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Abstract—Lithium niobate (LN), spurred by its success for fiber-
optic communications, has remained the material of choice for
high-performance electrooptic (EO) modulators. The past decade
has seen a surge in efforts aimed at miniaturizing LN EO mod-
ulators with higher order modulation formats, data centers, and
optical interconnect applications in mind. The state-of-the-art of
these compact modulators, with a focus on fabrication, design,
and high-speed performance is reviewed. Guidelines for design
optimization and key performance metrics of these important in-
tegrated photonic devices are presented. Furthermore, an outlook
on the road toward commerecial viability, along with potential novel
applications is provided.

Index Terms—Electrooptic modulation, optical waveguides, mi-
crowave photonics, nanophotonics, optical fiber communication,
photonic integrated circuits, silicon photonics, electrooptic devices.

1. INTRODUCTION

ITHIUM niobate (LN) electrooptic (EO) modulators are
L widely available as packaged commercial off-the-shelf
(COTS) components from several suppliers (e.g., [1]-[6]). Nu-
merous technological advances followed the development of LN
EO modulators for high-speed communications [7]-[9] and op-
tical switches [10]-[12]. Waveguide propagation loss [13], [14],
coupling loss [15]-[17] and thermal and direct current (DC) drift
effects [18]-[20] have been suppressed along with advances in
packaging. Modulation bandwidths are increased thanks to im-
proved radio-frequency (RF) design considerations [21]-[25].
Finally, the development of erbium-doped fiber amplifiers was
instrumental in the deployment of long-haul optical transmis-
sion systems, in which LN EO modulators play a central role
and have enjoyed tremendous success [26]-[28].

Meanwhile, coherent optical transmission has been advanced
by wavelength division multiplexing (WDM) [29]-[31] and
higher order modulation formats [32], [33]. More recently, short
reach optical interconnects have become important for data
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centers [34]-[36], and for potential integration with electron-
ics [37], [38]. The ability to form compact optical modulators,
and integrate many of them on a chip is vital to the continued
development of these domains.

The low-loss stripe waveguides of COTS LN EO modulators
are usually formed by proton exchange (PE) [39]-[41] or in-
diffusion of titanium [13]-[15], [42]. These low-index-contrast
waveguides present poor optical confinement leading to cer-
tain diminished performances, particularly high drive voltages,
length and bending radii [43]. These factors render them incom-
patible with the fundamental philosophies of modern integrated
photonics — compact devices, low drive voltages and power con-
sumption, small bending radii, and dense on-chip integration.
Nonetheless, they present remarkable modulation bandwidths,
in excess of 100 GHz, and excellent performance, e.g., high
extinction ratio for digital and high linearity for analog appli-
cations [42], [44]. These positive attributes have motivated the
pursuit of solutions for the aforementioned shortcomings, to-
wards the realization of miniaturized LN EO modulators—the
focus of this review paper.

For completeness, we mention that LN is not the only ma-
terial pursued for compact modulator applications. The free-
carrier plasma-dispersion effect (sometimes wrongly confused
with the true EO or Pockel’s effect) has been used in silicon-
on-insulator (SOI) waveguides to form modulators [45]-[47].
Electroabsorption (EA) modulators on III-V compound semi-
conductors, e.g., indium phosphide (InP) [48]-[50] as well as
silicon-germanium (SiGe) [51], [52], are well-established, and
have been heterogeneously integrated on the SOI platform [51]—
[53]. Spin-on EO polymers have been used on the SOI platform
as well [54]-[56]. Each of these approaches has its benefits
and shortcomings. Silicon optical modulators can be directly
formed on SOI wafers using CMOS-compatible processing, but
at the cost of limited dynamic electrical extinction [57], [58]
and linearity [59]. III-V EA modulators also usually present low
extinction ratios [60] and generally have larger cross-sections
than the silicon plasma dispersion modulators, leading to much
larger bending radii. The reliability of polymer EO modulators
has been a concern, although stable high temperature operation
has recently been demonstrated [61]. A detailed comparison on
the technical pros and cons of all these different platforms and
predictions on their commercial success and potential market
share is beyond the scope of this work; this paper focuses on
compact LN modulators.

Section II describes the fabrication of compact LN EO mod-
ulators. Section III reviews the state of the art and touches upon
digital and analog system requirements. Section IV addresses
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Fig. 1. (a) Conventional diffused LN waveguide with low confinement and
large mode area; (b)-(d) LN-on-SiO2 waveguides (on either LN or Si substrates):
(b) proton exchanged, (c) rib loaded, and (d) dry etched; (e) LN platelets bonded
on top of SOI waveguides; (f) Silicon-on-LN waveguides; (g) Mechanically-
thinned LN waveguides adhesive-bonded to silicon.

the design of such modulators. Section V outlines advances re-
quired for commercial viability and potential applications, and
Section VI presents our concluding remarks.

II. WAVEGUIDE PLATFORMS AND THEIR FABRICATION

Cross-sectional schematics of the major modern LN wave-
guide platforms developed in recent years and used for modula-
tors are shown in Fig. 1. A schematic of conventional diffused
waveguides in bulk LN single crystals (Fig. 1(a)) is also shown.

Fig. 1(b)—(d) depict three approaches for forming thin-film
waveguides on thermally-exfoliated thin-film LN on SiO,. They
are proton-exchange, rib-loading with a different material, and
dry etching of LN, respectively. These thin-film LN wafers are
commercially available in 75-mm diameter on both LN and
Si substrates. We expect that these thin film LN wafers will
likely be available in 150 mm diameter in the near future —
single-crystalline LN wafers are commercially available up to
150 mm, and the bonding technology is sufficiently mature.

A different approach, enabled by the maturation of thermally
exfoliated LN thin film technology, is shown in Fig. 1(e). Here,
sub-micrometer-thick platelets of LN are bonded on SOI us-
ing special transfer techniques, which do not damage the thin
platelets. The Si on LN platform, shown in Fig. 1(f), employs
a different approach of patterning thin films of silicon on bulk
LN substrates. Both single-crystalline and amorphous thin films
have been utilized, as discussed later. Finally, Fig. 1(g) shows
an approach based on mechanical thinning or polishing. A pat-
terned LN wafer is adhesive-bonded to a Si wafer. The LN
substrate is mechanically thinned down to form the thin film. In
the following, the fabrication of compact modulators on these
platforms is discussed.

A. Substrate Fabrication

The first step towards realizing compact EO modulators and
other devices using LN is the ability to slice thin films of single
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crystal LN from bulk LN wafers and bond them to transpar-
ent low refractive index substrates, while maintaining the EO
property of LN. This approach has provided superior ferro-
electric thin film quality compared to other approaches, such
as molecular beam epitaxy [62], pulsed laser deposition [63],
sputtering [64], chemical vapor deposition [65], and sol-gels
[66]. Since LN is anisotropic, the crystal orientation of a wafer
is of paramount importance to realize the desired EO effect. LN
wafers are commercially available with many different orien-
tations. Among them, X, Y and Z-cut wafers are important for
photonic applications.

The workhorse of forming thin films of LN, exploited in the
approaches of Fig. 1(b)—(e), is helium (He) ion implantation.
A crystalline LN surface is bombarded with He ions at a spe-
cific angle, energy, and dose. The ions lose their energy to the
LN crystal, through nuclear collisions and electronic excitation,
and stop at a particular penetration depth, where they damage
and thereby physically weaken the crystal. This depth is char-
acterized by a variety of statistical measures. Its average and
deviation are called the projected range and longitudinal strag-
gle, respectively. The dependence on He ion energy is shown in
Fig. 2, estimated using a Monte-Carlo simulation package [67].
The projected range provides an initial estimate of the final thin-
film thickness, while the longitudinal straggle is indicative of
the size of the implanted or damaged layer. There are two meth-
ods to forming thin films of LN using He-ion implantation, as
follows.

1) Crystal Ion Slicing: The first method based on ion im-
plantation, called crystal ion slicing (CIS), was established in
the late 1990s. A single crystal LN wafer is implanted with
He ions at a few MeV, annealed, and wet-etched in hydrofluoric
acid, to detach a single crystal free-standing LN thin film. Rapid
thermal annealing is used to recover the material properties of
LN which are degraded after the implantation step [68]. CIS
is suited for LN films around 10-pm thick. The spatially non-
uniform exposure to the wet etchant across a die results in an
undesired non-uniformity in film thickness.
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Fig. 3.  (a)—(c) Summary of wafer-scale thin-film lithium niobate on silicon
dioxide fabrication steps. The substrate can be silicon as shown here, or lithium
niobate [72]. Reproduced with permission. Copyright 2017, John Wiley and
Sons, Inc.; (d) A 3” thin film wafer of lithium niobate bonded to a 4” substrate
wafer of oxidized silicon [73]. Reproduced with permission. Copyright 2013,
The Optical Society.

2) Thermal Exfoliation: Following the initial success of CIS
in forming free-standing films, a second method using thermal
shock slicing or thermal exfoliation has been established for
die-scale and wafer-scale bonding of thin films of LN on to dif-
ferent substrates (Fig. 1(b)—(d)). Thermal exfoliation is suitable
for forming sub-micrometer-thick films, which are much thinner
than the CIS films. The most successful approach using thermal
exfoliation has been the direct bonding of thin-film LN on to
silicon dioxide (SiOy). This method resembles the Smart Cut
process commercialized for silicon-on-insulator (SOI) wafers
[69]. The first demonstrations of thin-film LN directly bonded to
SiO5 on LN substrates were die-scale [70]. Wafer-scale demon-
strations soon followed [71]. Sometimes, these wafers are called
lithium niobate on insulator (LNOI).

Arguably, the wafer-scale demonstration of thin film LN
bonded to oxidized Si substrates is technologically more in-
teresting. The advantages of silicon substrates over LN include
cost, potential compatibility with silicon photonics, as well as
relaxation of processing conditions of LN-based devices them-
selves. For example, the extremely low thermal conductivity of
LN makes thermal cycling of the material challenging. Silicon
substrates, in contrast, are very versatile and can easily handle
thermal cycles. Also, processing issues associated with high lev-
els of pyroelectric charges are diminished by eliminating bulk
LN substrates.

Thin-film LN wafers on oxidized Si substrates were first re-
ported by CREOL researchers in 2013 [73]. A major challenge
that made this milestone elusive for years was the large thermal
expansion coefficient mismatch between LN and Si, rendering
the bonding of LN thin films at elevated temperatures infeasible.
Progress in methods for room-temperature bonding has allevi-
ated this issue. The wafer-scale fabrication steps for thin-film
on Si substrates are summarized in Fig. 3. An ion-implanted LN
donor wafer is bonded to a SiO, layer, which is thermally grown

3400114

on Si substrate (in the aforementioned case of thin-film LN-on a
Si09 buffer on LN substrates, plasma-enhanced chemical vapor
deposition (PECVD) is typically used to deposit SiOs on the
LN substrate). Next, the bonded wafers are annealed at 200 to
220 °C to thermally exfoliate the desired thin film of LN from the
donor wafer. Similar to CIS, the high temperature annealing step
here is crucial for recovering the EO and nonlinear properties
of the LN thin film. Hence, after exfoliation, the temperature
is increased to 400-500 °C to mitigate implantation-induced
material degradation. Finally, the LN thin film surface is sub-
jected to a chemical mechanical polish (CMP) to improve the
surface quality of the film, yielding surface roughness <1 nm.
The thickness of the SiO, layer, the depth of the ion implanta-
tion, and the thin film material polished away in the last step,
are all independent parameters, offering excellent control over
the final thicknesses of the LN thin film and the SiO, lower
cladding.

A somewhat different approach uses benzocyclobutene
(BCB) [74], [75] as a polymer adhesive for die-scale bond-
ing instead of direct bonding to SiO,. Chips of LN, cleaved
from a donor LN wafer implanted with He ions, are bonded
to BCB coated LN chips. The post-bond annealing is similar
to that for direct bonding to SiO-, however, the last step of the
anneal is at a lower temperature of 300 °C [76], [77]. The anneal
temperature is one downside of this approach. BCB limits the
highest temperature of the post-bonding anneal, which is crucial
for the recovery of the implantation induced material degrada-
tion, where higher temperatures are desirable. The reliability of
polymer-bonding is another drawback. Thus, direct-bonding on
Si0y layers is preferred, and most of the recent work on thin
film LN uses SiO, as the lower cladding insulator.

3) Thin-Film Lithium Niobate Bonded on Top of SOI: Wafer-
scale bonding of LN to silicon has been pursued since the
late 1990s [78], [79], i.e., around the same time as CIS.
About a decade later, thin film platelets of LN were bonded
to SOI waveguides [80]-[83], bringing together LN-Si bond-
ing and CIS (Fig. 1(e)). An ion-implanted LN wafer is heated
to thermally-exfoliated platelets of thin-film LN and annealed.
These platelets are then bonded, directly, or using BCB, on top
of a SOI microring resonator, to form the hybrid Si-LN platform.
More recently, centimeter-size thin films of LN on a LN sub-
strate have been bonded to SOI dies singulated from patterned
SOI wafers [84] (Fig. 4).

4) Silicon on Single-Crystalline LN Wafers: There are two
approaches to forming the Si on LN platform of Fig. 1(f) [85]-
[87]. The first method is based on bonding unpatterned SOI
to bulk single crystalline LN [85], [86]. The substrate and the
buried oxide of the SOI are etched away, leaving behind a layer
of single-crystalline Si on LN. The second approach uses a
direct deposition of amorphous Si on a LN substrate [87]. In
either case, the higher refractive index of silicon provides optical
confinement in the platform upon patterning.

5) Mechanical Thinning: To achieve the platform depicted
Fig. 1(g), a combination of polymer adhesive bonding followed
by mechanical polishing is employed [88]. Stripes are plasma
etched onto a bulk single-crystalline LN wafer, which is then
bonded, patterned side-down onto a Si wafer using an ultraviolet
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Fig.4. (a) Summary of the bonding of thin-film LN on SOI [80]. Reproduced
with permission. Copyright 2011, The Optical Society; (b) A picture of a LNOI
die bonded to a SOI die. The transparent LN substrate of the thin film LN has
not been removed [84]. Reproduced with permission. Copyright 2016, Nature
Publishing Group.

(UV) curable adhesive layer. After curing, the LN substrate is
mechanically thinned down, followed by tuning the thickness
by dry etching, to form waveguides [88].

B. Waveguide Fabrication

In this section, some of the different approaches that have
been pursued towards forming compact LN waveguides on the
wafer platforms discussed above are reviewed.

1) Proton Exchange and Annealed Proton Exchange: The
PE method is well-established for forming waveguides in bulk
LN wafers [39], [40]. PE relies on the replacement of Li* ions
in LN with hydrogen ions (H" or protons) to locally increase the
extraordinary refractive index and provide optical confinement.
PE results in the formation of a complex series of distinct crys-
tallographic phases of the form Li; _H,NbOj3. These phases
are often accompanied by scattering loss, and degraded nonlin-
ear and EO performance. When PE is followed by a controlled
anneal, the process is called annealed proton exchange (APE)
[41]. Annealing helps mitigate some of the undesired effects of
PE [89]. Both PE and APE have been used to form waveguides
in thin film LN [90], [91] with losses ranging from 11 dB/cm to
16 dB/cm for PE, and 0.6 dB/cm for APE. More recently, a very
short PE time has been used to realize a small exchange depth
[92], resulting in low loss waveguides (0.2 dB/cm) without a
post-PE anneal (Fig. 5). These waveguides present micron-scale
cross sections, at the cost of high bending radii, as discussed in
Section IV.

2) Rib Loading: Arguably, the most straightforward way to
form waveguides on a thin film of LN is to deposit a different di-
electric or semiconductor on the thin film. The dielectric film is
then patterned to form a rib, which loads the LN thin film. The
refractive index of the rib-loading material should be closely
matched that of LN to maximize the confined optical energy in
the LN layer. This approach has been demonstrated using a hand-
ful of materials, such as tantalum pentoxide (TayO5) [73], [93],
[94], titanium dioxide (TiO2) [95], chalcogenide glass (ChG),
e.g., Gey3SbrS7o [96]-[98], and silicon nitride (SiN) [99]-[102]
(Fig. 6). The immediate benefit of rib-loading is the ease of pro-
cessing, e.g., ChG and SiN are easier to etch than LN and offer
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Fig. 5. Micrograph and scanning-electron-microscope image, along with the
corresponding optical mode simulations, for (a) high loss [90], and (b) low loss
[92], proton exchanged waveguides in thin film LN. The drastic reduction in
PE area reduces the propagation loss. Reproduced with permission. Copyright
2015, The Optical Society.
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Fig. 6. Scanning electron microscope images of different rib-loaded thin-film
LN waveguides using (a) tantalum pentoxide [73]. Reproduced with permission.
Copyright 2015, The Optical Society; and (b) silicon nitride [102]. Reproduced
with permission. Copyright 2016, IEEE. Micrographs of chalcogenide loaded
(c) Mach-Zehnder and (d) microring modulators being tested [96]. Reproduced
with permission. Copyright 2015, The Optical Society. (e) Detailed electrode
structure and a grating coupler of a microring modulator from (d).

TABLE I
PROPAGATION LOSS OF RIB-LOADED WAVEGUIDES

Rib material Loss (dB/cm)

Tantalum pentoxide 5 [73]
Titanium dioxide 5.8 [95]
Chalcogenide glass 1.2 [97]
Silicon nitride 1 [99]-[101]
Silicon nitride 7 [102]

smooth etched sidewalls for low waveguide propagation loss.
Another advantage is that rib-loading is applicable to any LN
crystal cut. The reported propagation loss of rib-loaded thin-film
LN waveguides is summarized in Table I.

3) Dry Etching: As mentioned, LN has traditionally been
difficult to chemically dry-etch [103]. Isotropic wet etching is
not compatible with forming small waveguide cross-sections.
Alternatively, dry etching assisted by argon, and argon milling,
have been extensively investigated for patterning LN in both
bulk single-crystalline, as well as thin-film wafers (Fig. 7)
[104], [105]. Historically, etched thin film LN waveguides have
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Fig. 7.  Scanning-electron-microscope images of different argon-etched thin-
film LN waveguide structures in chronological order of reporting: (a) [103].
Reproduced with permission, 2008; (b) [105]. Reproduced with permission.
Copyright 2014, The Optical Society; and (c) [106]. Reproduced with per-
mission, 2017. The improvement in sidewall roughness over time is evident,
culminating in 0.4 dB/cm propagation loss demonstrated in (c).

suffered from high propagation losses. In one recent demon-
stration, though, low-loss waveguides (0.4 dB/cm) have been
realized [106]. However, this particular demonstration is only
on Z-cut LN, where the re-deposition of material from the dry
etching is expected to be different from X- and Y-cut. Nonethe-
less, this encouraging report on etching Z-cut LN is an important
milestone towards realizing low-loss X- and Y-cut LN waveg-
uides using dry etching.

4) Thin-Film Lithium Niobate Bonded on Top of SOI: There
is no LN-related waveguide processing when forming waveg-
uides by bonding LN thin films on top of SOI waveguides, i.e.,
the entire burden of waveguide formation is on the SOI end of
the processing. SOI waveguides with thin film LN bonded on
top with losses of 4.3 dB/cm have been reported [84]. Due to the
high refractive index of Si compared to LN, bending radius is
often sacrificed for optical mode overlap with the EO LN film.

5) Silicon on LN: The main feature of the silicon-on-LN
platform (Fig. 1(f)) is the elimination of SiOy cladding lay-
ers. This is particularly advantageous in the mid-wave infrared
wavelengths, where SiOs is optically lossy. Mid-infrared mod-
ulation (at 3.4 pm wavelength) has been demonstrated using
crystalline Si thin films bonded on LN substrates [85]. The re-
ported waveguide propagation loss is as ~2.5 dB/cm. Further
processing optimization has led to 0.8 dB/cm in microrings [86].
Depositing amorphous Si on LN substrate is easier than bond-
ing crystalline SOI and removing the substrate. The tradeoff is
a higher propagation loss of ~3 dB/cm [87].

6) Mechanical Thinning and Other Methods: Modulators
formed using mechanically-thinned LN waveguides adhesive-
bonded to silicon (Fig. 1(g)) have reported waveguide losses
~1 dB/cm [88]. Other waveguide structuring methods, such
as femtosecond laser writing [107] and optical grade dicing
[108], are not discussed here, since have not been used to form
modulators in thin film LN.

III. PERFORMANCE OF THIN FILM LN EO MODULATORS

The performance of three types of electrooptic modulators,
namely the phase, Mach-Zehnder (MZ), and microring types,
shown in (Fig. 8), is discussed in this section.
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tors. The OER for certain ring modulators, when not explicitly mentioned, has
been extracted from voltage tuning measurements.

A. Optical Extinction Ratio

The optical extinction ratio (OER) quantifies the optical
power extinction offered by a modulator in the off state, relative
to the on state at low frequencies (DC to a few MHz). The OER
of a MZ and a microring modulator can be discerned as the ratio
of the maximum to minimum value of the photoreceiver output.
An ideal symmetric MZ modulator presents infinite OER. How-
ever, fabrication imperfections, such as deviations from 50:50
power splitting and combining, and loss-imbalance between the
arms of the MZ modulator, lead to finite OERs. The OER for an
EO microring modulator is determined by the passive spectral
response of the microring, which in turn depends on the cou-
pling coefficient between the bus waveguide and the microring,
the propagation loss in the microring, and the excess loss at the
coupler.

The specific application of the modulator determines the ac-
ceptable OER range. Above 20 dB OER is required for long-haul
communications and over 30 dB is desirable in certain switching
applications, while short-reach transmission can tolerate lower
OER.

A summary of OER for thin-film LN EO modulators is pre-
sented in Fig. 9. This includes all the various platforms discussed
in Section I1, as well as COTS LN MZ modulators. Similar charts
are shown for other figures of merits in the following sections.
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Reproduced with permission. Copyright 2016, The Optical Society; (b) Reso-
nance of a microring modulator [97]. Reproduced with permission. Copyright
2015, The Optical Society. Theoretical fits to measured data for both (a) and (b)
are sufficient to extract propagation loss.

In all cases, an empty column signifies that the corresponding
metric has not been reported for that particular platform. It is
observed from Fig. 9 that, in the case of the OER, rib-loaded
(Fig. 1(c)) and Si-on-LN (Fig. 1(f)) thin-film platforms offer the
best performance and are on par with COTS LN modulators.

B. Optical Loss

Some loss values (propagation loss) were mentioned in
Section II-B. Optical loss, an important metric, is reviewed and
discussed here in more depth. The optical loss of a MZ modula-
tor can be considered to have various contributions and associ-
ated parameters. The overall insertion loss of the interferometer
is an important system parameter that depends on coupling loss
and propagation loss. Coupling loss depends on the mode over-
lap between the input light field and the waveguide mode, and
the quality of the waveguide facet. The propagation loss de-
pends on material absorption, sidewall scattering induced loss,
and metal induced absorption associated with the overlap of the
edges of the optical mode with the metal electrodes. Another
important component is the loss imbalance between the two MZ
arms, which degrades the extinction ratio, and may affect the
chirp. This includes scattering from undesired contaminants and
fabrication defects.

Optical loss for a microring modulator can be split up simi-
larly. The on-chip insertion loss here includes the propagation
loss in the bus waveguide and in the microring region, as well as
the less significant loss of the directional coupling region. Ob-
viously, the propagation loss in the microring has a significant
impact on the optical quality factor, i.e., it influences the limit
of the modulation speed of the microring.

The optical loss of a straight waveguide, such as a phase
modulator, can be extracted from Fabry-Perot reflections (Fig.
10(a)). Alternatively, microrings can be used as well (Fig. 10(b)).
A summary of waveguide propagation losses of the variously
discussed technologies is presented in Fig. 11. The data has
been limited to demonstrations of modulators. The rib-loading
platform (Fig. 1(b)) offers the lowest propagation loss of ~1
dB/cm among modulators, although it is still higher than the
~(0.2 dB/cm values in COTS devices.

C. Half-wave Voltage and Tunability

The half-wave voltage, V., also called the switching voltage,
is the voltage required to toggle a MZ modulator between the on
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croring modulator data is omitted because the loss in a microring is often
increased, i.e., the quality factor is decreased, in order to increase modulation
bandwidth. Thus, it is not indicative of the quality of the platform employed.
IThese loss values are on waveguides per se, not MZ modulators, but with
processing conditions similar to those used in COTS modulators.

and off states. For a phase modulator, it is the voltage required
to accumulate a 7-phase shift over the device length, L. The
half-wave voltage-length product, V. L, is a figure of merit that
is often used to qualify the design of the MZ modulator, since it
is independent of the device length, L. The tunability, in pm/V, is
the analog of V. for microring modulators, which represents the
spectral shift of an optical resonance of the microring modulator
per volt applied to the electrodes. The V. and tunability deter-
mine which electrical drivers are suitable to drive a modulator,
and whether amplifiers are necessary.

Fig. 12 summarizes the trend of V, and V. L values among
compact LN EO MZ modulators. The rib-loaded devices [73],
[97], [99], [102] have the lowest V; of <3 V, comparable to
COTS MZ modulators, but with much shorter lengths. The ion-
milled and the rib-loaded variations of the thin-film LN on SiO,
lower cladding approach (either on LN or Si substrates) offer
the lowest VL to date on any LN-based technology. This is
because the high optical confinement facilitates the placement
of the bias electrodes in close proximity of each other without
incurring metal-induced optical loss.

In comparison, the ion-milled devices in [111] have 42%
lower V; L than the rib-loaded device in [99] (1.8 vs. 3.1 V.cm).
This V. L reduction corresponds well with the 37% reduction in
electrode gap (3.5 vs. 5.5 pm), which is trivial to implement in
rib-loaded structures since both types of waveguides offer simi-
lar lateral confinement and bending loss, as discussed later (Fig.
19). It is not clear whether the aggressive electrode proximity
in [111] may have contributed to the higher loss of 3 dB/cm vs.
1 dB/cm in [99] (Fig. 11). Fig. 13 similarly presents the tun-
ability for microring modulators. In this case, the LN-on-SOI
technology has demonstrated the best performance, most likely
because of the Z-cut oriented thin film. No high-speed measure-
ments have been carried out on these particular Z-cut devices to
date, as follows.

D. Modulation Bandwidth and Frequency Response

The 3-dB electrical modulation bandwidth is the frequency
at which the electrical response of a calibrated photodetector
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(Fig. 14) measuring the modulated output wave drops to half of
its low-frequency value. The frequency response is often com-
plicated by acoustic waves in the LN waveguides and acoustic
resonances in substrates, and clamping and unclamping of the
LN structure, all of which lead to ripples, potentially larger than
1 dB, occurring at frequencies as large as a few GHz, depending
on the physical structure. Fig. 15 tabulates the measured 3-dB
bandwidths in various state-of-the-art devices. Among them,
the SiN rib-loaded LN thin-film approach on Si substrate [99]
has demonstrated the highest bandwidth of ~33 GHz to date.
Design considerations for higher bandwidths are presented in
Section IV.
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E. Digital Transmission

Digital data transmission has evolved into using a wide variety
of higher order modulation formats [32], [33]. So far, however,
thin film LN EO modulators have been used only for non-return
to zero (NRZ) on-off keying (OOK), i.e., intensity modulation
with direct detection. While higher order formats enable higher
aggregate transmission bit rates for the same baud rate, the
simplicity of detection for OOK makes it an attractive choice
for data centers. We expect that higher order formats will be
demonstrated on compact LN thin film modulators in the future.

Transmission rates for OOK in thin film LN EO modulators
are presented in Fig. 16. Evidently, the reported data is sparse for
these measurements. Also, since electrical extinction ratio, the
length of the pseudorandom bit sequence used, and other factors
are important for a complete picture of digital transmission, we
refer the reader to the relevant references provided in the figure
for further experimental details.

F. Linearity and Dynamic Range

The linearity of the transfer function of a modulator around
a particular operating or bias point is central to the analog per-
formance of the modulator. The nonlinear distortion present in
an analog link is comprised of the nonlinearity of the mod-
ulator and the rest of the link (sources, amplifiers, detectors,
RF spectrum analyzers, and any other components). The most

!Estimated from optical sideband measurements. This particular MZ modu-
lator has been tested up to 110 GHz.
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IMD3 SFDR for compact LN EO modulators.

straightforward way to quantify the distortion is by measuring
intermodulation products. For two in-band modulation tones
of frequencies f; and fs, the in-band intermodulation distortion
(IMD) tones are usually the third-order intermodulation (IMD?3)
tones at 2f; — fy and 2f; — f;. If the bandwidth is over an
octave, second-order distortion tones, such as f; + f5,2f1,and
2 f5 become important. These effects are cubic and quadratic,
respectively. The spurious-free dynamic range (SFDR) is the
signal-to-noise ratio at the output at the frequency of a funda-
mental input RF tone when the IMD products are equal in power
to the noise at the output, for a two-tone input of identical power.

A typical IMD3 measurement is shown in Fig. 17(a) [83],
while a comparison of SFDR for compact LN EO modulators is
shown in Fig. 17(b). There are only two reports in this regard for
the novel compact structures reviewed here, with SFDRs in the
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90 to 100 dB.Hz*? range. Evidently, the performance of these
early reports are comparable to the COTS counterparts.

It is noted that the SFDR of a modulator is only one of the
many metrics required to evaluate an analog link. However, it
is the only feature of the link which cannot be improved by
amplification before and after the link. We refer the readers
to excellent reviews on the linearity of analog links [112] and
microwave photonics [113], [114].

IV. DESIGN

The design of compact LN modulators is discussed here for
X-cut thin-film LN modulators. Similar guidelines can be estab-
lished for Z-cut modulators.

A. Waveguide and Low Frequency Design

As seen throughout this paper, there are many approaches
that have been utilized to form waveguides for the modulators
in thin film LN. In this section, rib-loaded, ion milled, and
PE single-mode waveguides are analyzed. For the purposes of
optical design, the approach of thin-film X-cut LN bonded on
top of SOI (Fig. 1(e)) can be treated as a specific case of rib
loading a thin film of LN, though from the bottom and with
a non-index-matched material, i.e., Si. Similarly, waveguides
formed by mechanical thinning are optically identical to ion-
milled waveguides.

Assuming a longitudinally uniform structure, the low fre-
quency V. for a symmetric push-pull-configuration [99] MZ
modulator is

ATy

i ) 1
mLniT M

where n.yy is the effective index of the waveguide mode and
ne is the extraordinary material index of LN. I' is an overlap
integral parameter given by

. — =
B I [7E<V’”)} r33(x,y) By . Ejdrdy

r —
ffﬁ . Efdxdy

; @)

where E(x,y)/V is the RF frequency electric field per volt applied
to the electrodes, and F/; is the electric field of the optical mode.
It is important to note that E(x, y)/V has units of 1/length. For
a pair of ideal parallel plates, it is the inverse of the separation
between the plates. The integral in the numerator is performed
only over the extent of the EO material (since 733 = 0, else-
where), while the denominator is over the entire transverse cross
section. V. depends on the electric field per applied volt, and
the overlap of the electric field with the intensity of the optical
mode in the EO material-these can be tuned through optical and
electrical design, as well as the device length.

Generally, well-confined compact optical modes are desir-
able. This is due to a number of reasons—they have, for instance,
small bending radii, which enable dense photonic routing, es-
sential for any large-scale integration. An immediate example
is the reduction in the size of Y-junctions and microring mod-
ulator radii. Furthermore, the gap between the electrodes can
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be decreased as the confinement of the optical mode increases.
This leads to a reduction in V., evident in (1).

Fig. 18 shows the variation of the effective index of the fun-
damental transverse-electric (TE) mode with the index of the rib
loading material. The physical dimensions are indicated in the
legend of Fig. 18, and the simulations were carried out using an
eigenmode solver (COMSOL). While practical aforementioned
examples include TayO5, ChG glass, SiN, and Si, the entire
range of indices from 1.44 (SiOy) to 3.48 (Si) can, in principle,
be covered using plasma-enhanced chemical vapor deposition
of silicon oxynitride, SiN, silicon rich SiN, and amorphous Si.
The theoretical discussion here is limited to practical indices,
ranging from 1.7 to 3.5.

Control over the optical effective index is a crucial aspect of
velocity matching for RF design, discussed later. At the same
time, the fraction of the intensity of the optical mode in the
LN (Fig. 18) also affects the V.. It is evident that, the afore-
mentioned issues of etching LN and propagation loss notwith-
standing, ion-milled LN and PE waveguides offer less control
over the effective index, limited by the material refractive index.
However, over 95% of the light is confined in LN in these cases.

Bending losses are simulated using eigenmode simulations
in COMSOL. The loss per 90° bend is tabulated in Fig. 19 for
waveguide structures representative of LN on SOI, rib-loaded,
and PE-LN. The LN-on-SOI waveguide exhibits low bending
loss for ~5 pm bending radius, but sacrifices modal overlap
with the electrooptically-active LN top cladding (~30% over-
lap). The rib-loaded structure is similar to those of Fig. 18 with a
300-nm-thick LN slab and a rib index of 2.2. Ion-milled waveg-
uides (not shown) present bending loss similar to rib-loaded
waveguides for the same bending radius and LN slab thickness.
The rib-loaded waveguides show both small effective areas and
tight bending radii. The PE waveguides clearly offer small wave-
guide areas, and have demonstrated low propagation losses, but
they have very high bending radii. The data for LN on SOI and
PE-LN can be found in [84] and [110], respectively.

Next, there is an inherent tradeoff between metal-induced
propagation loss and the V., mediated by the electrode gap and
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Fig. 19. Bending loss per 90° bend in dB for different platforms. SOI waveg-

uides are shown as a benchmark. The LN-on-SOI waveguide presents the small-
est bending losses, but only when ~30% of the optical power is confined in the
LN cladding film, while the rest is in the SOI waveguide core (data extracted
from [84]). The two rib-loaded waveguides show bend radii below 20 ;zm when
width of the rib material is varied between I (2.4 pm) and II (1.2 pm). The
PE waveguides (shown separately) present high bending radii due to the small
exchange depth used for obtaining low loss (data extracted from [92]).

the optical confinement. The more tightly-confined the wave-
guide, the smaller the electrode gap, the higher the electric
field per applied volt, and the lower the V;. However, any
further narrowing of the electrode gap after a certain value
leads to significant metal-induced optical loss. This critical elec-
trode gap depends on the particular waveguide structure under
consideration.

The variation of the average electric field per applied volt is
shown in Fig. 20. The electric field is averaged over two areas:
the area of the rib, and the LN slab area under the rib, which
is a good approximation for the well-confined waveguides of
interest. Clearly, the RF electric field per applied volt drops
sharply, in both the rib and the LN slab, as the dielectric con-
stant, €, of the rib increases. This can be understood through
elementary electromagnetic boundary conditions. However, the
consequence of this constraint is that the dielectric constant of
the rib material strongly affects the overall V;.. This adverse
impact on V. is very strong for the case of a LN rib (i.e., ion-
milled waveguide), as compared to rib materials with lower RF
dielectric constants (e.g., SiN). In other words, depending on the
refractive indices and mode distribution, the drop of the field per
volt associated with the very high RF dielectric constant of a
LN rib plays against the higher optical mode overlap with the
EO-active material it offers.

Finally, it is important to note that the electrode-induced loss
can be used in microring modulators to tune the quality factor
and therefore the maximum modulation frequency. This illus-
trates an additional perspective on the loss-tuning tradeoff com-
pared to the loss-V tradeoff. Also noteworthy is that the full
optimization of the V; may also be affected by the RF design
discussed in the following section.

Before delving into the RF design for MZ modulators,
additional requirements for microring modulators are briefly
discussed. With small dimensions, microring electrodes can
be treated as lumped elements driven as capacitors. The
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modulation bandwidth is limited by the product of the capac-
itance (C) and total resistance (R). Accordingly, a simplified
model for the RF half-wave voltage is

Ve (w) = Vz (0)[1 +iwRC], (3)

where V. (0) is the half-wave voltage at DC. A detailed treatment
of microring modulators can be found in [115].

B. RF Design

There are many facets to the RF design of traveling-wave
electrodes of MZ modulators, which must be managed simulta-
neously with low frequency and waveguide design. The optical
modulation frequency response, m(f), is [116], [117]

(@, +T,® ) (1+Tg)

m(f) = exp (2i®,) + I Tgexp(—2id_)|’ (42)
b, = exp (tug)sin (uy) /ug, (4b)
usr =T (nRF F Nopt) fL/c —iarrL/2, (4c)

Uy = —20)/ZL+ Zo);Us = (Zo — Zs) [(Zo + Zs),
(4d)

where npp and n,,, are the RF and optical mode indices, re-
spectively, fis the RF frequency, ap p is the RF loss, Z; and Zg
are the load (termination) and source impedances, respectively,
and Z; is the characteristic impedance of the RF electrodes.
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m(f) quantifies the optical frequency response of the modula-
tor. I';, and I'g are the RF reflections between the termination
and the electrodes, and the electrodes and the source, respec-
tively. The 3-dB electrical bandwidth can be estimated from the
[m(f)]*> = 1/2 condition.

There are a number of design considerations for high-speed
design—velocity matching, impedance matching, and RF loss.
Velocity matching is the propagation effective-index mismatch
between the RF and optical fields, contained in the u. terms.
The smaller the difference of ngp and n,,, the higher the
modulation bandwidth. The Z; and Zg impedances are
typically 50 2. Though frequency-dependent, the characteristic
impedance of the electrodes is then designed to be as close to
50 Q as possible, to minimize electrical reflections at the RF
input and from the terminating impedance. Finally, the RF loss
can be decomposed into a sum of metal and dielectric loss. The
higher the RF loss, the lower the modulation bandwidth.

The RF electrode design comprises of a fine balance between
the above three factors in conjunction with the limitations im-
posed by the aforementioned low-frequency and waveguide de-
sign considerations. The RF index and characteristic impedance
can be modeled by finite element and boundary element meth-
ods, among others.

An immediate benefit of using thin-film LN is that velocity
matching is much more straightforward than in COTS low-
index-contrast counterparts. LN has a much higher RF dielectric
constant than the square of its optical index, resulting in a much
higher ngr compared to n,,;. COTS LN MZs have managed
to work around this by techniques such as using SiO, buffer
layers and very thick electrodes to shift the RF mode upwards.
However, this consideration is diminished significantly for thin
film LN because of the reduced thickness of LN and the lower
dielectric constant of the surrounding SiOs (¢ ~ 3.9). Thus, the
thin film LN electrodes can be ~1 pm tall, unlike the ~10 pym
or more for COTS MZ modulators.

In the limit of negligible RF reflections (i.e., good impedance
matching), the modulation response is simplified to [118]

1/2
sinh? (““T‘FL) + sin® éwf[ﬂ

(=) + (rorn)” |
)

where v = (nrp — Nopt)/cis the velocity mismatch, and a
is the metal RF loss parameter at 1 GHz.

This latter form lends itself to easier analysis than (4). The
reduced modulation with increasing RF loss and velocity mis-
match is evident in (5). The velocity mismatch has a sinusoidal
contribution to the numerator and a quadratic contribution to the
denominator. The RF loss scales as a decaying exponential in
the numerator, and a quadratic in the denominator. Equation (5)
has been used to quantify the bandwidth-length tradeoff [118],
i.e., the decrease in RF bandwidth with increasing device length.
This is clear in (5), where the effects of velocity mismatch and
RF loss are both scaled by the device length. Thus, an increase
in any of v, ), and L will diminish the modulation and hence
the bandwidth.

m(f) = exp(—ao ﬂL/Q)
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Here, general design guidelines for velocity mismatch and
metal RF loss in the presence of good impedance matching are
established. The EO Sy; roll-off is plotted in Fig. 21(a)—(c) at
frequencies of 40, 70, and 100 GHz for 2-cm-long electrodes.
Fig. 21(d) provides a benchmark at 40 GHz and 10 cm. The two
lengths are chosen to facilitate a comparison between shorter
thin-film and longer COTS LN MZ modulator, when both are
set up for a DC V. of 1 V. Evidently, the compact devices can
yield much higher modulation bandwidths with comparatively
relaxed design tolerances, even up to 100 GHz, for low voltage
operation.

V. OUTLOOK

As reviewed in Section III, the performance of compact thin
film LN modulators is now on par with COTS LN MZ modula-
tors in several key figures of merit. 3-dB modulation bandwidths
up to 33 GHz [99] and operation up to 110 GHz [88] have
been independently confirmed in MZ modulators, along with
30 GHz bandwidth in microring modulators [111]. In addition,
low switching voltages and good extinction ratios have been
established. Potential applications of this emerging technology
include communications in optical interconnects, terrestrial and
submarine systems, RF-photonics, millimeter wave imaging,
and electric field sensing. However, there are some milestones
on the road to commercial viability that have yet to be achieved.

The first milestone is packaging. The compact modulator
demonstrations so far have yet to be equipped with optical and
RF packaging. RF-compliant packaging has the challenge of not
perturbing the modulator response and is a complicated task.
Furthermore, perhaps all demonstrations so far have utilized
some form of optical alignment stages for optical coupling.
Such systems may be susceptible to drift over time. This has
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obviated the study of thermal drift, DC drift and reliability.
These are crucial aspects of modulator performance for real-
world deployment. It is expected that work on these fronts will
come to fruition soon.

There is further device optimization to look forward to. As
established in Section I'V-B, the design requirements for achiev-
ing 100 GHz modulation bandwidth at low switching voltages
(~1 V) are well within those of COTS LN modulators. It is
expected that such high- and low-power devices will be realized
in the near future.

In the meantime, there are many exciting possibilities her-
alded by the realization of compact LN modulators. Perhaps
the most exciting commercial application is expected to be in
data centers and high-performance-computing. With the ever-
increasing data rate requirements, the use of on-off keying and
direct detection in these infrastructures will likely be replaced by
the use of higher-order modulation formats, aided by forward-
error correction and other digital signal processing techniques.
There is room for growth across the entire spectrum of core-to-
core to inter-data-center interconnects. In a similar vein, metro-
and long-haul-terrestrial and submarine telecommunication may
evolve into using denser WDM grids, potentially aided by fre-
quency combs, to address increasing data rates. Higher-order
modulation formats and coherent detection might be employed
up to certain transmission lengths. Compact thin-film LN mod-
ulators are indeed promising candidates for such applications.
Their small footprint renders them attractive for high-density
on-chip integration. Their high extinction ratio, compared to the
other modern compact modulators mentioned in Section I, is
attractive as well for all the above applications. They also have
potential applications in forming miniaturized compact ultra-
fast versions of the LN optical switches demonstrated around
the 1990s and onwards.

With the anticipated improvements in linearity, compact
LN modulators are promising candidates for analog links.
RF-photonic down converting links have recently been demon-
strated in-flight [119]. The adoption of optical-fiber-based in-
terfacing in an aircraft can potentially lead to significant weight
reduction by eliminating coaxial cables. Similar considerations
apply to naval vessels.

Millimeter waves offer tremendous potential for imaging ap-
plications, based on their penetration through smoke, fog and
clouds. There has been good progress in millimeter-wave beam
formation and imaging using LN modulators [120]. Fully in-
tegrated implementations of these systems in the future may
benefit in efficiency and sensitivity enhancements from the low
switching voltages and high bandwidths that are anticipated
of compact LN modulators. Along these lines, compact LN de-
vices have already been utilized as compact electric field sensors
[121], and there is room left in device optimization for better per-
formance. Compact high-sensitivity electric field sensors may
be exploited in medical applications, as a part of point-of-care
monitoring systems, and in electromagnetic field sensing for
the armed services. Finally and on a completely different note,
compact LN MZ modulators have been investigated at visible
wavelengths [122], potentially for the on-chip control of trapped
ions.
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VI. CONCLUSION

The technology of compact LN modulators has matured
tremendously over the last several years and is becoming well
-established for numerous applications, both, in the near future,
and, in the long term. These devices, which are miniaturized
versions of commercial-off-the-shelf LN modulators, can be
densely integrated on silicon with low switching voltages and
promising digital and analog performances. With advances in
packaging and reliability studies, these devices may soon evolve
into a formidable contender for a variety of evolving applica-
tions in data centers, high performance computing, digital and
analog telecommunication links, sensors, and imaging, among
others.
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