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Abstract

Lithium niobate (LiNbO;) and lithium tantalate (LiTaO;) are a class of multifunctional materials with excellent piezoelectric/
ferroelectric, electro-optic, and nonlinear optical properties, which have wide applications in high-performance radio fre-
quency filters, optical communications, integrated photonics, quantum information, and other fields. With the advent of the
post-Moore era of integrated circuit technology, LINbO5/LiTaOj; thin-film also shows great potential and advantages in new
concept chip applications. High-quality single-crystal thin films lay the foundation for high-performance radio frequency,
optoelectronic, and quantum devices and their integration. This review first introduces the main characteristics of LiNbO,/
LiTaOj; single-crystal thin films, such as ferroelectricity, piezoelectricity, electro-optic effect and nonlinear optical effect,
then introduces the preparation methods of LiNbO;/LiTaOj; single-crystal thin films represented by smart-cut and their
application progress in different fields such as waveguides, modulators, laterally excited bulk acoustic wave resonators, and
quantum devices. The application prospects and challenges of LiNbO,/LiTaO; single-crystal thin films in post-Moore era

chips are also discussed in this article, aiming to provide valuable references for their development and application.
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1 Introduction

Lithium niobate (LiNbO,;, LN) and lithium tantalate
(LiTaO;, LT), distinguished by their exceptional perfor-
mance and wide-ranging applications, have engendered
substantial research interest in recent years [1, 2]. From
facilitating high-speed optical communication, which forms
the foundation of the internet, to their utilization in radi-
ofrequency (RF) filtering within mobile devices, and from
classical integrated optics to the realm of quantum optics,
these versatile materials have profoundly reshaped our daily
existence [3]. The successful production of 8-inch wafers,
the synthesis of high-quality single-crystal thin films, and
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the evolution of processing methodologies have ushered in
unparalleled prospects for the domains of optical communi-
cation and integrated photonics. The advent of the “Lithium
Niobate Era” looms on the horizon.

LN and LT are endowed with exceptional optical proper-
ties, including high refractive indices, low optical losses,
broad spectral bandwidths, and high nonlinear coefficients.
These attributes endow them with the capacity to facilitate a
wide array of intricate optical functionalities, encompassing
waveguides, resonant cavities, modulators, and filters [3—6].
Despite the decades of development, conventional LN/LT
devices, such as bulk LN waveguides, have found practi-
cal utility in high-speed modulators, telecommunications
waveguide amplifiers, and quantum light sources, among
other applications. However, the restricted refractive index
contrast inherent in bulk LN has significantly limited the
potential for devices founded upon this material. The emer-
gence of LN/LT single-crystal thin films has transformed
this landscape. Almost concurrently, in 2001, Wan et al.
and the French company SOITECH introduced the con-
cept of utilizing the smart-cut process to transfer LINbO,/
LiTaOj; single-crystal thin films [7, 8]. In essence, this thin-
film technology, initially developed for silicon-on-insulator
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(SOI) applications, enables the controlled transfer of any
crystalline material to an insulating substrate, while preserv-
ing its original crystallographic attributes. The application
of this technology to LN/LT single-crystal thin films has
permitted photonic devices or circuits to scale down to sub-
micrometer dimensions, all the while retaining the excep-
tional properties of bulk materials. This advancement has
directly propelled the rapid evolution of photonics. Capital-
izing on strides in the preparation and processing techniques
for high-quality single-crystal thin films, high-performance
devices grounded in LN/LT have flourished in recent years,
as illustrated in Fig. 1. LN/LT single-crystal thin films are
poised to emerge as the material of preference for realizing
classical and quantum applications in the post-Moore era.
This review aims to elucidate the applications of LN/LT
single-crystal thin films in the post-Moore era. The initial
section offers an introduction to the distinctive attributes
of these materials. The subsequent section delves into the
methodologies for preparing and processing single-crystal
thin films. Sections three through six expound upon the
applications of LN/LT single-crystal thin films in wave-
guides, electro-optic modulators, resonators/filters, and
quantum technologies, respectively. Lastly, we address the
challenges and opportunities in the evolution of LN-based

Fig.1 Overview of LN/LT
photonics
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devices. We hope that this review will furnish valuable
insights and inspiration for researchers seeking to explore
the chip applications of LN/LT thin films in the post-Moore
era.

1.1 Material characteristic

Due to their performance and structural similarity, LN will
be employed as an illustrative case to introduce the mate-
rial’s characteristics and the fabrication of thin films. While
LN crystals are not naturally occurring, the availability and
abundance of crystalline materials facilitate the produc-
tion of high-quality, sizable single crystals. LN crystal is
noteworthy for its possession of the highest Curie tempera-
ture, standing at 1210 °C, outstripping other ferroelectric
materials, including LT (610 °C). This exceptional Curie
temperature secures the enduring stability of its ferroelec-
tric phase, rendering it amenable to specific manufactur-
ing procedures. Various pivotal characteristics of LN have
been compared with other materials commonly employed
in integrated photonics, as detailed in Table 1 [3]. The note-
worthy second and third-order nonlinear coefficients of LN
find widespread applications in processes such as second
harmonic generation (SHG) [9, 10], photon pair generation
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Table 1 Comparison of key characteristics of commonly used materials in integrated photonics

Material LN LT Si Si0, SizN, GaAs

EO Coefficient(pm/V) 9.6 (r13) 8.4(r|3) 0 0 0 1.4
6.8(ry,) —0.2(ry,) (74,1550 nm)
30.9(r33) 30.5(r33)
32.6(r5,) 20(rs;)

Optical Refractive Indices 2.2(0) 2.1(0) 3.5 1.4 2.0 34

(1550 nm) 2.1(e) 2.1(e)

Photoelastic Coefficients ~ —0.026(p,;) 0.09(p;,) —0.081(p;,)0.081(p,,) —0.094(p,,) 0.121(p,;) 0.047(p;,) —0.165(p;))
0.133(p;3) -0.075(p;,)  0.093(p;3) -0.026(p4) 0.017(p,) 0.270(p,,) —0.140(p,,)
0.179(p5;) 0.071(p53) 0.089(p5,) -0.044(ps3)  0.051(pyy) —0.072(pys)
—0.151(p4;) —0.085(py4;) 0.027(pyy)

0.146(p4s)
RF Dielectric Constant 44.0(e1120) 38.3(e11.00) 11.7 39 7.5 12.9
27.9(e33) 46.2(e43)
Piezoelectric Strain —1.0(d5)) 21(dy,) —3.0(d3)) 9.0(d,,) 0 0 0 2.6(d,4)
Coefficient (pC/N) 16(dy3) 74(d,5) 9.0(ds3) 26(d5)

Second-Order Nonlinear — —4.3(d3,) 0.85(d5;) 0 0 0 170(d;4)
Coefficient (pm/V) —27.0(d33) 13.8(d33)
(1064 nm) 2.1(dy,)

Nonlinear Refractive 1.8x107" 1.5x107" 5.0x107"® 3.0x1072° 2.5x107 2.6x107"7
Indices (m*/W) 1550 nm 800 nm 1550 nm 1550 nm 1550 nm

[11, 12], and frequency comb generation [13]. Further-
more, its exceptional electro-optic (EO) effect designates
it as the favored material for EO modulators. LN boasts a
wide transparent spectral window encompassing visible
to mid-infrared wavelengths. Within the visible spectrum,
applications like frequency conversion and quantum commu-
nication/computing can be realized on the LN platform [4,
14]. At around 1550 nm, LN has been extensively employed
for optical modulation in telecommunications [15, 16]. In
the higher infrared wavelengths, certain nonlinear optical
conversions and additional applications can also be accom-
plished utilizing LN. In the field of acoustics, LN exhibits a
higher acoustic index compared to SiO,. Its notable piezo-
electric coefficient and outstanding photoelastic coefficient
position it with significant application prospects in surface
acoustic wave (SAW) filters and laterally-excited bulk-wave
resonators (XBARs) devices, among other front-end radi-
ofrequency applications.

1.2 LN/LT thin film

While conventional devices relying on bulk LN have gar-
nered substantial attention and utilization in RF signal
processing, the restricted refractive index contrast has
imposed significant limitations on the advancement of
bulk lithium niobate devices. This encompasses the reali-
zation of closely confined waveguides and low-loss resona-
tors. Furthermore, the increasing need for on-chip integra-
tion has spurred the pursuit of thin-film LN crystals. Prior

to the introduction of the smart-cut process, there were
initial endeavors to investigate the fabrication of high-
quality lithium niobate single-crystal thin films [17-21].
Despite the exploration of various fabrication methods, the
attainment of satisfactory high-quality single-crystal thin
films remained an elusive objective.

The smart-cut technique also recognized as crystal ion
slicing, originally devised for the manufacture of silicon
wafers on insulating substrates, has evolved into the pre-
vailing technology for the commercial production of LN
single-crystal thin films. The application of this method-
ology to LN and LT materials traces its origins back to
the early twenty-first century. Levy et al. were pioneers
in this endeavor, as they first reported the utilization of
high-energy helium ions (3.8 MeV) vertically introduced
into LN crystals, succeeded by etching with hydrofluo-
ric acid [22]. This process yielded LN single-crystal thin
films with an approximate thickness of 9 pm. In 2001,
Wan et al. and the French company SOI Tech almost con-
currently disclosed the technique of smart-cut to achieve
the detachment and transfer of LN/LT single-crystal thin
films [7, 8]. This pivotal development marked the com-
mencement of the commercialization of LN/LT single-
crystal thin films. Subsequently, in 2009, Hu et al. accom-
plished the bonding of 3-inch LN single-crystal thin films
onto SiO, substrates, leading to the creation of LN on
insulator (LNOI) [23]. Presently, NanoLN company has
achieved the successful commercialization of 3 to 6-inch
LN/LT thin films.
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1.2.1 Smart-cut

Figure 2 provides a schematic representation of the smart-
cut process employed for the production of LN single-crystal
thin films. Broadly, this process entails three fundamental
stages: ion implantation, wafer bonding, and chemical
mechanical polishing (CMP). In the smart-cut process for
fabricating LN single-crystal thin films, He™ with energies
ranging from 200 to 400 keV are precisely implanted into the
surface of a LN wafer grown using the Czochralski method.
When He™ with uniform energy levels are implanted into the
crystal under the influence of an electric field, they perturb
the crystal structure in their vicinity, creating a damaged
layer. Given the uniformity of ion implantation energy, this
interface effectively segregates the wafer into upper and
lower layers. The dimensions of the initial wafer dictate the
ultimate size of the resulting single-crystal thin film. It is
imperative to emphasize that maintaining the original optical
properties of bulk LN is of utmost importance, necessitating
that the LN thin film remains single-crystalline. Neverthe-
less, during the ion implantation process, He* infiltrate from
the surface into the crystal, causing some degradation in the
resulting thin film. Subsequent steps are mandated to rectify
the damage and defects induced by ion implantation.

In the context of LNOI wafers, commonly employed
substrates include SiO, and LN itself. The process entails
depositing a SiO, layer, typically a few micrometers thick,
onto another LN wafer, which serves as the substrate. This

deposition can be achieved through methods such as thermal
oxidation or plasma-enhanced chemical vapor deposition.
Subsequently, the surface is meticulously polished until it
attains a smooth and flat finish using CMP in preparation
for the subsequent bonding process.

In the wafer bonding process, the ion-implanted LN wafer
is inverted and bonded to the substrate. When manufacturing
at the wafer level, the pre-bonded surfaces are sufficiently
smooth and have a small total thickness variation to facili-
tate direct bonding. This approach also allows for higher
annealing temperatures, which are instrumental in rectify-
ing lattice damage stemming from ion implantation. Moreo-
ver, benzocyclobutene (BCB) can serve as an intermediary
bonding material. BCB bonding is advantageous as it has
less stringent flatness requirements for the bonding surface
and is an active area of research. However, it is important
to note that LNOI can also be produced using BCB [24,
25]. Nevertheless, it may exhibit stability issues, particularly
when subjected to high-temperature processing. As a result,
direct bonding is the preferred approach for wafer produc-
tion, while BCB is more commonly employed in research
applications.

High-temperature hearting serves to bolster the bond-
ing strength between the LN and the contact surfaces of
the substrate. Subsequent to bonding, a crucial step in the
process involves thermal annealing, which is employed
along the damaged layer to facilitate the separation of the
substrate, ultimately leading to the transfer of the LN thin
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Fig.2 Smart-cut process steps
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Fig.3 a Scanning electron
microscope (SEM) images

of etched optical waveguide.
Reprinted by permission

from [27] Copyright © 2023,
Springer Nature Limited. b
SEM images of x-cut and z-cut
LN structures after wet etching.
Reprinted by permission from
[30] © 2022 Wiley-VCH GmbH

film. Significantly, moderate high-temperature annealing,
typically in the range of 150-250 °C, induces the damaged
layer to form bubbles, allowing for the easy detachment of
the LN thin film from the parent LN crystal. Furthermore,
additional high-temperature annealing steps, typically car-
ried out at temperatures ranging from 400-500 °C, are
essential for minimizing damage to the LN thin film. This is
pivotal in restoring the material’s electro-optical properties
and other intrinsic characteristics.

Post-annealing, LNOI wafers necessitate flattening due
to the unevenness of the cleaved surface, which is accom-
plished through CMP. The ultimate thickness of the LN
thin film is determined by both the energy of He* implan-
tation and the final CMP polishing process. This technol-
ogy has already achieved wafer-scale production of LN/
LT single-crystal thin films on SiO, substrates. Evidently,
this approach can also be extended to produce other high-
quality thin films. Presently, companies like NanoLLN, shn-
sit, PAMxiamen, Partow Technology, SRICO, NGK Insula-
tors, and others have successfully commercialized 4-inch or
6-inch LN/LT thin films.

1.2.2 Etching process

Dry etching is a fundamental process in modern silicon-
based technology and optoelectronics. This causes the
etching of LN to become a hindrance. In the context of LN
thin films, dry etching plays a key role in fabricating high-
precision micro-nanostructures. Notably, it is a non-contact
process, which mitigates material contamination concerns.
Presently, there are several primary dry etching methods for
LN, including laser micromachining, reactive ion etching
(RIE), inductively coupled plasma (ICP) etching, focused
ion beam (FIB) etching, among others. Devices etched with
Ar* demonstrate flat surfaces and nearly vertical sidewalls
[26]. The use of a hard mask (such as an electrolyte or
metal) can further enhance the etching selectivity. Li et al.
employed a hard mask composed of diamond-like carbon,
thereby demonstrating deeply etched, low-loss waveguides,
as depicted in Fig. 3a [27]. At present, I[CP-RIE is still the

optimal etching method for LN, which can provide good
control over the shape of LN in different tangential direc-
tions [28, 29].

Wet etching is an alternative technique for processing
LN. In contrast to dry etching, wet etching offers cost-
effectiveness and efficiency, making it a widely adopted
method in various materials processing applications. When
it comes to LN processing, dry etching may necessitate
expensive etching equipment. Processing larger wafers,
such as those measuring 4-inches or more, can be time-
consuming, with only one wafer being processed at a time.
Conversely, wet etching is capable of handling multiple
wafers simultaneously under similar conditions, devoid of
size constraints. Li et al. illustrated the processing of LN
thin film wafers using wet etching, yielding etching results
comparable to those achieved through dry etching, as dis-
played in Fig. 3b [30]. Still, wet etching makes it difficult
to create sufficiently steep sidewalls, which is critical to
subsequent device performance.

Another method for processing LN thin films entails
direct grinding and polishing. After bonding bulk LN crys-
tals to a substrate, the bulk LN can be thinned down to a
few micrometers through continuous grinding and polishing.
While this approach yields thicker films and larger device
sizes in comparison to the smart-cut technique, it avoids
ion implantation, thereby minimizing damage to the crystal
structure.

1.3 Waveguide

Waveguides constitute pivotal components within the realm
of integrated photonics. Traditional bulk LN waveguides are
typically formed via techniques such as titanium diffusion
or proton exchange [31]. These processes, however, result in
a relatively lower refractive index contrast and subsequently
lead to weaker light confinement. Such weak optical con-
finement can, in turn, adversely impact the performance of
devices, particularly modulators. The advent of thin-film
LN has ushered in a new era in the fields of integrated pho-
tonics and microwave photonics. Notably, LN itself presents
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challenges in terms of etching, rendering the etching pro-
cess a critical aspect of its various applications. Presently,
both dry etching and wet etching processes are employed to
pattern the material and create optical waveguides.

In comparison to their bulk counterparts, thin-film LN
waveguides offer greater potential for achieving compact,
low-loss waveguide bends and diverse micro resonator
shapes, which can be challenging to realize in bulk LN. The
typical process of fabricating ridge waveguides via dry etch-
ing is illustrated in Fig. 4a. Initially, the desired waveguide
pattern is delineated through photolithography, followed by
the deposition of a thin metal film serving as an etch mask.
Subsequently, the non-waveguide regions are cleared of
the photoresist and Cr, and etching is executed. To ensure

(a) Mask
LiNbO, film LiNbO, film

S0, Sio, LiNbO;, film

sio,

(b)

Fig.4 a Process steps to fabricate LN waveguides using lithography
(such as lithography or EBL) and dry etching methods. b The cross-
sectional view of the device. Reprinted by permission from [32] ©
2018 Optical Society of America. ¢ SEM image of polished wave-
guides. Reprinted by permission from [33] © 2018 Optical Soci-
ety of America. d Close-up of the etched waveguides. Reprinted by
permission from [34] © 2017 Optical Society of America. e Ridged
waveguide obtained by wet etching. Reprinted by permission from
[30] © 2022 Wiley-VCH GmbH. f The cross-sectional view of the
hybrid waveguide. Reprinted by permission from [38] Copyright ©

@ Springer

a smooth waveguide surface and eliminate residues, post-
etching steps like chemical etching or CMP are commonly
employed. Peruzzo et al. achieved commendably low propa-
gation losses of 0.4 dB/cm with ridge waveguides fabricated
through dry etching, featuring a sidewall angle of 75°, as
shown in Fig. 4b [32]. Notably, the roughness of the side-
walls significantly contributes to propagation losses, which
can be mitigated effectively through sidewall polishing. As
depicted in Fig. 4c, Wolf et al. further reduced propaga-
tion losses to 0.04 dB/cm through a combination of sidewall
polishing and the use of a protective metal layer on the top
surface [33]. Zhang et al. introduced an alternative approach
by replacing the Cr etch mask with hydrogen silsesquioxane
photoresist [34]. This substitution, coupled with meticulous

|
LiNbO, film

2019. g SEM image of a suspended LN microdisk supported by a sil-
ica pedestal on top of a LN substrate. Reprinted by permission from
[39] © 2014 Optical Society of America. h SEM (top) and optical
microscope (bottom) images of a microring and micro-racetrack reso-
nators of various lengths. Reprinted by permission from [34] © 2017
Optical Society of America. i SEM images of wet etched microrings
based on x-cut and z-cut LNs. Reprinted by permission from [30] ©
2022 Wiley-VCH GmbH. j SEM image of a fabricated LN photonic
crystal cavity. Reprinted by permission from [40] © 2017 Optical
Society of America
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process control, yielded waveguides with propagation losses
as low as 0.027 dB/cm, as depicted in Fig. 4d. More recently,
Cheng et al. introduced a novel method known as CMPL,
which combines the fine polishing of sidewalls with full-
spectrum laser (femtosecond-laser) ablation for surface pat-
terning [35]. Through this innovative approach, they suc-
cessfully achieved an impressive reduction in propagation
losses to 0.027 dB/cm, coupled with an exceptionally low
surface roughness of merely 0.452 nm. Lu and colleagues
employed femtosecond laser micromachining in conjunction
with liquid-phase epitaxy to fabricate LN/LT ridge wave-
guides [36]. The LN waveguides exhibited propagation
losses of 2.6 dB/cm and demonstrated SHG at 980 nm. Nishi
and collaborators presented a LTOI waveguide, character-
ized by impressively low propagation losses of 0.28 dB/cm
[37]. Furthermore, they successfully realized ring resona-
tors with quality factors (Q-factors) exceeding 10° within
this waveguide platform. It’s worth noting that wet etching
also stands as a viable method for etching lithium niobate
waveguides, as demonstrated in Fig. 4e [30].

Rib-loaded waveguides represent an alternative wave-
guide configuration that eliminates the necessity for LN
etching processes. In this approach, a layer of material
such as TiO, [38], Si [41], SiN, [42], and other suitable
candidates is deposited onto unetched LN thin films, as
depicted in Fig. 4f. This auxiliary material is more ame-
nable to deposition and etching processes, allowing for the
creation of rib waveguides atop the LN substrate. LN thin
films can be seamlessly integrated with silicon photonics
circuits on SOI substrates through bonding, giving rise to
the creation of hybrid waveguides. This innovative approach
not only addresses the inherent absence of second-order
optical nonlinearity in silicon but also provides a pathway
for the development of high-performance, complementary
metal-oxide—semiconductor (CMOS)-compatible thin-film
LN devices. There are two distinctive schemes for the reali-
zation of hybrid waveguides: one entails the direct bonding
of LN thin films to existing silicon waveguides, while the
other method combines etched LN waveguides with sili-
con waveguides in a heterogeneous fashion. Both of these
approaches necessitate meticulous bonding processes and
lithography techniques for the fabrication of the LN wave-
guides. In comparison to directly etched LN waveguides,
hybrid waveguides hold the advantage of achieving higher
effective refractive indices and exhibit enhanced potential for
achieving compact waveguide bends. This versatility makes
hybrid waveguides a compelling choice for integrated pho-
tonic circuits that seek to harness the benefits of LN thin
films within the silicon photonics framework.

1.4 Optical microcavities

LN microresonators are typically produced using micro and
nanofabrication techniques, which involve the creation of
micro-scale optical structures designed to confine and guide
light within them. Optical microresonators with exception-
ally high-quality factors have gained widespread use in vari-
ous applications, including EO modulators and nonlinear
wavelength converters. Microdisk resonators, for instance,
can effectively confine resonant light waves, facilitating the
circulation of excited whispering gallery modes along their
circumferences [43]. Microresonators boasting high Q-fac-
tors can trap light within a small volume for an extended
period, making them particularly valuable for the study of
nonlinear optics at low power levels.

Wang et al. demonstrated microdisk resonators with
Q-factors exceeding 10°, manufactured through the utili-
zation of dry etching techniques, as evidenced in Fig. 4g
[39]. Cheng et al. devised suspended high-Q LN microdisk
resonators on Si0O, substrates through femtosecond laser
direct writing, followed by FIB milling, achieving remark-
able Q-factors of up to 10° [44]. In subsequent research,
Cheng et al. further improved the Q-factors of LN micro-
disk resonators to surpass 107 [45]. In more recent devel-
opments, Wang et al. employed micro-electro-mechanical
systems (MEMS) fabrication techniques to create thin-film
LN disk resonators, featuring diameters of 35 pm on a sili-
con platform, and achieved Q-factors of 4.8 X 10° [46]. It’s
worth noting that presently, Q-factors of resonators based on
bulk LN still surpass those of their thin-film counterparts by
an order of magnitude. This disparity can be attributed, in
part, to the damage introduced during the processing of thin-
film LN, primarily arising from ion implantation, as well as
surface scattering effects. Yan and colleagues utilized FIB
milling technology to fabricate LT microdisk resonators on
insulating LT thin films [47]. These microdisk resonators
exhibited impressive Q-factors exceeding 10°. Furthermore,
they managed to achieve a second harmonic output of 2 pW
under an input power of 500 mW. Notably, the researchers
also observed the generation of cascaded third harmonic
signals, which holds promise for future integration into
lithium tantalate on insulator (LTOI) photonic chips. This
work showcases the potential of LTOI microdisk resonators
for high-performance nonlinear optical applications.

Zhang and their team successfully fabricated integrated
waveguide-coupled microring and racetrack resonators
featuring a bending radius of 80 pm, as visually presented
in Fig. 4h [34]. These resonators displayed an excep-
tional Q-factors of 107 and minimal propagation losses of
0.027 dB/cm. Li et al. adopted wet etching to create a micro-
racetrack resonator with an intrinsic Q-factors surpassing
9.2 10°, as illustrated in Fig. 4i [30]. Importantly, all the
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processes involved in this method are CMOS-compatible,
making it suitable for integration into existing electronic and
photonic systems. Wet etching of thin-film LN allows for
the simultaneous processing of multiple chips, substantially
enhancing production yield while reducing overall costs.
Photonic crystal cavities are renowned for their capacity to
simultaneously possess high Q-factors and wavelength-scale
mode volumes. Liang and their research group showcased
LN photonic crystal nanobeam resonators with optical Q
values reaching up to 1.09 x 10°, as depicted in Fig. 4j [40].
This technology opens up avenues for applications demand-
ing high-Q, small-footprint resonators, especially in the con-
text of integrated photonics.

1.5 Electro-optic modulator

EO modulators serve as fundamental components in the
realms of optical communication and integrated photonics.
These devices are instrumental in the process of modulating
high-speed signals, enabling the imposition of information
onto the optical carrier wave for transmission within the
optical domain. In silicon-based materials, optical modu-
lation relies on the free-carrier plasma dispersion effect,
which can lead to challenges such as absorption losses and
nonlinear voltage responses [48, 49]. LN has emerged as a
material of particular interest due to its remarkable electro-
optic performance. LN features a substantial EO coefficient,
making it a favored choice for the development of high-
performance EO modulators. These LN-based modulators
exhibit exceptional voltage-bandwidth characteristics, pos-
sess compact form factors, and incur low optical losses. In
comparison to silicon-based modulators, they can achieve
higher modulation speeds. Consequently, these modulators
play an indispensable role in integrated optoelectronics and
find widespread applications in optical communication and
microwave photonics. Traditionally, LN EO modulators are
manufactured using x-or y-cut LN crystals. These modu-
lators can be broadly categorized into two types based on
their operational principles: phase modulators and intensity
modulators. Phase modulators function by inducing a phase
shift in transmitted light through the alteration of the refrac-
tive index via the application of an electric field. They play a
fundamental role in photonics and microwave systems. One
notable application of LN phase modulators is in the gen-
eration of EO frequency combs and frequency shifting [50].
Ren et al. showcased a LN phase modulator characterized by
low on-chip optical loss and a low RF half-wave voltage (V)
[51]. The combination of low loss and high RF power-han-
dling capabilities enables the generation of an EO frequency
comb with over 40 sidebands using a single modulator. Gua-
rino et al. introduced an EO tunable microring resonator
based on LN thin films derived from the smart-cut process,
as depicted in Fig. 5a [25]. The EO performance of the LN
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microring was assessed by applying a static electric field at
the device level, as shown in Fig. 5b. The observed tuning
efficiency was approximately 0.105 pm/V. While this value
is lower than that of bulk LN devices, it’s important to note
that the performance of these devices is gradually improving
with the advent of high-quality LN single-crystal thin films.
This progress holds promise for the development of even
more efficient and versatile EO modulators in the future.
Mach—Zehnder modulators (MZMs) are the most commonly
employed intensity modulators due to their design flexibil-
ity and versatility. These MZMs are typically constructed
using Mach—Zehnder interferometers integrated with copla-
nar waveguide electrodes. Wang et al. introduced a mono-
lithic integrated LN EO modulator, as illustrated in Fig. 5c
[15]. The modulation region of this device spans a length of
20 cm, featuring a remarkably low half-wave driving voltage
of 1.4 V and a half-wave voltage-length product of 2.8 V-cm.
These characteristics enable the support of data rates of up
to 210 Gbit/s. Additionally, the on-chip optical losses of this
platform are less than 0.5 decibels. This LN EO modulator
stands out for its CMOS-compatible driving voltages, high
integration levels, wide modulation bandwidth, low optical
losses, and exceptional signal fidelity. More recently, Li et al.
demonstrated an MZM modulator employing diamond-like
carbon as a hard mask [27]. This MZM boasted a device
length of 1.73 cm and a V of 1.94 V. EO modulators based
on LNOI configurations hold promise as solutions for future
direct optoelectronic integration, offering the potential to
enhance performance and integration levels.

The combination of two MZMs can be utilized to cre-
ate an in-phase/quadrature (IQ) modulator. IQ modulators,
which encode both amplitude and phase information of light,
are essential devices in coherent transmission technology.
Xu et al. introduced an IQ modulator based on the LNOI
platform, capable of encoding both signal phase and ampli-
tude, as illustrated in Fig. 5d [52]. This device is notable for
its low optical losses, low V_, ultra-high EO bandwidth, and
a considerably smaller footprint compared to traditional LN
devices. It achieved remarkable transmission speeds of up
to 320 Gbit/s based on the quadrature amplitude modula-
tion format. Subsequently, the same research team reported
the first dual-polarization IQ modulator based on LNOI,
as depicted in Fig. 5e [53]. Driven by voltages below 1 V,
the device exhibited a record single-carrier net bitrate of
1.96 Tbit/s. Each MZM within the modulator achieved
an S21 exceeding 110 GHz at 1 V voltage. The ultra-high
bandwidth and exceptionally low power consumption per bit
(1.04 {1/bit) hold significant implications for the develop-
ment of next-generation EO interfaces.

In addition to MZMs, Michelson interferometer modu-
lators (MIMs) also play a significant role as modulators.
Xu et al. demonstrated a MIM based on the heterogene-
ous silicon/LN platform achieved through BCB bonding,



Moore and More (2024) 1:6

Page9of17 6

Waveguide
( a ) Microring *

Electrode, 50nm
Z $i0,,0.85um
—
__— LiNbO, film

T BCB,25um

1 " Hectrode, 50nm
™~ LiNbO, substrate

si0,
mm" A I 0.4um
= ' $o2um

4ym

BCB

(c)

(b) Dhpy=105pm
i
S [
!

Normalized transmission (dB)

— 100 V

1554 1555 1,556
Wavelength (nm)

Cw

Mod. light out
Microwave terminator \

light in

ot a Grating coupler
— =4, B
= In-phase branch S =
MM N =
e G ~ —
e Quadrature branch S —

Flip-chip
terminator Monitor

optical

MMt Output

optical
Input

Fig.5 a Cross-section of a LN microring resonator structure. b EO
shift of the resonance curve. Reprinted by permission from [25] Cop-
yright © 2007, Springer Nature Limited. ¢ Microscope image of the
fabricated chip consisting of three Mach—Zehnder modulators with
various microwave signal line widths and device lengths. Reprinted
by permission from [15] Copyright © 2018, Springer Nature Limited.

as depicted in Fig. 5f [54]. In comparison to MZMs, this
modulator features a reduced half-wave voltage-length
product. The modulation region of the device spans 3 mm,
and it demonstrates a notably low half-wave voltage-length
product of 1.2 V-cm, along with an insertion loss of 3.3 dB.
High-speed modulation was successfully demonstrated at
data rates of 32 Gbit/s and 40 Gbit/s, featuring impres-
sive extinction ratios of 8 dB and 6.6 dB, respectively.
This approach realizes the heterogeneous integration of
SOI optical waveguides and LN EO modulators, achieving
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[52] Copyright © 2020. e Schematic structure of the LN-based 1Q
modulator. Reprinted by permission from [53] © 2022 Optical Pub-
lishing Group. f 3D schematic of a heterogeneous silicon/LN MIM.
Reprinted by permission from [54] Copyright © 2019

exceptional optical modulation characteristics while preserv-
ing the advantages of SOI technology. This work represents
a significant step forward in the heterogeneous integration of
LNOI and SOI technologies. The remarkable progress in dry
etching processes has significantly reduced losses in thin-
film LN waveguides. Additionally, the rib-loaded waveguide
approach has effectively addressed the challenges associated
with LN etching processes [6]. Heterogeneous integration
with advanced SOI technology is an evident trend in the
post-Moore era, facilitating the development of photonic
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integrated circuits. Thin-film LN modulators hold a prom-
ising future in the domains of microwave photonics and
optical communications, offering enhanced performance
and versatility.

1.6 Resonators and filters

Wireless communication technology has undergone a sig-
nificant evolution from 2G to 5G, and as the development
of future 6G technologies progresses, there are increased
demands on filters, which are core components of the RF
frontend in communication devices. Filters play a pivotal
role in determining the operating frequency range and band-
width of these devices. The widespread deployment of 5G
and the future advancements in wireless technology place
higher demands on filters, requiring characteristics such as
high bandwidth, low loss, low temperature drift, and high
roll-off coefficients. In the past, two types of acoustic wave-
based filters, SAW devices and bulk acoustic wave (BAW)
devices, were commonly used in mobile communication
devices.

Acoustic resonators are based on the positive/negative
piezoelectric effects of piezoelectric materials. Resonance
occurs when the frequency of the excitation signal matches
the natural frequency, leading to the mutual conversion of
electrical and mechanical energy. The mechanical defor-
mation of the material resulting from the positive/nega-
tive piezoelectric effects can generate rapidly propagating
acoustic waves, including longitudinal waves and transverse
waves (shear waves). Among them, shear waves are further
classified into vertical shear waves (SV) and horizontal
shear waves (SH). On the material surface, the coupling
of longitudinal waves and vertical shear waves forms Ray-
leigh waves, while the coupling of longitudinal waves and
horizontal shear waves forms LOVE waves. Both of these
acoustic waves belong to surface acoustic waves, constitut-
ing the foundation of SAW resonators. Longitudinal waves
have a higher velocity compared to these surface waves.
Therefore, bulk acoustic wave (BAW) devices based on
longitudinal waves are more readily achievable at higher
frequencies under the same wavelength.

The structure and piezoelectric materials of piezoelectric
resonators determine the acoustical waves or acoustic modes
that can be excited within the resonator. Common materials
utilized in piezoelectric resonators include AIN, GaN, and
LN. In comparison to the former two, LN possesses a higher
piezoelectric coupling coefficient, signifying that piezoelec-
tric resonator based on LN can achieve higher k%, thereby
attaining increased bandwidth. Furthermore, a higher k2, in
contrast to AIN and GaN devices, also implies higher energy
conversion efficiency and lower impedance. LN-based reso-
nators also face certain challenges. For instance, compared
to the aforementioned two devices, LN-based devices exhibit
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poor temperature stability, slower propagation speed of
acoustic waves, and limited power handling capacity due to
low thermal conductivity. Additionally, LN is highly aniso-
tropic, making the achievement of optimal performance in
LN devices a complex challenge during device design and
modeling. Naturally, the presence of more crystal orienta-
tions also implies higher degrees of freedom during device
design.

Traditional SAW devices consist of two interdigital
transducers (IDT) and a piezoelectric film. Generally,
these devices are not suitable for frequencies above 2.5G
and exhibit performance degradation with increasing tem-
perature. Consequently, temperature-compensated SAW
(TC-SAW) has been developed, incorporating a thin layer
of Si0O, to achieve temperature compensation [55]. Fur-
thermore, the performance of traditional SAW is con-
strained by the relatively low surface acoustic velocity
of LN. In contrast, the incredible high-performance SAW
(I.LH.P.SAW) achieves higher frequencies by introducing
a high-velocity layer and a functional layer beneath the
piezoelectric layer [56, 57]. This enhancement success-
fully extends the operating frequency of SAW devices to
around 3.5 GHz, making it comparable to conventional
BAW devices.

BAW devices are structured as a sandwich of upper and
lower electrodes with a piezoelectric material in between,
primarily categorized into solidly mounted type resonator
(SMR-BAW) and thin film bulk acoustic resonator (FBAR).
The key distinction lies in the reflective boundary: the for-
mer utilizes a Bragg reflector layer, while the latter uses
the solid-air interface as the reflective boundary. Compared
to SMR-BAW, FBAR exhibits higher working frequencies,
superior temperature characteristics, lower insertion loss,
higher power handling capacity, and cost advantages. Cur-
rently, FBARs based on AIN or AIScN have been success-
fully commercialized.

The lateral field excited bulk acoustic wave resonators
(XBAR), tailored to meet the stringent demands of the 5G
market, has emerged as an alternative solution. LN is an
exceptional ferroelectric material with a high piezoelectric
coefficient, offering significant advantages in creating reso-
nators with high coupling coefficients and high-bandwidth
filters. This makes XBARs based on LN a promising option
for meeting the demands of high-frequency communication
applications. LN has a long history of use in SAW devices,
dating back to the last century. However, the progress in
developing LN devices was hampered by challenges related
to the quality of deposited LN thin films and the lack of
effective transfer technologies. The introduction of Smart-
cut technology has revolutionized the field by enabling the
bonding of high-quality single-crystal LN/LT thin films to
other substrates. This breakthrough has led to a significant
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surge in research on acoustic resonators based on single-
crystal LN/LT thin films [29, 58-61].

LN crystals exhibit pronounced anisotropy, with distinct
atomic arrangements on different crystal planes. This results
in significant variations in the properties of LN on differ-
ent crystal facets, such as the piezoelectric coefficient (e),
dielectric constant (¢), and others. These factors impact
performance metrics like acoustic velocity and electrome-
chanical coupling coefficients. The acoustic properties, such
as phase velocity and k%, can vary significantly for a spe-
cific mode depending on the orientation and cut of the LN
material. For instance, the commonly chosen orientation
for Thin Film Bulk Acoustic Resonators (FBAR) is y-36.
Thickness shear waves primarily utilize e;s, which is more
pronounced in the z and y-128 orientations. Horizontal
shear waves primarily utilize e,4, and orientations such as
¥-36, x, and y are more suitable. However, practical device
design not only considers the piezoelectric coefficients on
different crystal orientations but also accounts for the influ-
ence of factors like acoustic velocity. Among the various cut
angles and acoustic modes in LN, the anti-symmetric Lamb
wave mode based on z-cut LN resonators stands out due to
its high resonance frequency and k*. This mode is particu-
larly valuable for enhancing filter performance by increas-
ing the center frequency, relative bandwidth, and reducing
insertion loss. Notably, XBARs offer distinct advantages in
the current 5G RF domain, including high resonance fre-
quencies ranging from 3 to 80 GHz, high bandwidth, and
a high Q-factor, which translates to low insertion losses
(less than 2 dB). This makes XBARSs a highly promising
technology for addressing the demanding requirements of
modern 5G wireless communication. Yan et al. employed
the Smart-cut process to transfer a y-cut LT single crystal
thin film with a thickness of 510 nm onto a Si substrate,
culminating in the fabrication of a single-port SAW device
operating at a fundamental frequency of 350 MHz [62]. Wu
et al. harnessed the smart-cut process to create a 4-inch LT/
Si0,/sapphire substrate structure [63]. The propagation loss
within the LTOI platform was measured at 2.95 dB/mm.
On the foundation of the LTOI structure, a shear horizon-
tal SAW resonator was developed, demonstrating a reso-
nant frequency of 1.76 GHz and an impressive maximum
Q-factors of 4421. It is noteworthy that LTOI stands as a
promising high-performance filter platform in the context
of 5G communication era. This versatile material system
has the potential to serve as an exceptional candidate for
advanced filtering applications. Furthermore, Assila et al.
undertook the production of high-frequency resonators,
utilizing the first-order antisymmetric Lamb wave mode
(A1) [64]. These resonators attained an exceptional reso-
nant frequency of 5 GHz, positioning them as noteworthy
components in the high-frequency spectrum.

In 2008, Kadota et al. first fabricated a Lamb wave res-
onator using LN thin film, with a resonant frequency of
4.5 GHz [65]. However, due to the poor quality of LN thin
films prepared by chemical vapor deposition, the device
exhibited suboptimal performance. Subsequently, Yang
et al. demonstrated C-band (4-8 GHz) LN ladder filters
based on the A1 mode [66]. These resonators and filters
were fabricated on a 500 nm thick z-cut LN thin film. The
filter comprised resonators based on the first-order asym-
metric Lamb wave mode in thin-film LN. These resonators
exhibited a coupling coefficient of 28% and a quality factor
of 420. The fabricated filters demonstrated large fractional
bandwidths (>8.5%), low insertion loss (IL <2.7 dB), flat
in-band group delays, and spurious-free responses. Plessky
et al. proposed an XBAR fabricated using MEMS and pho-
tolithography processes, as illustrated in Fig. 6a [67]. They
observed the 3rd, 5th, 7th, and 9th harmonics, reaching fre-
quencies of up to 38 GHz, which holds promise for high-
frequency filter design. Turner et al. designed and manu-
factured an XBAR filter with a frequency of 4.7 GHz and
a bandwidth of 600 MHz, as shown in Fig. 6b and ¢ [59].
Furthermore, Assila et al. used a 400 nm thick 42° y-cut LT
thin film to fabricate an A1 mode XBAR with a resonant
frequency of 5 GHz, a relative bandwidth of 7.3%, and an
impedance ratio of 72 dB. This work demonstrated that LT
can also be utilized for high-frequency devices in the Al
Lamb wave mode. XBAR filters based on LN/LT thin films
offer high-frequency and high coupling coefficients that can-
not be achieved by SAW and BAW, making them promising
candidates for high-performance resonators/filters in the 5G
and 6G frequency bands.

1.7 Quantum devices

Quantum technology has experienced rapid development in
recent years, with widespread applications in quantum com-
munication, quantum computing, quantum precision meas-
urement, and more. Much of the progress in quantum tech-
nology is underpinned by the advancements in traditional
classical techniques and materials. Two such materials, LN/
LT, which are commonly used in classical optics, have also
shown considerable potential in the field of quantum optics.
In particular, LN plays a crucial role in efficiently generating
quantum optical signals through second-order nonlinear pro-
cesses such as sum frequency generation (SFG), difference
frequency generation (DFG), and spontaneous parametric
down-conversion (SPDC). These processes have enabled
applications like single-photon frequency conversion. The
optimization of LN waveguides and the development of
phase-matching techniques have significantly improved the
efficiency of nonlinear conversion processes, providing a
strong foundation for the quantum applications of LN.

@ Springer



6 Page 12 of 17

Moore and More (2024) 1:6

(a)

(b)

Fig.6 a Schematic of the device structure. Reprinted by permission
from [67] © 2020 The Institution of Engineering and Technology. b
Microscope image of a prototype 5-resonator XBAR ladder filter. ¢

Quantum light sources are critical components for vari-
ous applications in the quantum field, typically encompass-
ing single-photon sources and entangled photon sources.
The utilization of the SPDC process within LN presents a
promising approach for generating quantum light sources
[12]. Zhu et al. achieved on-chip generation and manipula-
tion of entangled photons using a LN photonics chip, as
illustrated in Fig. 7a [68]. This chip integrates functionali-
ties like entangled photon sources, photon interferometers,
and EO modulators on the same substrate, enabling efficient
generation and rapid switching of two-path entangled pho-
ton states. The photon flux reaches approximately 1.4 x 10’
pairs nm~'mW~!. Subsequently, the same team extended
their work to titanium-diffused LN waveguides, successfully
generating non-degenerate polarization-entangled photon
pairs for optical fiber communication, with an interference
visibility exceeding 90%.

In recent years, research on quantum light source
devices based on LN thin films has gained significant atten-
tion. Ma et al. demonstrated high-rate and high-quality
photon-pair and heralded single-photon generation using a
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z-cut periodically-poled LN microring resonator [73]. The
device achieved photon-pair generation at high rates using
low pump power. Cheng et al. proposed a chip-scale hybrid
waveguide structure, combining Si,N, and thin film period-
ically-poled LN, allowing for the generation of highly pure
photons and wafer-scale integration, as shown in Fig. 7b
[69]. This hybrid waveguide chip can produce high-purity
type-II SPDC photon sources for quantum communica-
tion, quantum key distribution, and large-scale quantum
information processing. In the realm of quantum informa-
tion, high-performance single-photon detectors hold great
importance for achieving long-distance quantum key distri-
bution. Tang et al. have demonstrated efficient waveguide-
integrated superconducting nanowire single-photon detec-
tors on thin-film LN, as depicted in Fig. 7c [70]. These
devices were fabricated using commercially available
z-cut LN single-crystal thin films produced by NanoLN
company. They exhibited an on-chip detection efficiency
of 46%, a dark count rate of 13 Hz, a timing jitter of 32 ps,
and a noise equivalent power of 1.42 x 107! W/+/Hz.
This achievement offers a new approach to generating,
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manipulating, and measuring quantum light on compact
integrated platforms. In the context of remote quantum
communication and networking, there is a growing need for
storing quantum states. Quantum memory serves as a cru-
cial component of optical quantum computers and quantum
networks. Waveguides based on LN have shown substan-
tial advantages in quantum storage applications. Recently,
Dutta et al. demonstrated a compact chip-integrated atomic
frequency comb memory in rare-earth-doped thin-film LN,
as illustrated in Fig. 7d [71]. This optical memory exhibited
a broad storage bandwidth exceeding 100 MHz and an opti-
cal storage time of up to 250 ns. Such a quantum memory
can serve as a fundamental component of high-bandwidth
quantum information processors on a chip. Kerr frequency
combs are generated in microresonators using nonlinear
optical effects to produce a series of equidistant frequency
components, resulting in a comb-like spectrum. Kerr
microresonator frequency combs are characterized by their
discrete, equidistant frequencies and high repetition rates.
They find extensive applications and prospects in various
fields such as laser technology, metrology, spectroscopy,
quantum entanglement sources, and more. The integration
of Kerr frequency combs on-chip, where the resonator and
pump light source are combined on the same chip, reduces
the size, power consumption, and enhances reliability and
repeatability. LN is used to prepare Kerr frequency combs
due to its significant third-order nonlinear optical effects.

1 1
1,590 1,600
Wavelength (nm)

ing. d Schematic of the device structure composed of a thin-film LN
waveguide doped with thulium rare-earth ions. Reprinted by per-
mission from [71] Copyright © 2023, American Chemical Society.
e EO comb. Reprinted by permission from [72] Copyright © 2019,
Springer Nature Limited

Wang et al. demonstrated Kerr frequency combs based on
LN and have performed spectral and temporal manipula-
tion of the comb signals. This approach offers compact
solutions for various applications. Moreover, the high EO
effect of LN enables the creation of EO frequency combs,
allowing for rapid tunability of the repetition frequency. As
shown in Fig. 7e, Zhang et al. achieved monolithic integra-
tion of an EO comb generator on a LN thin-film photonics
platform [72]. Compared to bulk EO combs and EO combs
based on indium phosphide and silicon platforms, the per-
formance is significantly superior. The remarkable recon-
figurability of Kerr combs is a powerful addition, offering
more possibilities for broadening the optical applications
of frequency combs.

2 Conclusion and perspectives

This review offers an overview of the latest advancements
in LN/LT single-crystal thin films, encompassing material
properties, processing techniques, and the diverse array of
functional devices they enable. With the evolution of large-
size wafers and the production of high-quality single-crystal
thin films, LN/LT have exhibited remarkable advantages
across a broad spectrum of application scenarios. These
materials, holding a pivotal position in the optical era,
empower the realization of various optical functionalities
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and structures. They also facilitate hybrid integration with
other platforms and quantum applications, playing an indis-
pensable role in chip applications for the post-Moore era.

In the post-Moore era, the advancement of chip perfor-
mance is no longer reliant solely on the reduction of device
size. It necessitates the exploration of various technologi-
cal approaches, which encompass novel materials, innova-
tive device types, and new architectural paradigms. Over
recent decades, the introduction of LN/LT, along with their
single-crystal thin films, has exerted a profound influence
on the progression of photonics. Leveraging their versatility,
capacity for strong light confinement, and design flexibility,
particularly in the case of LN single-crystal thin films, they
function as a universal platform for integrated optics. The
ongoing emergence of novel and prospective applications
continues to kindle research enthusiasm in the realm of LN/
LT single-crystal thin films or LNOI/LTOI devices. These
materials enable the development of high-speed, low-power,
and highly integrated EO modulators, serving the requisites
of future data transmission and processing, particularly in
domains such as optical communication, data centers, and
artificial intelligence. At present, 800 Gbit/s LN EO modu-
lators have made their entry into the market. Furthermore,
they are instrumental in facilitating efficient, broadband, and
multifunctional nonlinear optical devices, catering to the
demands of quantum operations and frequency conversion
in fields like quantum computing, quantum communication,
and optical frequency combs. In addition, high-sensitivity,
high-speed, and multi-mode acousto-optic modulators based
on these materials can fulfill the necessities of photonics
in the realms of microwave applications, radar signal pro-
cessing, wireless communication, and other domains. These
applications underscore the substantial potential and value
of LN/LT single-crystal thin films in post-Moore era chips.
Nevertheless, there still exist technical challenges and
impediments that need to be addressed. These include refin-
ing the fabrication processes of LN/LT single-crystal thin
films, perfecting hybrid integration techniques, and advanc-
ing device design methodologies.

The realization of integrated optics using LNOI and
LTOI necessitates the preparation of these materials as sin-
gle-crystal thin films, which are subsequently transferred
onto other substrates. Presently, the commonly employed
methods for fabrication entail processes like thinning,
polishing, and bonding to attain the desired thickness and
quality of single-crystal thin films. However, there exist
several challenges that need to be addressed. Commercially
produced LNOI/LTOI wafers are predominantly available
in sizes below 6 inches, and they encounter issues such as
high production costs, low yields, and quality variability.
The limited wafer sizes and high costs render LNOI and
LTOI less competitive when compared to more established
materials like SixNy and SOI. Therefore, the imperative
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task is to establish an efficient, low-loss, low-defect, low-
stress, and cost-effective fabrication process while main-
taining the performance of single-crystal thin films. This
imperative necessitates the continuous refinement of exist-
ing processing equipment, including thinning machines,
polishing machines, and bonding machines, with the aim of
reducing production costs and complexity, ensuring wafer
flatness and uniformity, and scaling up production capacity.
Microfabrication of LNOI/LTOI single-crystal thin films is
also a critical technological aspect, as it profoundly influ-
ences the morphology, dimensions, and precision of the
devices. Various microfabrication methods are currently in
use, each characterized by distinct attributes. Dry etching,
for example, is known for its high precision but is associ-
ated with high costs and slow processing speeds. It yields
smooth sidewalls and is particularly suitable for applica-
tions where high etching precision is imperative. However,
it can be hindered by its processing speed, especially when
producing ridge structures with a minimum feature size of
a few hundred nanometers, which often necessitates the
use of EBL for patterning photoresist, limiting produc-
tion speed. Developing wafer-level lithography techniques
could offer a potential solution. Wet etching, on the other
hand, is characterized by lower costs and faster processing
speeds but typically results in lower etching precision and
rough sidewalls. The choice of appropriate microfabrica-
tion methods, the optimization of etching parameters, the
improvement of etching uniformity and selectivity, and
the reduction of etching losses and defects are areas that
demand ongoing exploration and enhancement.

The design and processing of LNOI and LTOI can be
compatible and seamlessly integrated with other materi-
als and platforms to enable the creation of more intricate
and diverse functionalities. The progress and innovations
in mixed integration techniques for LNOI and LTOI can
facilitate efficient compatibility and interoperability with
platforms such as Si-based, SiXNy, and indium phosphide.
This compatibility paves the way for the construction of
multifunctional, multi-wavelength, and multi-mode pho-
tonic chips. The primary challenge in achieving this lies
in ensuring high efficiency and low losses at the inter-
faces and couplings while addressing potential material
incompatibilities. A noteworthy recent development in this
context was demonstrated by IBM and the Swiss Federal
Institute of Technology Lausanne, where they introduced
a heterogeneous wafer-scale platform, Si;N,/LN. This plat-
form integrates ultra-low-loss Si;N, waveguides with thin-
film LN, enabling the realization of hybrid self-injection-
locked lasers [74]. With ongoing refinement of photonic
circuit design and process enhancements, such heteroge-
neous platforms are anticipated to find broader and more
diverse applications in the future. Materials like LN and
LT encompass a multitude of EO properties, leading to
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a wide range of optical applications that meet practical
requirements. Their significance in the realm of photonics
is comparable to that of silicon in the field of electronics.
LN and LT have already emerged as foundational materials
in the development of integrated photonics for the future.
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