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Electro-optic modulators (EOMs) convert signals from the electrical to the optical domain. They are at the heart of opti-
cal communication, microwave signal processing, sensing, and quantum technologies. Next-generation EOM:s require
high-density integration, low cost, and high performance simultaneously, which are difficult to achieve with established
integrated photonics platforms. Thin-film lithium niobate (LN) has recently emerged as a strong contender owing to
its high intrinsic electro-optic (EO) efficiency, industry-proven performance, robustness, and, importantly, the rapid
development of scalable fabrication techniques. The thin-film LN platform inherits nearly all the material advantages
from the legacy bulk LN devices and amplifies them with a smaller footprint, wider bandwidths, and lower power con-
sumption. Since the first adoption of commercial thin-film LN wafers only a few years ago, the overall performance of
thin-film LN modulators is already comparable with, if not exceeding, the performance of the best alternatives based
on mature platforms such as silicon and indium phosphide, which have benefited from many decades of research and
development. In this mini-review, we explain the principles and technical advances that have enabled state-of-the-art
LN modulator demonstrations. We discuss several approaches, their advantages and challenges. We also outline the
paths to follow if LN modulators are to improve further, and we provide a perspective on what we believe their per-
formance could become in the future. Finally, as the integrated LN modulator is a key subcomponent of more complex
photonic functionalities, we look forward to exciting opportunities for larger-scale LN EO circuits beyond single
components. © 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

The largest established area of applications in need of improved
electro-optic modulators (EOMs) today is at the end of millions
of optical fibers in telecommunication and data center optical
networks [1]. The original lead in data transport capacity by optical
fibers upon their invention has been eclipsed by the continuous
progression of electronic bandwidth following Moore’s law. In
2020, a single data center application-specific integrated circuit
switch passed through 25.6 Tb/s of data, demanding over 400 Gb/s
speed for every single lane of optical wavelengths [2]. This data rate
is expected to double in the next few years and will continue to
grow, driven by technology progression [3]. The pressing need for
integrated EOMs for optical communication is to reduce power
consumption, while operating at high speed and maintaining an
excellent signal-to-noise ratio [4].

Demand for better performance and integrated modulators also
comes from emerging applications including satellite data links

switches for quantum communications and computation [9], and
integrated modulator arrays for optical neural networks [10].

Large-scale integration and low-cost requirements have led to
the rapid development of silicon photonics [11-14]. Leveraging
the mature complementary metal—oxide—semiconductor (CMOS)
fabrication infrastructure, silicon has become a major commer-
cial photonics platform, in addition to III-V [15] and traditional
lithium niobate (LN) systems [16]. While silicon photonics
promises excellent scalability and reduced cost, its lack of intrinsic
second-order non-linearity [13] presents growing challenges for
achieving the required bandwidth and power consumption for
future high baud rate systems. High-speed EO effects in silicon
often rely on electronic doping, which faces stringent trade-offs
between voltage, bandwidth, and optical losses. As a result, various
heterogeneous approaches have been explored to introduce better
EO solutions for silicon devices [17,18].

The thin-film LN platform could be a practical solution for the

[5], optical sensors [6], and quantum information processing [7].
These technologies often require electro-optic (EO) functionali-
ties beyond traditional telecommunication applications, such as
linearized modulators for analog communications [8], low-loss
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next-generation EO photonic integrated circuits (PICs). This plat-
form combines the superior EO properties of industry-proven
traditional LN modulators with scalable fabrication tech-
niques such as those used in silicon photonics [Fig. 1(a)]. LN is a
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Fig.1. All-around performance and how it is achieved in a thin-film LN platform. (a) Performance octagon of a modulator designed for telecom wave-
length. To reflect the engineering trade-space of the modulator, the curves are chosen to circle performance metrics that can possibly be simultaneously
achieved as opposed to individually achieved. The red line corresponds to the typical performance of a commercial bulk crystal LN modulator. The purple
line shows the performance of a typical integrated thin-film LN modulator. The blue shaded area is our predicted future performance of an optimized thin-
film LN modulator (supporting evidence is discussed in Section 5). V; is the half-wave voltage, which characterizes the power consumption; PS IL is the
phase shifter insertion loss, which is the excessive loss in modulation areas; BW is the bandwidth, which describes the operation speed; SEDR is the spurious
free dynamic range, indicating the modulation linearity and dynamic range; V- L is the product of the half-wave voltage and phase shifter length showing
device size and modulation efficiency; T¢yic is the glass transition temperature, which dictates the stability and processability of the electro-optic material; P
is the optical power handling capability is the maximum optical power the modulator can hold; E R is the extinction ratio between the on/off states of the
modulator. (b) Size comparison of bulk LN devices and thin-film LN devices (aspect ratio not to scale). Longer electrodes usually lead to larger microwave
attenuation (purple oscillation) and more challenging velocity matching conditions. (c) Cross section of traditional LN (top) and thin-film LN modulator

structures (bottom).

well-understood and established material that has been widely
adopted for both optical communications and radio signal process-
inginitslegacy bulk form [16]. With recent technological advances
in thin-film material processing and device design, thin-film LN
enables modulator performance in previously inaccessible realms
and demonstrates significant integration potential. The large gain
in performance and the relatively mature understanding of LN
could address the immediate optical communication needs and
enable future sensors and quantum devices.

We start this mini-review with an overview of the history and
evolution of the thin-film LN platform. Next, we explain the work-
ing principle and design considerations for various configurations
of thin-film LN EOM and discuss their advantages and challenges
compared to incumbent technologies. We account for the state-of-
the-art achievements and discuss various approaches and figures of
merit. We then project future performance metrics that the tech-
nology can achieve and lay out our predicted challenges and key
milestones. Finally, we take a glimpse at advanced EO circuits that
we expect to emerge from the improved modulation capabilities

and scalability of thin-film LN.

2. EVOLUTION OF WAVEGUIDE-BASED LN
MODULATORS

LN is sometimes referred to as the “silicon of photonics” to empha-
size its importance to photonics equivalent to that of silicon in
microelectronics. This is because LN possesses many desirable
properties for PICs, including a wide optical transparency window,
large EO (Pockels) effect, and high glass transition (Curie) temper-
ature, which is critical for process compatibility and maintaining
stable operations [19,20]. These superior physical and chemical
properties have allowed wide adoption of commercial off-the-shelf

LN solutions as a “workhorse of optoelectronics” [16,21] for
decades, which are still widely used at the end of millions of optical
fibers today.

For modulators based on the Pockels effect, the key material
parameter that dictates the performance is the EO coefficient,
7, which describes a linear change in the refractive index in the
presence of an externally applied electric field [22]. The largest and
most used EO coefficient in LN is 733 =31 pm/V [20], which
modifies the diagonal optical permittivity (or optical index of
refraction). This directly translates into an optical phase shift for
light propagating through the material. An external electric field
along the crystal z axis E, changes the extraordinary refractive
index 7, [Fig. 1(b)] through the simple relation Az, = %nir;; E,.
This phase shift can be directly used for EO phase modulation or
be translated into amplitude modulation using a Mach—Zehnder
interferometer (MZI) structure [16].

Legacy LN modulators define optical waveguides by employ-
ing proton-exchange or ion-indiffusion techniques to induce a
small perturbation in the refractive index of in bulk LN crystalline
wafers. These wafers are obtained from LN ingots grown by the
Czochralski method. After defining the optical waveguides, elec-
trodes are then placed close to the proximity of the waveguide
to apply an electric field to the optical guiding region to induce
an index change with an externally applied voltage [Figs. 1(b)
and 1(c)]. Long metal electrodes were used to achieve a low drive
voltage. They are commonly configured to support traveling
wave modulation to circumvent the electrodes resistor-capacitor
(RC) bandwidth of the electrodes [Fig. 1(b)]. Such configu-
rations have been studied and optimized over several decades
[16,23] and are still used in nearly all commercial LN systems.
There are three major limitations in the legacy LN platform:
(1) The small index contrast, usually ~0.02, results in large optical
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mode sizes exceeding 10 um?, which limits the positioning of
the electrodes and thus limiting the EO modulation efficiency.
(2) The high dielectric constant of the LN substrate forces voltage—
bandwidth design trade-offs to achieve velocity matching between
the microwave and optical signals needed for high-speed oper-
ations (e.g., needing a buffer layer and thick metal electrodes).
(3) The small optical index contrast results in bending radii well
above 1 mm [24] preventing dense integration. The result is
that such legacy system is incompatible with the current PIC
requirements for performance and integration.

The major roadblocks for achieving high-confinement channel-
type optical waveguides in LN, such as those in silicon, were
(1) lack of single crystalline thin film and (2) lack of smooth and
scalable etching techniques. In the late 90s and 2000s, LN-on-
insulator (LNOI) wafers were produced using a similar method
to silicon-on-insulator (SOI) wafers through the so-called smart-
cut process [25]. An LN wafer was first ion-implanted and then
flip-wafer-bonded to a second carrier wafer. The bonded wafer was
then annealed to activate the smart-cut process where microexplo-
sions of the implanted ions caused the LN wafers to split leaving
a thin film on top of the transferred wafer substrate [26,27]. The
bonded LNOI wafer was then polished to achieve atomically flat
surfaces and annealed to fix potential crystal damage caused by
ion implantation [28]. Notably, thin-film LN can be transferred
to silicon substrates with high yield through room-temperature
bonding processes [29]. Such LNOI on Si wafers have favorable
mechanical properties resembling those of SOIs, making them
much more resilient to thermal and mechanical shock than bulk
LN substrates. The development and commercialization of LNOI
wafers in the late 2000s and the early 2010s (e.g., NanoLN, Partow
Technologies, NGK Insulators, TDK Corporation) laid the foun-
dation for the rapid growth of research in high-confinement LN
photonics.

Before LN thin films are widely available, etching LN has
been carried out to achieve wide and shallow ridge waveguides
(e.g., ~8 um wide 3 pm tall [30]), where the vertical optical
mode confinement is still imposed by indiffusion methods. The
requirements for etching quality, such as sidewall smoothness,
were not as high as those for high-confinement submicrome-
ter structures because of the reduced optical mode to sidewall
interaction strength from the wide and shallow waveguide geom-
etry. The growing interest in the development of microphotonic
and nanophotonic structures in LN thin films has catalyzed the
research on LN dry etching. High-quality dry etching of LN at
micrometer scale has been a challenge for years because the non-
volatile lithium fluoride byproducts produced from standard
fluorine-based etching prevent further etching and cause rough
edges [31,32]. With the availability of LNOI wafers, LN nanofab-
rication techniques have been rapidly developed and iterated.
Breakthroughs in LN nanofabrication over the past few years
have demonstrated ultralow loss and high-confinement optical
waveguides in thin film [31,33—44]. It has been shown that smooth
and reproducible etching can be achieved using purely physical
methods including argon ion milling or reactive-ion-etching tech-
niques. Optimization of such techniques led to improved optical
waveguide loss from initially >10 dB/cm and now consistently
reaching <0.3 dB/cm [35,37-43]. In addition, heterogeneous
and hybrid approaches based on rib-loading or chip/wafer bonding
have also developed significantly, reaching similar loss levels. These
platforms either use hybrid waveguides where the optical modes
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are partially confined in the LN thin films or evanescently couple
light between the thin-film LN layer and other material layers
[29,45-53].

Migrating LN EOMs from their legacy bulk, indiffusion-based
waveguides to the nanophotonic, thin-film platform leads to a
paradigm shift in the engineering trade-space and enables access to
a drastically different performance regime and integration level. It
is now possible to simultaneously improve the most desired modu-
lator metrics, including the half-wave voltage (V7), bandwidth,
insertion loss (IL), extinction ratio, power handling, footprint,
and linearity [Fig. 1(a)]. Specifically, a thin-film LN modulator
made from a wavelength-scale optical waveguide (Az > 0.7)
allows electrodes to be placed as close as a few micrometers to the
waveguide with negligible optical absorption loss [Figs. 1(b) and
1(c)]. A small gap results in a significantly improved EO overlap.
The voltage-length product (V; - L), which is a commonly used
figure of merit to characterize EO efficiency, is much lower in
thin-film LN platforms (typically 1.5—3 V- cm) [46,50,54-57]
than in commercial LN modulators (~15V - cm) [16] at telecom
wavelengths (in this review V; defaults to the push—pull MZI con-
figuration unless otherwise stated). To achieve drive voltages at a
much-desired CMOS-compatible level (1-2 V or lower), thin-film
LN EOMs only need to be 1 cm long or less [55,56], compared
to the 5-10 cm long required in legacy forms. With a shorter
device, the EO modulation bandwidth can be readily extended to
beyond 100 GHz because microwave loss and velocity matching
requirements are largely alleviated [50,56,58,59]. In addition,
the much-reduced footprint also means a dramatically increased
scalability: a commercially available 6-in. wafer can accommodate
as many as 3000 EOMs.

We illustrate the overall performance metrics of typical thin-
film LN modulators demonstrated thus far (purple line) and
traditional LN modulators (red line) in an octagon plot as shown
in Fig. 1(a). Considering the large room for improvement from
current demonstrations, we further plot the anticipated metrics
for future thin-film LN modulators in blue shade, which indicates
the possibility of reaching an all-around exceptional performance
level. In the following sections, we will discuss the designs that have
enabled the improved performances in thin-film LN today and
provide evidence and arguments on what could enable the next
level of performance.

3. INTEGRATED LN MODULATOR CONCEPTS
AND DESIGN

A. Core Modulator Design—Phase Shifter

The design choice for a thin-film LN modulator is centered on
increasing the applied electric field strength in the optical mode
region while maintaining or improving other desired charac-
teristics. Because LN is an anisotropic EO material, a choice of
crystalline cut and the device geometry needs to be made to use the
EQO effect efficiently. Similar to traditional LN modulators, there
are two general categories of modulator design: one with the crystal
axis (z axis) in plane with the wafer, that is x-cut or y-cut, and the
other with the crystal axis out of plane, that is z-cut (Fig. 2).

In an x-cut design (this also includes any other cuts along the
z axis in plane), the strongest component of the applied electric
field should be designed to align with the in-plane z axis of the
crystal to utilize the largest 733 component [see Fig. 2(a)]. In this
geometry, the guided optical mode, which experiences a refractive
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index change due to the applied electric field, is placed between
a pair of electrodes with opposing polarities. To place metal elec-
trodes close to each other on a thin-film LN, a rib/ridge type of
structure [Figs. 2(a)-2(c)] is commonly used to introduce strong
confinement of the optical mode. Light is usually launched in
transverse electric modes such that the optical field aligns with the
strongest external applied field.

There are two variations to define the ridge: a “monolithic”
approach where the rib structure and the slab are formed from
a single piece of LN [Fig. 2(a)] by etching, polishing, or dicing;
and a hybrid approach where the rib is formed by another high-
refractive-index guiding material [Figs. 2(b) and 2(c)], which
avoids direct patterning of the LN thin-film. The LN slab is nec-
essary for both approaches and is a key part of the x-cut phase
shifter design. In the monolithic approach, a thin slab dramatically
reduces the effective electric field in the LN rib area because of the
large permittivity contrast between the LN (g1 x = 28) and the sur-
rounding optical cladding (e.g., €502 = 3.8). This leads to a large
voltage drop in the passive dielectric outside the LN core region,
as dictated by the boundary condition of the electric displacement
fields [50,50]. A thick slab leads to weak optical confinement and
results in a larger bending radius and wider electrode gaps. In the
hybrid approach, an LN slab is necessary to enable EO modula-
tion. A well-engineered ratio between the slab and rib thicknesses
for hybrid structures is important for maximizing the modulation
efficiency while achieving reasonable optical confinement and
minimal bending radius [60]. While optimizations can be made
for various performance priorities, the index contrast between
the LN and cladding ultimately dictates the achievable level of
optical confinement, resulting in typical DC V; - L values of
1.5—3V - cm [46,50,54-57].

In a z-cut LN modulator design, the strongest component of
the applied electric field required is out-of-plane [Figs. 2(d)-2(f)].
To achieve efficient modulation, the guided optical mode is posi-
tioned underneath the signal electrode and light is launched in
transverse magnetic modes to align with the strongest component
of the external applied field. A low-index buffer layer (e.g., SiO;
between the optical waveguide and electrode is typically required

(a)
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to prevent excessive metal absorption losses. The ground electrodes
are placed on both sides of the optical waveguides [Fig. 2(d)] to
create a strong vertical component of the electric field in the optical
mode region. Note that a thin-slab layer is still typically preferred
in this z-cut design to facilitate electric field penetration through
the high-permittivicy LN sections. It is also feasible to locate the
ground electrode below the optical waveguide to form a vertical
capacitor [Fig. 2(e)] [61,62], which can be realized using an LNOI
wafer pre-embedded with a bottom metal layer. However, this con-
figuration may be challenging in achieving optimum microwave
properties at high frequencies owing to the large capacitance
between the signal electrode and the large ground plane. Hybrid
methods can also be applied to z-cut LN designs. For example, an
LN film can be bonded on top of the already formed optical wave-
guides and electrodes [48,51,59]. A signal electrode can then be
patterned on top of the LN film to achieve a strong vertical electric
field. In this case, depending on the slab material index and optical
loss that can be tolerated, the buffer layer between the LN film and
the top electrode can be made much thinner or even eliminated to
achieve a strong vertical electric field.

We provide several numerical examples of the calculated V, - L
for each phase shifter design at telecom wavelengths. Our simu-
lations (see Table 1, Appendix A) showed V - L values ranging
from 2.05V-cm to 5.4V -cm for x- and z-cut designs where
metal-induced optical loss is kept at a minimum. This agrees with
the range of measured values previously reported. Importantly,
we provide these quantitative examples as a starting point for each
design, not as proof of the final optimized device performance. For
example, shallower ridges could be used to push the modes more
into LN slab region to achieve higher efficiency; electrode gaps may
be reduced to increase EO modulation efficiency using a low-index
dielectric buffer layer or at the cost of slightly increased optical loss.
In addition, radio frequency (RF) properties such as impedance
and loss, and practical udility considerations such as fabrication
tolerance, could outweigh minor V; - L value differences, as
discussed below.

-/

— Z — Z
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Substrate (e.g. silicon) High index core

tt‘

Low index cladding  Bonding layer Metal

Fig.2. Electrode conﬁgurations for x- and z-cutlithium niobate (LN) modulator design. The orange arrows indicate the applied electric fields direction,
the shaded area indicates the location of the optical mode, TE is the transverse electric mode, and TM is the transverse magnetic mode. (a) All-LN x-cut
rib waveguide design; (b) hybrid strip-loaded x-cut ridge waveguide design; (c) hybrid buried waveguide x-cut with inverse ridge design; (d) all-LN z-cut
rib waveguide design with planar electrodes; (¢) all-LN z-cut rib waveguide design with buried ground plane; (f) hybrid z-cut waveguide with inverse ridge

design.
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B. MZI and High-Speed Electrode Design

To turn the phase shifter into a high-speed intensity modulator,
a traveling wave MZI is commonly used. In an MZI modulator
(MZM), the input light beam is split into two paths and an optical
phase difference between the two arms is induced using the EO
phase shifters, resulting in a change in the output intensity when
the two paths are combined. A common method to reduce the
single-arm V;; - L value by a factor of 2 is to use a push—pull elec-
trode design in which the phase of one arm is advanced while the
other is delayed.

In a traveling wave MZM [16] [Fig. 1(d)], it is critical to sat-
isfy the velocity matching condition: the optical wave needs to
travel at the speed of the electrical signal. When the optical group
and electrical phase velocities are matched [16], the modulation
effect can continue to accumulate as long as (1) such a velocity
matching condition is maintained, (2) the microwave signal is not
heavily attenuated, and (3) the impedance of the RF transmission
line matches well with the external electronics allowing efficient
microwave delivery.

For x-cut devices, the convenient in-plane electrode-waveguide
geometry allows the pair of optical waveguides to be placed right
inside the dielectric gaps of a standard ground-signal-ground
(GSG) microwave coplanar waveguide [63,64] [Fig. 3(a)], where
the electric fields across the two optical waveguides are pointing
in opposite directions. Such a configuration is desirable because,
in addition to reducing V5 - L by a factor of 2, it also offers sym-
metric modulations of the two arms of the MZI to minimize the
modulation chirp. This is important to preserve signal integrity
when propagating through long optical fibers [65]. Traditionally,
x-cut designs have been challenging in matching RF and optical
velocities. A buffer layer and thick electrodes (>10 ptm) are often
used to pull the RF mode out of the high-permittivity LN crystal to
speed it up [16], at the cost of reduced EO modulation efficiency.
In thin-film x-cut designs, velocity matching and low RF loss can
be achieved with a thin metal layer (~1 pm) and without dielec-
tric buffer layers, using a low-permittivity substrate such as SiO,
(esio2 = 3.8) on Si (e5; = 11.7). Such design flexibility of the x-cut
thin-film LN makes it a popular crystal cut choice and provides
ample space for further optimization [56,60].

Z-cut electrodes do not readily support a symmetric push—pull
configuration for a single electrical drive, such as the x-cut/y-cut
EOMs. Push—pull modulation on a z-cut thin-film can be achieved
using a configuration similar to a z-cut bulk EOM. The two opti-
cal waveguides are placed under a signal and a ground electrode,
respectively, as shown in Fig. 3(b). In this configuration, the electric
field strength experienced by the optical waveguide underneath
the ground electrode is typically 3—10 times weaker than that expe-
rienced by the waveguide underneath the signal electrode [10],
leading to significant chirp, which is likely exacerbated for ridged
structures in thin-film LN owing to the stronger electric field

(a)

—
z

Y4 < &4/ - Y

b o (
Wa: .

G ‘ 2

f

Vol. 8, No. 5 / May 2021 / Optica 656

gradient. Alternating electrode placement relative to waveguides
and crystal domain inversion may be needed to achieve chirp-free
operation [67].

Z-cut geometries present a convenient and compact way to
implement a dual-drive (or differential drive) configuration,
as shown in Figs. 3(c) and 3(d). Figure 3(c) shows a differential
GSGSG electrode configuration where the two signal lines have
opposite voltages, capable of delivering a symmetric chirp-free
modulation. It is possible to further reduce the V; value using a
differential and push—pull GSSG design because the field between
the positive and negative signal lines can be stronger [Fig. 3(c)].
Although such configurations have not yet been adopted in thin-
film LN, we believe that differential driving is a feasible future
route because differential driver circuitry is widely accessible
commercially. Furthermore, differential transmission line pairs
feature improved RF shielding between devices in proximity,
which may be beneficial to further reduce the device footprint.
While the signal line thickness, gaps, and substrate can be readily
engineered in z-cut designs, the signal linewidths in Figs. 3(b)-3(d)
have a limited tuning range without changing the electrode gaps,
unlike the x-cut. This could lead to more trade-offs between EO
efficiency, RF loss, and impedance. To minimize the ohmic losses
while preserving high EO efficiencies, a signal line with substantial
thickness may be required, as shown qualitatively in Figs. 3(b)-
3(d). In addition, LN films can accumulate substantial charges on
the z-surface under temperature fluctuations due to pyroelectric-
ity [68]. A charge bleed layer may be required in z-cut devices to
prevent surface discharge or significant bias point drift.

Both x- and z-cut designs can achieve a significantly higher
EO bandwidth than traditional LN EOMs because they have
shorter electrodes. The velocity mismatch limited bandwidth
increases linearly with a reduction in the electrode length. In bulk
LN, velocity matching beyond 40 GHz can be routinely realized
on a 5 cm long electrode with a V; of 3 V [16]. To achieve the
same voltage, a 7 mm electrode on thin-film LN is needed which
would have a velocity matching limited bandwidth >280 GHz.
Moreover, the multilayer structure in a thin-film LN structure, for
example, consisting of an LN device layer, SiO; bottom cladding,
and Si substrate, allows independent tuning of the RF velocity by
designing the thickness of the SiO; cladding without sacrificing
the EO overlap.

Current thin-film LN EOMs are mainly limited by the
ohmic loss of RF electrodes at microwave frequencies. The
ohmic loss (O) of a typical coplanar transmission line follows
a square root dependence of the microwave frequency f due
to the skin effect and a linear dependence on length L, that is,
O=a, f? L, where o, is the ohmic loss attenuation coef-
ficient in units of dB-cm™' - Hz /2. Because the 3 dB EO
bandwidth corresponds to the frequency at which the transmission
line electrode has a loss of O~ 6.4dB assuming the velocity

Fig. 3. Microwave electrode designs for several intensity modulator configurations. (a) X-cut lithium niobate (LN) typically uses a symmetric design
with a ground-signal-ground (GSG) configuration to create a natural push—pull modulation. Z-cut LN may use (b) a GSG push—pull driving configura-
tion, (c) a GSGSG configuration, or (d) a GSSG differential driving configuration.
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is matched [68-70], we can derive an estimated ohmic loss
limited bandwidth as f5ap ~ (6.4/c,vr.2)* V2. Evidently,
breakthrough in V; - L (from 15 to 2V-cm) has been the
main driver for thin-film LN modulators to realize higher EO
bandwidths. It is noteworthy that typical RF losses in current
thin-film LN modulators «, ¢~ 0.7 dB - em b Hz7Y? are
substantially higher than that of commercial bulk LN modulators
o, px~0.2dB- em™' - Hz7'/? [23], due to reduced metal gaps
and thinner electrodes. Taking typical values for both cases, we
obtain f5.4s. 1 ~ 21VZ? GHz V™2 for thin-film LN EOMs and
foappk ~4.5V2 GHz V™2 for bulk LN EOMs, representing
more than 4 times improvement in bandwidth for the same driving
voltage on the thin-film platform.

4. STATE OF THE ART

Since the realization of wavelength-scale waveguides in thin-film
LN [26,61,62,71,72], modulators have been a key topic of research
interest. Earlier works demonstrating the EO effect of thin-film
LN use z-cut geometries with buried ground electrodes [Fig. 2(e)]
[61,62]. The fabricated devices typically have modulation efficien-
cies of ~15V - cm (for MZI) and 1 pm/V (for microresonators),
which is probably limited by imperfect device design [61,62]. The
optical propagation loss of these demonstrations also remained
relatively high particularly for narrower waveguides, owing to the
challenge in LN etching at the time.
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In the past decade, x-cut designs have become increasingly
popular, especially because low-loss hybrid/heterogeneous devices
have been demonstrated to circumvent the LN etching challenge.
Using the x-cut geometry shown in Fig. 2(b), a heterogeneous
LN modulator with a silicon nitride ridge waveguide on thin-film
LN was demonstrated in 2013, featuring a V; of 6.8 V and a
Vz - L product of 4 V - cm [29]. This demonstration significantly
surpassed the V; - L of typical commercial LN modulators. In
2016, this heterogeneous design was further improved to include
traveling wave electrode designs, demonstrating a V; of 3.9 V with
an optical loss of 1.2 dB/cm [57]. More importantly, the device
featured a 3 dB bandwidth of 33 GHz and a 6 dB bandwidth of
50 GHz, showing that the dramatically improved DC modula-
tion efficiency can be extended to RF frequencies [Fig. 4(a)]. In
the same year, an all-LN inverse ridge modulator was reported
featuring a usable bandwidth of up to 110 GHz (3 dB bandwidth
of 40 GHz) [73] with V; = 9V and propagation loss of 7 dB/cm.
The demonstration showed that fundamentally LNOI could work
for modulation frequencies beyond 100 GHz [73]. The V, - L
product of x-cut devices was later improved to 1.8 V- cm using
the monolithic approach with a gap of 3.5 um [Fig. 2(a)] [54]. The
device uses a lumped capacitor design and is therefore limited to a
relatively low bandwidth of 15 GHz by the RC time constant even
with a short device length of 2 mm, which also resulted in a high
Vz of 9V [54]. The 3 dB/cm optical loss is improved from previous
devices but s still quite significant.

2 Device L =5 mm 8-ASK (210 Gbit s
- V=44V |
5 0 * 000
= ‘001"
o' -2 011
2 010’

a -4
2 110
Fidn i
o g . 101"
Vs s0mm=2:3V + OSA 100
-10
20 40 60 80 100 BER =15 x 102
2018 Frequency (GHz) e
(d)
DC1 G
_ Y
—_ o In-phase branch ST e
MMI
. Lo all
S = Quadrature branch s_
g DC3 —_— -
DC2 G

1
1
1
1
1
1
!
!
!
!
!
!
!
|
|
|
|
|
|
1
1
1
1
1
1
1
1
J
[}
|
Grating coupler 1
» 1
|
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
!
!
!
!
!
!
!
|

—— l-branch

0 110 Gbaud QPSK 80 Gbaud 16QAM
a o
oS @0 433
o 13 mm- i E 4 A
§ L e 48 GH. 3 i @g % .
i . t XA
[emmcan| Q@ 828

VE7;mm= 3.1V BW,, > 67 GHz BER = 8.63 x 108 BER = 8.41 x 10°°

PFT0 2 w0 w0 s e 70

2020 Frequency (GHz)

Fig.4. Representative demonstration of integrated lithium niobate (LN) modulators. (a) Heterogeneously integrated LN modulator with silicon nitride
(SiN) as guiding strip on top of LN [57], with permission from The Optical Society of America. (b) Low-voltage and high-bandwidth monolithic modula-
tor [56], reprinted by permission from Springer Nature. (c) Heterogeneously integrated ultrahigh bandwidth thin-film LN bonded on silicon-on-insulator
(SOI) wafers [59], with permission from The Optical Society of America. (d) Coherent in-phase and quadrature (IQ) modulators achieved on monolithic
platform [74], licensed under a Creative Commons Attribution (CC BY) license. (e) Low-voltage SiN on LN thin-film heterogeneous modulator [75],

licensed under a Creative Commons Attribution (CC BY) license.
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An efficient z-cut design on LN thin films heterogeneously
bonded to SOI wafer was demonstrated in 2013 [76]. Here, the
geometry shown in Fig. 2(f) was used in the form of a microring
resonator. The tuning efficiency achieved is 12.5 pm/V, translating
into a voltage-length product of about 3.7 V - cm, which could
be further reduced to 1.8 V - cm if a push—pull differential drive
is used. It should be noted that this high tuning efficiency was
achieved at low frequencies by directly using the silicon ridge as the
bottom electrode, which may require a more optimized design to
operate at high frequencies [76]. The later demonstration from the
same group shows an RC-limited 3 dB bandwidth of 5 GHz, but
with a reduced tuning efficiency of 3.3 pm/V since the transverse
electric mode and the 713 component were used.

Breakthroughs in the fabrication of low-loss LN waveguides in
2017 and 2018 [35-38,44] and the potential for a better V; - L
spurred new interest in monolithic LN modulators, in particu-
lar with x-cut designs, owing to the fabrication and microwave
design convenience. Using an LN thin film on a quartz substrate
and the geometry shown in Fig. 2(a), a modulator with a V;; of
1.5V, a voltage—length product of 2.2V - ¢cm, and a 3 dB band-
width of 20 GHz is produced, with usable bandwidths of up to
about 45 GHz [77]. Using better velocity-matched traveling wave
designs and a low-loss optical waveguide, a monolithic single-drive
LN modulator with a V;; of 1.4V, a 3 dB bandwidth of 45 GHz,
and an on-chip loss of ~0.5 dB [Fig. 2(a) configuration] has been
demonstrated [56]. In the same series of devices, modulators
with 3 dB bandwidths as high as 100 GHz have been achieved
with a relatively low half-wave voltage of 4.4 V [56] [Fig. 4(b)].
At the same time, a novel hybrid approach was demonstrated.
Silicon waveguides are used for most of the passive parts of the
PIC and when EO modulation is needed, the optical mode is fully
transferred into a dry-etched thin-film LN rib waveguide [50].
This hybrid/monolithic approach allows the integration of LN
modulators with silicon photonics while maintaining essentially
low V3 - L products (2.2 V - cm). Heterogeneous platforms using
the configuration shown in Fig. 2(c) have also shown modulators
with a high 3 dB bandwidth >106 GHz while having a moderate
driving voltage of 13V (V- L = 6.8 V) [59]. Most recently, more
complex in-phase and quadrature (IQ) modulators for coherent
communications have also been demonstrated, with each I1Q
arm featuring a similar level of performance to single modulators
[Fig. 2(a) configuration] [74] [Fig. 4(c)], all exceeding those of
commercial modulators in bandwidth and driving voltages. It
should also be noted that with optimized design, heterogeneous

187) [74)156] [82] [74] _[56]
(a) 0 LBl rase (62) [74) (561
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modulators have also achieved low V;; of 1.3 V while maintaininga
3 dB bandwidth of 29 GHz [75] [Fig. 4(e)].

In comparison to x-cut designs, z-cut modulators have been
experimentally explored much less so far despite our prediction
of a similar or even better V, - L. We believe this is due to the
more demanding processing requirements such as the need for
a deeper LN etch for the z-cut monolithic approach. A recent
work using a z-cut design showed an excellent tuning efficiency of
20 pm/V at DCand 9 pm/V at RF frequencies [78]. For the hetero-
geneous approach, a metal electrode must be deposited on top
of the bonded LN thin film. Such post-processing requirements
could compromise CMOS compatibility, possibly reducing the
attractiveness of this approach. As processing techniques advance,
we anticipate that more z-cut modulators will appear owing to
the future due to the inherent advantages of the z-cut approach in
terms of differential drive and in-plane bending electrodes.

To visualize the rapid evolution of thin-film LN modulators,
we put the currently achieved performance metrics in two impor-
tant parameter trade-spaces shown in Fig. 5 (see also Table 2,
Appendix A): phase shifter loss versus voltage and bandwidth
versus voltage. We also selected a few recent representative works
from other popular modulator platforms and compared their
performances with thin-film LN EOMs. From Fig. 5(a), we can
see that thin-film LN EOMs lead with a large margin compared
to many other platforms. Such low-voltage and low phase shifter
loss modulators are critical for scaling up the complexity of inte-
grated EO circuits. Regarding voltage-bandwidth performances
[Fig. 5(b)], we can see that thin-film LN modulators are already
on a par with, if not outperforming, most other on-chip platforms
and commercial bulk LN modulators that have been optimized for
decades.

Monolithic LN ridge modulators have slightly better over-
all performance than hybrid ones, but a more comprehensive
evaluation must be made to consider the right platform for future
applications. A strong motivation for a hybrid approach is to allow
thin-film LN to be used in the wafer backend processes of silicon
photonics processing technology. This would allow one to harness
the extensive photonics libraries built for the silicon photonics
[41,71]. Here, the key is to design the LN processing to take place
as close to the end of the silicon waveguide fabrication cycle as pos-
sible, for example after wafers are freed from the CMOS fabrication
steps. One can directly transfer (stamp) LN films, either in the form
of an entire wafer or smaller pieces, onto waveguides predefined in
other photonic materials including silicon [e.g., Fig. 2(c)].
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State-of-the-art performance comparison between thin-film lithium niobate (LN) and other platforms using data from previous research.

(a) Phase shifter loss and half-wave voltage trade-off, with data from [29,46,50,52,54,56-58,73-75,77,79-95]. Dashed lines show voltage-phase shifter
loss trade-off curves. (b) Voltage—bandwidth trade-off, with data from [23,29,46,48,50,54,56,58,59,74,75,79-81,84-94,96-101]. Dashed lines represent

the expected voltage-bandwidth performance for a given electrode modulation efficiency and transmission line loss.
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5. PERFORMANCE PROSPECTS OF FUTURE LN
MODULATORS

Considering the short history of thin-film LN modulator devel-
opment, it is reasonable to expect further improvements in
almost all key performance areas. In this section, we discuss the
required design and advances in fabrication. We envisage future
integrated LN modulators will simultaneously achieve CMOS-
level drive voltage, bandwidth exceeding 100 GHz, on-chip
loss <0.5 dB, optical power handling at the watts level, linear
EO response, extinction ratio >50dB, and excellent stability
[Fig. 1(a)]. Here we focus our discussion for telecom wavelengths
(e.g- 1.55 um). For shorter wavelength applications suchas 1.3 pm
and visible wavelengths, thin-film EOMs are expected to have
even better voltage-bandwidth performance due to the reduced
phase shift requirement and better optical confinement for further
reduced electrode gaps.

A. Voltage and Bandwidth

There is substantial room to improve the voltage—bandwidth per-
formance of LN EOMs much beyond what has been demonstrated
today [blue dashed curve in Fig. 5(b)]. To overcome the dominat-
ing ohmic loss in transmission line electrodes, design concepts
including thick and asymmetric electrodes are being explored
[66,102,103]. Recently, EOMs with 0.26dB - em” ' Hz /2
electrode loss on thin-film LN have been experimentally
demonstrated while maintaining V- L of 2.3V-cm using
microstructured electrodes [104], corresponding to an ohmic
loss limited EO bandwidth of 114 V> GHz V2. This points to
possible future modulators with a half-wave voltage of <1 Vand a
3 dB bandwidth over 100 GHz simultaneously [Fig. 1(a) BW and
V; axes].

At frequencies approaching or extending beyond 100 GHz,
other sources of RF losses including linear dielectric absorption
loss and substrate radiation loss should also be considered. LN
crystals have a relatively low-loss tangent 0of 0.004 [105] and can be
bonded to near-ideal microwave substrates such as quartz. In the
configuration reported in [104], RF absorption loss is expected to
contribute less than 15% of the total electrode loss up to 200 GHz.
Substrate radiation loss is also significantly suppressed in thin-film
LN EOM:s owing to the better confined microwave mode from the
reduced electrode gap. Experimental demonstrations with up to
500 GHz usable bandwidth have been reported [58] in contrast to
bulk LN modulators that face strong attenuation from substrate
radiation beyond 70 GHz. Detailed contributions in thin-film LN
from each loss channel across different substrates would require
further theoretical and experimental investigations.

B. Size

The footprint of a thin-film LN modulator is ultimately limited
by the V; - L product, which translates into a size requirement
for achieving a certain drive voltage. We believe that the current
demonstrated V3 - L product of 1.5—-3V.cm for thin-film
LNs faces strong challenges for large improvement [Fig. 1(a),
Vi + L axis], without significant trade-off with optical loss and/or
microwave loss. It is possible to further improve V; - L without
sacrificing optical loss by introducing new materials. For example,
a dielectric cladding with a low optical index and high RF permit-
tivity can facilitate electric field penetration into etched LN ridges
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without compromising optical confinement. Using magnesium
oxide (MgO) as a cladding material, which has an optical refractive
index of ~1.7, and RF permittivity of 10, the DC V; - L in the
x-cut configuration could be reduced compared to that with a
SiO; cladding. However, other factors such as the RF loss, design
changes (e.g., impedance and velocity matching), and process
compatibility should be carefully evaluated.

With a somewhat limited room for V; - L improvement, the
length of the thin-film LN modulator active area will likely remain
at the millimeter to low centimeter scale to achieve a balanced
bandwidth and voltage performance. Such V3 - L is comparable
to reverse-biased high-speed silicon modulators [91,93,101,1006],
although it is sometimes significantly larger compared with other
modulator technologies such as indium phosphide (InP) [79,80],
silicon-organic hybrid [85,86,92,94], and plasmonic platforms
[81,83,95]. For thin-film LNs, a 5 mm long modulator would
havea V; ~ 4V but with a bandwidth >100 GHz and negligible
phase shifter loss. This is to be compared to V; ~ 6.3V, 30 GHz
bandwidth, and >5 dB phase shifter loss for a Si modulator with
the same size [91]. The significant performance advantage of a
thin-film LN relative to a silicon modulator is clear. However, to
fully exploit the low-voltage and low-loss properties of thin-film
LN devices (e.g., Vi of ~1V), electrodes as long as 20 mm would
be of interest [55]. For applications that are sensitive to package
lengths such as optical transceivers, the electrodes can be wrapped
around to reduce the overall length while maintaining a small area,
taking advantage of the small bending radii available in both x- and
z-cut thin-film LN platforms.

C. Optical Insertion Loss

The LN phase shifter loss has shown the potential to reach
<0.03 dB/cm [35,40] [Fig. 1(a), PS IL axis]. Achieving this
value is important for cascaded or ultralow-voltage devices. For
standalone modulators, the dominant source of optical insertion
loss is the coupling between the LN and the optical fibers. In
principle, the hybrid approach can leverage the silicon photonics
component library and achieve <1 dB/facet coupling loss [106].
For the monolithic approach, inverse tapers and grating couplers
have been demonstrated to alleviate optical mode mismatch with
standard optical fibers. Because the refractive index of LN is close
to that of silicon nitride, it is reasonable to believe that a similar
interface loss can be achieved compared with silicon nitride. So far
inverse tapers-based designs have allowed fiber-to-chip coupling
loss as low as 1.7 dB/facet [107—109] and 0.52 dB/facet more
recently [110]. Grating couplers directly etched in LN have also
shown efficiencies of the order of 3.5 dB/facet [111-114]. Gratings
made in the amorphous silicon layer deposited on top of LN have
been shown in theory enabling a total fiber-to-fiber loss of ~1.4 dB
[115]. Considering the low on-chip loss already demonstrated,
integrated modulators with an overall fiber-to-fiber insertion loss
of <2 dB can be envisaged. Such an achievement would be a sig-
nificant milestone for both classical communication and quantum
photonics.

D. Extinction Ratio

A high extinction ratio is desired for many applications including
optical switching, quantum photonics, and metrology. Current
thin-film LN modulators typically have 20-30 dB and sometimes
up to 40 dB extinction ratio on the chip [50], which can compete
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with mature integrated photonics platforms. Importantly, the
absorption coefficient of LN does not change with an external
modulation voltage, fundamentally avoiding the coupling between
the real and imaginary parts of the refractive index that leads to
the degradation of the extinction ratio commonly seen in sili-
con [13] and InP modulators [15]. While the limiting factor of
the extinction ratio in thin-film LN EOMs has not been fully
explored, it is believed to be due to non-optimized waveguide
[116], beam splitter designs, and/or fabrication imperfections
[117]. Furthermore, the excellent scalability of the LN platform
allows more complex configurations such as cascaded MZI [118]
to increase the extinction ratio to >50 dB with a small overhead on
the device footprint [Fig. 1(a) ER axis].

E. Linearity

Modulation linearity is an important performance metric for
analog links and digital multilevel modulation schemes [119].
Traditional LN is known for its excellent linearity performance
because the refractive index (hence optical phase) shifts linearly
with external electric field in the Pockels process. The linearity
of an LN modulator is mostly limited by the non-linearity of
the sinusoidal transfer function of the MZI [120]. Only a few
experiments have been carried out in thin-film LN to measure
important linearity metrics such as spurious-free dynamic range
(SFDR) [48,50,60,121]. These initial results have shown prom-
ising performance numbers (third-order intermodulation of the
SFDR up to ~100dB - Hz*?) when compared to traditional LN
modulators under similar measurement conditions (e.g., input
power and noise floor) with room for improvement. The current
numbers are likely limited by the relatively high insertion loss due
to unoptimized fiber—chip coupling and non-ideal noise baseline
during testing. Improving the overall link loss using the techniques
discussed in the previous section will likely lead to better a SFDR
performance. Even more exciting is that the integrated LN plat-
form readily allows more complex linear modulation schemes to
be integrated in a small footprint, such as ring-assisted MZIs [8]
or cascaded MZIs [122], which could provide the best in-class
linearity performances comparable to or beyond what has been
achieved on bulk LN [Fig. 1(a) SFDR axis].

F. Photorefraction and DC Drift

Crystalline Pockels materials such as LN, are subject to effects
such as photorefraction. When a defect in the crystal is excited
by light, it creates a spatial charge field that can have a macro-
scopic lifetime of the order of seconds to even hours due to limited
material conductivity [123]. The spatial charge field induces an
undesired effective EO phase shift, which can lead to bias drift in
the modulator. This behavior can become even more complicated
when an external DC bias field is present [124,125]. In this case,
the photoinduced space charge not only creates a field that can
cancel the external DC bias, but also varies in time and depends on
optical intensity. This is because the spatial charge distribution is
determined by a dynamic balance between photoinduced charge
generation and photoconductive charge redistribution.

There are several ways to address this challenge. First, the
photorefractive effect quickly rolls off for high-frequency sig-
nals (>1 MHz) for thin-film LN EOMs, limiting the impact
to low-frequency applications and long-term drifts [126,127].
Historically, photorefraction and DC bias drift problems in LN
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have been addressed through various buffer layer material choices
for faster dissipation of the charge buildup, as well as external
feedback bias controllers [16]. For thin-film LN, research in these
areas, especially long-term stability tests, has been limited so far.
The low-frequency and long-term performance of thin-film LN
modulators could be further improved by adopting approaches
similar to those used in bulk LN, as well as surface treatment and
cladding material optimization.

In thin-film LN, thermo-optic phase shifters can also be
used for DC bias control with relatively simple designs. Initial
evidence suggests that heater-based DC phase shifters can be more
stable than EO phase shifters in thin-film LN EOMs [74,128].
Nevertheless, the relatively high electrical power consumption
(tens of milliwatts) could be unfavorable for power-sensitive
applications. Because LN is also an excellent piezoelectric mate-
rial, methods such as electro-mechanical tuning, which can be of
extremely low power consumption and independent of optical
intensity, can also be attractive solutions [129]. Alternatively, DC
bias can be controlled on mature material platforms such as silicon
using heterogeneous approaches [50].

G. Power Handling

In traditional LN components, photorefraction can also cause
significant optical damage at high optical powers >1 W at telecom
wavelengths [16,123]. Photorefractive damage can be even worse
in the visible range, where many devices are often made with MgO-
doped LN crystals to counteract photorefraction. Intuitively, the
power handling capability of thin-film LN EOMs could be more
problematic, because the optical power density is increased by as
much as 100 times when the optical mode diameter is reduced
from ~10 pm to <1 pm. However, as demonstrated experimen-
tally in microring resonators [39,43,107], estimated circulation
powers of up to 150 W at telecom and mid-infrared wavelengths
have been achieved without inducing damage to the waveguides,
even for congruent LN films without MgO doping. The damage
threshold of thin-film LN devices at visible wavelengths has not
been studied in detail, but is likely to also be higher than bulk
LN, considering that significant amounts of second-harmonic
and third-harmonic powers have been observed in non-linear
optical devices [43,130]. While photorefraction is still present in
thin-film LNs and can cause device instability for microresonators
at intermediate optical power levels [126,127,131,132], it has
a saturation effect beyond a certain power level [133], allowing
room temperature use at high input optical powers. Based on the
waveguide circulation powers observed in microring resonators,
an EOM capable of 10 W-level optical power handling can be
envisaged if fiber-to-chip coupling can be designed to handle such
optical power [Fig. 1(a) P axis]. Although the better power han-
dling in thin-film LN is not fully understood yet, one possibility
is that the largely increased index contrast diminishes the effect of
photorefraction, which can be detrimental for traditional systems
with index contrasts <0.02. For high-power or visible applications
where the photorefractive effect is expected to be stronger, mate-
rials with similar properties to LN but less photorefractive effect
such as lithium tantalate (LiTaO3) or MgO-doped LN can be used
[134,135]. In particular, LiTaO3 has a similar EO coefficient to
LN while simultaneously having a cutoff frequency of 280 nm
[136]. Thessignificantly increased power handling capability is very
important for analog photonics links to achieve the desired gain
and noise figures [119].
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H. Scalability

The next question is the scalability of integrated LN EO circuits,
and whether these PICs can maintain the performance edges while
scaling up. The scalability and manufacturability fundamentally
dictate the practical functionality and cost of PICs. Heterogeneous
bonding of LN film to existing platforms such as SOI can be readily
scaled up to large sizes if a reliable and cost-effective backend proc-
ess can be developed [48,137]. A major challenge here is how to
preserve the performance advantage with limitations on the design
space imposed by the backend compatible integration process.

At the same time, exciting developments of the front-end
processing of LN enables complementary solutions in the mono-
lithicapproach. LNOI wafers are now commercially available at up
to 6-in. diameter, with an 8-in. diameter possible in the foreseeable
future [138]. Recently, it has been shown that a low optical loss of
<0.3 dB/cm can be consistently achieved across 6-in. thin-film
LN wafers using mass production techniques such as deep ultravio-
let lithography [41]. This shows that high EO performance metrics
can be achieved on the wafer scale while maintaining low cost
and high yield. While the silicon photonics industry can produce
chips in extremely large volumes, many photonics applications,
including telecommunications, only require a small fraction of the
volumes compared to electronics. Therefore, smaller wafers for LN
may still hold the potential to address these challenges with their
performance advantage and potential low cost.

Because the LNOI platform has excellent passive and EO
components, it is also possible to think about integrating lasers
and detectors on LN using similar heterogeneous integration
approaches developed for silicon photonics to achieve full pho-
tonic modality with ultrahigh performance. In addition, the
versatile material properties of LN can enable additional integrated
LN functionalities. For example, non-linear optical processes can
be efficiently realized in periodically poled LN [53,130,139-141].
EO polarization rotation [142] and acousto-optic modulation

Performance
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using piezoelectricity in LN [143—146] can be realized to electroni-
cally control the polarization and frequency on the chip. Scaling
such systems could enable new applications in analog, sensing, and
quantum photonics.

6. PERFORMANCE COMBINED WITH
COMPLEXITY

Moving forward, LN EO devices have been and will continu-
ously be improved in both performance and circuit complexity
(Fig. 6), opening up many exciting new areas of applications.
Using the design concepts for basic phase modulation elements
shown in Figs. 2 and 3, a range of fundamental building blocks
for a complex EO circuit, including phase modulators [87],
intensity modulators, microring modulators [46,48,50,54—
56,60,73,77,82,118,147,148], photonic crystal modulators
[149], and Bragg grating-based modulators [150,151], have been
demonstrated.

On the one hand, further improving the performance of these
individual components could move them closer to practical
applications. For example, improving the voltage and bandwidth
could provide significant power reductions in datacom or telecom
scenarios. Further reducing the coupling loss and increasing the
optical power handling capabilities, could lead to paradigm shifts
in analog photonics links [119] such as radio-over-fiber systems
[152], RF beamforming [153], and imaging applications [154].
Extending functionalities of these basic EO elements can enable
applications such as EO comb generation and EO modulation at
visible [42] and mid-infrared wavelengths [155].

On the other hand, further increasing the PIC complexity could
lead to large-scale, high-speed, low-power photonic switching
networks [156] that can be used for data switching [157], photonic
neural networks [158], photonic quantum computing [159,160],
and fast photon control in ion-trap quantum systems [161].

Complexity

Fig.6. Complexity and performance development prospects for thin-film lithium niobate modulators. A higher complexity indicates a larger number
and/or more diversified optical elements. IM, intensity modulators; PM, phase modulators; Bragg, cavity-like modulators based on Bragg gratings; PhC,

photonic crystal cavity modulators.
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With both improved performance and circuit complexity, we
can envisage the development of a new generation of integrated
EO systems with unique functionalities. For example, integrating
additional structures with the already highly performing modula-
tors could lead to drastically improved modulation linearity, ideally
suited for analog photonic links [8,122]; coherently driving few
coupled microring modulator systems could lead to low-insertion-
loss and high-efficiency frequency shifters [162]; and further
integrating such coupled resonator systems with superconduct-
ing electrical circuits could enable a quantum coherent interface
between optical and microwave photons [163,164]. Cascading
intensity and phase modulators could lead to flat and efficient EO
comb generators [151], and a pair of EO combs with a frequency
shifter [162,165] can be used to form an aliasing-free dual-comb
subsystem [166]. Ultimately, large-scale high-performance inte-
grated LN circuits (top right of Fig. 6) could enable novel photonic
phenomena and functionalities such as topological control which
uniquely manipulate the frequency and momentum of light
[167,168]. These large-scale PICs can also allow more compact
and power-efficient optical subsystems. For example, a fully
integrated wavelength-division multiplexed optical transmitter
system could be realized by monolithically integrating a flat and
high-efficiency comb generator with a coherent modulator array, as
envisaged by several earlier works [169,170].

7. CONCLUSIONS

In this review, we have shown that integrated thin-film LN mod-
ulators are a promising solution for next-generation EO interface
owing to its all-around performances and high potential for scal-
ability. The reduced power consumption and high bandwidth of
thin-film LN EOMs could have an immediate impact on the estab-
lished applications in telecom, datacom, and analog photonics,
with the prospect of providing disruptive solutions for quantum
photonics, sensing, and artificial intelligence applications. To
bring current research and EOM demonstrations into practical
solutions, it is critical to achieve an efficient interface with the
outside world by either optimized fiber—chip coupling or hybrid
integration to other platforms. This will allow individual LN
components to start manifesting their performance edges at the
system level.

Future integrated EOMs and EO circuits demand ultrahigh
speed, low power consumption, and diverse functionalities that
thin-film LN promises to offer. While it is under intense research
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on how exactly to connect thin-film LN to the rest of the photonics
modality under techno-economic constraint, the outlook for full-
fledged thin-film LN EO circuits is unparalleled—the combined
low-loss passive optic, electro-optic, acousto-optic, and non-linear
optic functionality on a monolithic material platform provides
an extremely powerful toolbox that we are just starting to piece
together.

APPENDIX A
1. MODULATOR FIGURES-OF-MERIT DEFINITION
We clarify our definitions for the half-wave voltage, EO band-

width, extinction ratio, and insertion loss. The half-wave voltage
Vz is defined as the voltage required to change the phase of light in
a modulator by 7. In an intensity modulator, this refers to the rel-
ative phase change between the two MZI arms (Fig. 7). Note that
Vz is truly meaningful when the frequency of the measurement is
specified as the voltage, which could vary drastically for different
testing frequencies due to RF loss, impedance, velocity matching,
photorefractive effect, etc.

The EO bandwidth of a modulator is commonly defined as
either the 3 dB or 6 dB roll-off in the EO response curve of a modu-
lator relative to a reference frequency (e.g., at 1 GHz) where V; is
defined (Fig. 7). The 3 dB (6 dB) point corresponds to an increase
in V; by a factor of 4/2(2) from the reference lower frequency. The
“useful bandwidth” is somewhat arbitrary, since a smooth response
beyond the 6 dB roll-off may still be interesting for certain appli-
cations. The cutoff frequency refers to a sharp roll-off in response
beyond certain frequencies due to, e.g., velocity mismatch. The
extinction of a modulator specifies the ratio between the maxi-
mum and the minimum transmissions in the modulator transfer
function (Fig. 7). Note that while this number is commonly only
specified for low frequencies, high-frequency performances may
vary especially in the presence of modulation-induced absorption.

The IL is the amount of optical power loss through the modu-
lator. Here we define the insertion loss as the excessive loss from a
modulator when it is biased at the maximum transmission (Fig. 7).
In this case, an ideal modulator can have zero excessive loss. In
other definitions that are appropriate for, for example, calculating
link losses (which we did not use in this paper), insertion loss
may include the unavoidable loss from the modulator transfer
function, such as an extra 3 dB for an intensity modulator or
voltage-dependent modulation loss for an operating modulator
biased close to null transmission.

/ V_ @ freq
0dB P
-3dB
6 dB ¢
3dB BW 6 dB BW Cut-off
Frequnecy

Definition of various intensity modulator performance metrics. (a) Optical transmission spectrum of a Mach—Zehnder interferometer modula-

tor with various parameters. IL is the insertion loss; ER is the extinction ratio; V; is the half-wave voltage. (b) Typical electro-optic response curve of a modu-
lator. The vertical axis is the ratio of the output electrical power on the photodetector normalized to a low-frequency response at a specified frequency (V;

@freq).
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Table 1. Simulated Electro-Optic Efficiencies for Various Modulator Designs
Type Z-Cut Monolithic Z-Cut Hybrid Z-CutBuried Ground ~ X-Cut Monolithic X-Cut Hybrid
R - AR o ST
Geometry E G E A E 3 B E E O
Slab thickness (s) 300 nm 1.5 um 1.5 um 300 nm 300 nm
Ridge height (4) 1.2 um 220 nm (Si) 1.2 um 300 nm 300 nm (SizNy)
Ridge width (w) 800 nm 400 nm (Si) 800 nm 800 nm 2 um (SizNy)
Metal gap (g) 3.2 um 3.4 um 3.2 um 5 um 6.5 um
Cladding thickness () 700 nm 200 nm 700 nm 800 nm (notshown) 800 nm (not shown)
Substrate Si Si Si Si Si
Vz + L (push—pull) 2.05V-cm 53V -cm 2.6V-cm 2.25V-cm 3.6V-cm
Electrode geometry Differential GSGSG  Differential GSGSG Differential GSGSG GSG GSG
2. MODULATION EFFICIENCY OF EXAMPLE DESIGNS v, I v,L B BW
Here we provide a few examples of EO shifter designs with x- and Type (V) (mm) (V-cm) (dB/cm) (GHz) Ref.
z-cut geometries. The goal is to quantify typical V; - L values Monolithic 23 10 23 03 30 [56]
under similar optical loss constraint. For a full high-speed EOM Monolithic 1.4 20 2.8 0.3 45 [56]
design, velocity matching, impedance and RF loss should be Monolithic L5 15 2.25 0.5 20 (7]
considered together with V; - L. To calculate V; - L, we first Hybrid/ 12 1 12 0.3 175 [89]F
simulated the optical modes using the finite element method monolithic
(Lumerical). While narrower gaps can reduce V5 - L, this comes Hybrid/ 8.4 3 2.52 0.3 67 (891"
at the expense of added optical loss due to metal absorption. We monolithic
choose the metal gap by finding the distance at which the added Monolithic 2.6 12 3.1 0.3 56 [82]"
loss due to metal absorption is <0.2 dB/cm. The RF mode is Monolithic 9 2 1.8 3 15 [54]
simulated at 10 GHz using finite element method (Ansys HESS Monolithic 3.8 15 5.7 7 20 [58]°
software). We performed the EO overlap [63] to obtain RF V; - L Monolithic 1.9 13 2.5 0.15 48 [74]
for each modulator design, which assumes a push—pull configu- Monolithic 3.1 7.5 2.3 0.15 70 (74]
ration. Note that it is possible to further optimize each modulator Monolithic 9.4 10 9.4 1 40 (731
design and reduced V; - L by methods such as fine-tuning wave- SOI 7 2 1.4 22 58 (90]
guide geometry, adding dielectric buffer layers, and choosing SOI 10715 1.6 24 225 [101]
dielectric material. SO1 725 45 3.3 15 32 (93]
SOI 4.1 3.9 1.6 17.5 21 [91]
SOI 6.3 1.9 1.2 29.5 30 [91]
3. LIST OF STATE OF THE ART DISCUSSED IN THE InP 15 4 12 15 80  [80)°
TEXT InP 0.77 10 0.77 2.5 40 [79]
In Table 2, we list the selected samples of EO modulator used g}asmonfcs 54 0015 0.008 6400 500 [95]
for benchmarking in Fig. 5. Owing to the varying reportin asmonics 3 0.02 0.006 5000 200 [83]
© & & & ying feporting Plasmonics 7.3  0.015 001 6600 100  [81]
SOH 1.6 0.6 0.1 19 50 [85]
Table 2. List of Electro-Optic Modulators Used in SOH 0.21 1.5 0.03 39 20 [94]
Fig. 5 SOH 148 028  0.04 25 40 [92]
v, L VL a BW SOH 18 8 14 22 68 [86]
. AlGaAs 1 1 01 45  —  [88]
Hybrid 1334 5 667 16 30  [48] Legacy LN 22 >40(est) >88  — 10 [99]
Hybrid 134 5 6.7 0.6 106 [59] Legacy LN 5.5 >40(est) >20 — 35 [99]
Hybrid 68 6 4 5 — 29 Legacy LN 2.9 >40(est) >11  — 25 [100]
Hybrid 6.3 6 3.8 1.2 1 [52]ﬂ Legacy LN 3.5 >40(est) >14 — 35 [96]
Hybrid 39 8 31 1.2 33 571 Legacy LN 1.2 >40(est)  >9 — 30 [23]
Hybrid 13 24 312 028 29  [79) = — .
Hybrid 25 12 3 7 3 (46] bLOSS e.stlméted fro.m thci same group using similar technologies.
. b Requires differential drive voltage.
Monolithic 35 20 7 0.3 40 (87] ‘Double-pass modulator V, and V, L doubled in Fig. 5 to reflect single pass
Monolithic 21.5 1.35 2.9 15 — [97] performance.
Monolithic 12 45 5.3 3 — [98] “Voltage doubled in Fig. 5 to reflect differential drive.
Hybrid/monolithic 7.4 3 2.2 0.98 70 [50]
Hybrid/monolithic 5.1 5 2.5 0.98 70 (50] conventions in each reference (e.g. V can be defined at different
Monolithic 4.4 5 2.2 0.3 100 [56]

(Table continued)

frequencies), the listed data is intended to show a trend, instead of
being used for exact value comparison.
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