinear processes based on the LNOI 
platform. Tremendous new opportunities exist for innovative approaches that 
leverage versatile properties of LN. The role of LNTF in the developing of 
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integrated linear and nonlinear photonics is to exponentially grow.
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