DE GRUYTER

Nanophotonics 2020; 9(6): 1287-1320 8

Review

Yifan Qi and Yang Li*

Integrated lithium niobate photonics

https://doi.org/10.1515/nanoph-2020-0013
Received January 10, 2020; revised March 1, 2020; accepted
March 4, 2020

Abstract: Lithium niobate (LiNbO,) on insulator (LNOI)
is a promising material platform for integrated photon-
ics due to single crystal LiNbO, film’s wide transparent
window, high refractive index, and high second-order
nonlinearity. Based on LNOI, the fast-developing ridge-
waveguide fabrication techniques enabled various struc-
tures, devices, systems, and applications. We review the
basic structures including waveguides, cavities, periodi-
cally poled LiNbO,, and couplers, along with their fab-
rication methods and optical properties. Treating those
basic structures as building blocks, we review several
integrated devices including electro-optic modulators,
nonlinear optical devices, and optical frequency combs
with each device’s operating mechanism, design princi-
ple and methodology, and performance metrics. Starting
from these integrated devices, we review how integrated
LNOI devices boost the performance of LiNbO,’s tradi-
tional applications in optical communications and data
center, integrated microwave photonics, and quantum
optics. Beyond those traditional applications, we also
review integrated LNOI devices’ novel applications in
metrology including ranging system and frequency
comb spectroscopy. Finally, we envision integrated
LNOI photonics’ potential in revolutionizing nonlin-
ear and quantum optics, optical computing and signal
processing, and devices in ultraviolet, visible, and mid-
infrared regimes. Beyond this outlook, we discuss the
challenges in integrated LNOI photonics and the poten-
tial solutions.
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1 Introduction

Lithium niobate (LiNbO,, LN) is one of the most popular
materials for electro-optic devices and nonlinear optical
devices in the fast-growing field of integrated photonics
[1]. Compared with traditional material platforms such
as silicon [2, 3], silicon nitride [4, 5], and indium phos-
phide [6], LN has several natural advantages, includ-
ing strong electro-optic effect (largest r,,=27 pm/V at
1500 nm), large refractive index (n,=2.21and n ,=2.14 at
1550 nm), wide transparency wavelength (from 400 nm
to 5 um), and stable physical and chemical characteris-
tics [7], thus making it the most competitive material for
linear and nonlinear integrated photonics.

Exploring LN in integrated photonics begun in
the last century. In 1974, Schmidt and Kaminow [8]
attempted to make integrated waveguides in LN by using
metal-diffusing processes, which later became the most
common method in nanostructuring LN. As the develop-
ment of metal-diffusing processes, titanium diffusion
stood out and became the most commonly used one due
to the fact that titanium diffusion can provide a relatively
high refractive index contrast (~0.04) and a small effec-
tive diffusion depth (~1.6 um) [8-11]. Another traditional
method for nanostructuring LN is proton exchange, which
can achieve similar structure and performance as those
provided by titanium diffusion [12-14].

Titanium diffusion and proton exchange opened the
door of exploring the outstanding performance of LN in
integrated photonics. However, we still cannot fully lev-
erage LN’s extraordinary optical properties because those
processing techniques place a lower limit on the wave-
guide’s diameter of approximately 10 um, and an upper
limit on refractive index contrast of 0.1 [1, 14-16]. Based
on a waveguide with width over 10 um, it would be chal-
lenging to realize the design of single-mode waveguide
and integrated photonic circuits in the visible and near-
infrared (IR) regimes. Moreover, the low refractive index
contrast induces a weak field confinement [17-19], degrad-
ing the performance of many devices, such as increas-
ing bending losses of waveguides, increasing length of
Mach-Zehnder interferometer (MZI) arms of modula-
tors, as well as decreasing Q factors and increasing mode
volumes of resonators.
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Similar to silicon on insulator (SOI), LN on insulator
(LNOI) consists of a submicrometer LN film on a silica
buried layer, which is on top of a substrate made from
silicon or LN. Fabrication of LNOI has been achieving a
fast development in the past two decades [20, 21]. To fab-
ricate an LNOI, a single-crystal submicrometer LN film
is first obtained by ion slicing a bulk crystal and then is
bonded to a low index substrate by using benzocyclobu-
tene bonding [22] or crystal bonding [23]. Such a fabrica-
tion process has already become mature, leading to the
commercialization of LNOI wafers. A typical LNOI wafer
has an LN film thickness of hundreds of nanometers
(typically 300-900 nm) and a diameter of 3 or 4 inches
[24]. Along with the development of LNOI, nanostructur-
ing of LNOI has been developing rapidly since 2007 [25].
Nowadays, several techniques including wet etching, dry
etching, chemical mechanical polishing (CMP), diamond
dicing, femtosecond laser direct writing, and focused ion
beam (FIB) milling have been applied to the nanostruc-
turing of LNOI [26-38]. All these techniques enable fab-
ricating LN ridge waveguides or structures (will be called
“ridge structures” for short in the rest of this review) on
LNOI platform. Ridge structures have the following advan-
tages over structures made by using titanium diffusion
and proton exchange [39]:

(1) High refractive index contrast. Conventional LN
components made from bulky LN materials by titanium
diffusion or proton exchange have an index contrast as
small as ~0.1. In contrast, because ridge structures are
made by directly structuring LN film, index contrast is
determined by the difference between the refractive index
of LN and that of the background medium. For LNOI with
silica superstrate and substrate, the index contrast is
~0.7 and can be further increased to over ~1 if the silica
superstrate is removed. Such a high index contrast brings
several advantages including strong field confinement
and low bending loss.

(2) Flexibility in fabricating nanostructures. Com-
pared with titanium diffusion and proton exchange, ridge
structure brings a high degree of flexibility to the fabri-
cation of LN nanostructures. Such flexibility not only
enables fabricating waveguide on the submicrometer
scale, but also allows fabricating various structures, such
as microring, periodically poled LN (PPLN) [40], and pho-
tonic crystal [41].

By fully leveraging the high index contrast and flex-
ibility provided by ridge structures, we can integrate
various structures, devices, and systems onto a single
LNOI chip, reaching a high degree of multifunctionality,
flexibility, and scalability (Figure 1). This review focuses
on the new physics, new methods, and new applications
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Figure 1: Schematic view of an integrated LNOI photonics chip.
Waveguides, resonators, periodically poled lithium niobate,
modulators, and many other structures and devices can be
integrated onto a single LNOI chip to achieve various systems and
applications.

that LNOI and ridge structures bring to the field of inte-
grated LN photonics.

This review is structured as follows: Section 2, Basic
structures, introduces the basic structures including wave-
guides, resonant cavities, structures for nonlinear optics,
and optical coupling, as well as their design methods,
fabrication processes, and several classical examples.
Based on these structures as building blocks, Section 3,
Integrated devices, introduces several integrated devices,
including electro-optic modulators, nonlinear optical
devices, and optical frequency combs, and analyzes their
principles and performance. Section 4, Systems and appli-
cations, reviews the current status and envisions the pros-
pects of several integrated LN systems, including optical
communication systems, integrated microwave photonics
systems, quantum optics systems, metrology systems, and
their applications. Section 5, Summary and outlook, sum-
marizes this review and envisions LNOI devices’ potential
applications in high-performance nonlinear and quantum
optics, optical computing, and signal processing, as well
as devices in ultraviolet (UV), visible, and mid-IR regimes.
This section then discusses the challenges in integrated
LN photonics and the potential solutions.

2 Basic structures

Various integrated optical devices can be fabricated
based on LNOI and ridge structures. These devices have
certain similarities in basic structure and fabrication
process despite their different designs, mechanisms, and
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functionalities. In this chapter, we introduce the basic
building blocks for integrated optical devices, including
optical waveguide, resonant cavity, PPLN, and coupling
structures. Those structures do not cover all the LN nano-
structures but are the most basic components for building
a wide variety of integrated LN optical devices.

2.1 Optical waveguide

Waveguide is one of the most fundamental components
that consist of integrated optical devices. Waveguide
can compose an MZI as the main structure of electro-
optic modulators or construct a microring for a resonant
cavity or build devices that propagate and process light
on a photonic chip. Traditional LN waveguides are typi-
cally fabricated by using titanium diffusion and proton
exchange. The structure of traditional LN waveguide is
shown in Figure 2A, giving an indistinct boundary and
a small index contrast between waveguide region and
regular LN region. To overcome the limitations of the tra-
ditional waveguide structure, LN ridge waveguide was
proposed, as shown in Figure 2B. Ridge waveguide brings
the following advantages: (1) distinct physical boundary
between waveguide and background medium, such as air
and silica; (2) the waveguide geometry including width
and aspect ratio can be defined with a high degree of flex-
ibility; (3) the index contrast can be tuned by depositing a
superstrate above the waveguide [39, 42, 43].

2.1.1 Manufacturing method

In the early days, wet etching was used for the direct
etching of LN ridge waveguides. A chromium film is depos-
ited on top of an LN film as a mask for the waveguide and
is patterned by lithography. Then, the LN is wet etched by
corrosive liquid, for example, a solution of 40% HF and
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Figure 2: Schematic cross-section view of integrated LN waveguide.
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100% HNO,. In a classic work, by using wet etching, an
LN waveguide was fabricated with a top width of 6.5 um,
showing a propagation loss of 0.3 dB/cm at 1550 nm [44].
Wet etching is used not only for etching LN thin films,
but also for nanostructuring titanium-diffused or pro-
ton-exchanged LN thin films. Wet etching is also used to
improve the sidewall roughness of a waveguide caused by
the residual of photoresist mask. For example, a 60-min
wet etching with NH,OH, H,0, and H,0 mixed by 2:2:1 at
85°C was proved to be efficient to remove material depo-
sition [45]. A similar process was applied in Escale et al.
[46]. However, most wet etching processes are chemical
and isotropic, which may lead to a tilted sidewall. Further-
more, the isotropic property of wet etching makes it hard
to fabricate waveguides narrower than 1 um. And, consid-
ering wet etching’s extremely low etching rate of X-cut LN
thin film (3 nm/h) [44], wet etching is being used less and
less nowadays, especially after the rapid development of
dry etching and X-cut LN.

Dry etching is the most popular and promising method
for fabricating a high-quality waveguide in thin film LN.
Dry etching LN has been of great interest to the integrated
photonics community for many years. In the early days
of LN nanofabrication, dry etching LN bulky crystal did
not attract much attention because of the chemical sta-
bility of LN [47, 48]. However, along with the availability
of LNOI wafers and the rapid development of dry etching
technique, the state-of-the-art dry etching technique has
already been able to realize submicron scale waveguide
with low loss on LNOI [49].

The dry etching process is shown in Figure 3.
Fabricating a waveguide starts with a commercially avail-
able LNOI wafer. First, an etching mask is deposited on the
top of the LNOIL. In this step, chromium [48], amorphous
silicon [50], or other kinds of resist [49, 51] have been
used according to different processes. Second, photonic
patterns are defined in the etching mask using different
methods including electron-beam lithography (EBL) or
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(A) Conventional LN waveguide; (B) LNOI ridge waveguide; (C) ideal LNOI waveguide.
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Figure 3: A standard dry etching process of LNOI.

An LNOI wafer (A) is first deposited with an etching mask (B). Then, the etching mask is patterned by using electron-beam lithography (C) to
define the geometry of structure. Using reactive ion etching (RIE) or inductively coupled plasma RIE (ICP-RIE), the lithium niobate outside the
waveguide area is etched away (D). Finally, etching mask is removed (E) and the waveguide is formed.

photolithography. In order to improve the selectivity of
etching or to improve the sidewall roughness [52], anneal-
ing is performed in some cases [53].

The third and the most important step is etching LNOI
thin film for obtaining the waveguide structure. Reactive
ion etching (RIE) and/or inductively coupled plasma RIE
(ICP-RIE) is commonly used for dry etching LNOI. Several
different gases are used for chemical etching. Fluoride
gas, which is commonly used in chemical reaction etching
of many materials, is sometimes used in etching LN. And,
because of the chemical stability of LN, using argon (Ar)
plasma only for physical etching is also a common prac-
tice [21, 50, 53-55]. Selecting different gases can affect the
etching process and results, such as surface roughness
of the waveguide [52, 56]. Recently, Ar* became the most
frequently used gas because by physical etching Ar* can
induce a more vertical sidewall despite the fact that Ar*
extends the etching time. When a certain gas is selected,
other etching parameters, such as ICP power, RIE power,
gas flow rate, pressure, and temperature, also have a
great influence on the processing speed, etching depth,
surface roughness, and sidewall angle [45]. According to
the current processes, it is still difficult to realize a com-
pletely vertical waveguide sidewall by using dry etching,
but such a vertical sidewall is not always necessary from
the application point of view. After dry etching, etching
mask is removed and the fabrication process is complete.

In addition to wet etching and dry etching, many other
methods have also been used for processing waveguides
in LNOI. Chemical mechanical polishing is a method
believed to provide a surface as smooth as that fabricated
by dry etching. Chromium layer is used as a mask in CMP
method and is patterned by femtosecond laser ablation to
define the shape of the waveguide. Then, by using a wafer
polishing machine, the exposed LN film can be removed
to form the waveguide. Finally, the chromium layer on top
of the LN waveguide can be removed by using wet etching
with HF solution [57]. Such a process is shown in Figure 4.
By controlling the duration of CMP process, the sidewall

angle can be adjusted from a few degrees to nearly 80°
[58]. If the upper surface of the waveguide needs to be very
smooth, a second CMP process can be performed. Chemi-
cal mechanical polishing process has achieved a wave-
guide with a root-mean-square surface roughness as low
as 0.452 nm and a low loss of 0.1 dB/cm [59].

A direct machining method - diamond dicing -
can also be used to fabricate ridge waveguides on LNOI
(Figure 5). The sidewall angle of waveguides made by
diamond dicing is defined by the shape of the diamond
cutting blade. A waveguide with a high aspect ratio can be
made by diamond dicing, but the width of the waveguide
and the minimum distance between two neighboring
waveguides are largely limited by the shape of the cutting
blade [60].

Femtosecond laser direct writing and FIB milling have
also been used in nanostructuring LNOI [61, 62]. By using
those fabrication techniques, LN thin film and silica sub-
strate can be ablated at the same time.

The key point of above methods is etching or remov-
ing LN outside the waveguide region to form the ridge
waveguide, which is usually being processed under very
careful control. To avoid this process, the effect of ridge
waveguide can also be realized by a structure called “rib
loaded waveguide” (Figure 6). Such a waveguide can be
fabricated by using additive manufacturing. This fabrica-
tion process begins with coating LNOI with a film of the
loaded material and is followed by etching the loaded
material to form the rib. Because the loaded material can
be selected from materials that are easy to etch, etching
the loaded materials is always easier than etching LN
directly. The most common choices for the loaded mate-
rial are silicon nitride [35, 40, 63, 64] and chalcogenide
glasses [33], whereas tantalum pentoxide (Ta,0,) [27] and
titanium dioxide (TiO,) [65] are also popular choices. To
increase the ratio of light propagating in the LN film, the
loaded rib can be designed as thin as tens of nanometers
[65]. However, rib loaded waveguide usually suffers from a
larger mode volume and a high propagation loss.
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Figure 4: A standard fabrication process of chemical mechanical polishing (CMP).

(A) Cr thin film is first deposited on a LNOI wafer and is ablated by femtosecond laser (B) to define the pattern. Then, CMP is implemented
(C) to polish lithium niobate thin film. Finally, Cr mask is removed by wet etching and secondary CMP is implemented for a smoother surface
(D). (E) shows a schematic diagram for the CMP process. Reprinted with permission from Wu et al. [57].
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Figure 5: A standard fabrication process of diamond dicing.

(A-F) Show the standard fabrication process of diamond dicing and (G) shows a scanning electron microscope photograph of the waveguide
made by using diamond dicing. Reprinted with permission from Volk et al. [60]. © The Optical Society.

2.1.2 Mode properties

The ridge waveguide shown in Figure 2B can be approxi-
mated as a rectangular waveguide in theoretical analy-
sis. Such a rectangular waveguide with vertical sidewall
(Figure 2C) can be modeled by the Marcatili method,
giving the maximum number of modes [66]:

2 2 2 2 2
N =2_'_\/Zk wh(n; —212)(n1 -n;) 1)

T

where k is the wave number of the light guided in the
waveguide; w, h, n, n,, and n, are defined in Figure 2C.
Unless the waveguide cross section is sufficiently small

(width is less than ~400 nm for a 600-nm-thick LN film),
the fundamental transverse electric (TE) and transverse
magnetic (TM) modes are always supported at an operat-
ing wavelength of 1550 nm. As a result, a “double-mode”
waveguide is a reasonable design in balancing the propa-
gation loss and fabrication feasibility. “Double-mode”
condition depends on many parameters including LN film
thickness, etch depth, sidewall angle, and coating mate-
rial. In general, waveguide width, which can meet the
“double-mode” condition, decreases as the LN film thick-
ness increases, etch depth decreases, tilt angle of sidewall
increases, and refractive index of the coating material
decreases. For example, a typical LNOI ridge waveguide
with 600-nm LN film thickness, 350-nm etch depth, 70°
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Figure 6: Rib loaded waveguides with Au electrodes.

(A) Schematic view, (B) cross section, and (C) scanning electron microscope image. Reprinted with permission from Rabiei et al. [27]. © The

Optical Society.

sidewall angle, and silica coating does not support a
second-order TE mode when the waveguide top width is
less than 1 um; that is, the “double-mode” condition is
met. A low-aspect-ratio waveguide supports TE modes
better, that is, the TE modes with a higher mode index
and a lower propagation loss. Figure 7 shows the modes
supported by a waveguide with top width 1 um, height
600 nm, and sidewall angle ~80° at an operating wave-
length of 1550 nm.

To make sure that only the fundamental TE or TM
mode propagates in the “double-mode” waveguide, we
need to carefully control the mode and polarization of the
input light. From the viewpoint of the mode, we do not
have to etch all the LN film outside the waveguide region
(which is hard when certain masks are used). A larger
etch depth reduces the propagation loss, but does not
necessarily improve all the device merits, for example,
for integrated LN electro-optic MZI modulators, micro-
wave field in the waveguide decreases as the etch depth
increases [67].

2.1.3 Propagation loss

Low-loss waveguide is the key to achieve high-perfor-
mance integrated optoelectronic devices, such as elec-
tro-optic modulators with low drive voltage and broad
bandwidth. Different from silicon-based optoelectronic
devices [68], LN devices do not need doping to change the
refractive index, so absorption losses caused by interband
absorption and free carrier absorption are avoided, which
is one of the unique advantages of LN. Because of the
absorption of LN crystals, propagation loss of LN wave-
guide has a theoretical limitation down to ~0.001 dB/cm
[57, 69]. So far, even the best LN waveguide shows a loss
higher than this limitation. Two major sources of losses
for integrated LN waveguides are radiation loss caused by
waveguide bending and scattering loss induced by surface
roughness. For a given waveguide, different modes have
different losses. Generally speaking, due to fact that the
confinement of higher-order modes is weaker than that of
lower-order modes and that higher-order mode is closer

Figure 7: Calculated electric field intensity distribution of a direct etched LNOI waveguide with top width 1 um, height 600 nm and sidewall

angle ~80°.

The figures are field profile for (A) fundamental TE mode, (B) fundamental TM mode, (C) second-order TE mode and (D) second-order TM
mode. The black lines indicate the profile of the waveguide and substrate.
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to the cutoff condition, higher-order modes show higher
radiation loss and scattering loss [66].

We can measure the loss of integrated LN waveguide
by using several different methods. The most popular
method is measuring the quality (Q) factor of a micror-
ing whose cross section is the same as the waveguide.
As shown in Figure 8A, when a continuous wave (CW)
light is critically coupled into the microring, waveguide
loss can be calculated via @ =27n_/(QA), where n_ is the
mode index, and A is the resonant frequency [57]. This
method is particularly suitable for low-loss waveguides,
corresponding to high-Q microrings whose Q factor can
be measured accurately. Cut-back method is an alterna-
tive and simple way for measuring waveguide loss. By
measuring transmission power of waveguides with dif-
ferent lengths, we can obtain the propagation loss by
calculating the slope of transmission versus waveguide-
length curve, as shown in Figure 8B [66, 70]. Interfero-
metric method is another way for measuring waveguide
loss (Figure 8C). A waveguide with two polished end faces
can be treated as a Fabry—Pérot resonator. So, the trans-
mitted power changes periodically as a function of the
round-trip phase, which can be tuned via thermo-optic or
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electro-optic effect. And, we can obtain the attenuation
constant ¢ of the waveguide by measuring the contrast K
(also called visibility or modulation depth) of the Fabry—
Perot interference [71, 72].

Along with the development of fabrication techniques
for integrated LNOI waveguide, loss of LN waveguide has
been improving significantly. A Si,N, rib loaded wave-
guide shows a low loss of 0.32 dB/cm [63]. Furthermore,
waveguides fabricated by direct etching [69] and by using
CMP [57] both can show a record low loss of 0.027 dB/cm.
Such a loss is negligible for integrated devices with foot-
prints on the scale of tens to hundreds of um?.

2.2 Resonant cavity

Resonant cavity has board applications including optical
sensing, optical communications, nonlinear optics [73,
74], and quantum optics [75]. The basic structures of
LNOI cavity include microdisk (Figure 9A) and microring
(Figure 9B). In recent years, as the maturity of fabrication
technique of LNOI ridge structure, the quality of microring
increases dramatically.
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Figure 8: Schematic diagrams of measuring waveguide loss by different methods.
The figure above describes the principle and ideal measurement results for (A) microring method, (B) cut-back method, and (C)

interferometric method, respectively.
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Figure 9: Schematic diagrams of LNOI resonant cavities.
(A) Microdisk resonator; (B) Microring resonator.

2.2.1 Microdisk resonators

Microdisk resonators are also known as whispering gallery
mode (WGM) resonators because this type of resonators
based on LNOI has the same physical principle as WGM res-
onators based on other platforms, such as optical fibers [76,
77]. As shown in Figure 10, the structure of the resonator is
a solid microdisk made from LN thin film with a diameter
of tens of micrometers. In order to improve the input and
output coupling efficiency with fiber or waveguide and to
better confine the WGM mode within the cavity, surface of
the silica underneath the LN microdisk is removed by wet
etching after processing the microdisk [78].

Several processing methods can be used to fabricate
microdisk resonators, including dry etching [78], CMP
[79], FIB milling [80], and femtosecond laser ablation [61,
62]. Based on those methods, the processing flows for
fabricating LNOI microdisks are almost the same as those
for manufacturing LNOI waveguides. The only difference
is that microdisk does not necessitate fabricating vertical
sidewalls. Some microdisks with highly angled sidewalls
still can show good performance. For example, a micro-
disk with a wedge angle of 9.5 degrees shows a Q factor
greater than 107 [58]. Furthermore, femtosecond laser
ablation enables fabricating some complicated designs.
For example, a double-layer microdisk resonator can be
realized by ablating for only one time [62].

High-quality coupling of light into and out of the
LNOI microdisk cavity is a key to improving performance.

DE GRUYTER
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The coupling method used most frequently is based on
tapered fiber, which is made by stretching a single-mode
coating-removed optical fiber to a diameter of several
microns by using flame annealing. By closely attaching
the tapered region of the fiber to either sidewall or edge
of the top (or bottom) surface of the microdisk, we can
efficiently couple light from a laser, which is connected
to one end of the fiber, to the microdisk [61, 78, 80, 81].
The other end of the fiber is usually connected to a pho-
todetector. More details of tapered fiber coupling can be
found in Cai et al. [82].

2.2.2 Microring resonators

Lithium niobate microring resonators guide light via
a closed loop of LN waveguide. Compared with micro-
disk resonators, microring resonators have a significant
advantage: a microring can be made by closing the loop
of a waveguide. Such an advantage brings a great degree
of flexibility to the design of microring — we can engineer
microring’s shape according to the particular requirement
of the device (Figure 11) [83]. For example, to achieve an
electro-optic frequency comb with long electrodes, we can
design a racetrack-shaped microring [84].

Guided modes of a microring resonator are identical
to those of curved waveguides, as discussed in Section
2.1.2, Mode properties. A typical LN microring is achieved
in Guarino et al. [25], which is believed to be the first

Figure 10: Microscope images of a typical LNOI microdisk resonator.

(A) Optical microscope image of the microdisk from the top. (B) scanning electron microscope image showing the overview and (C) the edge
of the microdisk. Reprinted with permission from Wang et al. [51]. © The Optical Society.
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Figure 11: Several typical LNOI microring resonators.
(A) Scanning electron microscope of a typical LNOI microring. (B, C) Scanning electron microscope images of waveguides constituting

microrings. (D) Optical microscope images of racetrack resonators with different lengths. Reprinted with permission from Zhang et al. [69].
© The Optical Society.

breakthrough in integrated LNOI photonics. We usually [85]. Because the position and shape of the waveguide can
couple light into and out of a microring resonator by using be designed carefully, microring resonator can achieve a
waveguide coupling, which designs a waveguide along high coupling efficiency, resulting in high device perfor-
one side of the resonator, achieving coupling via the over- mance [25]. Moreover, by designing the waveguide cross
lapping of the evanescent tail of the waveguide mode and section and by utilizing birefringence, dispersion of a
that of the microring-resonator mode in the region where microring can be engineered for nonlinear applications,
waveguide closes to the microring (Figures 9B and 11A, B)  which is discussed in Section 3.2, Nonlinear optics [86].
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Figure 12: LNOI photonic crystal nanocavities.
(A) Scanning electron microscope image of an LN photonic crystal nanobeam. (B, C) Measured Q factors of the fundamental (TE0) and

second-order (TE1) cavity modes. Reprinted with permission from Liang et al. [41]. © The Optical Society.
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2.2.3 Photonic crystal nanocavities

Photonic crystal is dielectric periodic structure which
can be designed to manipulate the behavior of light. For
example, photonic crystal can be designed with photonic
bandgaps to stopping light from propagating in certain
directions in a particular range of frequency [87]. A one-
dimensional photonic crystal nanobeam cavity can show
a high Q factor and a high transmission to the feeding
waveguide [88]. Such a cavity can be fabricated based
on the LNOI ridge structure and dry etching process. As
shown in Figure 12, a high-quality LN photonic crystal
nanobeam cavity shows a Q factor of 10° [41] and has
already been improved recently to 1.41x10° [89]. This
nanobeam cavity demonstrates second-harmonic gen-
eration (SHG) and sum-frequency generation (SFG) with
pump power around tens of microwatts [90]. In addition
to SHG and SFG, photonic crystal nanocavities can also
achieve several other applications such as extreme pho-
torefractive effect [41].

2.2.4 Quality factor

Quality factor (Q), or Q factor, is an important metric for
evaluating the quality and performance of a resonator. A
higher Q factor means that the resonator can “lock” more
energy for a given input-output coupling efficiency. Q
factor is determined by the material and structure of the
resonator, the fabrication precision, and coupling effi-
ciency. In 2007, an LNOI microring resonator made by
using photolithography shows a Q factor of 4x10° and
the capability of electro-optic tunability [25]. For the time
being, the photolithography technology limits the width
of the waveguide as large as 4 um, resulting in an multi-
mode waveguide. In 2014, two LNOI microdisk resonators
were demonstrated: one with a diameter of 28 um shows
a Q factor up to 1.02x10° [78], whereas the other with a
diameter of 70 um depicts a Q factor up to 4.84 x10° [91].
In 2015, an LNOI microdisk with a Q factor of 1.19 x 10¢ was
demonstrated [51], enabling the applications in electro-
optic modulation and SHG. In 2017, a microring resonator
with extracted propagation loss as low as 2.7 dB/m and Q
factor up to 107 was realized [69], enabling applications
in Kerr frequency comb and modulation [92]. Using CMP,
a resonator with a Q factor of 1x10” was achieved [93],
whereas another one with an even higher Q factor up to
4.7 x107 was demonstrated [79]. Nowadays, Q factor of LN
microring is higher than that of most other materials and
is even comparable to microrings made from silica and
silicon nitride.
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Based on a double-layer microdisk resonator as in
Figure 13, Zheng et al. [94] demonstrated an exterior whis-
per-gallery-mode resonator whose mode exists in the slot
waveguide between two LN microdisks. Such a structure
achieves a high Q factor of 10° and a large mode overlap
with ambient environment, which is especially suit-
able for optical sensing. More discussion can be found in
Section 5.2, Devices in UV, visible, and mid-IR regimes.

2.3 Periodically poled LN structures

Lithium niobate’s high second-order nonlinear coefficient
%@, wide transparent window, and stable physical and
chemical properties make LN the ideal material for sec-
ond-order nonlinear optical interactions including SHG,
SFG, and difference frequency generation (DFG) [95-98].
Phase matching (i.e. the need for interacting waves to
have the same phase velocity) is necessary for generat-
ing nonlinear processes over a long interaction length.
Quasi—phase matching compensates the phase velocity
mismatch of the interacting waves by periodically adjust-
ing the polarization direction [99]. Quasi—phase match-
ing can be realized in LN by periodically reversing the
x@ sign [100], leading to a PPLN. Periodically poled LN
can fully leverage the powerful nonlinear effects of LN.
Combining the quasi—phase matching of PPLN with the
strong field confinement of waveguide creates an efficient
platform for nonlinear optical processes including SHG,
SFG, and DFG. Those nonlinear optical processes enabled
various applications including wavelength converters,
optical parametric oscillators [101], digital signal process-
ing [102], entangled photon pair generation [103], and
supercontinuum generation [74, 104]. Periodically poled
LN waveguides fabricated by titanium diffusion or proton
exchange are limited by the weak field confinement and
large mode volume, resulting in low nonlinear efficiency
and long interaction length [105]. The development of
LNOI ridge waveguide gives new life to PPLN. With a large
index contrast, a smaller mode volume can be achieved
in a nanostructured PPLN waveguide [106], increasing
the SHG efficiency for over 20 times [107]. Applications of
PPLN waveguides in nonlinear optics will be further dis-
cussed in Section 3.2.1, Nonlinear optics.

Periodically poled LN is made by using static electric
field to invert the orientation of the ferroelectric domains
in LN thin film (Figure 14). This method is suitable for Z-cut
waveguides that support TM polarization (Figure 14A) and
X-cut waveguides that support TE polarization (Figure 14B)
with slightly different fabrication flows. The core of this
method is to design positive and negative electrodes in the
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LNTF layer
Nanogap
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Figure 13: A double-layer LNOI microdisk resonator.

(A) Schematic of the double-layer LNOI microdisk resonator. (B) Top-view optical microscopy image of the microdisk. The two inner
irregularly shaped circles indicate inward etching of the silica buffer layers. (C) Scanning electron microscope image of the microdisk, with
enlarged false-colored images clearly showing the well-separated upper and lower LN thin film layers. Reprinted (abstract/excerpt/figure)
with permission from Zheng et al. [94]. Copyright (2019) by the American Physical Society.
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Figure 14: Fabrication procedures and results of PPLN structures.

(A, B) Schematic diagrams of fabricating PPLN on (A) Z-cut LN thin film and (B) X-cut LN thin film. Reprinted with permission from Boes

et al. [42]. (C-E) False-color scanning electron microscope images of (C) the X-cut PPLN waveguide [107], (D) translational symmetry PPLN
microring [108], and (E) rotational symmetry PPLN microring [109]. Reprinted with permission from [107-109]. © The Optical Society.
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shape of a “comb” according to the desired periodically
poled structure and then deposit these electrodes onto the
surface of an LN thin film. After applying a static electric
field with proper voltage and energization time to these
electrodes, the periodic polarization structure is formed
between the “combs” (Figure 14). For a Z-cut LNOI wafer,
the electrode can be implemented via a conductive atom
force microscope tip (Figure 14A). For detailed procedure
of fabricating periodic structures on Z-cut and X-cut LN
films, readers can refer to Gainutdinov et al. [110] and
Mackwitz et al. [111].

Based on PPLN, we can fabricate PPLN ridge waveguide
and microring by using etching [107-109] and other structures
by using various fabrication methods as reviewed in Section
2.1.1, Manufacturing method. These PPLN-based structures
open the door of exploring various nonlinear optical pro-
cesses and their potential applications on an LNOI chip.

2.4 Optical coupling

Coupling light into and out of the chip is important to
any LNOI chips. Well-designed, highly efficient coupler
results in lower coupling loss and broader coupling band-
width. Grating coupling and edge coupling are the two
most widely used coupling methods in integrated LNOI
photonics.

Grating coupling is well known for fiber-to-chip cou-
pling [112, 113]. As shown in Figure 15A, a diffraction grating
is patterned on the surface of an LNOI, through which light
is coupled from a fiber above the chip to an on-chip LN
waveguide. Grating coupling benefits from a simple fabrica-
tion process and flexible coupling position on the chip, but
suffers from the limited bandwidth, high sensitivity to polar-
ization state, and fiber alignment. The coupling efficiency
is highly dependent on the incident angle 6, as shown in
Figure 15A: the coupling efficiency decreases as the inci-
dent angle 6 deviates from a specific value; the wavelength

A B

Figure 15: Schematic diagrams of optical coupling methods.
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corresponding to the maximum coupling efficiency changes
dramatically as the variation of the incident angle 6. Grating
coupler’s sensitivity to the fiber misalignment can be
improved by optimizing design of the grating coupler [114].
To decrease power leaking to the substrate so as to increase
the coupling efficiency, we can fabricate a Bragg mirror
underneath the insulator layer, which adds an additional
cost. Alternatively, the coupling efficiency can be increased
by coating a silica layer on top of the nanostructure. The
design principles of LNOI grating coupling are basically the
same as those of SOI and other material platforms [112, 115].

Grating coupler cannot meet the requirement of all the
integrated LNOI devices. The intrinsic operating mecha-
nism of grating limits its operating bandwidth, making
grating coupler incompatible with broadband devices, such
as frequency combs. Moreover, grating coupler’s sensitiv-
ity to polarization state and fiber alignment also restricts
its application. To circumvent grating coupler’s limitations,
edge coupling or butt coupling is widely used in integrated
LNOI photonics. As the name implies, edge coupler couples
light from a lensed fiber to a waveguide whose cross section
is in the plane of the end facet of the chip, Figure 15B.
Lensed fiber can concentrate the mode profile in the fiber to
a mode with mode field diameter ~2 um and a working dis-
tance roughly the same (2 um) [116]. To match such a mode
field diameter, an inversed taper is designed at the edge of
the chip to taper the width of a single-mode LNOI wave-
guide down to approximately 100 to 300 nm, providing a
mode profile diameter ~1.6 um. As a result, a good fiber-
waveguide mode matching is achieved. The inversed taper
also brings the benefit of matching the effective index of the
waveguide to that of the fiber, minimizing back-reflection
[117-119]. Edge coupling requires a good alignment of the
fiber and the end facet of the chip, necessitating precise
flexure stages and careful adjustment.

In the community of integrated LNOI photonics,
grating coupling was used in some devices to achieve
input and output coupling anywhere on the chip [120, 121].

Inversed taper

X

i

(A) Grating coupling, (B) edge coupling. Light propagates in +z direction in the chip.
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However, to increase operating bandwidth and reduce sen-
sitivity to polarization state, edging coupling has achieved
wider applications in various structures such as wave-
guides [49, 50, 55, 60], microring resonators [122], PPLN
[123], and other structures [41, 54, 124]. By using a tapered
lensed fiber, edge-coupling loss can be ~5 dB per facet
[50] and can be further decreased to 1.7 dB per facet via an
on-chip LN bilayer tapered mode size converter [125]. As for
different LNOIs, +Z-cut LNOI shows a lower coupling loss
than that of X-cut LNOI. And, MgO:LNOI shows a higher
coupling loss than that of conventional LNOIs. In addition
to the fiber and LNOI chip, alignment of the lensed fiber
also affects the coupling loss. A detailed analysis of edge
coupling in integrated LNOI photonics is given in Krasno-
kutska et al. [126].

Because of microdisk resonators’ special structures,
microdisk resonators can be directly coupled to a tapered
fiber without any fiber-to-chip coupler. Coupling methods
for microdisk are discussed in Section 2.2.1, Microdisk
resonators.

3 Integrated devices

Section 2, Basic structures, reviews the essential building
blocks for integrated LN photonic devices and systems.
Based on these build blocks, we can achieve various func-
tional devices on an LNOI platform, including modula-
tors, optical switches, wavelength converters, frequency
combs, polarization isolators, and entangled photon pair
sources and quantum memories. This section discusses
these devices in three categories: electro-optic devices,
nonlinear optical devices, and optical frequency combs.
For each category, this section introduces each device’s
operating mechanism, design principle and methodology,
and performance metrics.

3.1 Electro-optic modulators

Lithium niobate is famous for its large second-order non-
linear coefficient y® and electro-optic coefficient r . Based
on the electro-optic effect of LN, we can achieve various
electro-optic devices, among which electro-optic modula-
tor is the most widely used one. Based on the similar prin-
ciple, optical switch can be realized.

Compared with the well-established integrated silicon
modulators, the integrated LN electro-optic modulator
has the unique advantage of changing the mode index via
electro-optic effect instead of the plasma dispersion effect
of silicon [127, 128]. Thus, LN modulator’s response time
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to the modulation signal (on femtosecond timescales) is
much shorter than that of silicon modulator (on nanosec-
ond timescales), enabling an ultrahigh-speed modulation.
In other words, high-speed LNOI electro-optic modulator
is a traveling wave modulator, avoiding the long resistor-
capacitance response time originated from the P-N junc-
tion of integrated silicon modulators [129].

Integrated electro-optic modulators are typically
in the forms of waveguide phase modulator, MZI, and
microring cavity intensity modulator [130], all of which
can be efficiently realized based on LNOI [50, 55, 67, 131,
132]. Among the three different types of LNOI electro-optic
modulators, MZI is the most frequently used one because
of its simple operating mechanism, flexible design in
meeting different metrics, and maximum utilization of
by choosing X-cut LNOI.

Traditionally, integrated LN electro-optic MZI modula-
tors are fabricated by using titanium diffusion or proton
exchange, resulting in weak field confinement and large
mode volume. As a result, the metal electrodes have to be
far apart from the optical waveguide in order to reduce
the optical losses, inducing a high driven voltage [10, 133].
Recently, an integrated MZI modulator based on LNOI ridge
waveguide is fabricated by using direct etching (Figure 16).
Based on the strong field confinement and small mode
volume provided by ridge waveguide, this modulator
features a small spacing between electrodes and wave-
guide, leading to a CMOS-compatible drive voltage [50].

Electro-optic modulator is the key component in various
optical systems, including optical communications, optical
interconnects, and microwave photonics. Traditional LN
modulator based on crystalline LN is a bulky discrete com-
ponent, which is mostly suitable for fiber optical systems.
Lithium niobate-on-insulator-based LN electro-optic mod-
ulator features CMOS-compatible driving voltage, high inte-
gration, broad modulation bandwidth, low optical loss, and
good signal fidelity, thus enabling high-performance elec-
tro-optic modulation with seamless integration to CMOS
[50]. Hence, LNOI-based LN electro-optic modulator has the
potential to revolutionize optical communications, high-
speed optical interconnects for data center and high-end
computations, and integrated microwave photonics.

3.1.1 Design of electrodes

The most efficient way to achieve electro-optic modulation
in an integrated LN waveguide is applying the microwave
electric field along the direction of the largest electro-optic
coefficient — r . As shown in Figure 16B, applying the driven
voltage on one electrode, while grounding the other electrode,
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Figure 16: Schematic diagrams of an integrated LN MZI electro-optic modulator.

(A) and (B) shows the top view and cross-section view, respectively.

can form a modulation electric field from the signal electrode
to the ground electrode along y axis. This electric field passes
through the X-cut LN ridge waveguide, thereby changing the
mode index of the guided light traveling in the waveguide via
the strong electro-optic coefficient r,, of LN.

Intensity of electro-optic effect depends on the intensity
and spatial distribution of the optical and microwave fields
and their overlap. Here, the optical and microwave fields are
polarized in the same direction, for example, y-axis direc-
tion in Figure 16B. The optical field is well confined in the LN
waveguide, which is guaranteed by the waveguide design
in Section 2.1, Optical waveguide. Factors that may affect
electro-optic coupling efficiency and DC feedback include
waveguide width, etching depth (i.e. waveguide height),
waveguide sidewall angle, and spacing between electrode
and waveguide. When we determine the particular values
of those factors, we usually meet trade-offs. For example,
decreasing the spacing between electrodes and waveguide
increases the microwave field strength in waveguide, but
at the cost of increasing the propagation loss of the optical
field (due to the ohmic loss of the electrode). A detailed
theoretical discussion of realizing electro-optic effects in LN
waveguide can be found in Honardoost et al. [43].

In the design of a high-speed traveling-wave mod-
ulator, we have to consider the radio-frequency (RF)
transmission line’s properties, among which the most
important two are group velocity matching between RF
and optical signals and impedance matching. In a trave-
ling wave modulator, optical signal propagates within the
optical waveguide, whereas the microwave signal propa-
gates within the “microwave waveguide” (the coplanar
waveguide, Figure 16B) at the same time. As shown in
Figure 17, if group velocity of the optical signal does not
match that of the microwave signal, optical signal may
not be modulated by the same voltage along the wave-
guide in the modulation area. Such a velocity-mismatched
electro-optic modulation may introduce phase error to the

modulated optical signal, especially when the modulation
frequency is high; that is, wavelength of the modulation
signal is shorter than the electrode length [134].

To achieve a good group velocity matching, we have to
ensure that the group refractive index of light is very close
to that of microwave [43]. In conventional bulk LN modu-
lator, group velocity matching is a challenging task due
to the large difference between LN’s dielectric constants
in microwave (~28) and optical (~5) regimes [10]. To over-
come such a large velocity mismatch between microwave
and optical signals, LNOI modulator introduces a silica
coating layer as superstrate and substrate of the wave-
guide (Figure 16B) [50, 67]. As a result, microwave field
is mostly in the silica coating layer whose dielectric con-
stant is ~4 in the microwave regime. Such a value is very
close to the dielectric constant of LN in the optical regime
(~5), simplifying group velocity matching significantly.
Then, the thickness of the silica coating layer and width
of the electrodes can be designed to achieve group veloc-
ity matching; that is, group refractive indices of micro-
wave and light signals are very similar to each other.

Impedance matching is another important figure of
merit (FOM) in designing a traveling wave modulator.
When the microwave signal reaches the end of the copla-
nar waveguide, the ratio between the reflected electric
field E and incident electric field E, is defined by the
reflection coefficient I'=E /E =(Z-Z)/(Z +Z,), where
Z, is the impedance of the load, and Z is the character-
istic impedance of the coplanar waveguide (Figure 18).
So, an impedance mismatching corresponds to a large
reflected electric field, which will interfere with the
modulation signal, forming a standing wave so as to
introducing phase error to the modulated optical signal
(Figure 18C). To achieve a good impedance matching, we
have to design the coplanar waveguide so that its charac-
teristic impedance matches the load impedance, which
is usually 50 Q [135].
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Figure 17: Schematic of group velocity matching of high-speed traveling-wave modulators.

(A) In early period, certain part of the optical signal is modulated by the microwave signal. (B) If group velocity of optical signal matches that
of the microwave signal, optical signal will be modulated by the same electric field consistently, resulting in velocity-matched electro-optic
modulation. (C) If group velocity of optical signal does not match that of the microwave signal, optical signal will not be modulated by the
same electric field consistently. Such a velocity-mismatched electro-optic modulation may introduce phase error to the modulated optical
signal, especially when modulation frequency is high; that is, wavelength of the modulation signal is shorter than the electrode length.

For a given modulation frequency, we can match the
characteristic impedance of the coplanar waveguide Z to
the load impedance Z, =50 Q by engineering the thickness
and width of the signal electrode (Figure 16). Theoretical
results show that a thin electrode requires a wide signal
electrode to match the impedance [67]. Furthermore,
Z, decreases as the modulation frequency increases. To
optimize the overall modulation frequency response of
a traveling wave modulator, impedance matching can be
combined with the microwave attenuation and microwave
effective mode index as multiple figures of merit for the
design of a coplanar waveguide [67].

Detailed design of an LNOI-based electro-optic modu-
lator’s waveguide and electrodes can be found in the sup-
plementary information of He et al. [67]. A review shows
a panoramic view of the design, fabrication, and perfor-
mance of integrated LN modulator made by using titanium

diffusion or proton exchange [39]. Design metrics and per-
formance analysis in Rao and Fathpour [39] are applicable
to the MZI modulators based on ridge waveguide, which is
the focus of this review.

3.1.2 Metrics and performances

Many metrics, such as losses, extinction ratio, 3-dB band-
width, and half-wave voltage, are being used to evaluate
the performance of electro-optic modulators from differ-
ent aspects.

The overall power losses due to the insertion of a
modulator into an optical setup are the insertion loss.
For example, compared with a single continuous fiber, a
modulator coupled to the input and output fibers shows a
higher loss — the insertion loss. Insertion loss includes the
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Figure 18: Schematic of impedance matching of traveling-wave modulators.

(M) Transmission-line model of the coplanar waveguide for microwave signal. (B) If impedance of the transmission line Z, matches the load
impedance Z,, the reflection will be minimized. (C) If the impedance of the transmission line mismatches the load impedance, part of the
microwave signal will be reflected back to the transmission line. Such a reflected wave will interfere with the modulation microwave signal,
leading to a standing wave and bringing phase error to the modulated optical signal.

interchip coupling loss and intrachip propagation loss.
Coupling loss and different coupling methods have been
reviewed in Section 2.4, Optical coupling. Propagation
loss of an electro-optic modulator includes not only the
propagation loss of LNOI waveguides (Section 2.1.3, Prop-
agation loss), but also the Ohmic loss due to the metal-
lic electrodes. Ohmic loss can be decreased by enhancing
the optical confinement or increasing the waveguide-
electrode spacing. An MZI modulator shows an overall
intrachip propagation loss of 0.5 dB (0.03 dB/cm) with
a coupling loss of ~5 dB per facet (edge coupling as
Figure 15B) [50]. Another hybrid silicon and LN MZI modu-
lator shows an insertion loss of 2.5 dB with a propagation
loss of 0.3 dB/cm [67].

Extinction ratio is defined by the ratio between the
intensity of outputs of a modulator with and without the
microwave signal. Ideally, extinction ratio should reach
infinite. In practice, however, following either of two facts
can result in a finite extinction ratio. First, fabrication
imperfections may induce that the waveguide beam split-
ter deviates from the ideal 50:50 split ratio [136]. Second,
various reasons, such as fabrication imperfections and dif-
ferent amplitudes of microwave electric field across the two
arms, may lead to a certain degree of imbalance between

the two arms of MZI, whose optical path length does not
correspond to an integer times of 277 [50, 136]. A ridge-wave-
guide MZI-based modulator made by RIE reaches an extinc-
tion ratio of 10 dB [55], which has been further improved to
30 dB [50]. An even higher extinction ratio up to 53 dB can
be achieved based on a cascaded MZI design [137].

Half-wave voltage (V) corresponds to voltage required
to induce a 7 phase difference between the two arms of an
MZI electro-optic modulator, shifting the optical output
from maximum to minimum. Because V_ is inversely pro-
portional to the length of the microwave electrode L, there
is a design trade-off between V_and L. A shorter modula-
tor has a higher integration level, whereas a longer modu-
lator can achieve a lower V_ [43]. For the state-of-the-art
integrated LN MZI modulator, a modulator with L =20 mm
showsa V_of 1.4 V, whereas a smaller footprint of L =5 mm
requires a higher V_of 4.4 V [50].

Modulation bandwidth is a key metric to evaluat-
ing high-speed modulation. For a given electro-optic
modulator, as the microwave frequency increases, the
effect of impedance matching, group velocity matching,
and RF attenuation increases. As a result, transmission
of the modulator decreases as the microwave frequency
increases [43]. The modulation bandwidth is usually
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quantified by the microwave frequency at which the
transmission is 3 dB lower than that at DC: the 3-dB band-
width. A shorter microwave electrode (smaller L) induces
a larger 3-dB bandwidth and a higher V , resulting in a
voltage-bandwidth trade-off [138], as shown in Figure 19.
The state-of-the-art integrated LN modulator can strongly
confine the optical mode within the waveguide while
keeping the microwave mode within the silica coating
area (refractive index of LN in optical regime is similar
to that of silica in microwave regime), so as to match the
microwave and optical group velocities at high microwave
frequencies with a slightly worse electro-optic overlap.
Such modulators can achieve a voltage-bandwidth per-
formance of V_=~1.4 V and 3-dB bandwidth over 45 GHz
with L=20 mm [50]. Another hybrid silicon and LN MZI
modulator achieve a 3-dB bandwidth at least 70 GHz,
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Figure 19: The voltage-bandwidth trade-off of LNOI modulator.
“This work” refers to Wang et al. [50]. Reprinted by permission from
Wang et al. [50], Springer Nature Limited, copyright 2019.
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half-wave voltages V_of 5.1 and 7.4 V with the modulation
lengths L of 5 and 3 mm, respectively, and an insertion
loss of 2.5 dB [67] (Figure 20).

3.1.3 Other types of modulators

In addition to LNOI-based electro-optic MZI modulators,
many other types of intensity or phase modulators can
also be achieved on LNOI platform.

Microring modulator is one kind of intensity modula-
tor, which changes its resonant wavelength by varying the
mode index of the light traveling within the ring based on
the electro-optical effect [139, 140]. Consequently, intensity
of the input CW light experiences different transmission
coefficient under different modulation voltage, achieving
intensity modulation. Depending on the electrode design,
either X-cut or Z-cut LN thin films can be used to fabricate
microring modulators. Considering the working princi-
ple of microring modulators, the metric used to evaluate
its performance is electro-optic modulation coefficient,
which is defined by the shift in the resonant wavelength
when a certain driving voltage is applied.

A ridge-waveguide microring modulator consisted of
Z-cut LN thin film sandwiched by electrodes at the top and
bottom. Such a modulator with a ring diameter 200 um
achieved a Q factor of 4 x 10°, propagation loss of 4 dB/cm,
and a modulation coefficient of 1.05 pm/V [25]. A race-
track microring modulator demonstrated a modulation
coefficient as high as 7 pm/V [55]. A microring modulator
based on a hybrid silicon and Z-cut LN thin-film platform

Electro-optic S,, (dB)
|
w

Figure 20: Hybrid silicon and LN MZI modulator.
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(A) Schematic diagram of the modulator. (B) Schematic diagram of the Si-LN waveguide coupler. (C) Scanning electron microscope image of
the cross section of the coupler. (D) Electro-optic response of the modulator with different device lengths. Reprinted by permission from He

et al. [67], Springer Nature Limited, copyright 2019.
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achieved a modulation coefficient of 1.7 pm/V [141] and
was further improved to 12.5 pm/V by using an optically
transparent electrode [28]. A microdisk modulator demon-
strates a modulation coefficient of 3.0 GHz/V (24 pm/V)
[51]. Such a microdisk modulator can show an unloaded
Q as high as 1.19 x10°. Another modulator with a novel
structure — nested racetrack dual microring — achieves a
modulation coefficient up to 52.6 pm/V [142].

To summarize the discussion on microring modula-
tors, we compare its performance with that of MZI modula-
tors. The typical diameter of microring modulators is tens
of micrometers, which is much smaller than the length of
MZI modulators (a few millimeters to several centimeters).
Two typical microring modulators show 3-dB bandwidths
of 5 and 30 GHz with the corresponding extinction ratios
of 4 and 3 dB, respectively [51, 55]. Thus, the 3-dB band-
width and extinction ratio of microring modulator are
much lower than those of MZI modulators (bandwidth >70
GHz with the corresponding extinction ratio of 30 dB [50]).

In addition to MZI and microring, intensity modula-
tion can also be achieved based on a single multimode
waveguide. Such a modulator couples the fundamental
TE, mode and TE, mode into a multimode waveguide and
modulates those two modes via the electrodes along the
waveguide. Those two modes have different mode refrac-
tive indices so that they accumulate different phases along
the waveguide in the modulation area. After modulation,
TE, mode is converted to TE, mode and then interfere with
the other mode [143], similar to MZI modulators, as shown
in Figure 21A. Although the multimode waveguide modu-
lator is demonstrated based on SOI, the concept can be
simply adopted to LNOI by directly modulating a multi-
mode ridge waveguide via the electro-optic effect.

Optical switch
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Intensity modulation can also be achieved via grating
coupling modulators. As shown in Figure 21B, when apply-
ing voltage to the interdigital electrode, a grating is formed
via the change of refractive indices of the channel wave-
guide’s certain segments closing to the electrodes. So, light
guided in the waveguide can be redirected to the substrate,
reducing the output light effectively. Based on this mecha-
nism, an intensity modulator can be realized when micro-
wave signal is applied [144]. Although the grating coupling
modulator is demonstrated based on a channel waveguide
made by proton exchange, the concept can be simply
adopted to LNOI by directly modulating a ridge waveguide.

Other than the intensity modulators, phase modula-
tors have also been demonstrated based on LNOI. Phase
modulator can be realized by applying microwave signal
across the LNOI-based ridge waveguide via electrodes
along the waveguide. Design methods of waveguides
and electrodes, respectively, can be found in Sections 2.1,
Optical waveguide, and 3.1.1, Design of electrodes. An
integrated LNOI phase modulator is demonstrated with
low half-wave voltage (V(rr)) (3.5-4.5 V with 2-cm length)
and low on-chip loss (~1 dB) [132]. Such a phase modula-
tor can be used to generate a frequency comb with 10-nm
spanning. This phase modulator’s modulation bandwidth
is limited by the relatively large optical loss induced by the
waveguide’s Fabry—Pérot cavity effect [132].

3.2 Nonlinear optics

In addition to the electro-optic effect, LN is also used to
achieve many other second-order nonlinear processes
including SHG, SFG, DFG, and optical rectification
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Figure 21: Multimode waveguide modulator and grating coupling modulator.

(A) Schematic view of a multimode waveguide modulator. Reprint from

view of a grating coupling modulator. Reprinted from Wang et al. [144],

Zhou et al. [143], with the permission of the authors. (B) Schematic
with the permission of AIP Publishing.
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[145]. And, based on LN’s large third-order nonlinearity
(¥®=1.6x10?" m? V?), LN can be used to realize many
third-order nonlinear processes including third-har-
monic generation (THG), four-wave mixing (FWM), Kerr
effect, Raman scattering [146], and self-focusing [145]. By
combining LN’s second- and third-order nonlinearities,
we can first generate nonlinear signal and then manipu-
late it via electro-optic effect [92]. So far, second-order
nonlinear processes are still the major applications of
LNOI in nonlinear optics.

3.2.1 Second-harmonic generation

Second-harmonic generation is the most common and
well-developed nonlinear process of integrated LNOI
photonic devices [147]. According to a similar principle,
SFG and DFG can also be achieved based on the strong
second-order nonlinearity @ of LN.

Second-harmonic generation can be achieved in an
LNOI microdisk cavity via noncritical direct phase match-
ing [148-150]. An integrated LNOI microdisk resonator
achieved an SHG conversion efficiency of 0.109 W [78],
which is similar or even better than that demonstrated by
microdisks made from other materials including silicon,
silicon nitride, and GaAs [151-153].

The SHG conversion efficiency of microdisk resona-
tors is restricted due to microdisk’s limited design flex-
ibilities and the high loss of WGM of second-harmonic
signal. On the other hand, PPLN can show a much better
performance in SHG considering PPLN’s particular
design for quasi—phase matching (Section 2.3, Periodi-
cally poled LN structures). Based on a PPLN made by
annealed and reverse proton exchange, a high normal-
ized conversion efficiency up to 150%/W cm? was real-
ized for SHG in the 1550-nm band [96]. Mg-doped or
MgO-doped LN is used to form PPLN (called PPMgLN or
PPMgOLN) for blue or UV light generation via SHG [154].
A rib-loaded waveguide consisting of an SiN ridge on
top of a PPLN thin film showed a high efficiency up to
160%/W cm? for SHG with pump at 2 um [64]. Based on a
nanostructured PPLN ridge waveguide, an ultrahigh nor-
malized efficiency of 2600%/W cm? was demonstrated
for SHG with pump around 1.5 um [107]. In this work,
the PPLN is first fabricated based on an MgO-doped
LNOI, and then the ridge waveguide was achieved by
patterning PPLN using EBL and dry etching (Figure 14C).
To further increase the nonlinear conversion efficiency,
microring resonator was fabricated on LNOI-based
PPLN (Figure 14D). Such a microring shows a Q factor
up to a million and achieves SHG with a normalized
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conversion efficiency of 9x10™* mW~ [108]. Moreover,
a dual-resonant PPLN microring is realized for quasi-
phase matched SHG (Figure 14E). Such a PPLN micror-
ing shows a critically coupled pump mode with a load
Q factor of 8 x10° and an overcoupled second harmonic
mode with a loaded Q factor of 1.5x10°. As a result,
this PPLN microring demonstrates an SHG efficiency
as high as 250,000%/W - the state-of-the-art value pro-
vided by integrated photonics platforms [109]. Quasi-
phase matching of PPLN always suffers from limited
bandwidth. By carefully designing the waveguide for a
smaller dispersion (which is well known as dispersion
engineering), the effective bandwidth of the pump of
SHG realized by PPLN waveguide can be improved by
more than one order of magnitude [155]. This is essential
to improve the performance of PPLN-based devices such
as PPLN-based frequency combs.

As an alternative of PPLN, which changes material
properties to form the periodicity required by quasi—phase-
matching condition, we can pattern LN or its coating mate-
rial to meet the phase-matching condition. By directly
etching LNOI, periodically grooved LN can meet the quasi-
phase-matching condition and achieve a conversion effi-
ciency as high as 41%/W cm? [54]. Gradient metasurface
consisting of arrays of silicon phased antennas on top of an
LN ridge waveguide enables the phase matching—free SHG
over a wide pump wavelength range [124].

In addition to microdisk and PPLN, other LNOI struc-
tures have also been used to achieve SHG. Based on the
strong thermo-optic birefringence of LN, thermally tuned
type Iintermodal phase matching is demonstrated in LNOI
ridge waveguides. Such a device can achieve SHG with a
large wavelength tuning (tuning slope of 0.84 nm/K) and a
conversion efficiency of 22.2%/W cm?[156]. An LNOI-based
photonic crystal nanobeam cavity demonstrates SHG with
a conversion efficiency ~4x10/mV [90] (Section 2.2.3,
Photonic crystal nanocavities).

3.2.2 Other nonlinear processes

Lithium niobate’s strong second- and third-order non-
linearities enable several nonlinear processes, including
SFG, DFG, THG, and FWM [157]. As an example, Ye et al.
[158] demonstrated an SFG process in a microdisk cavity
via modal phase matching whose conversion efficiency
reaches 2.22x1010°* mW. By cascading those nonlinear
processes, such as generating a third-harmonic signal by
SFG between a second-harmonic wave and a fundamental
wave (Figure 22A [159]), we can either electrically manipu-
late nonlinear conversion processes or achieve nonlinear
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Figure 22: Cascaded nonlinear processes based on integrated LNOI photonics.
(A) Cascading SHG and SFG processes generates a third harmonic wave. (B) Cascading SFG and electro-optic processes enables modulating
the sum-frequency wave electrically. (C) Cascading SHG and DFG processes generates a signal wave and an idler wave around the

fundamental wave frequency.

responses, which cannot be generated by conventional
nonlinear processes. This cascaded SFG process was
recently realized via an LNOI microdisk resonator for
the first time [160]. Moreover, based on the broadband
quasi—phase matching in an X-cut LN microdisk, we can
simultaneously generate second-harmonic and cascaded
third-harmonic waves with normalized conversion effi-
ciencies as high as 9.9%/mW and 1.05%/mW?, respec-
tively, as a consequence of using the highest nonlinear
coefficient d,; of LN [73].

Based on a PPLN on insulator ridge waveguide covered
with electrode, we can modulate the intensity of quasi-phase
matched SFG via electro-optic polarization coupling accord-
ing to the cascaded SFG and electro-optic polarization cou-
pling process; that is, the cascaded sum-harmonic wave is
generated via a cascaded process by an SFG between the
electro-optic modulated and pump waves (Figure 22B). The
strong light confinement and large mode overlapping pro-
vided by the ridge waveguide effectively reduce the driving
voltage and pump power [161]. Furthermore, an effective
FWM is demonstrated in an LNOI microdisk via cascaded
quadratic processes of SHG and DFG in the telecom band.
The idler wave is generated via a DFG between a signal wave
and a second-harmonic wave, which is generated from the
fundamental wave via SHG (Figure 22C) [80].

Theoretical results show that gradient metasurface
(Section 3.2.1, Second-harmonic generation) can upcon-
vert light from 3.4 to 1.064 um with a pump at 1.55 um via
SFG [162].

Stimulated Raman scattering (SRS) is an important
third-order nonlinear process. Based on the y® nonlinear-
ity of LN, SRS has been demonstrated in LN crystal [163]
and LNOI microdisks [146]. Lithium niobate-on-insulator
microdisk shows a high pump-to-strokes efficiency of
0.46. In addition to SRS, other third-order nonlinear pro-
cesses could also be realized based on LNOI devices; more
details can be found in Section 5.1, High-performance
nonlinear and quantum optics.

3.3 Optical frequency comb

Optical frequency comb is a spectrum consisting of phase-
coherent equally spaced narrow lines. Since frequency
comb was first used as a precise ruler in the spectral
domain [164], frequency comb has shown various appli-
cations including atomic clocks, distance measurements,
and dual-comb spectroscopy. As the first realization of
frequency comb, mode-lock laser may not be suitable for
on-chip applications because of the challenges of minia-
turization. Frequency comb can be realized on a photonic
chip based on Kerr nonlinearity of microcavity [165, 166],
cascaded second-order nonlinear processes in PPLN ring
[167], and electro-optic modulation [84].

Lithium  niobate’s  record-high  second-order
nonlinearity ¥ makes it the ideal material platform
for achieving second-order nonlinear comb (based on
d,,) and electro-optic comb (based on r ). Based on the
quasi—phase matching provided by a PPLN microring,
cascaded SHG and parametric downconversion process
can realize a frequency comb, as predicted by the theo-
retical analysis [167]. On the other hand, we can gener-
ate optical frequency comb on LNOI by electro-optically
modulating the phase of an optical signal via a microwave
signal. Input of such an electro-optic comb is usually a CW
light, which, after the phase modulation, becomes a spec-
trum consisting of many equally spaced sidebands whose
spacing (so-called repetition rate) is determined by the
frequency of the microwave signal [168].

Microring resonators and racetrack resonators are
frequently used to realize an LNOI electro-optic comb.
Lithium niobate ridge waveguide provides a strong con-
finement of light, effectively reducing the waveguide-
electrode spacing, leading to a low half-wave voltage V_,
resulting in a strong phase modulation index = (Vp/ V).
Furthermore, the high Q factor of these resonators results
in a low round-trip power loss. The strong phase modula-
tion combined with the high Q factor gives a flat and broad
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comb with many comb lines. Lithium niobate-on-insulator
electro-optic comb’s repetition rate is determined by
the resonator design and the modulation frequency: the
optical sidebands generated by the phase modulation
are resonant when the modulation frequency is integer
times of the free spectral range of the resonator. A unique
advantage of electro-optic comb is that the repetition
rate can be tuned rapidly by changing the modulation
frequency. A racetrack resonator optical frequency comb
shown in Figure 23 depicts a comb bandwidth greater
than 80 nm and more than 900 comb lines with optical
input at 1550 nm and repetition rate around 10 GHz [84].
This comb can show a comb spectrum greater than 20 nm
even under a 30-MHz modulation frequency detuning
from the free spectral range of the resonator. Moreover,
this comb can generate beat notes with arbitrary repeti-
tion rate by adding two phase-locked microwave signals
to the electrodes.

On the other hand, based on a single-crystalline LN
microdisk resonator in a copper microwave cavity, a res-
onant electro-optic frequency comb can be realized by
using microwave field to phase-modulate the light via
the Pockels effect [169]. Such a resonant electro-optic
frequency comb can generate a comb spectrum span-
ning ~11 nm (~1.6 THz) with more than 180 comb lines by
using a microwave power as low as 20 dBm. Such a low
microwave power is a result of the resonant enhancement
provided by the microwave cavity. This comb also features
a high phase stability due to the fixed interaction of the
stabilized microwave and optical sources.
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Based on the third-order nonlinearity of several mate-
rial platforms, such as silica and silicon nitride, integrated
Kerr frequency combs achieved fast development recently
[165, 170, 171]. However, these Kerr combs still meet the
challenge in integrating with other functional devices,
such as filter and modulator, limiting the system-level
integration. The large third-order () and second-order
() nonlinearities of LN enable monolithic integration
of Kerr frequency combs with other functional devices
on the same chip. For example, Wang et al. [92] realized
monolithic LN photonic circuits consisting of a broadband
Kerr frequency comb (more than two-thirds of an octave,
%), an electro-optically tunable add-drop filter (y®), and
a modulator (y@). To achieve Kerr frequency combs effec-
tively, we need to design a microring resonator with both a
high Q factor and a broadband anomalous dispersion. The
high Q factor guarantees that the cascaded FWM process
can overcome the optical loss of the microring. The anom-
alous dispersion compensates the self- and cross-phase
modulations, that is, nonlinear response as a result of the
high-intensity pump [172]. Such a microring resonator can
be designed by carefully engineering the dispersion of an
LNOI ridge waveguide.

As an alternative to resonator-based comb, we can
also achieve LNOI electro-optic frequency comb by
directly modulating the phase of optical signal via elec-
trodes along an optical waveguide commercialized
crystalline LN phase modulator, which can be used to gen-
erate electro-optic frequency comb based on fiber optical
systems [173]. Recently, integrated LN waveguide—based
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Figure 23: Broadband electro-optic frequency comb generation in a lithium niobate microring resonator.
(A) SEM diagram of a lithium niobate microring resonator. (B) Ultra broadband frequency comb spectrum. Reprinted by permission from

Zhang et al. [84], Springer Nature Limited, copyright 2019.
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frequency comb with more than 40 sidebands and large
spectral range has also been demonstrated [132]. Different
from resonator-based frequency comb whose repetition
rate has to be a harmonic of the resonator’s free spectral
range, waveguide-based nonresonant comb can tune the
repetition rate to any frequency, which equals the modula-
tion frequency. Because waveguide-based comb’s phase-
modulation length is shorter than that of resonator-based
comb, waveguide-based comb shows a narrower band-
width and a smaller number of comb lines. Electro-optic
phase modulator-based combs can be used in dual-comb
spectroscopy [174] and quantum optics [175]. Although
those applications are demonstrated by using discrete
phase modulators, the concept can be implemented by
using LNOI waveguide-based nonresonant combs to
miniaturize the systems.

4 Systems and applications

The excellent performance of integrated LNOI devices
not only can improve the system-level performance of
LN’s traditional applications in optical communications,
microwave photonics, and quantum optics, but also can
enable many new applications, such as optical computing
[42] and metrology. Moreover, integrated LNOI photon-
ics provides a versatile platform to miniaturizing various
devices such as modulators, nonlinear devices, frequency
combs, and quantum optic devices onto a photonic chip
[42, 176]. In this section, we discuss recently demonstrated
applications of integrated LNOI devices and their poten-
tial applications in the future.

4.1 Optical communications and data center

Based on the low-loss broadband channel provided by
optical fiber, optical communications has been widely used
to transmit information to remote end by using light to carry
signal [177]. In addition to the long-haul communications
based on optical fiber, optical communications is also being
used in machine-to-machine, board-to-board, interchip,
and intrachip communications, especially in data centers,
which have been blooming along with the fast development
of artificial intelligence and cloud computing [178].

In optical communications, electro-optic modulator
is a key component that transfers the information from
electric domain to the optical domain. Such a modulation
is realized by varying an optical signal’s amplitude, or fre-
quency, or phase based on an electric signal carrying the
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information [177]. To achieve effective and reliable com-
munications, an optical communication system needs
to meet many performance metrics, several of which
are highly related to the modulator’s performance. Data
transmission rate is the number of data that are transmit-
ted per unit time. Extinction ratio is the ratio of the energy
for transmitting a logic level “1” to that for transmitting
a logic level “0.” Long-haul optical communications typi-
cally require an extinction ratio greater than 20 dB to
guarantee the signal fidelity [39]. Bit error ratio (BER) is
the ratio of the number of incorrect bits to the number of
total bits received in a transmission. A modulated signal
with a BER lower than 102 can meet the requirement of
long-haul optical communication [179].

So far, electro-modulations in optical communi-
cations could be realized based on several platforms,
including silicon, polymer, indium phosphide, and plas-
monics [6, 180-185]. While each of these platforms can
feature certain excellent performance metrics, such as
high data transmission rate and low drive voltage pro-
vided by polymer, none of these materials can meet all
the performance metrics required by modern optical com-
munications simultaneously. By combining the excellent
electro-optical properties of LN as well as the fabrication
techniques for LNOI and ridge waveguide, the integrated
LNOI electro-optic modulator can meet all performance
metrics required by modern optical communications. For
example, an integrated LNOI electro-optic modulator can
achieve a data transmission rate of 70 Gbaud, an extinc-
tion ratio of 30 dB, an on-chip loss of less than 0.5 dB,
and a BER of less than 10° under a CMOS-compatible
driving voltage ~200 mV [50]. Another hybrid silicon and
LN electro-optic modulator features a data transmission
rate of 56 Gbaud, an extinction ratio greater than 40 dB,
an insertion loss of 2.5 dB, a BER of less than 3.8 x 1073, and
a voltage-length product of 2.2 V cm [67].

Past decades have witnessed the rapid development
of the society driven by information technology, among
which data center is the key facility for processing, dis-
tributing, and storing data. The performance and cost of
data centers are highly dependent on the data exchange
and distribution via the integrated optoelectronic system.
Such a system’s most important component is the elec-
tro-optic modulators, which determine the overall
speed and power consumption of intra—data-center
communications.

For the applications in data center, the most impor-
tant metrics of an electro-optic modulator are bandwidth,
power consumption, size, and cost [186]. The increasing
data volume requires high-speed modulation. Meanwhile,
system integration and cost-effectiveness necessitate
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the CMOS compatibility of a modulator, especially the
modulator’s CMOS-compatible drive voltage. As a com-
petitive candidate in meeting all those metrics, an LNOI
electro-optic modulator demonstrates data transmission
of 70 Gbaud (2-ASK), a driven voltage of 200 mV, a 20-mm
electrode length, and a bit error rate of less than 1x10°°
[50]. Because data-center applications require a relatively
low extinction ratio, ~3.5 dB [187], modulation band-
width of this LNOI electro-optic modulator can be further
increased by scarifying the extinction ratio. In terms of the
overall performance, this LNOI electro-optic modulator
has taken a big step toward the goal of high-performance
integrated electro-optic modulation. Such a modulator
has the potential to achieve broad applications in data
centers including direct driving serializer/deserializer and
dense wavelength-division-multiplexing optical systems.

4.2 Integrated microwave photonics

Integrated microwave photonics is an emerging area
aiming at generating, transforming, modulating, and
detecting microwave signal based on integrated optical
devices. A typical integrated microwave photonic system
encodes microwave signal onto light wave and then trans-
mit and process the microwave modulated optical signal
on a photonic chip and finally convert the processed side-
bands to microwave domain. Advantages of integrated
microwave photonics over RF integrated circuits include
broader bandwidth, lower energy consumption, smaller
footprint, and less sensitivity to electromagnetic inter-
ference. [188]. Heterogeneous integration with different
materials has been tried to boost the performance of inte-
grated microwave photonic devices. Some of these devices
can achieve better performance by treating LNOI and ridge
waveguide as platform.

In integrated microwave photonic systems, electro-
optic modulator is the key device to encode RF signal into
optical domain [188]. Because of LN’s extraordinary per-
formance, excellent stability, linearity, and high-power
handling ability, LN has been used as bulk electro-optic
modulators for decades [10]. By taking advantage of the
high index contrast provided by LNOI ridge waveguide,
integrated LN modulator is a very promising choice for
integrated microwave photonics. Integrated LN modulator
features a broad bandwidth, CMOS-compatible modula-
tion voltage, and low propagation loss, enabling high-per-
formance modulation on single LNOI chip [39, 50, 67].

Optical frequency comb has been widely used in inte-
grated microwave photonics to achieve various functional
devices including sources and filters [171]. Microwave
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signals can be obtained by using a high-speed photodetec-
tor to detect the beat note generated by a Kerr frequency
comb [189]. The generated RF frequency corresponding
to the comb’s repetition rate can show a very low noise
because the noise of the optical source is divided by the
ratio of the optical to beat-note frequencies. In addition
to microwave source, a programmable single-passband
microwave filter can also be achieved based on a Kerr fre-
quency comb [190]. Although these microwave photonic
devices are not demonstrated based on LNOI-based fre-
quency combs, the principles can be implemented based
on LNOI-based Kerr combs or electro-optic combs as
reviewed in Section 3.3, Optical frequency comb.

4.3 Quantum optics

The second-order nonlinear processes provided by LN
include not only SHG, SFG, and DFG, but also sponta-
neous parametric downconversion (SPDC), which gives
rise to various applications in quantum optics, including
entangled photon pair generation and quantum memory.
These topics were reviewed comprehensively in Alibart
et al. [191]. At the time of this review, lots of waveguides
are still fabricated by titanium diffusion and proton
exchange, limiting the performance of integrated LNOI
quantum photonics.

Basic structures for implementing nonlinear optical
processes for quantum optics are the same as those for
regular nonlinear optical processes, such as PPLN, power
splitter, wavelength multiplexer and demultiplexer, and
phase modulator [192]. In principle, all these waveguide-
based structures can be implemented by LNOI ridge
waveguide, leading to a much better performance than
those based on titanium-diffused or proton-exchanged
waveguides. And, the underlying physics of these nonlin-
ear optical devices can be explained by using quantum
approaches [191], building the foundation for quantum
optical applications.

Based on the parametric downconversion in an
MgO:LNOI microdisk, quantum correlation between the
signal and idler beams was achieved; that is, the variance
of the signal and idler photocurrent difference fluctuation
is below the short noise limit [193]. Furthermore, either
signal or idler beam alone can show intensity squeezing;
that is, the noise of intensity of either signal or idler beam
is below the short noise limit. Such an MgO:LNOI micro-
disk can be used as an efficient single photon source with
narrow bandwidth.

Entangled photon pair source is the essential compo-
nent for various quantum applications including quantum
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communication [103], computation, and metrology. Entan-
gled photon pair can be efficiently generated via the SPDC
in PPLN waveguide. Energy-time and time-bin entangled
photon pairs can be generated via the SPDC in a PPLN
waveguide with a high conversion efficiency ~10- [194].
Based on a type II quasi-phase matched PPLN ridge wave-
guide, photon pairs with full width at half maximum of
1 nm and brightness of ~6x107°/s/GHz can be generated
[195]. By integrating LN waveguide circuits and PPLN on a
chip, we can achieve the quantum interference of two pairs
of entangled photons, whose phase can be controlled by an
electro-optic modulator (Figure 24) [196]. Such an LN circuit
enables on-chip engineering of quantum light sources.
Single-photon detector is an essential component
in quantum optics with applications in proof-of-concept
experiments [197], quantum computing [198], and
quantum communications [199]. Traditional LN integrated
quantum optics systems use fiber to couple photons out
of the chip to the single-photon detector. Such a detecting
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method suffers from the positioning of the fiber. To elimi-
nate this drawback, an integrated transition edge sensor
on titanium-diffused LN waveguides is demonstrated
[200]. Transition edge sensor operates with the stage
between a superconductive state and resistance state,
which changes according to the temperature shift caused
by single-photon absorption. Such a sensor detects light
by coupling the evanescent field decaying away from the
LN waveguide to an on-chip detector. Transition edge
sensor can work at different frequencies and is suitable for
broadband detection [201]. Transition edge sensor opens
the door of integrating an entire quantum optics system
including entangled photon pair source, photon manipu-
lation, and single-photon detector onto a single LNOI chip.

Quantum memory is a vital component of quantum
computing systems and quantum information processing
systems. Lithium niobate waveguides doped with erbium
and thulium can store quantum optic information for
the time scale of nanosecond and microsecond [42, 202].
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Figure 24: The photonic chip for generating and manipulating entangled photons.
(A) Schematic diagram of this chip. Top inset: cross-section view of the electro-optic modulator. (B) Overview of the chip. (C) Photograph of
the chip. Reprinted figure with permission from Jin et al. [196]. Copyright (2019) by the American Physical Society.
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Although these quantum memories are achieved in dis-
crete LN components, the concept can be adopted to LNOI
waveguides by doping LN thin film with erbium or thulium
before bonding to the insulator layer. Another totally dif-
ferent physical mechanism to achieving quantum memory
is based on an optical two-level system consisting of
two coupled electro-optic microrings made from LNOI
(Figure 25A) [75]. As shown in Figure 25B, in this system,
light couples to a bright-mode microring from a waveguide
and then couples to the other dark-mode microring when a
microwave pulse is applied. As the microwave is switched
off, light is stored in the dark-mode microring without
any external coupling. After the desired storage time, the
second microwave pulse readouts light from the dark to
the bright-mode microring.

4.4 Metrology

In metrology, optical frequency combs have demonstrated
many applications including ranging and spectroscopy
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Figure 25: Electronically programmable photonic molecule.
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with high performance [203, 204]. As mentioned in
Section 3.3, Optical frequency comb, LNOI is the ideal mate-
rial platform for achieving second-order nonlinear comb
and electro-optic comb, opening the door of miniaturized
metrology based on integrated LN frequency combs.
Optical frequency comb-based ranging system has
the advantages of long measurement distance, high pre-
cision, and high-speed sampling [203]. Such a ranging
system can be achieved based on an electro-optic fre-
quency comb. As shown in Figure 26, we input the comb
spectrum into an unbalanced MZI with one arm including
the distance under test and the delay fiber. For different
repetition rates, the unbalanced length corresponds to
different numbers (either an integer or a decimal number)
of light pulses. When unbalanced length corresponds to
an integer number of pulses (Np, N +1,N+2.. .) at certain
repetition rates (fp, f,+Af, f+2Af ...), the unbalanced
length brings zero additional phase to arm #2. Thus, light
in arm #1 and #2 can transmit out of the interferometer
at the same phase and lead to constructive interferences.
Such constructive interferences happen at a series of
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(A) False-colored scanning electron microscope image of the coupled microring resonators, (B) operating principle of on-demand storage and
retrieval of light based on a photonic dark mode. Reprinted by permission from Zhang et al. [75], Springer Nature Limited, copyright 2019.
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(A) Two pulse trains come from a repetition rate adjustable optical frequency comb. Constructive temporal interference happens when the

unbalanced length (including the distance under test and the length of delay fiber) corresponds to an integer number of pulses.

(B) So, by sweeping the repetition rate, constructive interference happens at different repetition rate according to the distance under test.
Once the two peaks are found by changing the repetition rate, the distance is measured. A larger repetition-rate sweeping range leads to a
larger range of measurable distance. A fast sweeping speed of repetition rate enables measuring the speed of a fast-moving object.

PD, photodiode. See Kayes and Rochette [205] and Yang et al. [206] for details.
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peaks in the intensity spectrum as a function of repetition
rate when we sweep the repetition rate (Figure 26B). These
peaks correspond to repetition rates fp, fp+Af, fp+2Af .
which correspond to the number of pulses in the unbal-
anced length equaling to Np, Np+ 1, Np+2 .... By measur-
ing the spacing between two adjacent peaks (Af), we can
obtain the distance [205, 207]. For example, if the unbal-
anced length equals L, which corresponds to N pulses for
repetition rate fp, and corresponds to N, +1 pulses for rep-
etition rate f +Af, we can get L=Nv /f, and L:(Np+ l)vg/
(fp +Af), where v, is the group velocity of light traveling in
the unbalanced length. Finally, we can obtain L= vg/ Af by
measuring Af (Figure 26).

Although this ranging system is based on an optical
frequency comb source consisting of a single-mode
Brillouin laser processed with phase modulation, pulse
compression, and FWM [208], such a comb source can
be simply replaced by an integrated LNOI waveguide—
based comb [132] (Section 3.3, Optical frequency comb),
simplifying the ranging system dramatically. And, the
cavity-free LNOI waveguide—based comb can still provide
an arbitrary repetition rate and a large repetition-rate
variation range, which is only limited by the RF source.
Furthermore, because integrated LNOI waveguide—based
comb can sweep the repetition rate in a big range with an
ultrafast speed, it could yield a compact ranging system
with large measurement range and high distance acquisi-
tion rate, enabling the tracking of fast-moving objects in
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a huge range and its applications in autonomous vehicle
and remote sensing.

Frequency comb spectroscopy has broad applications in
molecular spectroscopy, environmental sensing, chemistry,
biology, and medicine [204]. As one of the most promising
spectrometric approaches with frequency combs, dual-comb
spectroscopy uses a frequency comb to interrogate the
sample and then beat with the other comb with slightly dif-
ferent repetition rate, producing a comb in RF domain, which
can be measured by electronics [209]. As a result, dual-comb
spectroscopy does not need moving parts, enabling rapid
and precise measurements over a board spectrum. Addition-
ally, dual-comb spectroscopy has the advantages of using
laser beam instead of incoherent light source, absolute fre-
quency calibration, and the negligible contribution of the
instrumental line shape. Based on integrated LN electro-
optic frequency combs [84], a dual-comb spectroscopy
source can be achieved with a spectral resolution around 10
GHz (Figure 27A) [210]. Such a dual-comb spectroscopy fea-
tures a programmable refresh rate by leveraging the tunable
repetition rate of the electro-optic combs (Figure 27C).

5 Summary and outlook

Lithium niobate on insulator combined with ridge-wave-
guide fabrication technique enables various integrated
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(A) Schematic of dual-comb spectroscopy with integrated LN electro-optic frequency combs. (B) Measured spectrum of dual comb
(measurement time 195 s). (C) Transmission spectra of the dual comb with difference in microwave modulation frequencies equal 0.25
and 1 MHz, demonstrating the reconfigurable refresh rate. (D) Absorption spectra of acetylene. (E) Comparison of measured transmission
spectrum with HITRAN database and the corresponding residuals. Copyright from [210].
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optical structures including waveguide, resonator, and
PPLN. These structures can fully leverage the extraordi-
nary linear, nonlinear, and electro-optic properties of LN
to achieve many integrated devices, such as electro-optic
modulator and optical frequency comb, with record-high
performance. These devices have the potential of revo-
lutionizing LN’s traditional application areas includ-
ing optical communications, microwave photonics, and
quantum optics, as well as opening the door of many new
applications, such as metrology.

In addition to the applications we have reviewed, we
also envision integrated LNOI devices’ potential applica-
tions in high-performance nonlinear and quantum optics;
devices in UV, visible, and mid-IR regimes; and optical
computing and signal processing. Finally, we discuss the
challenges and opportunities of LNOI devices from the
viewpoints of design, fabrication, and system-on-a-chip
followed by the potential solutions.

5.1 High-performance nonlinear and
quantum optics

By combining the LN’s high second-order nonlinearity
and flexibility in achieving various on-chip structures,
we could realize many integrated nonlinear optical
devices such as wavelength converters in the form of
mode multiplexer/demultiplexer. Furthermore, we can
achieve many quantum-optics applications via non-
linear processes, such as generating entangled photon
pair via SPDC. In addition to the quantum-optics appli-
cations oriented in nonlinear optics, LN has also been
used to demonstrate heralded single-photon sources,
quantum interfaces, and quantum memories [42, 202].
So far, most of these quantum-optics applications are
based on titanium-diffused or proton-exchanged LN
waveguides. Although those applications have already
taken advantage of the optical properties of LN, we
believe that LNOI and ridge structures will be able to
boost the performance of integrated LN quantum pho-
tonics dramatically.

Lithium niobate on insulator is a competitive mate-
rial platform for some third-order nonlinear processes,
including Kerr frequency comb and Raman scattering,
with many potential applications including optical com-
munications, quantum optics, microwave photonics, and
spectroscopy [211, 212]. So far, there are only very few
studies of third-order nonlinear processes in LNOI [146].
Thus, studying third-order nonlinear properties of LNOI
structures is highly demanded. For example, generating
Kerr frequency comb or soliton mode locking needs to

Y. Qi and Y. Li: Integrated lithium niobate photonics = 1313

suppress SRS. So, it is imperative to study the SRS in LNOI-
based structures and devices.

5.2 Devices in UV, visible, and mid-IR regimes

Lithium niobate has a wide transparency window ranging
from UV to mid-IR. By using wavelength upconversion or
downconversion based on nonlinear optical processes, we
could generate mid-IR or visible light with pump light in
telecom wavelengths. For example, Yue et al. [213] dem-
onstrated DFG between a picosecond pulse fiber laser
and a synchronized fiber laser, generating a high average
power mid-IR picosecond pulse bunch output. Moreover,
we could generate near-UV light based on Mg-doped LN.
Those on-chip light sources combined with other on-chip
LN structures enable various devices in UV, visible, and
mid-IR regimes.

Optical sensing is a typical application of LNOI-based
devices in mid-IR. Optical sensing is usually achieved by
identifying different substances via probing their char-
acteristic absorption peak. Many molecular substances
show absorption peaks in the mid-IR regime, in which
optical signals can be generated via DFG in LNOI-based
devices, such as PPLNs. By combing LNOI-based mid-IR
light sources and sensing structures, including waveguide
gratings, tapered waveguides and microdisk/microring
resonators (e.g. a high Q LNOI double disk [62]), we can
realize mid-IR sensors on a single chip. Considering that
integrated photonic sensors have broad applications in
various areas including chemical and environmental
sensing, LNOI-based photonic sensing is a promising
direction for future development.

5.3 Optical computing and signal processing

At the era that Moore’s law reaches its physical limitation,
humans are actively searching for the next-generation
computing mechanisms. As one of the promising candi-
dates, optical computing has the potential advantages of
higher computation speed, lower energy consumption,
and better compatibility with optical communication
system. Optical computing can be realized via self-config-
uring photonic networks [136, 214-216]. The basic compo-
nent of such a network is an MZI as controllable reflector
and phase shifter. By fully taking advantage of the nonlin-
ear response on femtosecond timescales, low optical and
microwave losses, and scalability of LNOI photonics, we
may be able to achieve integrated self-configuring pho-
tonic networks with ultrahigh reconfiguration speed and
low energy cost.
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5.4 Challenges and opportunities

Despite LNOI-based devices’ fast development in recent
years and various potential applications, LNOI still meets
challenges from design, fabrication, and system-on-a-
chip. To overcome these challenges, we envision future
development of LNOI from the following aspects:

(1) Inverse design of LNOI-based structures and devices.
Most LNOI-based structures and devices in this review are
designed according to the prior experience and knowl-
edge, followed by optimization through parameter sweeps
or random/combinatorial optimization algorithms, such
as genetic algorithms. Such a design methodology restricts
the parameter space to a few degrees of freedom (DOFs),
preventing us from fully maximizing the FOM and achiev-
ing the best performance. In some complicated cases, such
as designs with multiple FOMs, we may even be unable
to achieve a suitable solution based solely on our exist-
ing knowledge, for example, designing an LNOI soliton
frequency comb whose multimode coupling results in a
desired broadband dispersion supporting solitons [171]. A
potential solution is designing LNOI-based structures and
devices inversely from desired characteristics to physical
systems by using effective algorithms [217]. Inverse design
can treat every single pixel in the design domain as a DOF,
enabling the exploration of a much larger parameter space
to fully maximize the FOMs. Distinct from conventional
optimization techniques, many inverse-design algorithms,
such as topology optimization, are guided by gradient infor-
mation, enabling the convergence to an optimal structure
within a few iterations.

(2) Mass production of LNOI-based devices at low cost
and high fidelity. Most of the LNOI fabrication techniques
we have reviewed so far are only suitable for prototyping
nanostructures in academic laboratories. For example,
direct etching ridge structures with a minimum feature
size of a few hundred nanometers require patterning the
resist by using EBL, limiting the fabrication speed drasti-
cally. For another example, direct laser writing needs to
scan the laser beam spot over the entire sample volume,
making fabrication of large-volume sample extremely time
consuming [61, 218]. Two potential solutions to achieve
mass production of LNOI-based devices are photolithogra-
phy and nanoimprinting. By replacing EBL with photoli-
thography, we shall be able to patterning the entire wafer
in a single exposure [219]. On the other hand, nanoimprint-
ing can efficiently transfer the pattern from mold to resist
despite the time-consuming fabrication of the mold by
using EBL [220].

(3) System on an LNOI chip. Despite the fast develop-
ment of LNOI in integrated electro-optic and nonlinear
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devices, many other functional devices, including polar-
ization controllers and converters, light sources, and
detectors, as well as optical amplifiers, are still needed to
achieve system on an LNOI chip. To compensate the fact
that LN does not have direct bandgap, light sources and
detectors may be integrated to LNOI via heterostructuring
other materials such as III-V, InP, and Ge [221, 222]. Optical
amplifiers in LNOI may be achieved by doping LNOI
structures, such as waveguides and resonators, with gain
media, such as erbium and thulium [223]. A big challenge
may be the high temperature required by erbium diffusion
due to the fact that LNOI wafers made by bounding are
sensitive to high temperature [39, 65].

Acknowledgment: We would like to thank Prof. Cheng
Wang for the helpful discussion.
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